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Preface

Advances in Sustainable Construction and Resource Management is a compila-
tion of peer-reviewed papers to be presented in the 1st International Symposium
on Construction Resources for Environmentally Sustainable Technologies (CREST
2020) at Kyushu University, Fukuoka, Japan. The organizer of the symposium is
Kyushu University, Japan. It is co-organized by University of Cambridge, UK, and
International Society for Soil Mechanics and Geotechnical Engineering (ISSMGE).
It is supported by Ministry of Land, Infrastructure, Transport and Tourism (MLIT),
Japan, Fukuoka Prefecture, Fukuoka City, Embassy of India in Japan, UN-Habitat in
Fukuoka, International Press-in Association (IPA), Kyushu Branch of The Japanese
Geotechnical Society (JGS), Global and Local Environment Co-creation Institute
(GLEC), Ibaraki University and Japan Federation of Construction Contractors.

The main purpose of this symposium is to disseminate information and exchange
ideas on issues related to natural and man-made disasters, and to arrive at solutions
through the use of alternative resources, towards building a sustainable and resilient
society from the geotechnical engineering perspectives. The symposium aims to
bring together scientists, researchers, engineers and policy-makers throughout the
world under one umbrella for debate and discussion on those issues. The symposium
focuses on the sustainability, promotion of new ideas and innovations in design,
construction and maintenance of geotechnical structures with aim of contributing
towards climate change adaptation and disaster resiliency to meet the Sustainable
Development Goals (SDGs) of the UN. It is hoped that through active participation
of all the stakeholders (industries, government and academia), the symposium will
be able to inculcate some changes to the existing perception of dealing with problems
faced by humankind in this ever-challenging world.

The book focuses mainly on the issues related to (i) cascaded and material recy-
cling in geo-engineering, (ii) natural disaster and resiliency and (iii) climate change
adaptation and innovation. It contains the latest information, innovation and tech-
nology development in these broad areas from all over the world. The volume
comprises 79 contributions which will be delivered during the symposium by the
scholars and experts in their fields. All the manuscripts were thoroughly reviewed by
at least two reviewers selected from an international panel of experts to check for the
relevance to the themes as well as the quality of technical contents and presentation.

xi



xii Preface

The publication of Advances in Sustainable Construction and Resource Manage-
ment has been possible through the sustained efforts of the staff of the Research
Group of Adaptation to Global Geo-disaster and Environment (Geo-disaster Preven-
tion Engineering Laboratory), Kyushu University, Japan. The editors express their
sincere thanks to all the members of the research group. Special thanks go to Mr.
Divyesh Rohit and Dr. Sugeng Wahyudi, Co-secretaries of CREST 2020 Technical
Committee, for their tireless efforts and dedication, which were instrumental in the
timely publication of the book. The efforts and suggestions byDr. Babloo Chaudhary
and Dr. Masanori Murai, Secretary and Co-secretary, respectively of CREST 2020
Executive Committee, towards speedy publication of this book are also gratefully
acknowledged. Last but not least, the editors also would like to express their sincere
gratitude to all the reviewers for their time and effort to review the manuscripts and
improve their contents.

Advances in Sustainable Construction and Resource Management provides a
wealth of knowledge and information, which will be instrumental in disseminating
the latest information and technology towards building a sustainable and resilient
society from the geotechnical, geological and hydrological perspectives. The book
is aimed at researchers, designers, consultants, government officials, academicians
and students involved in those fields. The editors hope that in the years to come, the
knowledge, findings and the development of technologies that have been compiled
in this book will contribute towards achieving the SDGs set forth by the UN. We
further hope that, with such achievements, the realization of sustainable and resilient
infrastructures across the globe will not be a distant dream.

Fukuoka, Japan
Cambridge, UK
Ibaraki, Japan
Khlong Luang, Thailand

Hemanta Hazarika
Gopal Santana Phani Madabhushi

Kazuya Yasuhara
Dennes T. Bergado
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A Review of Data on Biodegradable
Resin Concrete and Future Tasks

Mariko Suzuki, Kazuya Inoue, and Toshinori Kawabata

Abstract Biodegradable resin concrete is made of biodegradable resin and aggre-
gate. The experiments on this new concrete were started in 2012, and six papers were
published. The strength degradation of biodegradable resin concrete was evaluated
using the results of the three-point bending and compression tests, and the surface
degradationwas evaluated using the binarized photo data. The results showed that the
decomposition of the biodegradable resin by microorganisms and the bond strength
reduction between the biodegradable resin and aggregate by hydrolysis caused the
degradationmechanism.Moreover, to estimate the fatigue life and clarify the strength
retention period of biodegradable resin concrete, the statistical deterioration predic-
tion formulas were introduced using the Weibull distribution. This provided the
appropriate estimates associated with the strength retention period of biodegradable
resin concrete. This paper summarizes the experimental results on biodegradable
resin concrete and describes future tasks.

Keywords Biodegradable resin concrete · Strength degradation · Surface
degradation · Statistical deterioration prediction

1 Introduction

Biodegradable resin has a short history and was discovered in the 1980s [1]. It has
been used in many fields, from medical science to agriculture. In the field of medical
science, biodegradable resin is used as a needle and suture thread [2]. In the field
of agriculture, it is used as mulching materials, seedling pots, and nets for voluble
stems [3, 4]. The previous studies are elaborated on the mechanical properties of
biodegradable resin [5, 6]. In the fields of engineering, the biodegradable resin is
used for products such as sandbags and ropes [7, 8] that are flexible materials. On
the other hand, biodegradable resin concrete that is the target in this study is a rigid
material. Therefore, it is critical to clear its mechanical characteristics.
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Temporary materials such as sheet piles made of steel or concrete are abandoned
on-site after construction if they adversely affect the surrounding soil when they are
extracted during constructionwork. Commonly used temporarymaterials abandoned
on-site can cause various problems for future redevelopments such as a decline in
land worth and industrial waste generation. To address these problems, biodegrad-
able resin concrete prepared from biodegradable resin and aggregate was developed.
Experiments on this new concrete began in 2012, and six papers were published. The
strength degradation of biodegradable resin concrete was evaluated by three-point
bending and compression tests [9, 10]. The surface degradation was evaluated from
binarized photo data [11]. Furthermore, to estimate the fatigue life and clarify, the
strength retention period of biodegradable resin concrete and statistical deterioration
prediction formulas were introduced using the Weibull distribution [12]. This study
summarizes the experimental results of biodegradable resin concrete and describes
future tasks.

2 Outline of Experiments

2.1 Materials and Mixture Proportions of Specimens

In this study, two types of biodegradable resin used as a bonding material were used
for the biodegradable resin concrete, namely polybutylene succinate adipate (PBSA)
and polylactic acid (PLA). PBSA was used because the biodegradable resin has a
fast biodegradability [13]. The melting point of PBSA is 95 °C, and its melt flow
rate (MFR) is 1–3 [14]. PLA, generated from corn, is a raw ingredient harvested in
large quantities every year and is an aliphatic polyester resin. The melting point of
PLA is 170 °C, and its MFR is 17. The PBSA and PLA used in this study are shown
in Figs. 1 and 2.

Fig. 1 PBSA
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Fig. 2 PLA

Table 1 Mixture proportions of specimens

Ratio of mass (%)

Biodegradable resin 12 10

Calcium carbonate 20 20

Fine sand (fineness modulus: 1.09) 20 20

Coarse sand (fineness modulus: 4.91) 48 50

The specimens were prepared from biodegradable resin, fine sand, coarse sand,
and calcium carbonate. The composition of the biodegradable resin concrete is listed
in Table 1. Calcium carbonate was used to compensate for fine-grain fraction, and it
does not chemically react with the biodegradable resin.

2.2 Exposure Conditions and Tests Method

Table 2 shows the adopted exposure conditions. The ligneous compost used Case A
is composed of bark compost and peat moss, and full of microbes. Case C, aridity
conditions, meant that specimens were placed in a box filled with silica gel. The

Table 2 Exposure conditions

Ratio of mass

A B C D E

Washed sand 85 90 0 0 0

Ligneous compost 5 0 0 0 0

Silica sand 0 0 0 95, 90, 80 0

Water 10 10 0 5, 10, 20 100
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specimens were placed in plastic boxes in each of the five exposure conditions. The
insides of the boxes were maintained at 20 °C. The exposure period was set to a
maximum of two years.

First, before the mechanical tests, the surface of the specimens exposed under
Cases A, C, and E was observed with a digital microscope. The photos were taken
every two weeks, and the shooting points were marked on the specimens so that
photos could be taken at the same position. Pixels of 1024 × 1280 were captured,
and the central portions were cropped to 512 × 640. The pixels of 512 × 640 were
binarized at a threshold of 128 after 256 shades of gray images were made [15]. The
threshold of 128 was determined by trial and error to correctly discriminate between
the aggregates and resin. This binarization was conducted for both PBSA specimens
and PLA specimens at the same conditions. For further details of binarization, refer
to the reference [11].

Three-point bending and compression tests were conducted to clarify the deteri-
oration of the biodegradable resin concrete specimens. The sizes of the specimens
were 40mm× 40mm× 160mm for the bending test and 40mm× 40mm× 40mm
for the compression test.

3 Statistical Estimation of Degradation

It is critical to estimate the fatigue life and reveal the period for which the biodegrad-
able resin concrete retains its strength. There are some prediction methods of degra-
dation, namely physical and chemical formulas, statistical formulas, and turning
numbers into an easily existing formula. This study used the Weibull distribution by
considering the complexity of the degradation of the biodegradable resin concrete.
It is one of the most widely used distributions in dependability analysis and flexibly
applicable to fault curves. W. Weibull suggested the Weibull distribution in 1939
during his experiments of metallic fatigue life [16]. At that time, he concluded that
the breakdown of brittle materials occurred due to independent flaws in materials.
The two-parameter Weibull probability distribution function is given by

F(t) = 1− R(t) = 1− exp

{
−

(
t

β

)α}
(1)

where R(t) is the degree of confidence, t denotes time, α is the shape parameter, and
β is the scale parameter.
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Fig. 3 Micrograph of the specimens’ surface (PBSA and PLA)

4 Results and Discussion

4.1 Binarization

The micrographs of the specimen surface are shown in Fig. 3, and the proportions of
white pixel count to total pixels after binarization are shown in Fig. 4. In Case C, the
aridity condition and both the PBSA and PLA specimens remained almost the same
as the initial state. In other words, the deterioration might not progress in an air-dried
state. The specimen showing themost change is the PBSA specimen exposed in Case
A. This specimen turned white after two weeks. After that, its surface slowly became
black. This means that aggregates outcrop owing to the degradation of the resin.
However, no PLA specimens in Case A became black, indicating that no surface
deterioration occurred. The PLA specimen surface is not deteriorated because PLA
is hydrolyzed without the direct involvement of microorganisms [17]. The aqueous
exposure of PBSA and PLA specimens (Case E) also did not become black. It is
inferred from the observation of the specimen surface that microorganisms in soil
decompose PBSA specimens.

4.2 Three-Point Bending Test

The bending test results are shown in Fig. 5. A plot in the figure is the mean of
five specimens. PBSA specimens were exposed for two years, and PLA specimens
were exposed for one year. The bending tests were conducted every two months.
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Fig. 6 Strength retention by a variation in water content

The bending strength was reduced in all specimens with different resin ratios and
soil patterns. The bending strength significantly decreases for six months after expo-
sure. This strength reduction is not caused by microorganisms because the microbial
degradation speed is slow. This significant strength reduction, therefore, could be
because of the water affecting the bond strength between the biodegradable resin
and aggregates. This is because the exfoliation of aggregates from the resin was
confirmed at the broken-out section after the bending test.

Figure 6 shows the strength retention by a variation in water content. The remark-
able strength reduction occurred for about six months. Therefore, the effect of water
on the biodegradable resin concrete will occur a few months after exposure. There-
fore, the experiment was terminated to clarify the bending strength reduction by
varying the water content for up to four months. The specimens of atmospheric
curing (Case C) had little deterioration. The tendency of strength reduction from the
Cases D and E was similar. From this result, this biodegradable resin concrete could
be degraded if it is exposed to soil with a water content of more than 5%.

4.3 Compression Test

Figure 7 shows the compression test results. The compressive strength reduction was
observed in all the specimenswith different resin types and soil patterns.Compressive
strength stems from the strength of the aggregates. However, bending strength is the
ascribable tensile strength of the resin. This is because the residual strength was
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Fig. 7 Compression test results

kept higher than the bending residual strength. In other words, the inner part of the
specimen retained its strength.

4.4 Estimation of Degradation

The mean times to failure of PBSA and PLA are listed in Figs. 8 and 9. It shows how
much time will be required to drop below each strength. It will be quite a long time
before the strength of biodegradable resin concrete becomes zero from the present
estimation model. This is not a surprising result because the biodegradation rate
is slow after strength reduction using water. The biodegradable manufacture in the
previous studies by other researchers retained the shapes and strength even though
the ropes were exposed for three years [18]. However, biodegradable resin concrete
will not be harmful to land development because it is expected to reduce strength.

5 Future Tasks and Perspectives

The final goal of this study on biodegradable resin concrete is to achieve the practical
use as the temporary construction materials such as sheet piles. The biodegradable
resin concrete is the new construction material, and the biodegradable resin concrete
was made through trial and error in this study. Biodegradable resin concrete requires
further investigation. The biodegradable resin concrete is known to deteriorate owing
to many factors such as microbial action, water, temperature, light, and ultraviolet
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rays. This study is reported on microbial degradation and the action of water; there-
fore, the effects of other factors on the biodegradable resin concrete must be clarified.
By establishing a deterioration control method, biodegradable resin concretes would
be easy to use.
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California Bearing Ratio of a Cohesive
Soil Reinforced with Waste Tyre Fibres

Mohit K. Mistry , Ankit Vasoya, Shruti J. Shukla ,
Chandresh H. Solanki, and Sanjay Kumar Shukla

Abstract This paper investigates the influence of waste tyre fibres on the geotech-
nical properties of clayey soil used as a subgrade material. Laboratory California
bearing ratio (CBR) tests were conducted for the unsoaked condition as a measure-
ment of pavement performance under the normal rainfall. Three types of tyre fibres
as TFA, TFB and TFC used in the present study were mixed in a proportion of
0.25, 0.5, 0.75 and 1% by dry mass of clayey soil. In each test, the specimen was
prepared in accordance with the compaction characteristics achieved from the modi-
fied compaction energy. The test results reported that the compaction characteristics
of cohesive soil were getting increased with an increase in fibre content. In general,
regardless of the fibre size, the CBR values get increased with an increase in fibre
content. The experimental results showed that clayey soil achieves five times higher
CBR value for the addition of 0.75% TFC. From the test results, it can be concluded
that the use of waste tyre fibres considerably reduces the pavement thickness and
hence reduces the construction cost.

Keywords Cohesive soil ·Waste tyre fibres · Compaction characteristics ·
California bearing ratio

1 Introduction

The effective application of soil mechanics in geotechnical projects purely depends
upon the laboratory soil results and their interpretation. In many site-specific prob-
lems, laboratory tests mainly assist in predicting probable soil behaviour bymeans of
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Table 1 Engineering
properties of soil

Property Values

Specific gravity (Gs) 2.63

Sand (%) 12

Silt (%) 54

Clay (%) 34

Plasticity index (IP) 34

IS classification CH

Unconfined compressive strength 114 Kpa

associated basic principles. In the last few decades, the use of waste tyre products as
a reinforcing material in subbase has been increased in pavement construction [1–7].
Application of waste tyre products in subbase material as a reinforcing material is
an economical and eco-friendly solution [8]. When road networks are constructed
on expansive soil, it is very important to control swell–shrink nature. The studies
conducted by [9–11] reported that the use of waste tyre fibres significantly controls
the swelling and shrinkage nature of expansive soils. This paper investigates the
influence of waste tyre fibres on the geotechnical properties of clayey soil used as a
subgrade material. Laboratory California bearing ratio (CBR) tests were conducted
for the unsoaked condition as a measurement of pavement performance under the
normal rainfall. Three types of tyre fibres as TFA, TFB and TFC used in the present
study were mixed in a proportion of 0.25, 0.5, 0.75 and 1% by dry mass of clayey
soil. In the present study, the attempt has been made to check the feasibility of waste
tyre fibres in pavement application.

2 Material

2.1 Soil

Soil used in the present studywas collected from the Surat city of Gujarat state, India.
The characterization of soil was done in accordance with IS 2720-part IV (1985).
The engineering properties of soil are mentioned in Table 1.

2.2 Fibres

In the present study, the waste tyre fibres were used as a reinforcing material. The
collected fibres were having length varying from 425 µm to 20 mm. Further, with
conventional sieve analysis, fibres were divided into three different sizes (Table 2).
The particle gradation curve of fibres is illustrated inFig. 1. In accordancewithASTM
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Table 2 Geometrical properties of fibres

Property Values

Length (L) (mm) 9 12.8 18.7

Diameter (D) (mm) 1 2.0 4.2

Aspect ratio (L/D) 9 6.4 4.45

Categorization of fibres TFA TFB TFC
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Fig. 1 Grain size distribution of fibres

D6270-08, the fibreswere classified as buffing rubbers. In general, the specific gravity
(Gf ) of waste tyre fibre is ranging from 1 to 1.5. The waste tyre fibre used in the
present study is free from wire mesh, and hence it has specific gravity (Gf ) as 1.13.
The water absorption capacity of this fibre is 3%. Figure 2 represents the waste tyre
fibres.

3 Experimental Work

For the requirements of flexible pavement design, one of the simple strength tests
would be a plate bearing test on the subgrade using the plate area and the loading
approximately equal to the anticipated contact area and thewheel load. TheCalifornia
bearing ratio (C.B.R.) test is generally considered as a small-scale bearing test in
which the ratio of penetration to the size of bearing area is much greater than in the
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Fig. 2 Waste tyre fibres

plate bearing test [12]. TheCBRmethod is a good substitutive for a heavy field test. It
effectively determines the strength properties at a point in the soil mass. Tomimic the
on-field condition such as subgrade or pavement performance during normal rainfall,
the unsoakedCBR tests were conducted on high plasticity clayey soil reinforced with
three types of fibres, namely as TFA, TFB and TFC, and the resulted reinforced soils
were denoted as FRC (fibre-reinforced clay), FRCA, FRCB and FRC, respectively.
Each type of fibres was added in a dosage of 0.25%, 0.50%, 0.75% and 1.00% by
dry weight of soil. EachCBR test was conducted as per the procedure described in IS
2720-part 16_(1987). Prior to the CBR test, the maximum dry unit weight for each
type of FRC was determined using modified compaction test in accordance with IS
2720-part 8_(1980). To achieve the homogeneous mixture, soil mass for each layer
was separated, and then fibres were spread in each separated soil mass. Later, water
was added in each separated mass and then mixed thoroughly. The process of mixing
soil sample was adopted from Mistry et al. [13].

4 Results and Discussion

4.1 Influence of Waste Tyre Fibres on Compaction
Characteristics

Figure 3 shows the variation in maximum dry unit weight with an increase in fibre
content for each type of fibres. It can be observed that with an increase in fibre size,
MDU gets increased. However, for the different size of the fibres, the fluctuation
with increasing fibre percentage can be observed. But in general, it can be stated that
in comparison with unreinforced soil, the fibre-reinforced soil achieves the higher
density. The applied high compaction energy may be the probable reason for the
increment in MDU.

The differing results were observed by Mistry et al. [13] that with the application
of standard compaction energy tyre, fibre-reinforced soil achieves the lower density
than unreinforced soil. Hidalgo et al. [14] reported that irrespective of applied energy,
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Fig. 3 Variation in maximum dry unit weight with respect to fibre content

the waste tyre fibre-reinforced clayey soil shows the linear trend in compaction
behaviour. Ajmera et al. [15] reported thatMDU of reinforced soil increases initially
when mixed with 2–4% crumb rubber, and with further addition of crumb rubber, it
decreases.

The variation in optimum mixing moisture content is illustrated in Fig. 4. It is
observed that due to the high water absorption capacity and rough surface of tyre
fibres, the reinforced soil requires more water for the proper mixing. Hence, the
optimum mixing moisture content increases with an increase in fibre size as well as
content. It is observed that in comparison with FRCA and FRCB, in FRCC required
OMMC is higher. As reported by Mistry et al. [16], the surface morphology of
the tyre fibres plays an important role in fibre-reinforced soils. In addition to high
water absorption capacity, FRCC possesses more surficial roughness which absorbs
more water in its surficial gaps. Few researchers [3, 13, 17–19] reported the similar
observations. Seda et al. [20] and Özkul and Baykal [21] reported that irrespective of
compaction energy, both unreinforced soil and tyre buffing reinforced soil demanded
roughly same water content.

4.2 Influence of Waste Tyre Fibres on Load–Penetration
Curve in Unsoaked Condition

The observations of CBR tests are illustrated in terms of the load–penetration curve
in Fig. 5. It can be seen that in comparison with unreinforced soil, with an increase in
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fibre size and content, the load absorption capacity of fibre-reinforced soil increases.
The increase in penetration resistance capacity is attributed to the high energy absorp-
tion capacity of tyre fibres. The load absorption capacity of tyre fibres depends upon
their thickness. In comparisonwith TFA and TFB, TFC is thicker and hence possesses
more energy absorption capacity which further leads to higher resistance against
penetration. Similar load–penetration behaviour was reported by Jha et al. [22] in
their study of plastic waste fibre and by Mistry et al. [23] in their waste tyre fibre-
reinforced subgrade materials. The influence in CBR values with varying fibre size
and content is illustrated in Fig. 6.

The test results reveal that maximum CBR value was achieved with the 0.50%
TFC. It can be seen that in case of TFB and TFC, CBR values get increased up to
0.50% fibre addition, and with further increment in fibres, it drops the CBR values,
whereas in case of TFA, it drops after 0.75% fibre addition. The reduction in CBR
values at higher fibre content may be attributed to the increased flexibility of fibre-
clay matrix. It can be observed that for TFB and TFC, the behaviour of reinforced
soil with respect to increase in fibre content was similar, whereas the improvement
with TFA was very less in comparison with TFB and TFC. Similar trend in CBR
value was reported by [4, 18, 24]. Ravichandran et al. [6] and Razali et al. [24] stated
that reduced dry density of fibre-clay matrix was responsible for reduction in CBR
value at higher tyre fibre content.
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5 Conclusions

In the present study, the feasibility of waste tyre fibres was examined by conducting
modified compaction tests and CBR tests. Based on the experimental results,
following conclusions can be made:

• Irrespective of fibre content, the addition of waste tyre fibres in high plasticity
clay soil shows the improvement in maximum dry unit weight.

• The increase in fibre size and content increases the optimum mixing moisture
content significantly. The larger size of fibres increases the number of voids in
fibre-clay matrix and hence water absorption.

• The high energy absorption capacity of tyre fibres increases the penetration
resistance of fibre-clay matrix.

• The waste tyre fibres (except the smaller size of the fibre TFA) improve the CBR
values up to 0.50% and there onwards it decreases with an increasing content.

• However, the maximum improvement in CBR value of clayey soil was achieved
as 2.5 times with the addition of TFC.

• The considerable reduction in overall cost and thickness of flexible pavement can
be achieved if the subgrade material is reinforced with waste tyre fibre and can
be a one of the best tyre disposal options.
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Effect of Installed Geotextile/Polyester
and Biodegradable Materials
for Dewatering Soft Clay

Flemmy Samuel Oye, Kiyoshi Omine, and Zicheng Zhang

Abstract Geotextile, polyester, and biodegradable (paper) materials are prominent
in dewatering slurry sludge/sediment and soft clay. This is because of their high
permissibility properties. The purpose of this study is to increase the efficiency of
the dewatering setup by inserting geotextiles materials and paper into a dewatering
setup with woven geotextile on the base before filling with soft clay, respectively. In
this study, simple dewatering systemby pouring soft clay into a 0.0135m3 dewatering
box and tube with the installation of geotextile material and paper at 100 mm spacing
to promote the dewatering setup efficiency is investigated. A soft clay of 200%
water content was poured into the boxes and thereafter, geotextiles and paper were
installed separately in the 0.0135 m3 dewatering setup. The test results show that
string polyester material in a tube dewatering setup can dewater the slurry clay
below its liquid limit (142%) within a week, while box setup reduces the slurry clay
water content its liquid limit after 14 days. Tube dewatering setup is more effective
because it contains small volume of slurry clay. The suction test results show that
the dewatering performance of a dewatering setup is subject to the dewatering days
and the amount of void that can be reduce by the dewatering setup.

Keywords Geotextile container · Dewatering · Slurry clay consolidation · Suction
pressure

1 Introduction

1.1 Research Background

Suitable lands and sustainable construction materials for civil engineering works
are scarce. The scarcity of land and construction material is common in developed
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countries. The shortage of construction lands and high procurement cost of construc-
tion materials is due to rapid human growth, industrial growth, disposal law over the
disposal of dredged sediment, and the excessive demands of infrastructural facilities.

Generally, dredged sediment is difficult to handle because of high amount of
water in it. Disposing dredged sediment without treatment can need to percolation
of unwanted substances into the soil and water. Therefore, dredged sediment most
be treated before disposing or used as recycled landfilling material.

Several conventional dewatering methods like electroosmosis, centrifugal,
mechanical and chemical dewatering methods have been used successfully to treat
dredged sediment. These methods are energy intensive, costly, and environmentally
unfriendly.

For keeping the dewatering environment safe and accelerate the dewatering time,
vertical drains are used for treating soft clay soil. However, dewatering by installing
vertical drain without preloading is not effective.

Naturally, dredged sediment is dewatered by sun drying. This method is totally
environmentally friendly except that it takes longer time say 2–3 months to dewater
dredged sediment satisfactorily and it requires large space of land for drying. In
reducing land space requirements using sun drying dewatering method, geotextile
bag or tube dewatering method is used. However, geotextile tube or bag can only
dewater small volume of slurry and it is slow.

To accelerate the dewatering time and keeping the immediate environment free
frompercolation of unwanted chemical or substance into the soil orwater, this study is
proposed. In this study, geotextile, paper, and composite polyester drainagematerials
were installed separately in woven geotextile bag filled with slurry clay. This method
is cheap, eco-friendly, and fast in removing water from slurry clay.

1.2 Description of Soil Material

The soil sample used in this study was taken from Kumamoto Prefecture, Japan. The
soil samples were taken at the different spots of the site. This was done to know the
slurry clay properties randomly. From the result of the specific density test conducted
for sample A, B, and C, the test results show that the soil varies in specific density
regardless that they were extracted from same location. Sample A has a specific
density of 2.27 g/cm3, sample B is 2.52 g/cm3 while sample C is 2.51 g/cm3. In
this study, mixed sample C was used as the test sample and it is a composition of
sample A and C because both constituents have vast differences in organic content
and consistency as shown in Tables 1 and 2 of this paper.

Table 1 Clay sample ignition loss

Sample Site A Site B Site C

Ignition loss 23.4 19.2 17.33
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Table 2 Soil consistency test result

Sample Liquid limit (%) Plastic limit (%) Plastic index

Sample A 121.98 88.12 39.86

Site C 158.0 96.92 61.08

Mixed sample (A and C) 142.0 97.01 44.99

2 Methodology

In this study, series of test was conducted as thus

1. Drainage material water absorption test
2. Tube dewatering test
3. 0.0135 m3 dewatering box test
4. Field assessment of the drainage materials dewatering performances.

2.1 Drainage Material Water Absorption Test

In this study, numbers of drainage materials water absorption rate were investigated.
This was done to know the drainage material with good absorption feature. The
slurry soil of 200% water content was poured into a plastic tube of 750 mm length
and 400 mm diameter. Then, each drainage material was installed in the tube filled
with slurry. After this was done, the surface of the tube was sealed with plastic
tape. The plastic seal prevents evaporation of water from the tube and allow water
to drain out only through the installed drainage material 200 mm outlet provided.
From the test result shown in Fig. 1, composite polyester string material also known
as chemical polymer mixture was more effective in draining out water in the slurry
clay. Therefore, composite polyester material was used in this study for dewatering
slurry soil.

2.2 Tube Dewatering Test

This test was conducted to know the influence of clay density on the dewatering
capacity of the installed drainage material. In this section of the test, slurry clay
of 200% water content was poured into 76 mm diameter plastic tube. The tube
contains 1200 g slurry clay. Then, paper drain (newspaper) and composite polyester
string were installed into the tubes, respectively. The surface of the tube was sealed
with plastic tape to prevent evaporation of water from the surface of the setup. The
dewatering rate of the setup was measured in a period of 7 days using a digital
weighing balance machine (Fig. 2).
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Fig. 1 Dewatering/drainage material water absorption rate

Fig. 2 Schematic tube test diagram

2.3 0.0135 m3 Dewatering Box Test

This is conducted to compare the effectiveness of the drainage material in small tube
setup and 0.0135 m3 dewatering box.

In this text, woven geotextile material was laid on the bottom of a dewatering box
of 300 mm height, 450 mm long, and 150 mmwide. Then, slurry clay of 200%water
contentwas poured into the 0.0315m3 dewatering boxwithwoven geotextilematerial
spread on it base. The soft soil in the box weighed 15,000 g. Thereafter, nonwoven
geotextile material, paper, and composite polyester material were installed sepa-
rately in the dewatering setups filled with slurry clay 100 mm apart. 200 mm outlet
drainage material was provided. The provided outlet drainage material promotes
secondary consolidation stage of the dewatering setup. Suction sensor was inserted
in the dewatering setup for measuring strength reclamation as water deplete from the
clay (Fig. 3).
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Fig. 3 0.0135 m3 schematic dewatering box diagram

2.4 Field Assessment of the Drainage Materials Dewatering
Performances

The dewatering effectiveness of vertical drains (nonwoven geotextile and composite
drainage material) used in the study was investigated in the field. It was difficult to
install paper in the field test, so it was not used.

During this, 145% natural water slurry clay was poured into 1 m by 1 m box
made with woven geotextile material with the aid of excavating machine. Thereafter,
nonwoven geotextile and composite drainage materials were installed separately
in the 0.0153 m3 dewatering setup filled with slurry clay at 100 mm apart. Suction
sensorswere installed in the dewatering setups filledwith slurry clay and their suction
readings were taken. The field test lasted for 31 days. Soil samples were taken in
7 days and 31 days for water content tests.

3 Results and Discussions

3.1 Influence of Slurry Volume on Vertical Drain
Performance

As shown in Fig. 4, the installed vertical drains in tube setup dewatered the slurry
clay below its liquid limit within 7 days, while 0.0135 m3 dewatering setup could not
dewatered the same slurry claywithin 7 days but in 14 days. This different dewatering
performance of the drainage material in both dewatering setups is caused by the
different amount of slurry clay in the respective setup. According to Henbo et al. [4]
and Radhakrishan et al. [6], the slurry clay closer to the drainage material dewater
faster compared to those far from drainage material. In other words, if the water
pressure length is short, water will move out from the sediment faster. Furthermore,
the water absorption capacity of drainage material also influences dewatering rate. In
tube and 0.0135 m3 dewatering test, composite drainage material was more effective
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Fig. 4 Relationship between clay volume, dewatering rate, and time

than other dewateringmaterials used. This is so, because composite drainagematerial
is made up of cotton and polymer material. According to Kevin [5], Flemmy et al.
[3], and Bhatia et al. [2] work, every dewatering material has their different ability
to absorb and drag out water from slurry. The choice of drainage material to use for
treating slurry sediment depends on the soil properties of the slurry and the objective
of the project.

3.2 Influence of Drainage Materials in Field (in Situ)
Dewatering Condition

As shown in Figs. 5 and 6, the geotextile materials in the dewatering setups were
unable to reduce the natural water content of the sample below it liquid limit within
7 days but in 31 days. This explains that slurry clay dewatering rate is influenced by
dewatering time and depth. In addition, the soil sample closer to the drainagematerial
dewaters quickly. This confirms that, reduction in thewater pressure length of the soil
by inserting vertical drains accelerates sediment dewatering time [1]. This result is
good compared to past dewatering activities using geotextile tube dewatering system
without vertical drain that takes 2 or 3 months to consolidate dredged sediment. The
suction pF increases as the clay strength increases. During the first and second day
of the test, the suction pF was zero, it increases to 35 kPa after 31 days.

3.3 Relationship Between Void Ratio and Suction pF

The suction of the treated slurry clay increases as the water in the sample decreases.
In the first and second day of the dewatering test, the pF did not increase both in ex
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Fig. 5 Relationship between clay depth and nonwoven geotextile material dewatering rate

Fig. 6 Relationship between clay depth and composite polyester material on dewatering rate

situ and in situ dewatering conditions. However, the pF value increases to 25 kPa
after 14 days in the ex situ dewatering test and 35 kPa after 31 days in in situ test
condition.

The suction pF increasing rate is in relationship with the volume of void in the
slurry clay. In the early stage of the test, the slurry is fully saturated. At this stage, the
soil pore space is fully occupied by water. The water in the soil pore space reduced
the soil’s strength. However, as the water depletes from the soil pore replaced by fine
particles, the pF increases. Therefore, the increasing rate of soil suction from the pF
test is directly proportional to the extends at which the soil void (water) is reduced
by the dewatering setup. The test result is shown in Fig. 7.
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Fig. 7 Relationship between pF and void ratio

4 Conclusion

In this study, the important of installing vertical drain (geotextile, polyester, and
paper) in dredged slurry is investigated. Installing drainage material in geotextile
bag filled with slurry clay accelerates the dewatering rate. The drainage length and
volume of clay in a dewatering setup yield low or fast dewatering rate. This is because
soil water flowquickly to shorter drainage length. In addition, there is a quick removal
of water from the dewatering setup with a small volume of slurry clay than those
with large volume of clay.

The relationship between the pF and soil void describes the dewatering efficiency
per day of the dewatering setups. In ex situ and in situ dewatering test, 25 and
35 kPa vacuum pressure can be obtained by installing vertical drains in the slurry
clay without applying external force or energy on the treated slurry clay.

References

1. Ali, A., Mohammed, S., Ameer A.: Evaluation of vertical drain with different materials. In:
International Conference on Civil Engineering, vol. 584, p. 1012011 (2019). https://doi.org/10.
1088/1757-899X/584/1/012011

2. Bhatia, S.K., Smith, J.L., Christopher B.R.: Geotextile characterization and pore-size distribu-
tion: Part 3. Comparison ofmethods andApplication to design. Geosynthetics Int. 3(3), 301–328
(1996)

3. Flemmy, S.O., Omine, K., Zicheng, Z.: Soft clay improvement technique by dewatering and
mixing sand soil. Int. J. Geomate 17(63), 9–16 (2019)

4. Henbo, S.O.: Consolidation of clay with reference to influence of vertical drainage. Swedish
Geotech. Inst. Proc. 18, 160 (2004)

https://doi.org/10.1088/1757-899X/584/1/012011


Effect of Installed Geotextile/Polyester … 31

5. Kevin: Geotextile tubes and their application. Georgia Southern University (2014). https://dig
italcommons.georgiasouthern.edu/etd

6. Radhakrishan, G., Kumar, M., Anjan, R., Prasada, G.V.R., Prasad, D.S.V., Venkateswarlu, D.:
Study of consolidation accelerated by sand drains. Indian Geotechnical Conference, (2010)

https://digitalcommons.georgiasouthern.edu/etd


Effect of Moisture Content on Particle
Breakage of Recycled Concrete
Aggregates During Compaction

Syed Kamran H. Shah, Taro Uchimura, and Ken Kawamoto

Abstract Construction and rehabilitation of roads demand a large volumeof crushed
rock which is used in granular layers of the road pavement. If recycled concrete
aggregates which are extracted from construction and demolition waste satisfy all
the engineering aspects of the material, then their use not only reduces the depletion
of natural resources but also effectively helps to utilize the waste. However, the use
of recycled concrete aggregate (RCA) as a granular material highly depends upon
its performance under field loading conditions. The particle breakage is one of the
important factors that affects the performance of recycled concrete aggregate, espe-
cially in long-term pavement performance. However, prior to long-term performance
evaluation of RCA, the particle breakage during compaction process shall be esti-
mated. In this regard, the present study focuses on the particle breakage of recycled
concrete aggregate during compaction. Energy equivalent to modified proctor is used
to investigate the particle breakage of recycled concrete aggregates. Moreover, influ-
ence of moisture content on the particle breakage during compaction is also studied.
Results indicated that particle breakage is affected by variation in moisture content.
With increase in moisture content, the particle breakage decreases.

Keywords Particle breakage · Recycled aggregates ·Moisture content

1 Introduction

The large amount of construction waste is generated after the demolition of existing
infrastructure or occurrence of natural disasters in recent times. This construction
waste material mostly containing demolished concrete from roads and buildings is
often dumped as waste. This large amount of construction waste generated causes a
disposal problem. It is difficult to dispose of all waste materials in designated landfill
sites due to the shortage of land with increasing world population and an increase in
public resistance. To solve the problem of utilization of construction waste materials
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mixed with industrial by-products such as wastewater sludge and incineration ash in
construction industry is also gaining attention [1].

Utilization of recycled aggregates in construction activities leads back to the end
of World War II, when the extensive demolition of infrastructure happened and a
high need to both get rid of the waste material and rebuild devastated countries
especially Europe. In the 1970s, the USA began to reintroduce the use of RCA in
non-structural uses, such as fill material, foundations, and base course material [2].
Since then, researchers became interesting regarding how viable RCA is as an option
to replace unused natural aggregate (NA) in construction activities [3].

Since last few decades an increase in utilization of recycled aggregates has been
observed as alternative to natural aggregate in pavement construction. The increase
in demand and use of natural aggregates are due to depletion of natural resources, as
for large construction projects a big amount of material is required. Therefore, more
use of construction and demolition waste, especially recycled concrete aggregates
(RCA) in geotechnical applications, is increasing [4].

Certainly, the use of different recycled materials and industrial by-products in
construction has many benefits. Major benefits are minimizing the use of natural
resources, reduction in carbon dioxide emissions to avoid damage to environment,
and sustainable infrastructure. However, some barriers to adopt such materials espe-
cially in pavement construction still exist worldwide. Such barriers are that lack of
clients’ confidence in such materials, lack of specifications and legalization, etc. [5].

Long-term durability of the material is important. That is why past researches
focused on the long-term durability of aggregates through element testing (triaxial
test). Several studies have been done on particle breakage. Most of these previous
studies mainly focused on particle breakage during triaxial or any other associated
testing [6, 7], therefore giving less attention to the compaction induced breakage.
It is obvious that the particle degradation starts from the very initial stage, i.e.,
compaction. Moreover, in case of recycle concrete aggregates (RCA), the impor-
tance to know the particle breakage is high in both phases, i.e., construction phase
and service phase as its strength is generally less than the natural aggregates. There-
fore, it is important to estimate the particle breakage of RCA at construction phase
and service life phase (long term) separately. Hence, the objective of this study is
to investigate the particle breakage during compaction phase before proceeding to
access the long-term durability of recycled concrete aggregates (RCA) as pavement
base material.

2 Material Properties

Recycled concrete aggregate (RCA) was collected from a recycling plant in Japan
(Fig. 1). This material was sieved in the laboratory before use, and the material was
adjusted from 19.0 to 0.075 mm in accordance with RM-30 gradation [8] suggested
by Japan Road Association (2010) (refer Fig. 2). The properties of the RCA used are
described in Table 1.
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Fig. 1 Recycled concrete
aggregate (RCA) graded in
accordance with RM-30
(2010)
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Fig. 2 Gradation curves of the RCA sampleswith upper and lower limit curves of RM-30 suggested
by Japan Road Association (2010)

Table 1 Properties of RCA
used

Material properties

Specific gravity 2.59

Absorption of RCA (particles > 2.36 mm) [%] 5.9

Absorption of RCA (particles < 2.36 mm) [%] 15.7

Maximum dry density, MDD [g/cm3] 1.84

Optimum moisture content (OMC) [%] 10

3 Experimental Setup and Testing Conditions

Compaction tests were conducted at modified proctor energy of 2700 kJ/m3. The
moisture content range varies from 5 to 15% in order to cover the dry and wet side of
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Table 2 Experimental setup specifications and testing conditions

Experimental setup specifications

Sample mold Rammer

Height (cm) 15 Drop height (cm) 45

Diameter (cm) 7.5 Weight (kg) 4.5

Test conditions

Moisture content range (%) 5–15

Compaction energy (kJ/m3) 2700

the optimum value. It consists of a two-way split sample mold and a rammer, details
described in Table 2 and experimental setup shown in Fig. 3.

Fig. 3 Experimental setup,
i.e., rammer and split mold
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4 Testing Procedure

To assess the breakage of particles during compaction, coarser fraction of thematerial
ranging from 19 to 4.75 mm was colored using fluorescent colors. The color codes
used for three fractions are illustrated (refer Fig. 4a).

Series of compaction tests were conducted under different moisture contents
ranging from 5 to 15% with compaction energy (2700 kJ/m3) equal to modified
proctor. At each target moisture content, material was compacted in three equal
layers with designated compaction energy (Fig. 4b).

The purpose of using color scheme is to identify the particle size which are more
prone to breakage due to compaction effort. Due to smaller size, fine particles ranging
from 2.36 to 0.075 mm were not considered in color scheme.

5 Results and Discussions

A series of compaction tests was conducted at different moisture contents. After
compaction, the sample was retrieved in layers and then each layer was sieved
again. After sieving in accordance with layers, particles which shifted from one
color scheme to another color scheme were picked up by color identification and
weighed (refer Fig. 5.). With this methodology, it can be clearly observed that the
fraction size which has moved to the next size range and actual breakage or mass
reduction can be calculated.

The particle size distribution curve shifted toward left from the initial position
after compaction test (refer Fig. 6). It is observed that the shift of curve is due to
particle breakage. It is also observed that the particle breakage decreases with the
increase in moisture content. It is presumed that with the increase in moisture content
water provides a cushion and/or slippage surface around the particles which result
in less breakage of particles.

There are certain reasons which may affect this behavior. One of the facts for
more breakage in dryer state might be that particles are in direct contact and there
is more surface friction. Due to this close contact, impact from particle to particle
causes more breakage. However, in case of higher moisture content, there is a chance
that water provides a cushion around the particles which also act as lubrication.

In order to identify the particle size that contribute more in breakage, coloring
technique was used.

For easy understanding, material is divided into two portions, coarse fraction
ranging from19.0 to 2.36mmandfiner fraction 2.36–0.075mm.As shown in (Fig. 7),
the right axis shows themass accumulation in fine fractionwhereas the left axis shows
the mass reduction in coarse fraction. The results indicated coarser fraction such as
19.0, 9.5, and 4.75 mm broke and this breakage decrease with increase in moisture
content. The mass reduction percentage is described as;
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Fig. 4 a Color scheme for each particle size range and b layerwise illustration and prepared
specimen
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Fig. 5 Each particle size fraction range after compaction test based on color scheme

Mass reduction (%) = [
(Initial mass−final mass)

/
initial mass× 100

]
(1)

The finer particles (2.36–0.075 mm) did not show considerable breakage but their
final mass increased due to the accumulation of broken particles from top sizes of
coarse fraction (19.0, 9.5, and 4.75mm) [9]. Particularly at optimummoisture content
(OMC) particle size range 4.75–2.36 mm of the coarse fraction shows highest mass
reduction as compared to 19.0–9.5 mm and 9.5–4.75 mm size ranges of coarser
fraction.

In order to observe the effect of moisture content on overall breakage of particles,
Marsal’s breakage index is adopted [10]. TheMarsal’s breakage, Bg, is a quantitative
breakage index and is defined as the percentage by weight of the solid phase that has
broken.

Bg =
∑

(�Wk > 0) (2)
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Fig. 6 Particle distribution after compaction test

Fig. 7 Mass reduction and accumulation using color technique

and

�Wk = Wki −Wkf (3)
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Fig. 8 Marsal’s breakage index as a function of moisture

wherein Wki is the percentage of sample weight retained before test in each sieve
size andWkf is the percentage of sample weight retained after test in each sieve size,
respectively.

The Marsal’s index showed a clear relationship between breakage index and
moisture contents as shown in Fig. 8.

6 Conclusions

The current study focused on the particle breakage of recycled concrete aggregates
(RCA) during compaction process. The results of the compaction tests performed
indicate that:

(1) Breakage of particles decreases with increase in moisture content as evident
from the particle size distribution curves drawn before and after the test. There-
fore, it is important to consider the particle breakage of recycled concrete aggre-
gates (RCA) at compaction stage prior to studying the long-term durability as
a base material.

(2) The coloring technique adapted in this study is capable to indicate the particle
size more prone to breakage and particle tracing is possible to track the particle
movement after testing from one size range to the other especially in coarse
fractions.

(3) At optimum moisture content (OMC), smaller size range of coarse fraction
shows more breakage as compared to other coarse fraction size ranges.

(4) Mass accumulation happens in finer content due breakage of large particles as
indicated by the coloring technique used.
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(5) Marsal’s breakage index, Bg, also showed a clear relationship between overall
breakage and moisture content.

(6) The coloring technique and Marsal’s breakage index, Bg, shows a good
agreement in terms of effect of moisture content on particle breakage.

(7) Along with the traditional breakage indices, the coloring technique can be used
to study the breakage of particles in long-term durability tests.
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Environmental Implications
of the Recycling of End-of-Life Tires
in Seismic Isolation Foundation Systems

Laura Banasiak, Gabriele Chiaro, Alessandro Palermo,
and Gabriele Granello

Abstract The extensive generation of end-of-life (ELT) tiresworldwide has resulted
in adverse environmental effects and threats to public health and safety including
tire fires and leaching of contaminants into the soil environment, groundwater, and
surface water. It is becoming imperative to investigate more sustainable and large-
scale opportunities for the reuse of ELTs. One novel engineering solution is their
reuse in structures with enhanced seismic resilience. This is particularly impor-
tant in countries such as New Zealand and Japan where past earthquakes have
caused widespread damage and socioeconomic loss. Research is being carried out to
investigate a seismic-resilient engineered foundation-soil system for low-to-medium-
density low-rise residential housing composed of a layer of granulated tire rubber
(GTR) and gravel, and a flexible rubber–concrete raft foundation. It is essential
to ensure that such innovations do not result in long-term negative impacts on the
environment as tires contain hazardous compounds used in their manufacturing and
the steel fiber within the tires can leach heavy metals (e.g., zinc, manganese, lead,
cadmium). Preliminary batch leaching tests undertaken on (1) GTR and (2) GTR:
gravel mixtures (20–40% rubber content by volume) indicated leaching of calcium
(Ca), sodium (Na), magnesium (Mg), and potassium (K) which was contributed to
the gravel and low levels of zinc (Zn), which were attributed to the tires.

Keywords Waste tires · End-of-life tires · Tire leachate · Foundation systems

1 Introduction

The generation of end-of-life (ELT) tires worldwide has given rise to large piles
of ELTs that do not readily degrade. The current rate of ELT production in New
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Zealand is over 5 million/year and of this an estimated 70% (3.5 million) are destined
for landfills, stockpiles, illegal disposal or are otherwise unaccounted for [1]. The
accumulation of ELTs has resulted in adverse environmental effects and threats to
public health and safety. Problems associated with ELTs include tires as breeding
grounds for pests (e.g., mosquitoes, rodents) [2, 3], tire fires and air emissions from
tire fires [4], and the leaching of contaminants into groundwater sources or nearby
waterways [5, 6]. Due to these issues, it is necessary to investigate sustainable and
large-scale opportunities for the recycling and reuse of ELTs.

While there are several recycling methods available for ELTs, i.e., retaining walls
[7], reinforcing layers in earthfill [8], artificial reefs [9, 10], additives in road pave-
ment [11], playground surfaces [12], rubber roofs [13], draining systems in land-
fills [14], and fuel for cement kilns [15] only 1.5 million tires/year are exported or
reused/recycled in New Zealand and there are no national regulations currently in
place to efficiently manage the recycling of ELTs. One novel engineering solution is
their reuse in structures with enhanced seismic resilience [16]. This is particularly
important in countries such as New Zealand and Japan where past earthquakes have
caused widespread damage and socioeconomic loss.

The Institute of Environmental Science and Research Ltd (ESR) and the Univer-
sity ofCanterbury are undertaking amultidisciplinary joint research project to recycle
ELTs in an eco-rubber geotechnical seismic isolation (ERGSI) foundation system
for low-to-medium-density low-rise residential housing [17]. The foundation system
will be composed of a layer of granulated tire rubber (GTR) and gravel, and a flexible
rubber–concrete raft foundation. Fivemethodologieswill be implemented during this
project, namely: (1) geotechnical laboratory investigations to understand the macro-
mechanic properties of the GTR:gravel mixtures; (2) structural laboratory tests to
identify themechanical characteristics of rubber–concrete; (3) environmental labora-
tory tests to identify/quantify the degradation profile of the GRT:gravel mixtures; (4)
numerical modeling to optimize the proposed foundation system; and (5) proof-of-
concept testing of the physical model of the ideal foundation system. Further details
about the project can be found in [17, 18]. While the introduction of recycled waste
materials in building foundations may have benefits in terms of cost reductions and
increased seismic resilience [19, 20], it is essential to ensure that such innovations do
not result in long-term negative impacts on the environment resulting from leaching
of contaminants.

The composition of a tire will determine the contaminants in tire leachate.
Tires are predominantly composed of carbon black, vulcanized rubber, rubberized
fabric containing reinforcing textile cords, antioxidants, silica, pigments, process and
extender oils, accelerators, and steel wire [21] and may contain petroleum residues
acquired through use [5]. While tire rubber itself can be considered inert under
ambient foundation conditions [1], tires contain approximately 1.5% by weight of
hazardous compounds. This includes additives used in the tiremanufacturing process
(e.g., organohalogen compounds and acidic solutions) and heavy metals (e.g., Zn,
Mn, Pb, Cd) from the steel fibers [21].

A comprehensive literature review has been undertaken to determine if the GTR-
gravel mixtures are likely to leach hazardous contaminants. Zn has been widely
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identified as an element of environmental concern in tire leachate studies [6]. When
the steel components of tires are exposed, there may be elevated Mn and Fe levels
within tire leachate [22]. Tire leachate may be toxic to some fish species, bacteria,
invertebrates, and green algae [23], and studies have shown that tires immersed in
fresh water can leach chemicals that cause endocrine disrupting activity in aquatic
organisms [24]. In contrast, tire rubber also has a significant capacity for sorption
of organic and inorganic contaminants [25], thus making them a potential material
for environmental protection and remediation when in contact with contaminated
waters.

Themain objectives of this study are to examine the leaching of selected inorganic
constituents and organics from mixtures of granulated tire rubber and gravel under
representative water chemistry conditions. Specifically, this research will investi-
gate: the leaching of total dissolved organic carbon from the tire rubber and gravel
mixtures; the leaching of organic and inorganic constituents from the tire rubber
and gravel mixtures as a function of time during one month period; the effect of
rubber particle size on leaching; and the effect of gravel particle shape on leaching.
Environmental Laboratory Testing.

1.1 Test Materials

For the batch leaching tests, two different solid test materials were used:
Test material 1: Two sizes of GTR were investigated, namely: R1 6–8 mm and

R3 1–2 mm. A rubber content of 40% (by volume) was used in all the batch leaching
tests (except for the blank tests).

Test material 1: Two shapes of gravel were investigated, rounded, and angular.
Prior to undertaking the batch leaching tests, the tire rubber and gravel were rinsed

with deionized (DI) water in order to remove any dirt, sand, grit, and other foreign
particles.

1.2 Batch Test Procedure

Batch leaching tests of selected GTR:gravel mixtures were conducted to determine
if they contain contaminants that may cause environmental harm if leachable. The
factors that were tested are the rubber content (20–40% content by volume), size of
the tire chips, and the contact time with the aqueous solution. See Table 1 for the list
of tests to be undertaken in this project (only results for Tests #1–3 shown). For each
test variation, i.e., gravel size and shape (apart from the blanks), three replicates will
be undertaken. Blank tests with GTR and DI water (Test #13), and gravel and DI
water (Test #14–17) will also be undertaken to be able to ascertain the contribution
of leaching from the GRT and/or gravel. Minimal leaching is expected from the inert
gravel, which is predominantly greywacke.
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Table 1 GTR:gravel batch leaching tests to be undertaken (Bolded text—results presented in this
paper)

Test # Tire rubber (volume, %) Gravel (volume, %) Gravel size D50 Gravel shape

1 40 60 R1, 6–8 mm Rounded

2 40 60 R1, 6–8 mm Rounded

3 40 60 R1, 6–8 mm Rounded

4 40 60 R3, 1–2 mm Rounded

5 40 60 R3, 1–2 mm Rounded

6 40 60 R3, 1–2 mm Rounded

7 40 60 R1, 6–8 mm Angular

8 40 60 R1, 6–8 mm Angular

9 40 60 R1, 6–8 mm Angular

10 40 60 R3, 1–2 mm Angular

11 40 60 R3, 1–2 mm Angular

12 40 60 R3, 1–2 mm Angular

13–Blank 100 0 – –

14–Blank 0 100 R1, 6–8 mm Rounded

15–Blank 0 100 R3, 1–2 mm Rounded

16–Blank 0 100 R1, 6–8 mm Angular

17–Blank 0 100 R3, 1–2 mm Angular

To determine the batch contact time to be used in the leaching tests, Tests #1–3
were firstly undertaken and leachate samples analyzed. The appropriate contact time
for the remaining tests corresponds to the point at which leaching of constituents
from the GTR:gravel mixtures in Test #1 reaches a plateau.

For Tests #1–3, 40% tire rubber (by volume) and 60% R1 rounded gravel (by
volume) were soaked in DI water at room temperature for a period of 1 month. Three
GTR:gravel mixes were placed in 5 L wide mouth glass bottles and filled with 2 L of
leaching solution (DI water). The mass volume conversion for the GTR used in Tests
#1–3 is shown in Table 2. The appropriate volume of (1) GTR and (2) GTR–gravel
mixtures (according to Table 1) was placed in glass containers with deionized water
for 30 days. For Test #103, 100 g GTR and 355 g gravel were used.

The 5 L glass test bottles were sampled periodically (regular sampling days: 0,
0.5, 1, 3, 5, 7, 9, 12, 15, 18, 20, 25, and 28; total of 34 samples). The pH and electrical
conductivity of the solution in the glass test bottles weremeasured and recorded at the
beginning of the test and before a samplewas taken using aYSI Pro PlusQuatrometer
with pH and conductivity sensors. Each sample was filtered with syringes (50 mL
Terumo® syringe) through a sterile 0.45 µm membrane filter (Millex® HA filter
unit, MF-Millipore™ PVDF membrane, Merck Millipore) into two separate bottles:
100 mL acid washed glass bottles) for total organic carbon (TOC) and ultraviolet
absorbance at 254 nm (UV254) and 30 mL Thermo Scientific Nalgene™ Wide-
Mouth Lab Quality HDPE bottles for the analysis of inorganics/metals. The samples
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Table 2 Mass volume conversion table for GTR (R1, D50 = 6–8 mm) used in batch leaching tests.
Bolded text-GTR used Test #1–3

GTR content
(volume, %)

GTR content
(weight, %)

Min. density
(g/cm3)

Max. density,
proctor
(g/cm3)

Mass of GTR
in test (g)

Mass of
gravel in test
(g)

0 0 1.57 1.75 – –

10 5 1.44 1.62 100 1900

25 12 1.28 1.49 100 733

40 22 1.09 1.31 100 355

100 100 0.51 0.65 100 0

in the glass bottles were acidified using sulfuric acid (H2SO4) to pH < 2. The sample
in the HDPE bottles were acidified with nitric acid (HNO3) to pH < 2. Following
acidification, the samples were refrigerated until analysis.

1.3 Leachate Analysis

The components of interest to be analyzed in the tire leachate included: DOC,
UV254, zinc (Zn), cadmium (Cd), chromium (Cr), arsenic (As), potassium (K),
phosphorus (P), sodium (Na), manganese (Mn), iron (Fe), calcium (Ca), magnesium
(Mg), aluminum (Al), copper (Cu), and lead (Pb). Inorganic constituents/metals were
measured using inductively coupled plasma-mass spectroscopy (ICP-MS). TOCwas
measured using a Shimadzu TOC high temp combustion analyzer equipped with an
autosampler.

2 Preliminary Results

2.1 PH and Electrical Conductivity

Figure 1 shows the pH and EC of the leachate from Test #1–3. The pH of the leachate
remained relatively stable throughout the batch leaching tests (Test #1: pH 5.99 ±
0.20, Test #2: pH 6.09 ± 0.18, Test #3: pH 6.16 ± 0.15), whereas the EC of the
leachate significantly increased from 13.7–19.8 to 29.2–40.8 µS/cm between Day 0
and Day 7, whereby it continued to gradually increase. EC in the leachate did not
seem to reach a plateau, with the EC of leachate in Test #1 continuing to increase
significantly to 68.4 µS/cm at Day 28. This is indicative of leaching from the tires.

Figure 2 shows that the TOC concentration of the leachate increased significantly
in the first day of the tests from 0.93 to 7.19–9.14 mg C/L. However, between Day
1 and Day 28, the TOC concentration, although increased, not significantly.
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Fig. 1 pH and EC (µS/cm) of leachate in batch leaching tests (Test #1–3; GTRR1, D50 = 6–8 mm;
gravel rounded)

Fig. 2 Total organic carbon (TOC, mg C/L) in the leachate in batch leaching tests (Test #1–3; GTR
R1, D50 = 6–8 mm; gravel rounded)

2.2 Metals

Figure 3 shows the average concentration of elements in the leachate during Tests
#1–3. The predominant element leached was Ca (maximum concentration Cmax =
5772µg/L, followed byNa (Cmax = 2091µg/L), K (Cmax = 1644µg/L), Zn (Cmax =
1581µg/L), andMg (Cmax= 540µg/L). All of these concentrationswere observed in
Test #1. The Ca, Na, and K were due to the presence of the greywacke gravel, which
is composed of sandstone, quartz, and feldspar. The presence of Zn was attributed
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Fig. 3 Average element concentration (µg/L) in leachate during batch leaching tests (Test #1–3;
GTR R1, D50 = 6–8 mm; gravel rounded)

to the tires, as zinc oxide is used as a vulcanization aid in the tire rubber production
process [25] and the concentration was consistent with previous studies [5, 6, 27].

The Zn Cmax observed during these batch tests (1581 µg/L) was slightly above
the NZ drinking water aesthetic guideline value of 1500 µg/L (taste threshold value)
but below the value at which the presence of Zn may affect the appearance of the
water (3000 µg/L) [28]. The test results were also assessed by comparison to NZ
landfill waste acceptance criteria (WAC) for Class A and B total concentration and
leachability limits criteria. Class A landfills are sited in areas that reduce the potential
for adverse environmental effects, have engineered systems designed to provide a
degree of redundancy for leachate containment, and collect landfill leachate and
landfill gas.WhileClassB landfills have limited or no engineered systems designed to
collect landfill leachate or gases andmaybe in areas that pose a risk to the environment
(i.e., over highly permeable sands and/or gravels, active faults, or floodplains) [29].
The concentration of Zn in the leachate in Tests #1–3 was below the leachability
limit for Class A landfills (105 mg/L) but above the leachability limit for Class B
landfills (1 mg/L). Therefore, the GTR:gravel mixtures used in Tests #1–3 could only
be disposed of in Class A landfills or in Class B landfills following pretreatment.

Since the concentration of leachate from tires is highly dependent on the exposed
surface area, further tests undertaken on the GTR:gravel mixtures (Tests #4–6, Tests
#10–12 with smaller particle size and greater surface area) could potentially leach
more contaminants.

The total mass of metals leached during the experiments (results available only
up until Day 21) is shown in Fig. 4. Again, the predominant element leached was
Ca with an average mass of 143± 14.4 mg (315± 31.6 mg/kg GTR:gravel material
used in test), followed by Na (54.1 ± 8.11 mg, 119 ± 17.8 mg/kg), Zn (42.9 ±
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Fig. 4 Mass of metals (mg) leached during batch leaching tests up until Day 21 (Test #1–3; GTR
R1, D50 = 6–8 mm; gravel rounded)

5.42 mg, 94.3± 11.9 mg/kg), K (28.0± 5.41 mg, 61.6± 11.9 mg/kg), andMg (10.7
± 0.37 mg, 23.4± 0.8 mg/kg). Only a small amount of Fe was found in the leachate
(2.76 ± 0.89 mg), with the other elements of concern less than 1 mg.

3 Conclusions

The disposal of approximately 5 million ELTs yearly in New Zealand, either through
landfills or through illegal disposal, is a serious environmental concern. The project
on the “eco-rubber geotechnical seismic isolation (ERGSI) foundation system” for
low-to-medium-density low-rise residential housing aims to develop a geostructural
solution that will be cost-effective. Preliminary batch tests undertaken on granulated
tire rubber and gravel (GTR:gravel) mixtures indicated minimal leaching of zinc
(Zn) from the tires with concentrations observed slightly above the NZ drinking
water aesthetic guideline value of 1500 µg/L. The batch testing setup is not repre-
sentative of field conditions since in the field the GTR:gravel mixture would be
compacted, not in continuous contact with groundwater and there is potential for
adsorption and dispersion of contaminants. Therefore, following completion of the
batch tests, laboratory column tests will be undertaken to more accurately simulate
the field conditions. Thiswill be done by using data from less conservative (more real-
istic) leaching tests which include site parameters (e.g., geometry and hydrology) to
model the release, transport and fate of the contaminants over time from the source to
the potential receiving environments/receptors. Following the environmental assess-
ment, a suitable engineering countermeasure (e.g., geomembrane) to remediate or to
contain the leaching material will be carefully selected and tested.
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Estimating Landfill Height Considering
the Heterogeneous Physical Property
of Dredging Soil as Reclamation Material

Yoshihisa Sugimura, Yasuhiro Sega, Masaaki Katagiri,
and Katsuhide Nishizono

Abstract When pump-dredged clays are discharged into a disposal pond in the
sea, soil particles are initially suspending in the water and gradually settles to the
sea bottom. According to subsequent discharging, a new sediment is piled on the top
surface of the sediment already formed, and the sediment already formed consolidate
due to the own weight of new one over a long period of time. To predict the capacity
of such disposal pond, it is important to estimate the time-dependent volume change
of dredged clays during the reclamation process. In order to estimate the high accu-
racy the time when the current disposal pond will be full, it is necessary to use the
reclamation analysis developed based on a general consolidation theory. In this paper,
targeting the S-3 area of Shinmoji-Oki disposal pond project currently underway, we
assume that the model of dredged clay deposited in the future on the ground model
can be identified by back analysis. Predictive analysis is performed using consoli-
dation parameters assumed from the physical properties of the collected clay, and
different filling periods are confirmed due to differences in the physical properties.
Furthermore, we also propose a method to improve the prediction accuracy.
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1 Introduction

Ports are the basic infrastructure that supports the Japanese economy, but vessels
are becoming increasing larger, and for ports to maintain their functions, deepening
and widening navigation channels and basins are required. To realize a sustainable
society, the dredged material generated by these port development projects should
be effectively used as reclamation material, including consolidated clay, and not
dumped into the ocean. On the other hand, there is also a problem that disposal
pond capacity is limited. Therefore, promoting dredging works while accurately
discerning the remaining capacity of the operating disposal pondmakes sense froman
environmental perspective in terms of the effective use of the total amount of dredged
soil and from a social perspective in terms of the smooth and reliable implementation
of the project. However, the effective use of dredged soil, especially dredged clay
with many fine particles, entails geotechnical issues.

A common method for dredging soft seabed soil is to suck up the seabed and
seawater using a drag suction dredger. When this material is put into a disposal
pond constructed on the surface of the sea, coarse-grained soil is sedimented near
the outlet of the sand pipe, and the dredged soil is classified and is not deposited
uniformly. Egashira et al. [1] conducted a reclamation prediction analysis using the
generalized one-dimensional consolidation theory to predict the mud surface level
rise in a disposal pond when developing the new Kitakyushu Airport. In the analysis,
the dredged soil layer was assumed to be a uniform dredged clay layer, and the
consolidation constant was set to be the average value of the varied measured values
and used for subsequent prediction analysis. In addition, Sugimura et al. [2] reported
the consolidation constants under low confining pressure of several dredged clays
collected from a disposal pond to predict its capacity with high accuracy at Nanao
Port. Even in this report, the liquid limit of the collected samples was 90–145%, and
there were variations that could not be considered homogeneous.

It is important for the subsequent disposal plan to know with high accuracy the
time when the current disposal pond will be full. However, since the dredged clay
that accumulates in the disposal pond is not homogeneous, how to set up the ground
model required for the analysis becomes an issue. In this paper, targeting the S-3 area
of Shinmoji-Oki disposal pond project currently underway, we assume that themodel
of dredged clay deposited in the future on the groundmodel can be identified by back
analysis. Predictive analysis is performed using consolidation parameters assumed
from the physical properties of the collected clay, and different filling periods are
confirmed due to differences in the physical properties. Furthermore, we also propose
a method to improve the prediction accuracy.
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2 Outline of the S-3 Area of the Shinmoji-Oki Disposal
Pond

Figure 1 [3] shows the location of the S-3 area of the Shinmoji-Oki disposal pond
and the positional relationship between the Kanmon Waterway and the Shinmoji
Waterway, in which dredging operations are underway. The area is adjacent to the
Kanda disposal pond, which was established in 1979, and the S-1 and S-2 areas of
the Shinmoji-Oki disposal pond, which were operational from 1996 to 2002.

The previous ground level of the S-3 area is approximately DL-7 m, and the
thickness of the alluvial clay layer under the seabed is 5–7 m. Beneath this layer,
there is a diluvial clay layer. The crest height of the constructed revetment was DL
+ 8.0 m, and the receiving height of the dredged soil was DL + 7.5 m. The seabed
soil was dredged in the S-3 area from 1998 to 2001, and there was a deep excavation
area of approximately DL-22 m because the dredged soil was used as reclamation
material for Kitakyushu Airport.

After that, from 2011 to 2013, an extra fill dike of 4 mwas constructed to increase
the capacity of the disposal pond. Furthermore, from 2013 to 2015, accelerated
consolidation work was carried out to quickly drain pore water from the dredged
soil layers accumulated in the S-3 area [4]. The current plan is to put 330,000 m3 of
dredged soil into the S-3 area per year.

Shinmoji-Oki 
disposal pond

Fig. 1 Location of the Shinmoji-Oki disposal pond [3]
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3 Analytical Calculation of Reclamation

3.1 Reclamation Analysis Code

For the reclamation analysis, we used the analysis code [1] that was confirmed to be
effective in the construction of Kitakyushu Airport. The code is based on generalized
one-dimensional consolidation theory and can express the self-weight consolidation
behavior of ultra-soft clay.

The general one-dimensional consolidation theory can be expressed as following
three equations; mass conservation, Darcy’s law and balance of momentum
neglecting accelerations and constitutive equation of soil skeleton. To solve these
equations, the coupling method proposed by Imai [5] was used. In the coupling
method, the three equations were converted into partial differential equations on the
first floor, and each partial differential equation was coupled the other at any time.
The merit of this method is that the reclamation process where accumulated layer
thickness is increasing with time can be expressed easily.

To analyze the consolidation of new fresh sediment piled on the top of existing
sediment, the determination of the boundary condition of the fresh sediment becomes
important. In this paper, the boundary condition at the top of the fresh sedimentation
is fixed at 9.8 Pa as proposed by Yamauchi et al. [6].

3.2 Assumed Consolidation Parameters

Negi et al. [7] investigated the stress dependence of the specific volume, f (=1 + e)
and coefficient of consolidation, cv for dredged clays in various parts of Japan, as
shown in Fig. 2, and showed the relationship with the liquid limit, wL, as shown in
Fig. 3. Here, the α and cv1 were determined by Negi et al. [7], shown in Fig. 2.
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(a) Gradient of the log f – log p relation 

(b) cv – value at 1 kPa

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

30 50 70 90 110 130 150

gr
ad

ie
nt

 o
f l

og
f-l

og
p 

 α

liquid limit, wL (%)

Kitakyushu AP_2000 Kitakyushu AP_2001
Kitakyushu S3_2017 Kitakyushu S3_2010
Tokyo-Mikawa_2003 Arakawa_2010
Nanao_2014 Tokuyama_2018

α = 0.0008 wL + 0.0537
R2 = 0.811

+20%

-20%

1

10

100

30 50 70 90 110 130 150

cv
-v

al
ue

 a
t 1

kP
a,

 c
v1

(c
m

2 /d
ay

)

liquid limit  wL (%)

Kitakyushu AP_2000 Kitakyushu AP_2001
Kitakyushu S3_2017 Kitakyushu S3_2010
Tokyo-Mikawa_2003 Arakawa_2010
Nanao_2014 Tokuyama_2018

Cv1 = 86.124*e^-0.023*wL 
R2 = 0.802

+20%

-20%

Fig. 3 Consolidation parameters and the liquid limit relation [7]. a Gradient of the log f—log
p relation, b cv—value at 1 kPa

In this paper, the consolidation parameters used for the analysis were set based on
the liquid limit of the dredged clay. The groundmodel and the consolidation constant
of the dredged clay that had been used by 2015 were the results of the back analysis
performed by Nakamichi et al. [4].

The coefficient of consolidation, cv in the clay layer installed Plastic Board Drains
(PBD), was identified so that the settlement to 4 years from the installation of
PBD predicted by the one-dimensional reclamation analysis was consistent with
that obtained by the Barron’s equation. This method could not express strictly the
actual behaviors, but the settlement of ground at 4 years later was equivalent to 80%
of consolidation degree, and the stress ratio at the drain and undrain parts became
less than 20%. It was thought that this approximation could be expressed the actual
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Table 1 Assumed consolidation parameters of dredged clay disposed from 2015

Liquid limit (%) α-value cv1 (cm2/day)

M-material 65 0.104 20

H-material 75 0.112 15

L-material 55 0.096 30

behaviors from engineering point of view.Here, for the 4 years applied at theBarron’s
equation the function of PBD was set at effectiveness.

For the consolidation parameters of dredged clay to be discharged after 2015, the
liquid limit of the planned dredging site was set from the liquid limit of the sample
taken from the borrow area. The range of the liquid limit of the collected clay was
60–70%. Therefore, the liquid limit of the representative M material is 65%, and
the liquidity limits of the high-plasticity H material and the low-plasticity L material
are set to 75 and 55%, respectively, assuming variations. The assumed consolidation
parameters for the prediction analysis are collected in Table 1.

4 Reclamation Analysis

Figure 4 shows the analysis results. The figure is also drown the average mud height
measured in any year up to 2019 as each mark and the planned reclamation height
as a red line. In the cases of M, H and L materials, the predicted ground surface will
be reached in April 2027, October 2025 and April 2027, respectively. Furthermore,
it is found that these differences in the liquid limit will be only 10% in just 2 years.
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Figure 5a, b are the comparison between water content distributions of accumu-
lated clay layer at No.1 and No.2 points in 2016 August and the results of back-
analysis at the same point and time. The numbers shown in these figures are the
α-values indicated the slope of log f—log p relations, and the blue number in the
parenthesis is the assumed α-values at the first prediction. The black numbers are the
identified α-values obtained from the back-analysis. On the other hand, the blue line
is indicated as the predicted water content distribution with the assumed α-values at
the first prediction in the accumulated clay layer before the install of PBD’s, and the
black bold line shows the calculated water content distribution of accumulated clay
layer at the same time of ground survey. Here, the identified α-value in the range from
DL-14 m to -9 m of the No.1 point shown in Fig. 5a is modified to 0.098 and those
in other parts are used the assumed values at the first prediction. And the identified
α-value of the No.2 point in Fig. 5b are the same as those of the first prediction.

Figure 5c shows the distributions of liquid limit at the No.1 and 2 points. The
magnitudes of liquid limit in the whole layer at the No.1 are lower than those at the
No.2. Specially the liquid limits of clays in the range from DL-14 m to DL-9 m at
the No.1 point are around 60% and are lower than those in another layer. As the
characteristics of clay between physical properties and consolidation behavior, the
modification of α-value to change from 0.105 to 0.080 is reasonable.

Figure 6 is the relationship between liquid limit and consolidation parameters of
clays sampled from the concerned and neighboring areas by theMulti-Sedimentation
Test (MST) proposed by Yamauchi et al. [6]. Here, the consolidation parameters of
clay were the α and cv1 shown in Fig. 2, and each mark shows the test result on
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(a) Gradient of log f – log p relations (b) cv-value at 1 kPa
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the dredged clay sampled from disposal pond. The α-values identified by the back-
analysis are drown with lines against the range of liquid limit of clays corresponding
to the sampling depths. The solid line means the assumed value at the first prediction,
and the broken lines are the identified values at the modified prediction.

As shown in Fig. 6a, the assumed α-values at the first prediction are located in
lower part of the range of examined values. The identified α-value from the DL-14 m
to -9 m at the No.1 point becomes lower than the first value, as the liquid limit of
clays in this range becomes lower than other depth. The assumed α-values including
with identified values are located in the lower part of existing range.

This study predicts when dredged soils with different physical properties are
discharged and do not directly represent the dispersion of physical properties in the
disposal pond reported by Sugimura et al. [2], in which the physical properties of the
scattered and deposited clays are set uniformly. Therefore, it cannot be said that the
prediction accuracy is sufficient, but at the present time, it can be judged sufficient
for predicting the receiving capacity when formulating future disposal pond plans
and subsequent site utilization processes. To make more accurate predictions, it is
useful to use the consolidation parameters identified using the observation results
made by Katagiri et al. [8]. To do so, it is important for us to observe results such as
changes in the reclamation height over time and the water content distribution in the
accumulated clay ground.

5 Conclusions

In this paper, the cv value in the layer installed the PBD’s was modified so that
the settlement of clay ground for a certain period predicted by one-dimensional
consolidation analysis was consistent with that obtained by the Barron’s equation,
and was identified by the back analysis using the monitored results. Based on these
analyzed results, the time elevation of mud surface in the future was predicted.
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The consolidation characteristics of new accumulated dredged clay were selected
from the relationships between liquid limit and consolidation parameters. The
behavior of the ground level in the future disposal pond was predicted using the
code developed on generalized one-dimensional consolidation theory. To predict the
timewhen the ground face of accumulated dredged clay reaches at the planned eleva-
tion, the ground model contributed by the identified consolidation parameters was
used, and the consolidation parameters of dredged clay in future were determined
by the physical properties of dredged clays, using the relationship estimated from
the results of dredged clay around Japan. In this simulation, when the liquid limit
of dredged clay was changed by 10%, it was confirmed that the time to complete
reclamation differed by approximately 2 years.

It is effective that the one-dimensional consolidation analysis using the ordinary
one-dimensional consolidation parameters so to represent the behavior estimated by
the Barron’s equation. And it was argued that the accuracy of prediction improved
by the identification using the actual data.

This similar result will not only contribute to the effective use of dredged soil,
including cohesive soil, but it can also be used to examine the volume balance when
formulating a port plan. In the future, we plan to improve the method of setting the
consolidation parameter by investigating the physical properties of the discharged
soil, by conducting a predictive analysis that incorporates the consolidation parameter
from them, and by comparing it with the actual measurement results.
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Evaluation for Effective Use of Dredged
Soil as Containment Dikes of Disposal
Pond

Katsuhide Nishizono, Yasuhiro Sega, Masaaki Katagiri, and Yoichi Watabe

Abstract An extra fill on revetment was constructed by using mechanically dewa-
tered clay (MDC) lumpsmade fromdredgedmaterial in the third area of theShinmoji-
Oki disposal pond (S-3) 9 years ago. Since this sample is an artificial material, its
long-term stability has not been confirmed. In order to understand the evolution of
the properties of the constructed revetment over time, mechanical tests, such as direct
shear tests, have been conducted on block samples taken from two designated areas
of the extra fill on revetment over the nine years since its construction. As a result, it
was confirmed that the shear strength under certain overburden effective stress was
sufficiently satisfied with the value assumed in the original design and the strength
properties did not change much after 9 years, although the strength constants varied.

Keywords Dredged clay · Disposal pond · Effective use ·Mechanical dewatering

1 Introduction

TheKanmonWaterway,which is an important route for ship traffic, requires dredging
in order to adapt to a water depth of −14 m. Since the dredged seabed soil must
be disposed of without causing marine pollution, the Shinmoji-Oki disposal pond
was constructed in three stages. The soil is disposed of in the third area of the
pond (S-3) (see Fig. 1). The S-3 area is 482 m by 1485 m and is surrounded by
revetments. Initially, the revetment height was DL + 8.0 m, and the pond capacity
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Fig. 1 Location of Shinmoji-Oki disposal pond

was 12,000,000 m3 (see Fig. 2). After that, to increase its capacity, the dike was
raised using mechanically dewatered clay (MDC) lumps made by forcing out pore
water from the dredged clay [1]. As a result, the height of the revetment with extra
fill is DL+ 12.0 m, and the capacity has been expanded by approximately 3,100,000
m3 (see Fig. 3).

Typically, mountain soil is used as the material for dikes; MDC was used for the
first time in Japan in the S-3 area. However, since MDC is an artificial material,
its long-term characteristics are unknown. Therefore, in this paper, the authors will
evaluate the stability of MDC by assessing the changes over time in its mechanical
properties from 2011, when the extra fill was added to the revetment, to the present
[2].

Fig. 2 S-3 area of Shinmoji-Oki disposal pond
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Fig. 3 Concept of capacity increment method using MDC

2 Outlines of the Use of Mechanically Dewatered Clay
Lumps for Dikes

2.1 Mechanically Dewatered Clay Lumps Production Process

The dewatered soil was prepared by a high-pressure filter press method, which is
classified as a pressurized dewatering and filtration method. Specifically, the clay
slurry is fed at high pressure into a filter chamber surrounded by a filter cloth, where
it is filtered and dewatered. This principle is the same as that of osmotic consolidation,
where the pore water flow imposes an effective stress on the clay particles, which in
turn consolidates the clay sample in the filter chamber. Therefore, the quality of the
soil mass produced depends on the size of the feed pressure and the degree of consol-
idation of it when the clay slurry feed is stopped. Moriki et al. [3], using dredged
sediment with the physical properties shown in Table 1, showed from various experi-
ments and investigations that the predetermined failure criterion can be maintained if
the water content of the individual clods is less than 53% and the needle penetration
gradient of the soil mass is greater than 0.92 N/mm and proposed that the point at
which the clay slurry feed stop is when the drainage rate is less than 45 L/min under
a feed pressure of 4 MPa.

Moriki et al. [3] described the manufacturing process ofMDC lumps used as extra
fill for the dikes as follows (see Fig. 4):

(i) Gravel was removed from the raw mud to obtain a clay slurry with a water
content of about 300% (three times of wL).

(ii) To this clay slurry, polyaluminum chloride (PAC) (5%) and slaked lime (2%)
were added to the weight of clay particles as an auxiliary material in the
dehydration process.

Table 1 Physical properties of dredged soil

Water content (%) 113–214

Density of soil particles (g/cm3) 2.638–2.681

Liquid limit (%) 82–131

Soil content (%) 1.6–11.3
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Fig. 4 Mechanically dewatered clay lumps production process

(iii) During the dewatering process, the clay slurry was sent into a filter chamber
for approximately 20 min with low-pressure pumping.

(iv) Switching to high-pressure pumping at 4 MPa, the clay slurry was fed into
the chamber until the drainage rate reached 45 L/min (total filtration chamber
volume 6.8 m3; volume strain rate = 0.7%/min) or less.

(v) After that, the frame was opened, and the lumps were removed.

2.2 Characteristics of Mechanical Dewatered Clay Lumps

Figure 5 shows the state of the dewatered soil immediately after removal. Depending
on the width of the filter chamber, the thickness of the dewatered soil was about

Glove

Fig. 5 Dewatered soil immediately after completion
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Fig. 6 Fracture point and fracture line of dewatered soil immediately after completion

25 mm, and its size was up to 70 mm, as it was crushed during the process of opening
and transportation. The average particle size of MDC that was transported/placed
temporarily after production was 31 mm, and the uniformity coefficient was 18.5.
The water content of the soil mass as a quality control value when producing MDC
was lower than the standard value (53%) shown by Moriki et al. [3]; the average
value was 45.3%, and the maximum value was 48.4%. On the other hand, the needle
penetration gradient of the soil mass was higher than the standard value (0.92N/mm),
with an average value of 1.17 N/mm and a minimum value of 1.09 N/mm.

Figure 6 shows the results of the constant pressure direct shear tests performed
immediately after the fabrication process at each production period. It shows failure
points and their linearly approximated failure lines for dewatered soils packed to a
unit weight of 14.5 kN/m3 with internal diameters of 200 mm and depths of 160 mm
in a direct shear box under vertical stresses of 50, 100, and 200 kPa. In the same
figure, the design failure criterion1) for the revetment is shown as a red line. Both the
failure point and the failure line obtained from the experiment were located above
this reference line.

2.3 Extra Fill on Existing Revetments

The extra fill on revetments with MDC was applied in accordance with the method
by Moriki et al. [3]. The main features are as follows:

Spreading thickness: 30 cm, Unit volume weight: 16.5 kN/m3, Slope: 1.5;
Failure criteria: cd = 5 kPa, φd = 30°.
The construction of the revetment over DL + 4.5 m began in 2010, and the

embankment of the revetment, including No.1 and No.9 points, was completed in
2011. Figure 7 shows the construction status of the extra fill on revetments near No.9
point in Fig. 2.
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Fig. 7 Construction status of the extra fill on revetments near No.9

3 Ground Survey Results of Extra Fill

3.1 Chronological Change of Share Strength

Figure 8 shows the water content of the block sample taken every year after construc-
tion. Figure 9 shows the results of the direct shear test of the block sample and the
design strength (cd = 5 kPa, φd = 30°) when constructing the dikes using MDC. The
sampling locations were No. 1 near the northeast corner and No. 9 near the southeast
corner, and the sampling depth was 50 cm from the surface. The water content of
the collected samples tended to decrease with time. On the other hand, the envelope
line of failure points was above the design value at 50 kPa upper loading pressure,
although there was some variation.

Fig. 8 Change in water content of block sample over time
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No. 1 Data No. 9 Data

Fig. 9 Change in the failure strength with time and the failure criterion of the block sample.
a Results from No.1, b results from No.9

Fig. 10 Changes in the strength constant and shear strength at 50 kPa with a direct shear test.
a Results from No.1, b results from No.9

Figure 10 shows the changes over time of the fracture criterion line, cd and φd

in Fig. 9, and the shear resistance under a loading of 50 kPa. Although the strength
constants varied, the shear resistances, which contribute to stability, were all higher
than the designed values.

3.2 Condition of the Site

Figure 11 shows the changes in monthly rainfall and average temperature around the
site from January 2010 to December 2019. In most years, the monthly precipitation
varies by around 200 mm between summer and winter, indicating that the area is
repeatedly dry and wet.

Figure 12 shows the situation of the dikes and block sample near No. 9 in 2017. It
is clear that the white areas are the clods themselves and contain uncrushed material.
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Fig. 11 Changes in monthly rainfall and average temperature at Kitakyushu Airport near the site

Fig. 12 Situation of the dike and a block sample taken near No. 9 in 2017

Figure 13a shows the photograph taken immediately after the construction of the
dike (2011), and Fig. 13b shows a block sample near No.9 in 2015. From these
photographs, it can be considered that there is no significant change in the soil mass
situation.

Monthly visual inspections and yearly inspections using simple measurements
have been carried out to check for any deformation of the extra fill on revetments.
As a result, no cracks, sagging, or deflections of the slope have been observed so far.

4 Conclusions

It has been nine years since the extra fill on revetments was completed, and the site
has gone through dry and wet conditions every year, but there has been no change in
the slope, such as cracks, sagging, or deflections. As a result of annual observation
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Fig. 13 Situation of the dike in 2011 and a block sample taken near No. 9 in 2015. a Dike in 2011,
b block sample in 2015

of the ground block samples at a depth of 50 cm from the surface layer at two points
in the dike, the shear resistance of MDCwas higher than the design value in all cases
and the extra fill on revetments was confirmed to be stable.

In the future,wewould like to assess the physical properties ofMDCbymeasuring
the surfacewave velocity (vs) over awide range and the tip resistance (qt) and evaluate
the stability of the bank.
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Experimental and Numerical Evaluation
of Clay Soils Stabilized with Electric Arc
Furnace (EAF) Slag

Muhammed Mahmudi, Selim Altun, and Tugba Eskisar

Abstract In this paper, engineering characteristics and settlements of clay soils
stabilized with EAF slag were evaluated by laboratory experiments and numerical
analyses. The strength parameters obtained from laboratory tests constituted the input
parameters of the numerical analyses that displayed the settlements of clay soil layers
under shallow foundations. In the experimental part, clay soil was replaced with
EAF slag at 30 and 50% ratios, and triaxial compression tests and one-dimensional
consolidation tests were conducted at various initial confining stresses to obtain the
strength parameters of the clay-EAF slag mixtures. The test results showed that
partial replacement of EAF slag with clay soil provided significant improvements
on the strength and compressibility parameters of the clay soils. In the numerical
analyses, the settlements of clay layers under the shallow foundations were evaluated
by replacing the mechanical properties of clay-EAF slag mixed soil instead of clay
soil. The findings of the numerical analyses showed that the maximum excess pore
pressure development in clay-EAF slag mixtures was 77% (70C-30EAF) and 90%
(50C-50EAF) less than the clay soil, and the development area was shifted to the
untreated part of the soil. The consolidation duration was two times shorter in 50C-
50EAF specimens and the level of settlement decreased by 20% (70C-30EAF) and
36% (50C-50EAF) compared to the untreated soil.

Keywords EAF slag · Consolidation test · Triaxial test · Numerical analysis

1 Introduction

Construction in saturated clay soils is one of the important geotechnical problems
due to their low compressive strength and poor engineering characteristics. Soil
stabilization can be defined as the modification or improvement of the soil properties
in order to increase the engineering performance under static or cyclic loadings.
Adding cementing agents such as cement [1, 2], lime [3, 4], industrial byproducts
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like fly ash [5–8], slag [9–11] or adding reinforcement elements such as fibers [12,
13] into soil results in improved geotechnical properties.

There are several kinds of slag materials, obtained after the different processes of
steel making processes, namely as blast furnace, basic oxygen furnace, and electric
arc furnace, etc. Electric arc furnace slag is produced during the manufacture of
crude steel by the electric arc furnace (EAF) process. As the mechanical strength
and specific density of slag is high, thus this material can be refined into a wide
range of aggregate sizes. Therefore, EAF slag could be used as an ideal aggregate
for replacement purposes.

Literature on previous research about steel slags have concentrated mainly on
their use as concrete and asphalt aggregates [14–17]. In the geotechnical field, slag
was occasionally studied to evaluate the improvements in the engineering properties
of soft soils or as a geo-fill materials [9–11].

The experimental test results showed that partial replacement of EAF slag with
clay soil provided significant improvements on the strength parameters of the clay
soils. In the numerical part, the settlements and the bearing capacity of clay layers
under the shallow foundations were evaluated by replacing themechanical properties
of clay soil with clay-EAF slag mixed soil.

It was found that the consolidation settlements and consolidation duration
decreased when the clay soil was stabilized with EAF slag. The result of the present
investigation indicated that EAF slag additive improved the engineering character-
istics of clay soils, and therefore, it could be recommended as a low-cost stabilizer
of cohesive and clay like soils.

2 Material Properties and Experimental Program

The natural clay soil and EAF slag for this study were obtained from Salihli to
Manisa and Izmir cities in Turkey, respectively. EAF slag was grinded by using the
Los Angeles device, then the particles were sieved by No. 4 sieve, and the particles
that were less than 4.75 mm were used as an additive material. The natural unit
weight of EAF slag was 2.85 t/m3, the specific gravity was 3.41, and the porosity of
EAF slag was 0.36.

The scanning electron microscope (SEM) micrograph of clay and the light micro-
scope (LM) image of EAF slag are shown in Fig. 1. The light microscope of EAF
slag–clay mixtures implied that the slag grains varied from angular to sub-angular
particles. The LM image of EAF slag implied that the slag grains varied from angular
to sub-rounded particles. Many macro-pores were also visible on the surface of
steel slag particles which specifies that steel slag is a porous material compared to
clay particles. The SEM image showed that a clay particles have a well-crystalized
structure with plates in a framework form.

The effective size (D10), the diameter corresponding to 30% finer (D30), mean
grain size (D50) of EAF slag are 0.44 mm, 1.20 mm, and 1.80 mm, respectively. The
grain size distribution curves and properties of the materials used in this study are
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Fig. 1 Material images, a SEM micrograph of clay soil, b LM image of EAF slag

presented in Fig. 2 and Table 1. As seen in Table 1, the host soil and EAF slag were
classified as a low plasticity clay (CL) and poorly graded clean sand (SP) according
to the Unified Soil Classification System (USCS). Additionally, the classification

Fig. 2 Grain size distributions of EAF slag, clay, and clay-EAF slag mixtures

Table 1 Properties of the materials used in this study

Specimens PL LL PI OMC USCS symbol

(%) (%) (%) (%)

EAF slag – – – – SP

Clay 43.5 23.6 19.9 15.9 CL

70C-30EAF 25.6 14.1 11.5 10 CL

50C-50EAF 21.1 11.3 9.8 9 CL
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of mixtures with 30% (70C-30EAF) and 50% EAF slag (50C-50EAF) was graded
as low plasticity sandy clay (CL). According to the results obtained from Atterberg
limits tests and standard Proctor tests, it should be noted that with the addition of
EAF slag, index properties and optimum moisture content (OMC) of clay soil have
changed. EAF slag additive improved the engineering properties of the clay soil.

This study can be divided into two components. The first component is the deter-
mination of the strength parameters, engineering characteristics, and consolidation
parameters of the clay-EAF mixtures with the static compression triaxial test and
consolidation tests. The results of the aforementioned experiments were used as the
input parameters in the second component in order to perform numerical analyses
and evaluate the consolidation settlements of clay soil under different circumstances.

3 Experimental Test Result

Static compression triaxial testing was conducted on the isotropically consolidated-
undrained specimens, and each specimen was sheared under 50, 100, and 200 kPa of
confining pressures. CU triaxial tests were conducted on cylindrical specimens with
a diameter of 50 mm and a height of 100 mm, keeping a constant height-to-diameter
ratio of (H/D)= 2. Triaxial tests were performed according to ASTMD 4767, and all
specimens were prepared at their optimum moisture contents by using the standard
compactive effort. The specimen was saturated with flowing CO2. After this step,
de-aired water was allowed to flow through the specimen from the bottom to the top
of the specimen. Skempton’s coefficient, B, value was assured to be at least 0.95 at
the end of the saturation step. The pressure inside the specimen was kept constant
by keeping the effective confining pressure at 20 kPa throughout the saturation step.
Static triaxial tests were performed under strain-controlled conditions at a strain rate
of 1 mm/min. The tests were finalized when an axial strain of 20% was achieved. As
seen from Table 2, the friction angle of the specimens increased and the amount of
cohesion tended to reduce with an increase in the percentage of EAF slag.

Consolidation tests were performed on clay specimens and clay-EAF slag
mixtures. The testswere held regarding the standard ofASTMD2435. The specimens
had a height of 20mm, and theywere placed in a consolidometer ring with a diameter
of 64 mm (2.5 in.). LIR was kept as unity, and the duration of each loading was 24 h.

Table 2 Strength parameter
of the specimens

Specimen name Friction angle, ϕcu Cohesion, cu

(o) (kPa)

EAF slag 37 –

Clay 13 39

70C-30EAF 18 35

50C-50EAF 19 30
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Table 3 Consolidation parameters of the specimens

Specimen name Compression index (Cc) Recompression index
(Cr)

Coefficient of
consolidation (cv)

cm2/s

EAF slag 0.113 0.009 1.141

Clay 0.189 0.035 0.019

70C-30EAF 0.136 0.024 0.025

50C-50EAF 0.125 0.021 0.039

In order to examine the effect of EAF slag additive on the consolidation parameters of
the soil, consolidation tests were conducted on the specimens containing 30 or 50%
EAF slag additive, and all specimens were prepared at their optimumwater contents.
In order to saturate the test specimens with water, the tests on clay soil and EAF
slag added soil specimens were carried out after 1 day of curing. For each consolida-
tion test, the loading pressure levels applied during the test in general were 50, 100,
200, 400, 800 kPa and unloading pressures were 400 and 50 kPa. The coefficient of
consolidation was determined from time deformation curves using the square root of
time method for each applicable load increment. Table 3 presents the coefficient of
consolidation (cv) which was used in numerical analyses, compression index (Cc),
and recompression index (Cr) of the specimens decreased with an increase in the
percentage of EAF slag.

4 Numerical Analysis

In this study, an improved zone was formed by soil replacement from ground surface
to a depth of 3.0 m. Because, under suitable ground conditions, it may be possible
to remove the soil by excavation and mix it with EAF slag. Afterward, laying it in
smaller layers (ca. 50 cm) and then compacting it to a desired density will result in
a replacement in the original location. This type of improvement was considered in
the numerical analyses.

The finite element analyses were carried out by using an effective stress based on
PLAXIS 2D [18] software program. In order to generate the mesh, fine and very fine
mesh options were chosen for investigation area, to achieve accurate results with
higher sensitivity. After defining the geometry model, standard boundary fixities
were applied; material properties were attained to all clusters from the data sets.
The fixed boundaries were closed from 3B distances from the right, left, and bottom
of the model. The model boundary conditions were assumed such that the vertical
boundaries were free in vertical direction and fixed in horizontal direction, while the
bottomhorizontal boundarywasfixed in both the horizontal and vertical directions. In
this study, 60 kPa uniformly distributed static loadingwas applied to a raft foundation
with a width of 10.0 m and with a thickness of 1.0 m. This structure represented a
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Fig. 3 Model used in this study

six-story building that was constructed on soft saturated soils. The overview of mesh
set up and the simplified finite element model are illustrated in Fig. 3.

The ground water table level was at the surface, so that the fully saturated condi-
tions could be applied to the soil layers. Therefore, all analyses were carried out in
undrained conditions in the clay layer. The geological profile that represented the
area under investigation consisted of two distinct layers. On the surface, there was a
6.0 m clay layer which properties were introduced in Table 1. The next layer was a
dense alluvial soil layer up to −30.0 m depth.

The Mohr–Coulomb (MC) and soft soil (SS) models were preferred in the anal-
yses. The results of the aforementioned experiments were used in MC and SS soil
models. For SS soil model, λ = 1.e−9, κ = 1.e−10, and einit. varied from 0.45 to
0.55 depending on the soil mixture. As the soil is normally consolidated, OCRwas 1.
For MC soil model, Young’s modulus increased with the addition of EAF slag from
16,500 (clay) kPa to 15,300 kPa for 70C-30EAF and to 14,500 kPa for 50C-50EAF.

In the initial condition, closed consolidation boundaries were applied at the right
and the left sides of the soil model. The pore water pressure and initial stresses were
calculated. The bottom of the model was open, because the excess pore pressures
were considered flow freely into the deep and permeable alluvial layer. In the initial
situation, the upper structure and its related stress increment were neglected. After
the application K0 conditions in the initial phase and displacements were reset to
zero (phase-0), the consolidation analysis was performed in two phases. In order to
perform a consolidation analysis, a proper time step must be selected. In phase-1 of
consolidation analysis, the structural loadwas applied under the undrained conditions
for 180days of construction. In phase-2, excess pore pressurewas allowed to dissipate
with time to theminimumexcess pore pressure levelwhichwas 1 kPa. In both phase-1
andphase-2, the consolidation settlements and the excess porewater pressure changes
have been checked in the middle of the clay layer (Point A, Elevation Level (EL):−
3.0 m).
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4.1 Consolidation Settlements

In order to evaluate the response of a foundation constructed on an improved clay
soil layer, it was important to analyze the consolidation settlement of the founda-
tion without any improvements. The vertical settlement increments of untreated and
treated soils during the construction stage (180 days) and consolidation phase are
illustrated in Fig. 4. As seen from Fig. 4, the untreated and treated soils had different
levels of settlements (uy). The decrement of settlement level was also followed by
a reduction of consolidation duration. This condition indicated that the settlements
decreased and, possibly, the bearing capacity increased when the clay soil was stabi-
lized with EAF slag. After the end of construction stage (after 180 days), the settle-
ment amounts of treated soils increased linearly with time and the settlements of the
clay layer, 70C-30EAF soil layer, and 50C-50EAF soil layerwere 8.5 cm, 6.8 cm, and
5.4 cm, respectively. The corresponding consolidation rates were 85, 93, and 95%.
The uy-time profile progressed reaching to constant values of the settlement after
the construction stage was completed. The constant settlement values were achieved
after 400, 300, and 180 days in clay, 70C-30EAF slag mixture, and 50C-50EAF
slag mixture layers. Therefore, the 50C-50EAF slag mixture had the shortest time
to reach to a constant settlement value of 5 cm. Untreated clay required 490 days to
subside 10 cm at the end of the primary consolidation stage. The consolidation was
almost fully completed in the treated soil layers much more earlier; therefore, the
settlement problem of the structure was successfully accomplished.

Fig. 4 Settlement-time relations calculated for the midpoint of the soft soil. (EL: −3.0 m)
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4.2 Development of Excess Pore Pressure

The generation and distribution of excess pore pressure in clay and clay-EAF slag
mixture layers during the construction stage are illustrated in Fig. 5a–c.

With the loads acting on the improved soil, the excess pore pressure development
in clay-EAF slagmixtures was less than the clay soil. It is also noteworthy tomention
that the focal point of excess pore pressure was shifted down to the untreated zone
between −3.0 m and −6.0 m in treated soils (Blue to red color ranges denote Fig. 5
(a) 0–50 kPa, Fig. 5 (b) 0–17 kPa, Fig. 5 (c) 0–11 kPa.

The development of the excess pore pressure of untreated and treated soils during
the construction stage (180 days) and consolidation phases are illustrated in Fig. 6.

During the consolidation period, the excess pore pressure increased with in time.
After the end of construction the maximum excess pore pressure of−47.46 kPa was
generated in the middle of the clay layer, but with the improvement of EAF slag,

Fig. 5 Generation and distribution of excess pore pressure in the investigation area, a clay, b 70C-
30EAF slag mixture, c 50C-50EAF slag mixture

Fig. 6 Excess pore pressure development in the middle of clay layer
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the excess pore pressure was reduced to −10.97 kPa (70C-30EAF) and −4.77 kPa
(50C-50EAF) depending on the increasing rate of EAF slag. The acquisition of lower
pore pressures helped in the completion of consolidation settlements.

5 Conclusions

The effects of slag content on the engineering properties and settlements of clay-
EAF slag mixtures were investigated both experimentally and numerically in the
current study. It should be noted that with the addition of EAF slag, engineering
properties, compressibility, and shear strength parameters of the clay soils have been
improved. The numerical analyses were evaluated based on the effect of EAF slag
on the settlement of clay-EAF slag mixture layers under static loading conditions.
The finite element analysis showed that using clay-EAF slag mixtures as a soil
replacement under a foundation could reduce the vertical and total settlements of
the soil layers as well as decreasing the time for the completion of the consolidation
settlements.

Partial or complete replacement of soils with electric arc furnace (EAF) slag is
increasingly drawing attention due to its benefits, including improvements in engi-
neering properties of soils. The result of the present investigation indicated that EAF
slag additive was recommended as a low-cost modifier or stabilizer of cohesive soils
and clay like soils with poor engineering properties.
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Experimental Study on Engineering
Properties of Soft Soil Stabilized
by Overboulder Asbuton

Noor Dhani, Tri Harianto, A. R. Djamaluddin, and Ahmad Gasruddin

Abstract Buton Island in Southeast Sulawesi, Indonesia, has a large amount of
over 660 million metric tons of asphalt deposit in many forms. One of the types is
overboulder which about 30% of the total deposit of asbuton. Overboulder occurred
naturally when limestone reacts with bitumen in the topsoil layer of asbuton itself,
making it a waste material which could be used as stabilizer material, due to its
lime content with low bitumen content at about below 2%. The objective of this
research was to analyze the effect of overboulder addition to soft soil as a pozzolanic
agent and certain curing time to its unconfined compressive strength and CBR value.
The soft soil was compacted according to ASTM D-698 standard method, as well
as soft soil with overboulder addition. The UCT and CBR specimen was remolded
based on its optimum moisture content and maximum dry density obtained from
the compaction test. The unconfined compressive test was conducted according to
ASTM D-2166 methods, and CBR test was conducted according to ASTM D-1883
methods. All specimen was treated with 0, 3, 7, 14, and 21 days of curing time in
order to maximize its pozzolanic reaction between soil and overboulder asbuton. The
overall result of the test shows that overboulder asbuton addition to soft soil increases
its mechanical/engineering properties. Overboulder asbuton has potential as a local
alternative to cement and/or lime in soil–cement and/or soil–lime stabilization due
to its pozzolanic properties.

Keywords California bearing ratio (CBR) · Overboulder asbuton · Soft soil ·
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1 Introduction

Expansive soil is a common problem faced in developing in Indonesia. Soft soil may
be existed in the form of peat soil, or soft clay distributed in east Sumatra, Kalimantan
andWest, West Coast Sulawesi, North Sumatra Beach, and Southern Papua covering
an area of +20,000,000 ha.

Expansive soil thickness varies with low bearing capacity and compressive
strength, the consequences cause many problems for construction built on peat soil
due to high compression (consolidation) properties and long secondary compression.

Buton Island in Southeast Sulawesi, Indonesia, has a large amount of over 660
million metric tons of asphalt deposit in many forms. In Indonesia, natural asphalt
derived from Buton Island was called asbuton (Asphalt Buton). The asbuton deposit
is divided into several types. One of the types is overboulder which about 30% of
the total deposit of asbuton. Overboulder occurred naturally when limestone reacts
with bitumen in the topsoil layer of asbuton itself, making it a waste material which
could be used as stabilizer material, due to its lime content with low bitumen content
at about below 2%. Recently in Indonesia, asbuton, in general, started to be studied
for either stabilization or asphalt content extraction. The objective of this research
was to analyze the effect of overboulder addition to soft soil as a pozzolanic agent
and certain curing time to its unconfined compressive strength and CBR value.

2 Literature Study

Soil cement has been used as a massive fill to provide foundation strength and
uniform support under large structures. An extensive laboratory testing program
was conducted to determine static and dynamic design characteristics, liquefaction
potential, and durability of soil cement. Results showed that with only 5% cement
content by dry weight, cohesion increased significantly, and it was possible to obtain
a material with enough strength to prevent liquefaction [1]. Stabilized base or sub-
base materials may be used to provide support for either flexible or rigid pavements,
but are more frequently used with flexible pavements. The key to strength develop-
ment in stabilized base or sub-base mixtures is in the matrix that binds the aggregate
particles together. The strength of the matrix is affected by the cement material used
in the mixture [2].

The pozzolanic reaction process, which can either be modest or quite substantial
depending on the mineralogy of the soil, is a long-term process. This is because the
process can continue as long as a sufficiently high pH is maintained to solubilize
silicates and aluminates from the clay matrix, and in some cases from the fine silt
soil. These solubilized silicates and aluminates then react with calcium from the free
lime and water to form calcium silicate hydrates and calcium aluminate hydrates,
which are the same type of compounds that produce strength development in the
hydration of Portland cement [3]. However, for the pavement of high traffic loads,
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stabilization based on sand with 10% cement is recommended. It is recommended
that future research can mix more than one types of sand for the stabilization and find
out the compressive strength for that mixed sand sample. On the other hand, sand
with higher F. M. value and lower F. M. value can mix with different percentages
[4].

Soil stabilization is the alteration of the properties of soil to improve its engi-
neering performance through its strength, stiffness, compressibility, permeability,
and workability. In the last few decades, soil–cement stabilization has been more
widely used in pavement construction compared to other methods, because of the
significant improvements it can make to soil properties. It is found that the engi-
neering behavior of a cement-stabilized base and that of a granular base when under
traffic loading is not similar [5]. The strength of road subgrades, soil bases and sub-
bases are commonly assessed in terms of the California bearing ratio (CBR) which
is dependent on the type of soil used and its density and moisture content. Thus, it is
important to use correct test procedures to assess the properties of a cement-stabilized
road base [6].

In most applications, Type I or Type II Portland cement is normally used, and the
cement content can vary from 4 to 16% of the dry weight of soil. Generally, as the
clay portion of the soil increases, the quantity of cement required also increases. The
particle size distribution of ordinary Portland cement is quite well defined falling
within a range of 0.5–100 μm with a mean of 20 μm [7].

After it is stabilized, a soil layer will act as a soft and low strength concrete with
linear elastic properties [8]. The tensile stress at the bottom of cement treated layers
can cause fatigue cracking. The elastic modulus and the tensile strain at the bottom
of cement treated layers are considered for the detailed analysis of a stabilized layer.
The strength of the stabilized base and the sub-base are commonly assessed using
the unconfined compressive strength (UCS) [9].

Overboulder asbuton dominated by calcium content of 79.64% and silicon content
of 9.63%, so that in the composition contained by these minerals can be used as
pozzolanic material that can function as a binder and filler from soft soil mate-
rial that can increase the bearing capacity of the material [10]. However, compres-
sive strength and durability were the two major approaches made, with the Amer-
icans more inclined toward durability technique. Other techniques employed were
California bearing ratio, tensile and flexural tests [11].

3 Materials and Methods

In order to provide detail of materials used in the experimental study, laboratory
investigation programwas carried out to evaluate the basic properties andmechanical
properties of the untreated soil and stabilized soil, and in this case, soft soil stabilized
by overboulder. Eachmaterial used are then classified using unified soil classification
system (USCS). In this case, the material used was soft soil with overboulder asbuton
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as stabilizer. The initial engineering properties was then compared to the stabilized
soil.

3.1 Location

The asbuton overboulder material was brought from Buton Island and sampled at
Lawele with coordinate 5° 13′ 53.56′′ S and 122° 58′ 0.40′′ E. Soft soil used was
taken from around Gowa, South Sulawesi, Indonesia.

3.2 Methods

Unconfined compression test and California bearing ratio specimen was remolded
according to standardmethodASTMD1883andASTMD2166with 6 in. in diameter
and 7 in. high for CBR and 2 in. diameter with 4 in. high for UCT. Specimen is tested
at curing time 0, 3, 7, 14, and 21 days (Figs. 1 and 2).

Fig. 1 Overboulder quarry at Lawelle
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Fig. 2 Overboulder quarry location at southeast Sulawesi, Indonesia

4 Result and Discussion

The results of the basic properties and mechanical properties of soft soil are shown
in Table 1.

According to laboratory analyzes, the plastic limit value is 46.35%, and the plas-
ticity index is 14.40%. By linking the plastic limit values to the plasticity index in
the plasticity diagram, the soil type is classified as MH (high plasticity silt), which
corresponds to silty soils with high plasticity. Soil grains are dominated by a silt
fraction of 34.55% and clay of 30.25%. By overall properties result, soil used in this
study is a fine-grained soil, while the overboulder properties are shown in Table 2.

The results of the tests on the physical and mechanical characteristics of the
overboulder indicate that it is classified as SP/sand with poor quality. However, the
CBR value shows a higher value than soft soil (Fig. 3).

Microstructure characteristics was tested using XRD, SEM, and EDS. Based
on the test results of energy dispersive X-ray spectroscopy of overboulder, it was
described that overboulder asbuton dominated by calcium content of 79.64% and
silicon content of 9.63%. From this point, overboulder asbuton assumed to have a
pozzolanic properties (Table 3).

The addition of overboulder shows behavior that tends to show a cross-trend to
changes in moisture content and dry weight. As the overboulder increases, the dry
density value decreases while the optimum moisture content increases. Figure 4
illustrated that the dry density increases with the addition of overboulder, the dry
density has increased by 0.6%, compared to the maximum dry density of untreated
soil which is 13.21–13.29 kN/m3.
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Table 1 Basic properties and engineering properties of soft soil

Test Test results

Result value Unit

Basic properties of soft soil

Initial water content (w) 35.72 %

Specific gravity (Gs) 2.65 –

Sieve analysis and hydrometer

a Sand 35.20 %

b Silt 34.55 %

c Clay 30.25 %

Atterberg limits

a Liquid limit (LL) 60.76 %

b Plastic limit (PL) 46.35 %

c Plasticity index (PI) 14.40 %

d Shrinkage limit (SL) 26.51 %

Standard Proctor

a Maximum dry density, (γd) 1.35 gr/cm3

b Optimum moisture content (OMC) 29.84 %

Classification according USCS: MH, AASHTO: A-7–5

Engineering properties of soft soil

Unconfined compressive strength (qu) 47.35 kN/m2

California bearing ratio–Unsoaked (CBR) 7.79 %

Elasticity modulus (E) 2064.50 kN/m2

Figure 5 shows that by adding overboulder would increase the compressive
strength of soft soil. With 0 days of curing time, the compressive strength reaches
854.73 kN/m2 which is 18 times of magnitude compared to untreated soil. With
3 days of curing time, reaches 929 kN/m2, 7 days of curing time significantly reaches
2139.52 kN/m2, 14 days of curing time increasing to 2264.76 kN/m2 and in 21 days
increasing to 2313.2 kN/m2. The highest compressive strength achieved in 21 days
of curing time with the compressive strength increased 48 times compared to the
untreated soil.

Figure 6 shows that adding overboulder would increase the CBR value of soft soil.
With 0 days of curing time, the CBR value reaches 8.77% which is 112.5% higher
compared to untreated soil. With 3 days of curing time, reaches 10.34%, 7 days
of curing time significantly reaches 16.19%, 14 days of curing time increasing to
20.68% and in 21 days increasing to 21.13%. The highest CBR value achieved in
21 days of curing timewith the CBRvalue increased 271% compared to the untreated
soil.

Figure 7 illustrated the relation of UCS and CBR value with 5% overboulder
added to soft soil at certain curing time. It shows that the engineering properties of
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Table 2 Basic properties and engineering properties of overboulder asbuton

Test Test results

Result value Unit

Basic properties of overboulder asbuton

Specific gravity (Gs) 2.65 –

Sieve analysis and hydrometer

a Sand 81.04 %

b Silt 13.70 %

c Clay 5.16 %

Standard Proctor

a Maximum dry density, (γd) 1.37 gr/cm3

b Optimum moisture content (OMC) 19.13 %

Classification according USCS: SP, AASHTO: A-1-B

Engineering properties of overboulder asbuton

Unconfined compressive strength (qu) 60.79 kN/m2

California bearing ratio–Unsoaked (CBR) 12.06 %
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Fig. 3 Energy dispersive X-ray spectroscopy of overboulder asbuton
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Table 3 Chemical composition of overboulder asbuton
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Fig. 4 Maximum dry density and optimum water content of untreated soft soil compared to soil +
5% overboulder

overboulder-stabilized soft soil accelerates in 3–7 days of curing time. The CBR and
UCS value increased significantly with addition of overboulder. This showed that
overboulder indeed has pozzolanic properties and is able to be used as cement or lime
replacement as soil-stabilizing material. With the abundant amount of overboulder,
it could possibly become useful local content to be used widely in construction.
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Fig. 7 Load–penetration behavior of overboulder-stabilized soft soil at certain curing time

5 Conclusion

Overboulder asbuton is considered as a pozzolanic agent due to its chemical compo-
sition. It is also proofed by the increasing value of UCS and CBR after overboulder
addition to soft soil. This showed that overboulder is able to be used as cement or lime
replacement as soil-stabilizing material. With the abundant amount of overboulder,
it could possibly become useful local content to be used widely in construction.
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Fundamental Study on the Effect of CO2
Curing on the Strength Development
of Alkaline Construction Sludge

Nguyen Duc Trung, Kimitoshi Hayano, and Hiromoto Yamauchi

Abstract Construction sludge is known as waste material generated from construc-
tion industry. Since the construction sludge is usually very soft and at a high water
content, it is often necessary to treat it with cement or lime to be recycled as construc-
tion materials. However, after the treatment, the increased pH sometimes cannot
satisfy environmental regulation. By injecting high-pressure CO2 gas into the spec-
imens, neutralization of alkaline construction sludge was accelerated. This research
aims to study the effectiveness of using cement, CO2 gas, and paper sludge (PS)
ash for not only lowering the pH level but also strengthening the alkaline construc-
tion sludge to be re-used in long-term durability. Alkaline simulated sludge having
similar pH levels and state with the actual sludge were produced in the laboratory.
The observed results showed that pH was decreased from more than 11.5 to around
8.6 after 7 h curing by the injection of CO2, whereas the addition of PS ash shortened
the CO2 curing time. The strength of simulated samples was decreased during CO2

curing but then rapidly increased under air curing conditions. Strength of the samples
with PS ash was seen significantly improved compared to that of samples without
PS ash. After CO2 curing, under air curing conditions, the pH of treated samples
tended to rebound to a certain level less than the original value, but then gradually
decrease. It can be seen that the maximum value of pH rebound depends on the pH
value obtained at the end of the CO2 curing.
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1 Introduction

The development of infrastructure system as well as civil construction generates
a huge industrial waste which is widely known as construction sludge. Due to its
existence in liquid state, the construction sludge should be immediately treated with
cement or lime to improve its strength before piling on the tipper truck. This process
increases the pH level of construction sludge. However, in developed countries such
as Japan, the law has regulated the pH of sludge to range between 5.8 and 8.6 for an
effective dispose into the environment.

Based on the statistical data collected from in situ specimens, the on-site treated
construction sludge was simulated by mixing Ao clay and blast furnace cement type
B following the appropriate proportion that produces the pH of 11. Under air condi-
tions (atmospheric conditions), the natural alkaline neutralization of construction
sludge spends such a long time decreasing the pH value to reach 8.6. The previous
research pointed out that it took at least 30 days to decrease the pH of alkaline
construction sludge from 10 to 8.6 under air curing conditions [1]. The curing time
was seen to be much higher for specimens having higher pH value. Indeed, speci-
mens having pH > 10 cannot be naturally lowered to 8.6 under air curing conditions.
By applying CO2 curing, the pH of alkaline sludge was dramatically lowered. Some
key factors affecting the acceleration of alkaline neutralization were investigated to
be the degree of CO2 concentration, CO2 curing time, the layer thickness of speci-
mens, and the initial water content. Especially, a decrease in the initial water content
strongly accelerated the CO2 curing time.

From that point of view, Ogasawara et al. [2]. attempted to reduce the initial water
content of alkaline construction sludge by adding paper sludge ash of various propor-
tions into simulated sludge. Paper sludge ash has high water absorption capacity and
hence showed the effectiveness in setting a low initial water content of the mixture.
On the other hand, PS ash also granulates the original construction sludge. This
increases the surface area that accelerates the alkaline neutralization [3].

Moreover, the addition of PS ash into alkaline construction sludge could
strengthen this mud to be used as a recycling material. It was investigated that the
effectiveness of adding PS ash into cement-treated sludge for reducing the free water
content consequently enhanced the strength. However, the strength development and
pH of alkaline sludge treated by cement, PS ash, and CO2 curing have not been
discovered yet.

Carbon dioxide (CO2) generated from the operation of factories all over the world
cause the greenhouse effect, globalwarming, andother extremeweather events. Paper
sludge ash is also a waste product from the paper industry. Thus, the combination of
two kinds of waste material is expected to help mitigate the negative environmental
impacts and contribute to a sustainable development.

In this research, treated construction sludge was simulated by a mixture called
cement-treated sludge which included Ao clay at liquid limit state along with a
weighted 3% of blast furnace cement type B. Then, a weighted 20% PS ash is also
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added to Ao clay in cement-treated sludge to form hybrid-treated sludge. The hybrid-
treated sludge and cement-treated sludge were cured under sealed conditions before
CO2 curing. After the treatment using CO2 incubator with CO2 degree concentration
of 10%, the pH of both, the cement-treated sludge and hybrid-treated sludge were
measured to assess the acceleration of alkaline neutralization. Cone index tests were
also conducted before and after the CO2 treatment to understand the effect of CO2

curing on the strength development of the mixtures. An effort to retain the authentic
in situ state ismade by curing the specimens under air conditions to study the strength
development, pH stabilization, and durability in long term.At regular intervals during
air curing time, the pH levels of CO2-treated sludge were repeatedly measured,
followed by the cone index test to investigate the strength improvement, pH variation,
and durability in the long term. A comparison of alkaline sludges treated with and
without PS ash was analyzed in terms of strength development and pH stabilization
to assess the effectiveness in treating and recycling alkaline construction sludge.

2 Experiment Procedure

2.1 Material and Preparation

As mentioned previously, based on the statistical data of in situ treated construction
sludge collected from the site, the simulated sludge called cement-treated sludge
was produced in the laboratory corresponding to the pH and moisture content of site
samples. This sludge consists of Ao clay at the liquid limit state (wL = 40.7%) and
blast furnace cement type B. In order to strengthen the cement-treated sludge, PS
ash is added to form a new composite mixture called hybrid-treated sludge.

Materials used for simulated sludge
The main material used for simulating alkaline sludge is Ao clay. It is categorized
into CL (clay (low liquid limit)). The liquid limit (wL) and plastic limit (wP) of Ao
clay are 40.7% and 23.7%, respectively. In order to form a clay slurry, distilled water
is mixed with Ao Clay.

Cement used in this research was blast furnace cement type B. This is a mixture of
ground granulated blast furnace slag (BFS) and Portland cement with the amount of
BFS ranging between 30 and 60% as specified in JIS R 5211 [4]. This kind of cement
is considered an eco-friendly cement since slag is used to produce cement instead of
limestone and coal. Thus, the CO2 emissions generated due to the decarboxylation
of limestone or the incineration of coal are reduced.

Paper sludge ash is the cinder generated from the incineration of paper sludge. The
main advantage of usingPSash is its highwater absorption performance asmentioned
previously. Moreover, adding PS ash granulates the new composite mixture, thereby
increasing the surface area, and thus accelerates the alkaline neutralization. The
proportion of PS ash in the hybrid-treated sludge that affects the acceleration of
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alkaline neutralization was assessed by Ogasawara et al. [2], according to which, the
shortest CO2 curing time was obtained at a corresponding PS ash to Ao clay ratio
of 20% in weight. Thus, this research initially focused on this proportion of PS ash,
and the others will be covered in future research.

The particle density of Ao clay, PS ash, and blast furnace cement type B are
2.716g/cm3, 2.603g/cm3, and3.04g/cm3, respectively. Theparticle size distributions
of Ao clay, PS ash, and hybrid-treated sludge are shown in Fig. 1, whereas that of
cement-treated sludge was not measured since the mixture was not granulated. The
typical chemical compositions of Ao clay, blast furnace cement type B, and PS ash
are shown in Table 1.
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Fig. 1 Particle size distribution of Ao clay, PS ash, and hybrid-treated sludge [2]

Table 1 Chemical compositions of materials (%mass ratio)

(a) PS ash material

CaO SiO2 Al2O3 SO3 FeO MgO P2O5 Others

40.6 20.7 17.2 6.2 4.6 2.7 1.4 6.6

(b) Blast furnace cement type B [5]

CaO SiO2 Al2O3 SO3 Fe2O3 MgO P2O5 Others

54.1 25.6 9.2 2.1 1.7 3.6 0.2 3.5

(c) Ao clay [6]

CaO SiO2 Al2O3 FeO MgO K2O Na2O

1.9 57.1 20.1 11.1 4.1 4.1 1.7
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Table 2 Cases of mixed condition

Types of specimen Cement-treated sludge (%) Hybrid-treated sludge (%)

Ratio of blast furnace cement type B to
Ao clay in weight

3 3

Ratio of PS ash to Ao clay in weight 0 20

The pH of Ao clay, PS ash, and blast furnace cement type B are 7, 12.3, and 11.3,
respectively [1, 2]. It can be seen that Ao clay is neutral, while that of PS ash and
blast furnace cement type B are alkaline.

Preparation of simulated sludge
To produce cement-treated sludge, Ao clay at the liquid limit (wL) is mixed with an
amount of 3% in weight of blast furnace cement type B. Firstly, dry Ao clay was
stirred with an appropriate amount of distilled water for 3 min to achieve the liquid
limit state (wL = 40.7%) by using a bench-top mixer. Then, blast furnace cement
type B was added and homogeneously stirred for 7 more minutes. Sequentially, the
hybrid-treated sludge was simulated by adding PS ash to the cement-treated sludge
with a ratio of 20% inweight of dry Ao clay, and the new composite mixture was then
stirred for 5 more minutes. The mixing portion of cement-treated sludge and hybrid-
treated sludge is presented in Table 2. Simulated sludge was then stored in plastic
bags for curing under sealed conditions. This keeps the pH steady, and it helps make
comparison of pH development under various conditions such as hermetic, sealed,
and CO2 curing conditions. After such periods of sealed curing time, the resultant
simulated sludge was taken out to conduct the experiments.

2.2 Methodology and Test Procedures

Methodology
The objective of this research is to treat the construction sludge, so it can be used
as a recycling material. In order to do so, the pH of construction sludge must be
treated to be maintained at a stable value below 8.6, whereas the strength needs to
be improved. To do so, the idea of using CO2 gas to neutralize the alkalinity and PS
ash to enhance the strength of the construction sludge was initiated with trying to
find a solution to manage the huge amount of industrial wastes primarily generated
in developed countries.

As mentioned, the cement-treated sludge was used to simulate the treated
construction sludge on the field site. To enhance the strength of the cement-treated
sludge further, PS ash was added due to two reasons. First, the strength development
of sludge is obviously induced by cement. However, a previous study showed that the
strength development of cement-treated soil is influenced by thewater/cement (W /C)
ratio [7]. Before adding cement for the immediate treatment at field site, construction
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sludge is present mostly in the liquid state. The high initial water content of construc-
tion sludge obstructs the hydration of cement that affects the strength development.
To overcome this, the addition of an absorptionmaterial such as PS ash to the cement-
treated sludge can solve this problem by setting the lower initial water content of
the sludge. In other words, theW /C ratio is decreased which supports the hydration
of cement. On the other hand, PS ash has a similar chemical composition as cement
that also influences the hydration and contributes to the strength development.

Not only does PS ash improve the strength of cement-treated soil, it also gran-
ulates the treated mixture that may catalyze the carbonation. The hydration of
cement takes place between the components of cement and water which generates
calcium hydroxide Ca(OH)2 and calcium silicate hydrates (C–S–H) [8]. The calcium
hydroxide crystals formed in the process dissolve inwater providing hydroxyl (OH−)
ions which may increase the pH level of treated sludge. By injecting CO2 gas, the
alkalinity is expected to be neutralized due to the carbonation of calcium hydroxide
and calcium-silicate-hydrate (C–S–H) gel in the alkaline construction sludge. The
mechanism of carbonate acceleration can be explained by chemical reactions as
follows:

Ca(OH)2 + CO2 → CaCO3 + H2O (1)

(CaO)x (SiO2)(H2O)y + xCO2 → xCaCO3 + (SiO2)(H2O)t + (y − t)H2O (2)

Naturally, the spontaneous carbonation of calcium hydroxide suspension could
gradually occur since theCO2 gas exists in the air conditions at a concentration degree
of 0.03% [9]. Thus, the pH of alkaline sludge could be decreased slowly to a certain
value under the air conditions. In order to accelerate the alkaline neutralization,
specimens are placed in the CO2 incubator where the degree of CO2 concentration
is controlled to catalyze the carbonate reaction. Obviously, the pH of treated sludges
are decreased during CO2 curing, but the following pH levels after CO2 treatment
are important and must be monitored. The effect of PS ash on the pHmaintenance of
treated alkaline sludge after CO2 treatment was then investigated by a comparison
of pH levels of simulated sludges treated with and without PS ash. Also, the CO2

curing time was adjusted to evaluate the effectiveness of pH reduction as well as the
influence of the following pH after neutralization.

The strength development of cement-treated sludge and that of hybrid-treated
sludge was measured by the cone index test followed by the Japanese Geotechnical
Society Standard (JGS 0716-2009). And hence, the contribution of PS ash to the
strength development in the short and long term of durability was also evaluated.
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In this research, pH level and strength of cement-treated sludge and hybrid-
treated sludge were measured simultaneously for comprehensively evaluating the
effectiveness of using CO2 gas together with PS ash in treating alkaline sludge.

Test procedures
After the preparation, simulated sludge was cured under sealed conditions up to
14 days. Each specimen was poured into a plastic bag with a weight of 3 kg and
then stored in room at the temperature of 25 °C. After 3, 7, and 14 days of the
sealed curing, simulated sludge was sequentially poured into trays, placed in a CO2

incubator for curing under the CO2 curing. Before placing in the CO2 incubator,
the height of mixtures in trays was adjusted around 25 mm. The CO2 concentration
degree in the incubator was set at 10%, and CO2 gas could penetrate to the sludge
from the surface of specimens.

The selection of CO2 concentration of 10% vol is based on the results of the
previous research [1]. It concluded that the acceleration of alkaline neutralization
is induced with the increase of CO2 concentration but in the range of degree less
than 10%. The difference in neutralization rate in cases of CO2 concentration degree
between 10 and 20% was negligible.

In this study, the cement-treated sludge was deliberately crushed before the CO2

curing to increase the neutralization speed so that it can be similar to that of the
hybrid-treated sludge. Temperature and humidity in the CO2 incubator were set at
25 °C and 90%, respectively. The curing time was set to be 7 h because the pH level
of most specimens lowered to 8.6. Specimens in trays were then taken from the top
to the bottom to measure the pH level. The pH measurements were implemented
during the sealed curing and the CO2 curing following the Japanese Geotechnical
Society’s Standard. Cone index tests were also implemented on the sludge during
the sealed curing and the CO2 curing.

The CO2-treated sludge was then cured under air conditions for certain periods
corresponding to 3, 7, and 14 days by storing in opened plastic bags in room at
temperature of 25 °C. Again, pH measurement and cone index test were conducted
to understand the behavior of cement-treated and hybrid-treated sludge after being
treated with CO2 and curing under air conditions. Moreover, the other 21-day sealed
treated sludges were cured under CO2 curing conditions with different periods of
curing time to investigate the effect of initial treated pH value after CO2 curing to
the following pH thereafter. The procedure of conducting the experiment is shown
in Fig. 2.

3 Results and Discussions

During 28 days under sealed condition, the pH level of cement-treated sludge and
hybrid-treated sludge was almost equal and maintained to be stable between 11.5
and 11.9. It can be explained that the alkaline neutralization cannot be occurred
in the absence of CO2, thereby maintaining the stability of pH at a high value. In
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(3, 7, and 14 days)

CO2 curing for 3, 7, and
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Air curing
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Cone index test at 3, 7 , and 14 days
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Cone index test just after CO2 curing
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at 3, 7, 14, and 28 days

CO2 curing
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Air curing
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3, 7, 14, and 28 days for the
3, 5, 7, 9, and 24 hours CO2

treated specimens

pH measurement at
3, 5, 7, 9, and 24 hours

Sealed curing
(21 days)pH measurement at 21 days

Fig. 2 Experiment procedure flowchart

general, the cone index of hybrid-treated sludgewasmuch higher than that of cement-
treated samples because a certain amount of free water was absorbed by the PS ash.
Moreover, by absorbing water, the initialW /C ratio was reduced that influenced the
hydration of cement aswell as the strength development.However, the results showed
that the strength of simulated sludges developed much slowly in sealed conditions
compared to that in the air conditions as shown in Fig. 5.

Figure 3 shows the pH level of treated sludge under CO2 curing and air curing
conditions. The pH level was dramatically decreased from more than 11.5 to around
8.6 duringCO2 curing. It couldbe explained that theOH−-ions causinghigh alkalinity
were dissolved by CO2 gas. With the same CO2 curing conditions and curing time,
the pH of hybrid-treated sludge was seen to be decreased more significantly than
that of the cement-treated sludge. This can be explained by the porous structure of
hybrid-treated sludge arising from its size particles that allows the penetration of
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Fig. 3 pH rebound of simulated sludge after CO2 curing: a cement-treated sludge, b hybrid-treated
sludge
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Fig. 4 pH rebound of simulated sludges after such periods of CO2 curing time: a cement-treated
sludge, b hybrid-treated sludge

CO2 gas. In contrast, the c cement-treated sludge which was not granulated prevents
the approach of CO2 deeper into the particles. However, the results showed that the
pH level of all samples rebounded but did not return to the original value. It reached
a maximum value after being cured for almost 3 days under air conditions and then
gradually decreased. This phenomenon probably arose from the residual hydration
after CO2 curing.

Figure 4 expresses the pH rebound of the 21-day sealed treated sludges cured
under different periods of CO2 curing time. The pH fell dramatically (from 11.56 to
7.55 and 11.55 to 8.21 in the case of hybrid-treated sludge and cement-treated sludge,
respectively) after 7 h of CO2 curing but then continued slightly decrease (from 7.55
to 7.5 and 8.21 to 8.17 in the case of hybrid-treated sludge and cement-treated sludge,
respectively) during the rest of curing time up to 24 h.

At the end of 24 hCO2 curing, pH of cement-treated sludge could not be decreased
to less than about 8, whereas that of hybrid-treated sludge fell to 7.5. It can be seen
that the pH at the end of the CO2 curing is the crucial factor influencing the following
pH in long-term durability. Although affected by the pH rebound phenomenon, the
upcoming pH of specimens having the pH less than about 8 at the end of the CO2

curing was maintained at the values less than 8.6 several days after air curing to
satisfy the requirement of Japanese Law.

Although the effectiveness in reducing pH after 7–24 h of CO2 curing was negli-
gible, the results showed that a longer curing time shows a better effect in suppressing
the pH rebound and hence contributes to a low maintenance of pH thereafter.

Figure 5 shows the strength development of simulated sludges under the sealed,
CO2 curing, and air conditions. It can be seen that the strength decreased during CO2

curing in case of cement-treated sludge. This strength reduction was induced by the
dissolution of hydroxyl ions (OH−). Furthermore, the reduction of the strength of
hybrid-treated sludge was negligible. This is likely due to the absorption of water
produced from CO2 curing process by PS ash. This mechanism may continuously
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take place after CO2 curing which caused the strength of hybrid-treated sludge to
increase abruptly,whereas the strength of cement-treated sludge developed gradually.
Indeed, by reducing the free water content of hybrid-treated sludge, the water/cement
ratio reached an appropriate value that accelerates the hydration of cement as well
as increases the strength effectively.

4 Conclusions

The effects of CO2 curing and PS ash on the strength development of alka-
line construction sludge were investigated in this research based on experimental
research. Depending on the characteristics of actual treated construction sludge,
simulated sludge named cement-treated sludge was prepared. An attempt to enhance
the strength of cement-treated sludge was conducted by adding PS ash to form
hybrid-treated sludge.

Under the sealed conditions, the pH of simulated sludges was maintained to be
stable between 11.5 and 11.9 after 14 days of curing. Therewas no difference between
the pH values of cement-treated sludge and that of hybrid-treated sludge.

The alkaline neutralization was successfully accelerated by using the CO2 incu-
bator set-up with the CO2 concentration degree of 10%. pH was dramatically
decreased from11.56 to 7.55 and11.55 to 8.21 in the case of hybrid-treated sludge and
cement-treated sludge, respectively, after 7 h of CO2 curing. However, the slowdown
in neutralization was seen thereafter.

After CO2 treatment, the pHwas rebounded to a certain value less than the original
value after curing for 3 days under sealed conditions. The following pH depends on
the pH value at the end of the CO2 curing. The hybrid-treated sludge could be
neutralized to reach a pH less than about 8, and then, the following pH was seen
maintained below 8.6 several days after air curing.
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A reduction in strength of cement-treated sludges was observed during the
CO2 curing. In addition, strength reduction of hybrid-treated sludge was negligible
because of the absorption capacity of PS ash.

Strength developed significantly after the CO2 treatment, especially for hybrid-
treated sludge. This can be attributed to the absorption of free water present in
the sludge that influenced the appropriate W /C ratio accelerating the strength
development.

References

1. Imai, K., Hayano, K., Yamauchi, H.: Fundamental study on the acceleration of the neutralization
of alkaline construction sludge using a CO2 incubator. Soils Found. 60(4), 800–810 (2020)

2. Ogasawara, T., Hayano, K., Yamauchi, H.: Proposal of neutralization acceleration method for
alkaline construction sludge using Carbon dioxide and PS ash based stabilizing material. In:
Proceeding of the 55th Annual Meeting of Japanese Geotechnical Society, 2201-07-01, 2020
(in Japanese)

3. O’Connor, W.K., Dahlin, D.C., Rush, G.E., Dahlin, C.L., Collins, W.K.: Carbon dioxide seques-
tration by direct mineral carbonation: process mineralogy of feed and products. Mining, Metall.
Explor. 19(2), 95–101 (2002)

4. Maeda, Y.: Slag Cement-related products which utilized a property of the ground granulated
blast furnace slag. In: Nippon steel & Sumitomo Metal Technical Report No. 109 July 2015,
pp. 114–118 (2015)

5. Shinmi, T., Chabayashi, T., Hiroyoshi, K.: Properties of blast furnace slag cement type B using
the low burning-temperature type clinker. Cem. Sci. Concr. Technol. 71(1), 302–307 (2017)

6. Kawai, S., Hayano, K., Yamauchi, H.: Fundamental study on curing effect and its mechanism
on the strength characteristics of PS ash-based improved soil. J. Jpn. Soc. Civ., Eng. Ser. C
(Geosphere Engineering) 74, 306–317 (2018)

7. Miura, N., Horpibulsuk, S., Nagaraj, T.S.: Engineering behavior of cement stabilized clay at
high water content. Soils Found. 41(5), 33–45 (2001)

8. Duggal, S.K.: Building Materials. New Age International (P) Limited (2009)
9. Nakarai, K., Yoshida, T.: Effect of carbonation on strength development of cement-treated

Toyoura silica sand. Soils Found. 55(4), 857–865 (2015)



Fundamental Study on the Mechanical
Characteristics of Sand Treated by a PS
Ash-Based Improving Material

Maliki Otieboame Djandjieme, Kimitoshi Hayano, Yoshitoshi Mochizuki,
and Hiromoto Yamauchi

Abstract This paper presents the potential of using paper sludge ash (PS ash) to
improve the properties of sand for the usage as a backfill material. So far cement
and lime have been used to increase the liquefaction strength of the backfilled sand
around underground pipes andmanholes. However, the cement- or lime-treated back-
filled sand sometimes solidifies too much resulting in the problem of re-excavation
ability. In this study, Toyoura sand improved by adding PS ash was investigated
to evaluate the ability to be re-excavated by analyzing the unconfined compression
strength. Moreover, a comparison of the results with the cement improvement case
was conducted. Experimental results show that the qu of treated sand increases with
the increase of PS ash addition ratio. However, the curing effect on strength depends
on the addition ratio. It is revealed that the PS ash addition ratio 2.5–5.0% is recom-
mended for PS ash-treated specimen since their unconfined compressive strength is
moderate over time.

Keywords Paper sludge ash · Sand · Density · Re-excavation · Unconfined
compressive strength

1 Introduction

Construction of public water supplies, waste collection, pipelines, or manholes, etc.,
required backfilled sand. Historical behavior of backfilled sand during a significant
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natural event such as earthquake has shown its weakness. These weaknesses were
described as a liquefaction phenomenon occurring around the underground pipe
due to the buildup of pore water pressures during dynamic loading inside the back-
filled sand. The consequences of the phenomenon have been investigated in Japan.
According to the survey, the nature of damages linking to sewage pipes systems,
including manholes, varied from region to region. In Kanto region, especially along
the coast and in the lower reaches of the Tone River Basin far from the epicenter, road
surface subsidence, pipe sag, and sand plugging occurred by massive liquefaction
[1]. The analysis of the results of the surveys shows two categories of liquefac-
tion pattern: partial liquefaction in backfilling soil and massive liquefaction in the
surrounding. Partial liquefaction occurred in backfilling soil. It is described as the
boreholes that were excavated for placing the sewage pipes and manholes. This led
to pipe sag, manhole uplift, and road surface subsidence, affecting the closure of
drainage function and traffic disruption. Statistically, 90% of the underground struc-
tures were damaged by liquefaction with an average of 65% of partial and 25% of
massive liquefaction. Both types of liquefaction need to be limited by improving
backfilled sand with additional material susceptible to prevent liquefaction. There-
fore, the application of paper sludge (PS) ash material as a ground improvement
material is promoted in this research for its capacity to improve the mechanical
behavior of soil.

From the previous studies, PS ash can increase the reactive surfaces of the soil
grains and can increase the production of hydration and pozzolanic reactions among
soil particles [2]. These characteristics show that PS ash could be a suitable potential
replacement for Portland cement [2]. Furthermore, it was found that a small amount
of treatment PS ash-based improving material can absorb the excess water in the
fine-grained gravel and avoid segregation between coarse and fine particles during
the compaction of filled material. Therefore, the strength of the treated fine-grained
gravel increases. Moreover, curing of the specimen showed a better bonding of PS
ash and clayey soil by absorbing the water content of clay soil by air-dried powdered
paper sludge ash, and recently, PS ash is adopted as an innovative material that can
be used as material for ground improvement [3].

However, this research project aims to apply PS ash as a binder material in the
treatment of backfill sand. As a preliminary step, mechanical properties of sand
treated by PS ash are investigated from a series of unconfined compression tests to
evaluate the required additional ratio of PS ash and to analyse its re-excavation ability
after treatment. A comparative study with cement will also be evaluated to approve
its usage as cement replacement in backfilled sand around underground pipes and
manholes.
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2 Experimental investigation

2.1 Materials

Toyoura sand iswell-known sand for use in research in Japan.According to the unified
soil classification system, the sand is classified as SP (poorly graded sands), with
the following properties: mean diameter, D50 = 0.16 mm, a coefficient of curvature,
Cc = 0.83, and a coefficient of uniformity Cu = 1.47. A commercial type of PS
ash-based improving material [4], described as PS ash in this paper was used with
ordinary Portland cement to improve the properties of Toyoura sand. The particle
size distribution of Toyoura sand, PS ash, and calculated results of PS ash-treated
sand is shown in Fig. 1.

2.2 Methodology of Testing

The minimum and maximum density tests were first conducted to estimate the
minimum and maximum void ratio. Based on the results, a series of unconfined
compression tests (UCTs) was then performed on both specimens of sand treated by
PS ash and treated by cement following Japanese Geotechnical Standards [6] and
using a wet tamping to limit the increasing volume inside the specimen. The water
content of sand was adjusted to 10% before mixing with stabilizing agents under
various ratios. The mixture then was transferred into a cylindrical plastic mold with
the dimension of 50mm of diameter and 100mm of height for each treated sand. The
mixture in the mold was filled and smoothly compacted in three layers by hitting side
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Table 1 Conditions of treated specimens for UCTs

Addition ratio of stabilizing agent,
APS (%)

Relative density, Dr (%) Underwater curing days, t (day)

2.5, 5.0, 7.5, 10.0 50, 90 7, 14, 28

by side on the surface of the mold using a hammer to achieve the required relative
density. The specimens in the molds were placed inside a rubber container for three
days before being filled with water and stored at a controlled room temperature of
20 °C. Then, the container was filled with water, and the specimens in the molds
were cured underwater for 7, 14, and 28 days. Details of the treatment condition are
shown in Table 1. Three specimens were prepared for each treatment condition.

3 Experimental Results and Discussion

3.1 Influence of PS Ash to Void Ratio Development
of Treated Sand

Figure 2a shows the minimum dry density ρdmin and the maximum dry density ρdmax

plotted against the addition ratio of PS ash, APS. Here, APS is defined as the ratio
of the PS ash to the Toyoura sand in dry weight. Figure 2b shows the ρdmin and the
ρdmax plotted against the addition ratio of cement, Acement. Here, Acement is defined as
the ratio of the cement to the Toyoura sand in dry weight. Comparing Fig. 2a and b,
it can be seen that the sand-treated PS ash has a lighter weight characteristic than the
sand treated by cement as the addition rate increases.

Figure 3a shows the maximum void ratio emax and the minimum void ratio emin

plotted against the addition ratio of PS ash, APS. As seen in Fig. 3a, emin changes little
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Fig. 3 emin and emax of sand treated by a PS ash and b cement

with the increase of APS, while the emax increases gradually with high APS. Therefore,
the difference, emax− e min is increasing with the increase of APS. The increase of
emax − emin with treated material is important so that the compaction effort of the PS
ash-treated sand as backfilled material around underground pipes could be rewarded.

The emax and emin void ratio showed in Fig. 3b confirms an evolution of the
difference emax − emin with cement ratio in the mixture. For cement treatment, emax

changes little with the increase of the addition ratio, while the emin decreases. The
tendency is different between PS ash and cement which is not clear, but the difference
in the specific gravity of both particles may affect. That is, the specific gravity of
ordinary Portland cement is Gs = 3.150, which is larger than the specific gravity of
Toyoura sand, Gs = 2.641, while the specific gravity of PS ash is Gs = 2.603, which
is smaller than the specific gravity of Toyoura sand, Gs = 2.641.

3.2 Mechanical Properties of PS Ash and Cement-Treated
Sand from Unconfined Compression Tests

For different mixing ratios, Figs. 4 and 5 show the stress–strain behavior after 7,
14, and 28 days of curing period, respectively. Figure 4 represents the strain–stress
relationship of PS ash-treated sand, and Fig. 5 serves as a comparative graph of
the cement-treated sand. The analysis of Fig. 4 shows that for a small mixing ratio,
low peak stress about 11.9 kPa is obtained. In fact, after the addition of PS ash, the
peak strength increases with an increase in mixing ratio content. The unconfined
compressive strength, qu, of the specimen with the relative density Dr = 90% is
higher than that of the specimen with a relative density,Dr = 50%. As a comparative
point of view, Fig. 5 shows that for a small mixing, a ratio high peak stress about
82.3 kPa is obtained. Comparing Fig. 4 and Fig. 5, the cement-treated specimens
showed higher strength and rigidity than the PS ash-treated specimens.
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Fig. 4 Stress–strain relationships of PS ash-treated sand obtained from UCTs (a, b, c for Dr =
50% − d, e, f for Dr = 90%)
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Fig. 5 Stress–strain relationships of cement-treated sand obtained from UCTs (a, b, c for Dr =
50% − dd, e, f for Dr = 90%)

Figure 6 shows the average unconfined compressive strength qu versus curing time
for PS ash-treated sand with 2.5, 5, 7.5, and 10% PS ash mixing ratio, respectively.
Figure 7 shows the average unconfined compressive strength, qu, versus curing time
for cement treated sand with 2.5, 5, 7.5, and 10% cement mixing ratio, respectively.
Here, the average unconfined strength, qu, means the average value of qu of the
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Fig. 6 Average qu—curing time t relationships of PS ash-treated sand
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Fig. 7 Average qu—curing time t relationships of cement-treated sand

three specimens for each treatment condition. The treated sand strength gradually
increases with the curing time except for the specimens with a PS ash mixing ratio
of 2.5%. It is found that the average, qu does not increase significantly with the
curing time if the APS is 2.5%. Comparing Fig. 6 and Fig. 7, when the mixing ratio
increases, the difference between the qu of cement-treated sand and the qu of PS-
treated sand is large. This behavior of cement-treated sand can be a great concern
when the backfilling ground needs to be re-excavated.

From the viewpoints of liquefaction resistance and re-excavation ability, the
unconfined compressive strength of the treated backfilled sand is better too kept
around 100 kPa over time. Thereby the, test results suggest that the appropriate
range of PS ash might be around 2.5–5.0%.

Figure 8a and b show the average unconfined compressive strength, qu versus
the average Young’s modulus E50 for PS ash-treated sand and cement-treated sand,
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Fig. 8 Average qu—average E50 relationships of sand treated by a PS ash and b cement

respectively. In order to analyze the deformation over the range of unconfined
compressive strength, treated sand indicates that the E50 increases with the increase
of the qu. The analyses showed a well-defined correlation between E50 and qu of the
compiled treated sand. As expected, the coefficient of the relation qu ~ E50 of the PS
ash-treated sand is slightly higher than that of the cement-treated sand.

4 Conclusions

The following conclusions can be drawn from the present study:

1. With the increase of PS ash addition, emin of the treated sand changes little, while
the emax increases. Therefore, the difference, emax − emin, of the treated sand
is increased with an increase of PS ash content. This point is essential so that
the compaction effort of the PS ash-treated sand as backfilled material around
underground pipes could be rewarded.

2. Experimental results show that the qu of PS ash-treated sand increases with an
increase in PS ash mixing ratio. However, the curing effect on strength depends
on the addition ratio. It is revealed that the PS addition ratio of between 2.5 and
5% is recommended since the unconfined compressive strength is moderate and
does not exceed 100 kPa over time. On the other hand, cemented-treated sand
has a disadvantage because the strength obtained for cement treatment is much
higher than that of PS ash-treated sand even for a small mixing ratio between 2.5
and 5%. Thereby, it may be difficult to manipulate it during the maintenance of
an underground structure.

3. E50 increaseswith the increase of unconfined compressive strength,qu;moreover,
the E50 is slightly higher in the case of PS ash-treated sand compared with the
cement-treated sand.

Focusing on the improvement of backfilled sand, PS ash is more suitable as a
backfilled material not only due to its ability to keep its compression strength almost



116 M. O. Djandjieme et al.

constant but also to simplify the excavationwork formaintenance purposes.However,
it is important to make a further study on its effect over a long curing period such as
90, 180 days, etc., and on its resistance to liquefaction.
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Performance Assessment of Recycled
Tire Materials in Marine Landfill
Application

Chunrui Hao, Hemanta Hazarika, and Yusaku Isobe

Abstract In the marine landfill sites, the alluvial clay layer is mainly used as the
impermeable layer at the bottom of the site. This paper provides initial findings
regarding the utilization of tire-derived geomaterials (TDGM) in the form of a hori-
zontal layer placed between waste and alluvium clay layers in marine landfill sites.
The purpose of installing the reinforcement layer is to protect the alluvium clay
layer (Impermeable layer) from waste input. On the other hand, the reinforcement
layer is also placed underneath the waste to ensure the collection and drainage of
leachate during the degradation and the consolidation of waste. The effectiveness
of such configuration is investigated numerically with the PLAXIS 2D software.
The Sekiguchi-Ohta model (Viscid model) and hardening soil model are used as
the material model, so that the settlement behavior was captured. The purpose of
this research is to evaluate the effectiveness of horizontal reinforcing inclusion made
from TDGM in mitigating settlement and damage of the alluvium clay layer.

Keywords Marine landfill · Tire materials · Leachate · Consolidation · Settlement

1 Introduction

As a result of economic development and population growth, the contemporaryworld
is faced with a global increase in the amount of waste. One of the biggest challenges
for a megacity is securing space for final disposal sites. Marine landfill sites in Japan
create the potential for new city development in addition to the appropriate disposal
of waste [1]. In recent years, the number ofmarine landfill sites has increased in Japan
due to non-availability and a shortage of suitable land onshore. As compared to the
land disposal sites, marine landfill sites also have a huge waste capacity. According
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to the investigation of general waste marine landfills in 2013, there are 34 locations
in Japan, the area is 653 ha, and capacity is 128 million m3 [2]. It is expected to be
a viable replacement for the land disposal site in the future.

In the marine landfill sites, the alluvial clay layer is primarily used as the imper-
meable layer at the bottom of the site. However, there is always a risk of damage
to impermeability during the waste deposition or due to the consolidation induced
settlements. Once the fluid permeation has increased, it will lead to the leakage
of harmful contaminants from waste to the surrounding ecosystem. Therefore, the
protection of the alluvial clay layer is a significant issue in the feasibility of a marine
landfill site. Furthermore, to improve drainage performance during waste deposition
and consolidation, it is also needed to adopt appropriate countermeasures. However,
there is no economical construction method to solve these problems.

In the past few years, research, regarding the utilization of scrap tire products in
construction projects, has gained popularity. Tires are considered as highly durable
and non-degradable materials. The thermal recycling of scrap tires, however, is
harmful to the environment because it releases more CO2 and further leads to global
warming compared to the other efforts of recycling. Therefore, reusing scrap tires
is a preferred option to prevent environmental issues created by thermal recycling.
Tire-derived geomaterial (TDGM) from recycled tire materials has been chosen as
the preferred material due to its basic properties and beneficial performance such as
lightweight, high incompressibility and permeability, and excellent vibration absorp-
tion capacity. In addition, these materials are non-dilatant in nature unlike other
granular geomaterials. Because of the advantageous physical and mechanical char-
acteristics of scrap tires, it has been utilized in the area of construction in multiple
forms. Construction using waste tire chips instead of conventional aggregates maybe
both environmentally and economically beneficial [3–7]. It also has high drainage
capacity which means that more water will be able to flow freely through these
materials compared with fine-grained soils. In order to exploit the permeability of
the tire-derived materials, it has been served as a drainage layer for landfill [8, 9].
Other than that, research conducted by Pasha et al. [10] and Hazarika et al. [11]
also highlighted the potential of scrap tire products in enhancing the stability of the
foundation, preventing liquefaction in soil, and reducing settlement.

In this study, rubber deterioration caused by continuous permeation of waste
leachate was considered. And a marine landfill site with the TDGM reinforcement
layer placed between waste and the alluvial clay layer was modeled in 2D. The
purpose of this study is to evaluate the effectiveness of TDGM in reducing settlement
of alluvial clay during the long duration. Figure 1 shows the marine landfill site with
a reinforcement layer.

2 The Physical Properties of TDGM

In this study, the grain size distribution of TDGMwas determined by a sieving anal-
ysis conducted according to JGS-0131- 2009. Particle size distributions of TDGM
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Fig. 1 Marine landfill site with a reinforcement layer

Fig. 2 Particle size distribution of TDGM

is shown in Fig. 2. The specific gravities (Gs) of TDGM were determined according
to JGS-0111–2009. TDGM has specific gravities of 1.65. A series of minimum and
maximum densities tests were conducted according to JGS-0162–2009. The ρdmin

and ρdmax are 0.73 and 0.84 g/cm3.

3 Leachate and Deterioration

Table 1 indicates the main leachate ion components of waste in a marine landfill
site in Fukui Prefecture, Japan [12]. The rubber will undergo significant changes
over time when exposed to heat, light, oxygen, or ozone. These changes can make a
dramatic effect on the service life and properties of the rubber. The deterioration that
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Table 1 Main leachate ion
components of waste [12]

Ion components Concentration (mg/L)

SO4
2− 110.40

NO3
− 0.00

CL− 131.35

NH4
+ 6.48

Na+ 80.50

K+ 12.09

Ca2+ 38.00

Mg2+ 1.46

occurs in leachate is less affected by oxygen and light, various chemical ions [13],
which means that the properties of rubber are less influenced by deterioration in the
long term.

4 Finite Element Modelling and Numerical Simulation
Cases

In this study, numerical models were created using the dynamic module of a finite
element software, PLAXIS 2D. The alluvium clay layer was modeled using the
Sekiguchi-Ohta model (Viscid model). The TDGM reinforcement layer and sand
layer (comparative case study) were modeled using the hardening soil model. The
selection of these models and parameters was made according to previous research
conducted by Murakami et al. [14] and Abdullah et al. [15].

The hardening soil model is superior to theMohr–Coulombmodel or linear elastic
model because the hardening soil model is capable of modeling modulus reduction
with increasing strain. When subjected to primary deviatoric loading, soil shows a
decreasing stiffness and plastic strain development. The Sekiguchi-Ohta model is a
cam-clay-type effective stress model for the behavior of clay-type soil. It is utilized
to time-dependent behavior, utilizes effective stresses, and has anisotropic hardening
features. There are twoversions of themodel, the inviscidmodel for time-independent
behavior (elasto-plastic), and the viscid model for time-dependent behavior (creep,
elastic-viscoplastic) (PLAXISMaterialModelsManual 2019) [16]. According to the
Material Models Manual, the hardening soil model and the Sekiguchi-Ohta model
are briefly explained in the following part.

The basic idea of the hardening soil model is that there is a hyperbolic relationship
between the axial strain ε1 and the deviatoric stress q under triaxial loading. Herein,
standard drained triaxial tests usually yield the following curves:

−ε1 = 1

2E50

q

1 − q/qa
for : q < q f (1)
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where qa is the asymptotic value of the shear strength, q f is ultimate deviatoric stress,
and E50 is the confining stress-dependent stiffness modulus for primary loading.

E50 = E ref
50

(
c cosϕ − σ

′
3 sin ϕ

c cosϕ + pre f sin ϕ

)m

0.5 < m < 1 (2)

where pref is reference pressure, E ref
50 is a reference stiffness modulus which

corresponds to pref,σ
′
3 is the minor principal stress.

qf =
(
c cot ϕ − σ

′
3

) 2 sin ϕ

1 − sin ϕ
and qa = qf

Rf
(3)

where R f is the failure ratio and R f = 0.9 is chosen as a standard default setting in
PLAXIS 2D.

The stress-dependent stiffness modulus for unloading and reloading stress paths
is used:

Eur = E ref
ur

(
c cosϕ − σ

′
3 sin ϕ

c cosϕ + pref sin ϕ

)m

0.5 < m < 1 (4)

where E ref
ur is the reference Young’s modulus for unloading and reloading which

corresponds to pref. In many practical cases, PLAXIS 2D gives default setting of
E ref
ur = 3E ref

50 .
The Sekiguchi-Ohta model can be considered as a generalized cam-clay model

type for the behavior of clay soils. In the Sekiguchi-Ohta model, it is assumed that
there is a relation between volumetric strain εv and mean effective stress p′, and is
given as:

εv − ε0v = −λ∗ln
(
p′/p0

)
(5)

where λ∗ is modified compression index, which determines the compressibility of
the material in primary loading.

During isotropic unloading and reloading, a different path is calculated as:

εev − εe0v = −κ∗ ln
(
p′/p0

)
(6)

where κ∗ is the modified swelling index, which determines the compressibility of
the material in unloading and reloading.

Based on Eq. (6), linear stress dependency on the tangent bulk modulus is given
as:
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Kur = Eur

3(1 − 2υur)
= p′

κ∗ (7)

where ur means unloading/reloading, Kur is the elastic bulk modulus, Eur is the
elastic Young’s modulus, and υur is Poisson’s ratio.

Numerical simulation cases in this study are given in Table 2 and only case 5-1
placed sand reinforcement layer. The layout of the numerical model is presented
in Fig. 3. The reinforcement layer was constructed on the alluvial clay layer. A

Table 2 Numerical simulation cases

Case Saturated unit
weight of waste
(kN/m3)

The thickness of
reinforcement (m)

The thickness of
alluvial clay (m)

The length of
alluvial clay (m)

Case 1-1
(TDGM)

14 0 5 50

17 0 5 50

20 0 5 50

Case 1-2
(TDGM)

14 0.5 5 50

17 0.5 5 50

20 0.5 5 50

Case 2-1
(TDGM)

14 0 10 50

17 0 10 50

20 0 10 50

Case 2-2
(TDGM)

14 0.5 10 50

17 0.5 10 50

20 0.5 10 50

Case 3-1
(TDGM)

14 0 15 50

17 0 15 50

20 0 15 50

Case 3-2
(TDGM)

14 0.5 15 50

17 0.5 15 50

20 0.5 15 50

Case 4-1
(TDGM)

14 0 10 200

17 0 10 200

20 0 10 200

Case 4-2
(TDGM)

14 0.5 10 200

17 0.5 10 200

20 0.5 10 200

Case 5-1
(Sand)

14 0.5 10 200

17 0.5 10 200

20 0.5 10 200



Performance Assessment of Recycled Tire … 123

Fig. 3 Layout of the numerical model

parametric study was performed by varying the length and thickness of alluvial clay
layers and saturated unit weight of the waste using the hardening soil model and
Sekiguchi-Ohta model (Viscid).

Numerical simulations of alluvium clay layer settlement due to the consolidation
of solid wastes were carried out in the following stages:

1. Stage 1: Settlement of alluvium clay layer considering the vertical accumulation
of solid wastes at the rate of 1 m/year during its lifetime (15 years).

2. Stage 2: Settlement due to the consolidation over a period of 15.

5 Results and Conclusions

A total of nine cases (reinforced cases and non-reinforced cases) were simulated
under three different saturated unit weight of waste, which are given in Table 2. In
the table, Case 1-1, Case 1-2, Case 2-1, Case 2-2, Case 3-1, and Case 3–2 represent
the cases in which the length of alluvial clay layers was 50 m and the thickness of
alluvial clay layers was different (5, 10 and 15 m). Case 4-1, Case 4-2, and Case 5-1
(sand comparative case) represent the conditions in which the length of alluvial clay
layers was increased to 200 m and the thickness of alluvial clay layers was 10 m.

The models were simulated for consolidation analysis to evaluate the effective-
ness of the reinforcement layer in reducing the settlement. The maximum vertical
settlement of the alluvium clay layer is illustrated in Figs. 4, 5, and 6. As shown
in Figs. 4 and 5, the maximum settlement with TDGM reinforcement in 30 years
is smaller than the unreinforced case. The maximum settlement increases with an
increase in a saturated unit weight of waste from 14–20 kN/m3. In the unreinforced
case, the maximum settlement decreases as the clay thickness increases. On the other
hand, the maximum settlement increases as the clay length increases. It can be obvi-
ously seen that the maximum settlement is similar in the TDGM reinforcement case.
The computed maximum settlement of alluvium clay layer is less than 0.2 m for
the TDGM reinforcement case, and 0.05 m for the unreinforced case in 30 years.
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Fig. 4 Maximum settlement
of alluvial clay with different
clay thicknesses

Fig. 5 Maximum settlement
of alluvial clay with different
clay lengths

Fig. 6 Maximum settlement
of alluvial clay with different
reinforcement materials

Figure 6 shows the maximum settlement of TDGM case is less than the sand case
which means TDGM works better than the traditional reinforcing material.

This paper provides the initial findings regarding the improvement of the marine
landfill site using TDGM. The main conclusions from this study are as follows:
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1. The properties of rubber (TDGM reinforcement) are less influenced by
deterioration in marine landfill sites.

2. Compared with the reinforced cases, the maximum settlement of alluvium clay
layers in unreinforced cases is larger. And TDGM is preferable than the tradi-
tional reinforcing material. However, according to the maximum settlement
of alluvium clay layer in 30 years, the TDGM reinforcement shows the limited
effect on the alluvium clay settlement under waste deposition and consolidation.

Thermal recycling is detrimental to the environment because it releases more
CO2. The application of recycled tire materials is expected to contribute toward
significantly reducing CO2 emission. The technique using tire-derived geomaterial
(TDGM) in marine landfill sites also possesses tremendous potentials for leachate
collection systems. The TDGM reinforcement layer is placed underneath the waste
also to ensure the collection and drainage of leachate during the degradation and the
consolidation of waste. However, not enough study has been conducted to investi-
gate the permeability of TDGM as a new geomaterial. In future studies, permeability
tests were performed to measure the hydraulic conducting of TDGM. These exper-
imental findings could be very helpful for the long-term performance of TDGM
reinforcement in marine landfill sites.
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Performance of Rubble Brick Drains
in Earthquake-Induced Liquefaction
Mitigation Under Existing Buildings

Samy Garcia-Torres and Gopal Santana Phani Madabhushi

Abstract Countermeasure techniques against earthquake-induced liquefaction aim
to mitigate damage on infrastructures. Vertical drains performance has been eval-
uated during the last decades showing effectiveness in the reduction of structural
damage.Theperformance of alternative drain arrangements considering the influence
of existing buildings have been recently analyzed showing positive results on founda-
tions settlement reduction. Although geotechnical mitigation measures main objec-
tive is to reduce detrimental effects in buildings, it is also important to incorporate
economic and environmentally sustainable solutions. In this paper, the use of recy-
cled coarse material inside drains such as high permeable rubble brick obtained from
post-earthquake debris or buildings demolition is examined. Dynamic centrifuge
test series was carried out to evaluate the performance of rubble brick vertical drains
placed around existing foundations with different loads. The study shows the influ-
ence of the foundation load variation on the excess pore pressure generation due to
earthquakes, the following post-seismic dissipation, and the foundation response.

Keywords Liquefaction · Earthquakes · Soil–structure interaction

1 Introduction

The use of mitigation techniques against earthquake-induced liquefaction is crucial
for buildings located in liquefiable areas. Perimeter drains are an optimum alternative
against liquefaction damage as they are highly effective in controlling the generation
of high excess pore pressures below buildings and allowing their rapid dissipation.
Previous work focused on the performance of perimeter drains suggests the effec-
tiveness of the technique in terms of the reduction of complete liquefaction potential
and structural settlement [1, 2].
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Current solutions developed in the geotechnical field required to follow a sustain-
able course. Concerning this, the reuse of construction materials from debris or
building’s demolition is an ideal option for coarse material inside drains. The use
of gravel drains containing crushed concrete as high permeable material was previ-
ously analyzed by Orense et al. [3]. An improved response of the structure was
observed due to the effective performance of the columns. This paper evaluates the
performance of rubble brick inclined drains as a mitigation technique for existing
buildings against earthquake-induced liquefaction. The analysis considers the gener-
ation of excess pore pressures due to an earthquake and their following dissipation
below foundations of two different bearing pressures. In addition, the foundation
settlement and dynamic response was evaluated.

2 Experimental Setup

Dynamic centrifuge tests were conducted using the University of Cambridge
Turner Beam Centrifuge, considering a model/prototype scale of 1/50. Two models
containing an arrangement of eight inclined drains placed in loose Hostun sand
around a foundation were evaluated. Foundations of 150 kPa (SG6) and 50 kPa
(SG7) were placed over the soil surface in each model, and instruments such as
pore pressure transducers and accelerometers were situated at different depths of the
stratum (Fig. 1). In addition, linear variable displacement transducers (LVDTs) and
microelectromechanical system accelerometers (MEMs) were located in the foun-
dation to measure displacement and rotation. The cam-sat system was used for the
model saturation [4], and hydro propyl methylcellulose was employed to increase
the fluid viscosity in the model.

Input motions given in Table 1 were carried out using the servo-hydraulic actu-
ator [5]. Results of earthquake 2 are considered in this analysis as it represents the
strongest motion. For the model preparation, Hostun sand was poured in a laminar
box [6] using the sand pouring machine at Schofield Centre [7]. Inclined tubes were
placed at a depth of 96 mm (4.8 m in prototype scale) and filled with high permeable
rubble brick as coarse material. The tubes were sealed at the top to avoid finematerial
inside the drains during the sand pouring of upper layers. After reaching the required
level of sand, the tubes were pulled up from the model. Soil properties are presented
in Table 2.
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Fig. 1 Test layout for SG6 and SG7

Table 1 Test input motions

Property Hostun sand Rubble brick

Density (kg/m3) 1420 1100

Hydraulic conductivity, k (m/s) 0.5 × 10−3 5 × 10−3

Relative density, Dr (%) 44 46

Void Ratio, e 0.87 1.27

Average particle size, D50 (mm) 0.48a 2.00

Specific gravity, Gs 2.65a 2.50

aHaigh et al. [8]
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Table 2 Soil properties

Earthquake Duration (s) Peak acceleration (g)

Model Prototype Model Prototype

1 0.2 10 2.0 0.04

2 0.2 10 9.5 0.19

Imperial valley 1.2 60 4.5 0.09

3 Results

3.1 Soil Response

3.1.1 Excess Pore Pressure Generation

Excess pore pressure ratios (ru) time-histories for SG6 and SG7 are presented in
Fig. 2, considering the soil below the foundation central axis, near the inclined
drains and the free field. Dashed lines and dots represent the end of shaking and
dissipation initiation times, respectively. Complete liquefaction was observed in the
free field along the stratum depth due to the lack of mitigation in both cases. At the
top layer, larger excess pore pressure ratios (ru) of 0.3 and 0.7 were observed below
the foundation and close to the perimeter drains in SG7 (Fig. 2b.), compared to SG6
that presented values of 0.2 and 0.5 at both locations (Fig. 2a.).

The greater additional confining pressure exerted by the foundation of 150 kPa in
SG6, allowed significant resistance to excess pore pressure generation. Similar trend
of lower excess pore pressure generation was observed below the heavy foundation
at a depth of 3.4 m. The ru values generated at this level were lower compared to
the top layer due to the less confinement pressure. At a depth of 4.7 m, the excess
pore pressure ratio near the inclined drains reached a value of 0.65 in SG7 (Fig. 2f),
while the soil in SG6 presented a lower ratio of 0.5 (Fig. 2e). Although the soil
was influenced by the inclined drains in both arrangements; the generation is mainly
managed by the foundation bearing pressure. At the lower layer (depth of 5.7 m),
greater ratios were reached below the foundation central axis in SG7 (Fig. 2h.)
compared to SG6, suggesting a minimal influence of the foundation of 50 kPa at this
level.

3.1.2 Bearing Pressure Influence in the Dissipation of Excess Pore
Pressures

Dissipation of excess pore pressures at a depth of 2.1 m is presented in Fig. 3 for
SG6 and SG7. Contours of excess pore pressures ratios were plotted considering
dissipation initiation time for the soil below the foundation, outside the perimeter
drains, and the free field in SG6 (150 kPa). The analysis reflects the behavior of excess
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Fig. 2 Excess pore pressures ratios (ru) time-histories for SG6 and SG7

pore pressures in the soil containing inclined drains and influenced by a foundation
bearing pressure of 50 kPa and 150 kPa. Distance from the drain to the foundation
central axis was 1.9 m at this depth.

At the end the shaking, a uniform behavior was observed below the foundation
and around the inclined drains in SG6, reaching a ru value of 0.2 (Fig. 3a). At this
time, larger ratios of 0.3 and 0.6 were observed at both locations in SG7 (Fig. 3b).
Dissipation started at t = 28.5 s in SG6, from the area enclosed by the drains at
the top layer (Fig. 3c), while excess pore pressures were still generating below the
foundation of 50 kPa, showing a ratio of 0.4 (Fig. 3d). Rapid dissipation and faster
regained of stiffness in the soil was presented under the foundation of 150 kPa due to
the high confining pressure exerted by the foundation. A rapid reconsolidation of the
soil particles is expected to occur in presence of significant additional bearing stress.
Dissipation near the inclined drains in SG6 started at t= 35.4 s, presenting significant
dissipation below the foundation and a ratio of 0.5 near the inclined drains (Fig. 3e).
Meanwhile, a moderate reduction of excess pore pressures was observed below the
foundation in SG7 and near the inclined drains excess pore pressures continued
to generate (Fig. 3f). High excess pore pressures below the light foundation were
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Fig. 3 Horizontal contours of excess pore pressure ratios (ru) in SG6 and SG7 at different
dissipation times

maintained for a longer time compared to the foundation of 150 kPa. At t = 49.7 s,
the free field started to dissipate in SG6, showing a significant reduction of excess
pore pressure near the drains and below the foundation (Fig. 3g). On the other hand,
greater ru values were observed in SG7 at the entire layer, with no dissipation of
excess pore pressures in the free field (Fig. 3h).

3.1.3 Vertical Dissipation Path

Figure 4 shows the vertical dissipation of excess pore pressures along the stratum
depth. Contours of excess pore pressures ratios were plotted for SG6 and SG7,
considering dissipation times of t = 15 s, t = 30 s, t = 45 s, and t = 75 s. The
area enclosed by the inclined drains below the foundation of 150 kPa (SG6) presents
an optimal control of pore pressures at shallow layers (Fig. 4a). Greater ru values
were reached in the soil close to the perimeter drains due to the significant radial and
upward fluid flow from lower layers. Moreover, complete liquefaction (ru= 1) was
observed in the free field at this time, due to the absence of drainage enhancement
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Fig. 4 Vertical contours of excess pore pressure ratios (ru) in SG6 and SG7 at different dissipation
times

and confining pressure exerted by the foundation. Similar trend of higher excess pore
pressure close to the perimeter drains compared to the zone under the foundation
was observed in SG7 (Fig. 4b); however, greater generation was registered at both
locations in SG7 compared to SG6, due to the lower confining stress exerted by the
foundation of 50 kPa.

In addition, a bulb of low pressures was generated below the foundation in the
area enclosed by the inclined drains in SG6, after the shaking (Fig. 4c). This behavior
suggested the importance of the drains radial proximity to the foundation in limiting
high levels of ru. On the other hand, at t = 30 s, the soil under the foundation in SG7
was still presenting pore pressure generation showing ratios of 0.4 and 0.7 below and
near the perimeter drains, respectively. Similar to SG6, a bulb of low pressures was



134 S. Garcia-Torres and G. S. P. Madabhushi

generated in the soil enclosed by the drains in SG7 (Fig. 4d); nevertheless, the bulb
reached a lower magnitude due to the lower confining pressure of the foundation.

The bulb of low pressures started to dissipate from the top in SG6. Dissipation
began under the foundation and continued near the perimeter drains (Fig. 4e). The
inclined drains generated a protected area of low pressures below the foundation that
was easily dissipated by the inclined drains highly influenced by the great confining
stress. In SG7, a passive dissipation of the bulb was registered compared to SG6
(Fig. 4f). The low bearing pressure and the weak action of the overlapped area at the
bottom of the inclined drains allowed a slower dissipation in SG7. The free field was
still showing greater ru values at the top layer in both cases.

Finally, at t = 75 s, significant reduction of excess pore pressure was observed
below the foundation and near the perimeter drains in SG6 due to the effective action
of the inclined drains in accelerating dissipation (Fig. 4g). Meanwhile, greater values
near the drains were registered at the bottom and top layers in SG7 (Fig. 4h). The
free field presented significant dissipation at this time in SG6 at the top layer, while
no dissipation was observed for the same zone in SG7 because of the upward fluid
flow.

3.1.4 Soil Acceleration

Acceleration of the soil below the foundation, close to the perimeter drain, and in
the free field are presented together with the input motions at depths of 2.1 m and
4.7 m in Fig. 5 for SG6 and SG7. The free field presented a complete acceleration
decoupling in response of the complete liquefaction behavior at the top and middle
layers in SG6 and SG7. The acceleration response was managed by the softening in
the soil as similar shear reinforcement was provided by the drains arrangement in

Fig. 5 Soil acceleration for SG6 and SG7
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both cases. Significant acceleration reduction near the perimeter drains and below the
foundationwas presented in SG7, while a greater acceleration responsewas observed
in SG6 for both locations due to the lower soil softening.

In addition, greater soil accelerationwas observed below the foundation compared
to the area near the perimeter drains at the top layer particularly in SG6, as a response
of the lower level of softening below the foundation central axis along the stratum
depth.

3.2 Foundation Response

3.2.1 Settlement of the Foundation

Figure 6 shows the free field and foundation settlement together with input motions
for SG6 and SG7. During the shaking, the foundation of 50 kPa reached a settlement
of 271 mm (87% of the total settlement), due to volumetric deformations and devia-
toric strains (Fig. 6b). The greater settlement obtained during the shaking compared
to the post-shaking stage verified the effective work of the technique during dissi-
pation. On the other hand, settlement of the foundation reached a value of 257 mm
during the shaking in SG6, as a result of the lower soil softening reached below the
foundation, enabling less reconsolidation volumetric strains in the soil (Fig. 6a).

During the dissipation stage, the foundation of 50 kPa presented a slightly greater
settlement response compared to the heavy foundation. The rapid dissipation of
excess pore pressures below the foundation of 150 kPa let to a faster reduction
of volumetric and deviatoric deformations and rapid regained of stiffness in the
area enclosed by the perimeter drains. In SG7, high excess pore pressures were
maintained for a longer time enabling a greater settlement of the foundation. The
similar settlement response obtained for a foundation of 50 kPa and another one
three times heavier suggests the relevance of the bearing pressure in the effective

Fig. 6 Settlement time-histories for free field and foundations in SG6 and SG7
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Fig. 7 Foundation horizontal acceleration for a SG6 and b SG7

performance of the technique and the importance of considering this parameter in
the arrangement design.

3.2.2 Dynamic Response of the Foundation

Horizontal acceleration of the foundation together with the input motion is presented
in Fig. 7 for SG6 and SG7. Lower transference of the input motion to the foundation
was observed in SG7 due to the large soil softening generated below the foundation,
reaching a mean value of 0.03 g after the second cycle of the shaking. Great hori-
zontal acceleration response was observed for the foundation of 150 kPa (Fig. 7a).
The limited soil softening in the area enclosed by the drains allowed a large accel-
eration response of the foundation, showing a peak value of 0.15 g (Fig. 7b). The
inclined drains were unable to provide sufficient shear reinforcement in the soil as
no amplification of the seismic demand was observed.

The rotational response of the foundation required to be evaluated as significant
horizontal acceleration was observed for the foundation in SG6. Figure 8a presents
rotation time-histories for the foundations of 50 and 150 kPa. A peak rotation of 5
× 10−3 rad was registered for the foundation of 150 kPa, as a response of the great
performance of the inclined drains in limiting significant soil softening and allowing
a great transference of the input motion to the foundation. The light foundation
presented a lower peak rotation of 2.5× 10−3 rad as a result of the minor horizontal
acceleration in the foundation. In addition, the heavy foundation reached a permanent
rotation of 1 × 10−3 rad, while the foundation of 50 kPa presented a negligible
permanent rotation of 5 × 10−4 (Fig. 8b).

4 Conclusions

Inclined drains containing rubble brick as coarsematerial revealed an efficient perfor-
mance in presence of a high bearing pressure compared to light foundations. The
effective control of high excess pore pressures and their rapid dissipation in the area
enclosed by the inclined drains allowed an improvement in the foundation settlement
response. Nevertheless, the inclined drains permitted a great transference of the input
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Fig. 8 a Foundation rotational response and b foundation rotation vs settlement for SG6 and SG7

motion to the heavy foundation enabling a larger rotational response and increasing
the risk of damage in the superstructure. The bearing pressure plays a relevant role
in the performance of the technique and requires to be considered in the design of
the drains configuration.
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Performance of Sand–Rubber Mixture
Infill Trench for Ground Vibration
Screening

J. S. Dhanya, A. Boominathan, and Subhadeep Banerjee

Abstract Ground vibrations arising from construction and industrial activities and
road/rail traffic can induce settlement issues, cracks, and severe damage to adja-
cent and remote structures. One of the well-established methods to eliminate such
unwanted ground-borne vibrations is to incorporate trench barriers between the
source of vibration and the structure to be protected. Recently, the use of shredded
rubber from recycled tires has gained prominence in various geotechnical applica-
tions. The high energy absorption capacity of rubber is well established in the past,
making it an ideal material in vibration mitigation studies. In the present study, 2D
finite element analysis was carried out to investigate the use of sand–rubber tire
mixture (SRM) infill trench barriers for the screening of ground-borne vibration due
to vertical ground vibrations. In the present study, the typical soil profile from the
Indo-Gangetic plain region is considered. 1 m width open and SRM infill trenches
with a depth of 1–3 m are considered. The rubber content in the SRM fill trenches
was chosen as 30% and 50%. The hyper elastic material model was adopted for
the modeling of the SRM infill trench, while the soil medium was modeled using
the hypoelastic constitutive model. The ground excitation was created by applying
sinusoidal vertical motion with 2 m/s amplitude and a frequency of 50 Hz at the
ground surface away from the trench. During the excitation, the vibration levels
were computed at different locations in front of and away from the trenches. It was
found that SRM infill trench with 50% rubber content performs similar to the open
trenches to reduce the vertical vibration amplitude.
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1 Introduction

Ground-borne vibrations arising from construction activities such as blasting, demo-
lition of buildings, dynamic compaction, excavation, and driving of piles very closer
to civil engineering structures often get transmitted to nearby buildings. Besides,
road/rail traffic, machine induced vibrations, and other industrial activities can
damage the neighboring buildings, streets, underground pipelines, and as well as
on sensitive equipment and cause disturbance to the occupants of the buildings. In
severe cases, ground-borne vibrations can cause soil settlement and soil densifica-
tion leading to damage to the surrounding structures. The adverse effects of dynamic
impact loading, such as pile driving, even lead to shaking of structures, settlement
due to liquefaction, and the formation of localized heave. The structural damage can
be chiefly attributed to vibratory cracking from ground vibrations, resonant struc-
ture vibrations, and vibratory settlement of foundation [1]. It is essential to estimate
the transmitted vibration intensity to avoid structural damage, which depends on
the attenuation characteristics of the soil that act as the transmitting medium. To
achieve the levels of ground vibration specified in the standard and to minimize the
unwanted ground-borne vibrations for reducing structural damage and improving
building functionality, vibration control through cost-effective vibration screening
methods is essential.

Wave barriers such as trenches can be used as a successful technique to minimize
the problems due to ground vibrations. The trench barriers are installed between
the source of vibration and the structure to be protected. The problem of screening
of vibrations by the use of trench barriers can be collectively classified into active
isolation and passive isolation. Active isolation involves the installation of wave
barriers close or near to the vibration source to reduce the propagation of waves
away from the source. In contrast, passive isolation involves providing wave barriers
near the structure where the impact caused by the vibration should be reduced [1, 2].
Such trenches on the path of wave propagation typically attenuate the surface waves,
thereby reducing the intensity of the ground vibration.

The most efficient wave barriers to screen ground vibration are open trenches.
The introduction of open trenches poses several limitations for practical applications.
Due to the localized collapse of the trench walls, safety issues, and unexpected filling
owing to rain or construction activities, it is often difficult to install and maintain
open trenches to the desired depth andwidth. Baker [3] has conducted a series of field
model tests to investigate the effectiveness of barriers infilled with bentonite (i.e.,
soft barrier) and concrete (i.e., stiff barrier) installed near and far from the source of
the disturbance. Later, infilled trenches with geofoam, sawdust, and bentonite were
widely investigated [4, 5].

Several experimental studies were conducted to examine the key parameters influ-
encing the efficiency of wave barriers in vibration isolation, which suggested that the
depth of the trench and the wavelength of Rayleigh waves have a significant impact
on vibration screening [2]. Woods [1] reported that a minimum depth of 0.6 times
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Rayleigh wavelength should be provided for effective isolation. It was reported that
the width of the trench has little effect on vibration screening.

Lately, rubber was used to a large degree as an anti-vibration product to limit
noise, shock, and vibration isolation in a wide variety of industries. One of the
main applications of scrap tire with rubber as its principal component is its utility in
vibration isolation due to high damping and energy absorption capacity [6, 7]. The
scrap tire products such as tire shreds, chips, and aggregates have found its way into
the civil engineering field since the 1990s. By and large, the unrecycled scarp tire
known as ‘black pollutant’ [8] posing global pollution due to its sheer volume was
found to be an excellent additive to soil mainly due to its non-biodegradability. In
the geotechnical field, the tire-derived geomaterials have witnessed rapid growth in
applications such as lightweight landfills, backfilling of retaining walls and buried
pipeline, and ground improvement material for highway embankments [9, 10]. The
use of tire-derived geomaterials mixed with sand for earthquake protection of build-
ings has been the topic of interest in recent years [11–13]. The liquefactionmitigation
potential of tire chips mixed with soil for foundation soil and as backfill material was
explored by recent studies [14, 15]. The high damping characteristics of scrap tires
mixed with sand point out its promising potential in vibration mitigation.

Recently, a few studies have investigated the use of sand–rubber mixture (SRM)
as a wave barrier. Mahdavisefat et al. [16] conducted a series of full-scale field exper-
iments to investigate the effect of open and infilled trenches on vibration screening.
The authors proposed that sand–rubber mixture can be used to fill the trench as it is a
lightweight, high energy absorbing and environmentally friendly material for a wide
range of vibration frequencies (10–600 Hz). It was also reported that the SRM with
30% rubber content performed better than other mixtures. Chew and Leong [17]
conducted a full-scale field experimental study to investigate the performance of
sand–rubber mixture as a vibration barrier, and it was found that the infilled trench
with high rubber content significantly mitigates the vibration and suggested that
optimum depth of SRM infill trench was similar to the findings of Woods [1].

Limited studies reported onSRMinfill trenchbarriers arrived at different optimum
proportions of SRM for vibration isolation. In view of this, the present study aims to
investigate the effectiveness of sand–rubber tire mixture (SRM) as the fill material
for the infill trench barrier for the screening of ground-borne vibration by carrying
out numerical analysis using FE Code ABAQUS.

2 SRM for Vibration Mitigation

2.1 Problem Statement

The present study focuses on the performance of an innovative screening technique
using SRM infill trench barrier for ground-borne vibration mitigation. Numerical
analysis was carried out on a FE model of the trench barrier underlain by a layered
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Fig. 1 SRM-isolation system used for vibration mitigation

soil medium. Figure 1 shows the schematic representation of the trench barrier with
width w and depth d.

The vertical sinusoidal loading in terms of velocity, v(t)= v0sin(ωt), was applied
at the ground surface at a distance of l from the trench. Ground vibrations generated
due to the vertical excitation were obtained at a fixed distance on either side of the
wave barrier.

The active vibration screening efficiency of the SRM infilled trench barrier was
quantified in terms of amplitude reduction factor (ARF) i.e., ratio of velocity ampli-
tude after and before the installation of the trench at different locations caused by
the harmonic excitation.

2.2 Finite Element Modeling

A 2D numerical study was carried out on the trench barrier system with SRM fill
material for vibrationmitigation usingABAQUS (Fig. 2.). Thewidth (b) of the trench

Fig. 2 Finite element model of the SRM isolation system
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was considered as 1 m, while the depth of the trench (d) was varied from 1 to 3 m.
The source to barrier distance was kept constant at 6 m. The entire trench system
was underlain by a 30 m deep layered soil medium corresponding to a typical soil
profile from the Indo-Gangetic plain region reported in Dhanya et al. [13]. The shear
wave velocity of the top layer of soil was 200 m/s, and the Rayleigh wave velocity
was estimated to be 187 m/s. The length of the soil medium is considered as 100 m
to ensure free-field conditions. In the numerical analysis, the rubber content of SRM
infill trench was considered as 30 and 50%.

The maximummesh size for the problemwas determined using CFL criteria [18],
considering the wavelength of the vibrations and the shear wave velocity of the soil
medium to ensure accurate wave propagation. The soil medium and the trench were
discretized using four-node plane strain continuum elements. The mesh size of the
soil medium was varied from 1 m × 1 m at the center to 5 m × 1 m toward the
edges of the model. The default boundary conditions were used to represent the soil
matrix, while infinite elements were provided at the far-field to ensure the absorption
of outgoing waves, thereby preventing wave reflection.

The hyperelastic material model was adopted for the modeling of the SRM infill
trench layer. The soil medium was assumed as homogeneous and the hypoelastic
constitutive model was adopted to model the soil. The details of the material prop-
erties for the soil medium, sand, and SRM in terms of shear modulus degradation
curves, stress–strain curves for SRM, Poisson’s ratio, and density, were adopted
from Dhanya et al. [13]. The Rayleigh damping coefficients method was adopted to
account for the damping of vibrations in the material.

In the present study, vertical sinusoidal ground vibration of amplitude 2 m/s with
frequency of 50 Hz was applied at the ground surface (Fig. 1). During the excitation,
the time history of velocity before and after the trench and at different points of
interest was obtained.

2.3 Results and Discussion

The velocity response measured just after the trench barrier with a depth of 1.5 m
(SRM with 30% rubber content) for the sinusoidal vertical excitation on the ground
surface is presented in Fig. 3. It can be easily noticed from the figure that the reduction
in velocity amplitude is more significant due to the introduction of the open trench
which is well established in past studies [1, 19, 20].

The efficiency of vibration screening using trenches was analyzed in terms of
amplitude reduction factor (ARF), i.e., the ratio of the amplitude of vibration after
and before the installation of trench barriers. Figure 4 presents the variation of ARF
with the depth of trench normalized with the Rayleigh wavelength (d/λ). It can be
noted that as the depth of trench increases, there is a general trend of reduction in
ARF for open and SRM infill trench cases. TheARF of 0.3was achieved between d/λ
of 0.6 to 0.8, similar to the findings of Woods [1] in all three cases. The SRM50 infill
trench was able to achieve 0.85 times ARF as that of the open trench, while SRM
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30 infill trench was able to reach around 0.7 times ARF as that of the open trench.
Therefore, SRM infill trench with the rubber content of 50% screen the vibration
amplitude by only about 15% less than that for open trenches.

Figure 5 presents the variation of ARF at varying distance from the source of
vibration excitation. The sudden reduction in ARF with introduction of trench at a
distance of 2m from the source of excitation is evident for all the three cases followed
by a gradual reduction of ARF. ARF of 0.3 was achieved at a distance of 1 m away
from the open trench, while for SRM50 and SRM 30 trenches, it was achieved at a
distance of 1.2 and 2 m, respectively, away from the trench location. At a distance
of 2 m away from the trench the vibration reduction due to SRM 50 is 20% less than
that of open trench while vibration reduction due to SRM 50 is 30% less than that of
open trench. The SRM50–filled trench was found to provide best barrier effects than
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SRM 30 and exhibits comparable efficiency to that of open trench. Similar trends
were also observed by Chew and Leong [17].

3 Conclusions

In the present paper, finite element studies were carried out to evaluate the effec-
tiveness of SRM infill trenches to mitigate the ground-borne vibrations. Overall,
it was found that the introduction of SRM infill trench barriers can significantly
reduce the intensity of vertical ground vibrations. SRM infill trench with the rubber
content of 50% screen the vibration amplitude by only about 15% less than that for
open trenches, and hence, it can be used for screening of high frequency vibrations.
However, further studies are required to arrive optimum dimensions of SRM infill
trenches for effective screening of ground vibrations at wide range of frequency of
excitation under different ground conditions.

References

1. Woods, R.D.: Screening of surface waves in soil. J. Soil Mech. Found. Eng. 94(SM4), 951–979
(1968)

2. Richart, F.E., Hall, J.R., Woods, R.D.: Vibrations of Soils and Foundations, Englewood Cliffs.
Prentice-Hall, NJ (1970)

3. Baker, J.M.: An experimental study on vibration screening by in-filled trench barriers, M.Sc.
Thesis, State University of New York at Buffalo, USA (1994)

4. Murillo, C., Thorel, L., Caicedo, B.: Ground vibration isolation with geofoam barriers:
centrifuge modeling. Geotext. Geomembr. 27, 423–434 (2009)



146 J. S. Dhanya et al.

5. Celebi, E., Firat, S., Beyhan, G., Cankaya, I., Vural, I., Kirtel, O.: Field experiment on wave
propagation and vibration isolation by using wave barriers. Soil Dyn Earthq. Eng. 29(5), 824–
833 (2009)

6. Hazarika, H., Yasuhara, K., Karmokar, A. K., Mitarai, Y.: Shaking table test on liquefaction
prevention using tire chips and sand mixture. In: Proceedings of the International Workshop on
Scrap Tire Derived Geomaterials—Opportunities and Challenges, IW-TDGM 2007; pp. 215–
222 (2008)

7. Kaneko, T., Orense, R.P., Hyodo, M., Yoshimoto, N.: Seismic response characteristics of
saturated sand deposits mixed with tire chips. J. Geotech. Geoenviron Eng. 139(4), 633–643
(2013)

8. Xiong, W., Li, Y.: Seismic isolation using granulated tire–soil mixtures for less-developed
regions: experimental validation. Earthq. Eng. Struct. Dynam. 42, 2187–2193 (2013)

9. Edil, T., Bosscher, P.: Engineering properties of tire chips and soil mixtures. Geotech. Test. J.
17(4), 453 (1994)

10. Hazarika, H., Yasuhara, K., Kikuchi, Y., Karmokar, A.K.,Mitarai, Y.:Multifaceted potentials of
tire-derived three-dimensional geosynthetics in geotechnical applications and their evaluation.
Geotext. Geomembr. 28(3), 303–315 (2010)

11. Tsang, H., Lo, S.H., Xu, X., Sheikh, M.N.: Seismic isolation for low-to-medium-rise buildings
using granulated rubber–soil mixtures: numerical study. Earthq. Eng. Struct. Dynam. 41, 2009–
2024 (2012)

12. Dhanya, J.S., Boominathan, A., Banerjee, S.: Performance of geo-base isolation system with
geogrid reinforcement. Int. J. Geomech. 19(7), 1–13 (2019)

13. Dhanya, J.S., Boominathan, A., Banerjee, S.: Response of low-rise building with geotechnical
seismic isolation system. Soil Dyn. Earthq. Eng. 136, 106187 (2020)

14. Hazarika, H., Kohama, E., Sugano, T.: Underwater shaking table tests on waterfront structures
protected with tire chips cushion. J. Geotech. GeoEnviron. Engg., ASCE, 134(12), 1706–1719
(2008)

15. Hazarika, H., Pasha, S.M.K., Ishibashi, I., Yoshimoto, N., Kinoshita, T., Endo, S., Karmokar,
A.K., Hitosugi, T.: Tire chips reinforced foundation as liquefaction countermeasure for
residential buildings. Soils and Founds 60(2), 315–326 (2020)

16. Mahdavisefat, E., Salehzadeh, H., Heshmati, A.A.: Full-scale experimental study on screening
effectiveness of SRM infilled trench barriers. Geotechnique 68(10), 869–882 (2018)

17. Chew, J.H., Leong, E.C.: Field and numerical modelling of sand-rubber mixtures vibration
barrier. Soil Dynam. Earthq. Eng. 125, 105740 (2019)

18. Courant, R., Friedrichs, K., Lewy, H.: On the partial difference equations of mathematical
physics. IBM J Res Dev 11(2), 215–234 (1967)

19. Dasgupta, B., Beskos, D.E., Vardoulakis, I.G.: Vibration isolation using open or filled trenches
Part 2: 3-D homogeneous soil. Comput. Mech. 6, 129–142 (1990)

20. Saikia, A., Das, U.K.: Analysis and design of open trench barriers in screening steady-state
surface vibrations. Earthq. Eng. Eng. Vib. 13 (2014)



Potential Application of Bauxite and Iron
Mining Residues in Civil Construction
in Brazil

Julian Buritica Garcia, Virginie Queiroz Rezende Pinto,
and Juan Félix Rodríguez Rebolledo

Abstract Alumina is generated from the processing of an ore known as bauxite; the
process generates a highly alkaline red-colored waste containing iron, titanium, and
silica that can change anymaterial’s properties that comes into contactwith thewaste.
According to Abal (Aluminio Associação Brasileira de Aluminio: Perfil da indústria
Brasileira do. São Paulo 2019 [1]), Brazil is the third-largest producer of alumina in
the world and the fourth-largest bauxite producer. On the other hand, iron is one of
the most abundant natural elements being obtained from minerals such as hematite,
magnetite, limonite, and siderite. Brazil is the second-largest producer of iron ore
globally, mainly in the region known as the Quadrilatero Ferrífero QF in the Minas
Gerais State. The storage and disposal of waste from iron and aluminum production
has become amajor environmental problem. SouthAmerica is a region rich inmineral
resources, so the number of tailings dams is very high and, in most cases, built
without respecting international standards and good engineering practice. Exploring
mineral resources and destroying the native forest, contaminating water resources,
and throwing gases and particulate matter into the atmosphere also consume much
energy and contribute to global warming. The main methods of disposal of mineral
products in Brazil are the cheapest wet path and have a much higher potential for
environmental impact than the dry path. In recent years in Brazil, there have been
significant tragedies involving tailings dams of iron, such as the failure of the Fundão
dam on November 5, 2015, and the Brumadinho dam’s failure on January 25, 2019.
Both cases caused the deaths of approximately 270 people and 25 missings. Thus,
better mechanisms should be evaluated for the disposal of mining tailings such as
dry processing and to reduce the use of dams in Brazil and South America. This
work aimed to investigate the potential uses of alumina and iron tailings in civil
construction. The waste has reasonable characteristics to be used as embankment
fill material in infrastructure works, foundation material of some engineering works,
ground improvement, or calcined additives in cement manufacturing and flexible
pavements.
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1 Introduction

South America is rich in natural resources. Due to this fact, mining represents an
essential source of income for all countries and is the engine of the region’s economic
development at the expense of immeasurable environmental impacts. There are vast
reserves of minerals such as iron, manganese, aluminum, gold, phosphate, niobium,
among others in Brazil. Brazil is the third-largest alumina producer in the world
behind China and Australia [1] and the sixth-largest aluminum producer. Alumina
is generated mainly from the processing of an ore known as bauxite. The essential
condition for ore formation is the existence of a tropical climate with high temper-
atures and drying and wetting cycles that favor the leaching process Sampaio et al.
[2].

Bauxite is a reddish rock with high percentages of aluminum. Bauxite mining in
the country is carried out in Minas Gerais, Goiás, and Pará that represents 94.2%
of Brazilian production (ANM [3]). The Amazon region is located in the northern
part of South America in the equatorial region and has high temperatures and two
defined periods of rain and drought. On the other hand, iron is one of the most abun-
dant elements in nature being obtained from minerals such as hematite, magnetite,
limonite, siderite, among others. Brazil is the second-largest producer of iron ore in
the world, mainly in the region known as the “quadrilateral Ferrífero” in the Minas
Gerais State.

Mineral exploration inevitably generates waste, storage, and mineral waste
disposal which has become a major environmental problem for Brazil. Most of the
waste is disposed of in dams. Thus, this paper presents a bibliographic review of the
potential application of bauxite and iron residues, besides the classification, physical,
and mechanical characterization of waste piles and compacted residue of bauxite to
be used as embankment foundation or as a foundation bearing for operational build-
ings in large mining areas. Following the breakdown of tailings dams in Brazil in
recent years, the study of alternatives for use and transformation into co-products of
mining waste is of paramount importance to reduce the amount of waste stored and
the risks associated with dams, as well as alternatives to dry production and storage
of filtered waste in piles. The collapse of the iron ore tailings dam on the “córrego
do feijão” in Brumadinho occurred on January 25, 2019. According to a national
mining dam register survey, the dam failure released around 12 million cubic meters
of tailings, and the Brumadinho disaster caused more than 300 fatalities (counting
the victims already identified and those still disappeared) and immeasurable impacts
on the environment and the local economy. On November 5, 2015, the Fundão dam
failure occurred at Mariana MG, releasing an estimated 34 million cubic meters of
tailings, killing 17 people and leaving approximately 10,482 affected people (Minas
Gerais State Government [4].
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2 The Potential Application of Iron Mining Residues
in Civil Construction

In the region known as the “Quadrilátero Ferrífero” alone, over 700 iron tailings dams
constitute real safety challenges for dams and the environment for mining managers
and public agencies [5].

When tailings from a dam are brought to high temperatures in the kiln, and the
granular materials from pozzolan and pigment are separated, the co-products gener-
ated can be used to manufacture concrete, the ceramic industry, and the manufacture
of bricks and blocks. Infrastructure such as embankment material, reinforcement
of subgrade in road construction, production of asphalt mixtures, construction of
gravity barriers to contain mud or rocks, among others.

Some investigations have been carried out, replacing the sand with ore waste to
make high strength interlocking blocks for paving, as shown in Fig. 1.

Filho [5] used iron ore waste collected from a dam in the municipality of
Igarapé/MG (Fig. 2) to construct concrete blocks for paving with sand substitu-
tion contents of 10%, 50%, and 80% tailings, and also for use as a pavement layer
through CBR and expansion testing. The tailings were favorable for its use in the
two applications mentioned, requiring only a screening process to remove roots and
organic material.

The manufacture and resistance tests carried out on the blocks were in accordance
with standard NBR 9781 [6].

Fig. 1 Process of manufacturing of blocks with mining waste [7]
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Fig. 2 Collection site at the sterile dam [5]

The interlocking blocks produced with the ore have regular physical appearance
without cracks and lamination, and average compressive strength close to 50 MPa,
well above the minimum established level of 35 MPa.

The pure material for use in pavement layers obtained CBR results between 9 and
53% and expansion between 0.11% and 0.34% values that qualify the material for
use as reinforcement of the subgrade.

Salgado [7] conducted research replacing the sand from the manufacture of
concrete blocks with a mining tail composed mainly of iron and silica, and concludes
that the use of the tail did not influence significant changes in the studied properties.
Therefore, the sand may be replaced entirely in the manufacture of paving blocks
for paving.

3 The Potential Application of Bauxite Mining Residues
in Civil Construction

Several studies show that bauxite residues can improve the manufacture of sulfate-
resistant cement and various special cement. The addition of 2–10% bauxite
contributes to lowering concrete costs, lowering the temperature, and lowering carbon
dioxide emissions [8].

The waste can be used as an embankment foundation, material for impact gravity
walls for rocks or debris flows, or a foundation for operational or conventional
buildings in the extensive mining areas where the stability is guaranteed.
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4 Physical and Mechanical Characterization of a Pile
and Compacted Waste of Bauxite

This paper presents the analysis of the geotechnical behavior of bauxite samples
collected in northern Brazil. Pinto [9] presented the physical characterization (grain
size, consistency limits, humidity), resistance, and deformability (triaxial and consol-
idation test) and field tests (SPT, CPTu, and vane test). The material tested samples
correspond to loose-form bauxite sterile (waste piles) and compact form in embank-
ments. An example of the samples is shown in Fig. 3. The undisturbed block samples
were obtained following the recommendations of the ASTM D7015-04 [10].

Figure 4 shows a typical section of the plowed area with the location of some tests
in profile on the waste pile and on the landfill carried out with the pile material itself
to conform to the pile tops and regularize the surface. It is possible to observe where
the loose and compacted samples of Fig. 3 were taken.

Fig. 3 Undisturbed sample in loose and compacted state [9]

Fig. 4 Typical section of
plowed area (Modified
-Pinto [9])
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Twenty-nine undisturbed samples were collected, 65 SPT tests, 45 Piezocone
CPTu tests, and 45 vane tests, 22 compaction tests, 12 consolidation tests, and 25
CIU triaxial tests were performed. The sterile bauxitematerial has been classified as a
silty clay of high plasticity. The sterile sampleswere divided into two groups, samples
with a low percentage of gravel less than 30 (% G > 30) that present typical sandy
silts, high density, and low moisture content. In contrast, samples with a percentage
of gravel below 30 (% G < 30) present typical compost of silty clays. In the studies
carried out, it was observed that 80% of the samples taken have a percentage of
gravel less than 30%, concluding that the sterile bauxite has a more clayey behavior.
Physical characterization, resistance, and deformability tests were carried out to
obtain geotechnical parameters in both states, compacted and loose, and to be able to
evaluate the mechanical behavior of the material. To define the optimal compaction
parameters, the compaction test was performed on the deformed samples, and the
result of the compaction test on the material is shown below in Fig. 5.

With the definition of the optimummoisture content for the twomaterials studied,
an average compaction degree equal to 104% was calculated. In contrast, the loose
material showed an average degree of compaction of 91%.

The processing of data from laboratory and field tests performed presents the
results of the parameters obtained for the waste pile and compacted residue with
their respective coefficient of variation that shows the heterogeneity of the waste
(Table 1).

Although the waste has enormous variability, the geotechnical parameters are
reasonable in strength, especially the compacted waste.

When analyzing the results of the reed tests in the region of the pile of stevia,
considerable variability of results was observed, according to Pinto [9] some tests
were carried out in regions partially saturated by partial drainage of the land. The

Fig. 5 Compacted curve of the material (Modified -Pinto [9])
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Table 1 Geotechnical parameters for the bauxite [9]

Geotechnical
parameters

Compacted residue Waste pile

Average Coefficient of variation
CV (%)

Average Coefficient of variation
CV (%)

U (kN/m3) 18 4 17 4

G 2,7 4 2,7 3

w (%) 0,3 9 0,4 14

Compaction
degree (%)

103,9 6 91,3 5

c (kPa) 24,5 35 15,2 64

ϕ(°) 32,6 7 27,2 15

Void ratio 1 4 1,2 11

Fig. 6 Variation of the sterile pile resistance ratio [9]

tests carried out in saturated regions in the waste pile showed undrained resistances
between 100 and 200 kPa. Figure 6 shows the waste pile’s resistance ratio, which
shows excellent dispersion and minimum resistance ratio values of 0.22 and values
well above 0.5. (Su = undrained shear strength and σ v = total vertical stress)

5 Geotechnical Behavior of the Bauxite Waste
as a Foundation Layer

Pinto [9] performednumerical simulations offinite elements in thePlaxis 3Dsoftware
to evaluate the bauxite sterile’s performance as a foundation layer for the execution
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of a shallow slab foundation and a deep pile raft foundation; the two modeled cases
were hypothetical. The author calibrated the modified cam-clay constitutive model,
as shown in Figs. 7 and 8.

Pinto [9] performed parametric analyzes for two types of foundation (raft system
and piled raft system) changing characteristics, pile length (L), and pile diameter (D)
as shown in Fig. 9.

When a shallow foundation with a rigid and flexible slab was considered, the
maximum total settlements were high (between 50 and 80 mm) for the drained
conditions. On the other hand, in the undrained analyzes, the settlements were much
lower than the established maximums (30 mm), showing that it is not a critical
condition for the problem studied (Fig. 10).

Fig. 7 Modified cam-clay
model parameters [9]

Fig. 8 Geometric
configuration Pinto [9]
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Fig. 9 Foundations cases
analyzed Pinto [9]

Fig. 10 Load-settlement curves for shallow foundation [9]

When a deep foundation with a rigid slab was considered, the maximum total
settlements were high. On the other hand, if a flexible slab is considered (L/D = 40
and L/D = 50), the settlements obtained are within the tolerable limits which are
within the criterion adopted as a maximum settlement of 30 mm (Fig. 11).

For the criterion of maximum allowable total settlement, considering the load
established design, the flexible raft configuration, with L/D = 40, was the one that
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Fig. 11 Load-settlement curves for deep foundations with flexible slab [9]

presented better results, since the use of piles with L/D= 30 resulted in a settlement
of 0.5 mm above the allowable value.

By performing numerical simulations with various types of foundations based on
the material studied, Pinto [9] concluded that the material of the sterile bauxite pile
is competent as foundation material for deep foundations that support loads from
a mine operational structure, and it may be possible to build some large concrete
structure in a mining area.

6 Conclusions

Iron-mining dam residues is a quality material for the production of high-strength
interlocking blocks following NBR 9781 recommendations and as a constituent
material in the reinforcement of subgrade in the pavement’s structural layers.

Bauxite waste in the compacted state may be competent to build significant engi-
neering works in restore areas. Waste in the loose sterile pile state may be competent
as the foundation layer of intermediate engineering works as operational structures
whenever andwhen had been stability or as embankmentmaterial for the construction
of impact gravity barriers for rocks, mud, and debris flows.

This work and all data mentioned herein are strictly for educational use.
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Reuse of Waste Tires to Develop
Eco-rubber Seismic-Isolation Foundation
Systems: Preliminary Results

Gabriele Chiaro, Ali Tasalloti, Alessandro Palermo, Gabriele Granello,
and Laura Banasiak

Abstract This paper presents preliminary experimental investigations carried out
to evaluate the feasibility of using gravel–rubber mixtures as low-cost geotech-
nical seismic-isolation foundation systems for low-rise buildings in New Zealand.
One-dimensional compression and direct shear tests are performed to evaluate the
compressibility and strength properties of three types of rigid-soft granular mixtures
prepared using a combination of uniformly-graded rounded and angular gravels as
well as large and small recycled rubber particles. The mixtures are prepared at volu-
metric rubber contents (VRC) of 10%, 25%, and 40%. The concept of skeleton
material is adopted to establish whenever the gravel or rubber matrix would govern
the overall mechanical behavior of the mixtures. It is shown that the compressibility
of the mixtures highly depends of the skeleton material. Mixtures with VRC < 10%
(gravel skeleton) perform better than those with VRC ≥ 25% (rubber skeleton), i.e.,
smaller vertical strains are developed under the same applied vertical stress level.
Moreover, within the range ofVRC tested, themixturesmade of large rubber particles
are less compressible than those consisting of small rubber particles. On the other
hand, under the testing conditions investigated, all mixtures exhibited high strength
(i.e., friction angle > 35°) irrespective of the VRC and rubber particle size.
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Keywords Waste tires · Seismic-isolation · Foundation systems · Gravel–rubber
mixtures · Compressibility · Strength

1 Introduction

The current annual rate ofwaste tires production inNewZealand is over 5million and
is expected to grow over time with increased population and number of vehicles on
roads. It is estimated that 70%of suchwaste tires are destined for landfills, stockpiles,
illegal disposal or are otherwise unaccounted for, giving rise to piles of tires that do
not readily degrade or disintegrate [1]. With the ever-growing volume of waste tires,
environmental, socio-economic, and health concerns have urged the reuse of waste
tires through sustainable recycling projects.

Waste tires are a great source of environmentally friendly and sustainable building
materials that may provide novel and effective engineering solutions to attain struc-
tures with enhanced seismic resilience [2]. This makes them ideal materials for
developing affordable, medium-density, low-rise buildings that are in high demand
in New Zealand.

Aimed at addressing this challenging problem, a joint geo-environmental-
structural experimental research program has been carried out by researchers of the
University of Canterbury and the Institute of Environmental Science and Research
Ltd. to investigate sustainable options for the reuse/recycling of waste tire in civil
engineering applications.One such option is to employwaste tire (in the formof gran-
ulated rubber) mixed with gravelly soils to develop eco-rubber geotechnical seismic-
isolation (ERGSI) foundation systems [3–6] for low-rise buildings composed of: (i)
a shallow and resilient layer of mixed shredded tires and gravel, and (ii) a flexible
rubber-concrete raft foundation (Fig. 1).

The feasibility of using recycled rubber to develop ERGSI foundation systems is
being assessed by:

• Geotechnical and environmental engineering investigations to identify optimum
gravel-recycled rubber mixtures, having excellent mechanical properties and
minimal leaching attributes;

• Structural engineering tests to design flexible, fiber-reinforced, rubberized-
concrete raft foundations with satisfactory structural performance;

• Numerical and physical models to prove the concept, evaluate the seismic perfor-
mance of the entire ERGSI foundation system, and quantify the level of reduction
in the seismic response of prototype buildings.

In this paper, results of the geotechnical investigation that include the physical,
compressibility, and strength characteristics of selected gravel-rubber mixtures will
be presented and discussed in details. Preliminary findings from the environmental
and structural studies have been reported in Banasiak et al. [6] and Hernandez et al.
[3], respectively. Results of the physical and numerical studies will be presented
elsewhere in due course.



Reuse of Waste Tires to Develop Eco-rubber … 161

Fig. 1 Proposed ERGSI foundation system for residential buildings in New Zealand

2 Use of Soil–rubber Mixtures in GSI Foundation Systems

Scrap tire derivedmaterials (in the formof chips, crumbs, granules, and shreds)mixed
with granular soil (primarily sand) have been traditionally used in civil/geotechnical
applications such as light backfill material, drainage layer, slope stabilization, and
landfill construction [6, 7]. However, the attractive strength and dynamic proper-
ties along with environmental benefits, low cost, and material availability of soil–
rubbermixtures support their use for geotechnical seismic-isolation (GSI) foundation
systems of residential structures in developing [2] and developed countries [3]. Tsang
et al. [2] carried out a numerical investigation on the feasibility of using soil–rubber
mixtures for GSI systems of middle-rise residential buildings, concluding that GSI
systems can reduce considerably both the horizontal and vertical ground motion
acceleration response of structures subjected to earthquake shakings. However, to
date, no specific studies have included experimental verification and/or exact specifi-
cations of the actual grain size of soil and rubber, their aspect ratio (D50,Soil/D50,Rubber),
and volumetric fractions that should be used to design GSI systems [9].

Thus far, much research has focused on the mechanical characterization of sand–
rubber mixtures. Hazarika and Adbullah [10], however, pointed out that in the selec-
tion of the soil and recycled rubber to form soil–rubber mixtures for use in geotech-
nical applications, the availability and the cost efficiency of both materials should be
carefully considered. Actually, to avoid segregation, the recycled rubber should be
cut into smaller pieces when mixed with sandy soils, which will inevitably increase
the implementation costs. Hence, it was proposed to use gravel–rubber mixtures
instead.
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To date, however, very limited studies have focused on the geotechnical charac-
terization of gravel–rubber mixtures [6, 10–12], making their physical properties and
mechanical behavior largely unknown. Thus, given the above background, this paper
will contribute in filling a major gap in the knowledge by providing new data on and
insights into the physical and mechanical engineering properties of gravel–rubber
mixtures that would facilitate their adoption to develop GSI systems for residential
building, including the ERGSI foundation system proposed in this study.

3 Experimental Study: Materials and Procedure

Three types of rigid-soft granular mixtures were prepared using a combination of
uniformly graded rounded (GRND) and angular (GANG) gravels aswell as large (RLRG)
and small (RSML) recycled rubber particles. Figure 2 shows the particle size distribu-
tion and photographic images of each material. The index properties of the gravels
and recycled rubbers are summarized in Table 1.

Specifically, to evaluate the effects of gravel particle shape on compressibility and
strength shape of gravel–rubber mixtures, both the rounded gravel and angular gravel
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Fig. 2 Particle size distribution and photographic images of tested materials

Table 1 Properties of gravels and recycled rubber used in this study

Material Gravel Recycled rubber

Rounded Angular Large Small

Symbol GRND GANG RLRG RSML

Mean diameter D50 (mm) 5.6 4.2 3.7 1.6

Specific gravity Gs 2.72 2.76 1.15 1.14

Maximum dry density ρdry (kg/m3)a 1753 1598 649 602

aby Proctor compaction tests
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Fig. 3 Void ratio variation with VRC for the gravel–rubber mixtures tested in this study

were mixed with the large rubber particles to form GRND-RLRG (D50,G/D50,R = 1.5)
and RANG-RLRG (D50,G/D50,R = 1.14) assortments. Moreover, to assess the effects
of the particle size ratio (D50,G/D50,R) on compressibility and strength of gravel–
rubber mixtures, the rounded gravel was also mixed with small rubber particles to
create RRND-RSML (D50,G/D50,R = 3.5) compounds. The mixtures were prepared at
volumetric rubber contents (VRC) of 10%, 25%, and 40%, where VRC is defined as
the ratio between the volume of rubber and the total volume of solids.

All specimens were prepared at a relative density (Dr) of 50% by dry tamping
method and tested in dry conditions. As reported in Fig. 3, the relative density was
calculated based on the values of minimum void ratio (emin—obtained by standard
Proctor compaction tests) and maximum void ratio (emax—obtained by carefully
pouring the materials in the compaction mold with zero depositional height). Note
that, for the tested gravel-mixture assortments, vibratory table tests were found not
effective to obtain emin. This is in contrast to the response of hard-grained stiff granular
materials [13] for which vibratory compaction is most effective; however, it can be
attributed to the elastic nature of the recycled rubber particles in the mixtures.

Segregation is an inherent difficulty in granular mixtures that may be triggered
by size, density, stiffness, and shape features [14]. Segregation in the specimens was
prevented by minimizing any vibration and avoiding granular flow.

The compressibility of the investigated materials was evaluated by using an
appositely-built medium-size one-dimensional compression cell (inner diameter
250 mm; specimen height from 150 mm) up to a vertical stress of 500 kPa. On
the other hand, the strength properties were estimated by means of a medium-size
direct shear box (100 mm × 100 mm in cross section and 53 mm in height) under
three normal stress levels of 30, 60, and 100 kPa. The horizontal displacement rate
was 1 mm/min.
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4 Experimental Results

The gravel–rubber compounds investigated in this study are essentially binary gran-
ular mixtures consisting of rigid and soft particles of different size and shape. As
described hereafter, their packing density (i.e., void ratio) and mechanical behavior
(i.e., compressibility and strength) are influenced by the inherent properties of the
materials (i.e., size and shape), the proportion of large/small and rigid/soft particles
in the total volume of solids, as well as the size ratio of large and small particles
(D50,large/D50,small).

4.1 Packing of Gravel–Rubber Mixtures with Different
Particle Size Ratios

Experimental evidences fromprevious studies have indicated that three packing states
exist for two-size particle mixtures: floating state (large-particle dominated), non-
floating state (small-particle dominated), and transitional state. In the floating state,
small particles inhibits contact between large particles. In the non-floating state, the
large particles are in contact, and the small particles mainly fill the voids between
large particles. In the transitional state, small particles partially fill the gaps between
large particle, and large particle are only partially disconnected.

For the examined mixtures, the variation of void ratio with increasing VRC is
shown in Fig. 3. The values of the emax and emin depend on the inherent properties of
the materials. For the RANG-RLRG and RRND-RLRG mixtures that have similar particle
size ratio (i.e., 1.14 and 1.5, respectively), emax and emin increasewith increasingVRC.
Because the large particles (gravel) are surrounded by small particles of almost the
same size (large rubber), no packing phenomenon occurs, and a clear distinction
between floating and non-floating state, as described above, cannot be made. Similar
trends have been reported by Pasha et al. [11].

For the RRND-RSML mixtures (D50,G/D50,R = 3.5), the minimum of the emax and
emin is achieved at VRC of 10% and 25%, respectively. These values of VRC indicate
that a transition from non-floating to floating packing state occurs in the mixtures
with increasing VRC.

4.2 Compressibility Characteristics of Gravel–Rubber
Mixtures

The packing properties of the mixture described earlier may provide useful infor-
mation regarding the expected mechanical behavior of the mixtures. However, the
way the load is transferred with in the mixtures depends primarily on the skeleton
material [14, 15]. According to the concept of skeleton material, a skeleton is formed
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when particles of the same material are in contact with each other and are able to
transfer loads. The material forming the skeleton becomes the matrix material that
governs the overall mechanical behavior of a mixture. In the case of gravel–rubber
mixtures, two matrix material can be expected: i) a gravel matrix, which will lead to
a stiffer gravel-like behavior of the mixtures; and ii) a rubber matrix that will produce
a softer rubber-like response of the mixtures.

The stress–strain response of gravel–rubber mixtures under zero lateral strain
loading—k0 conditions—is shown in Fig. 4. While side friction is expected to
lessen deformation (being currently evaluated in the laboratory), trends clearly show
increase in compressibility with increasing VRC for any given vertical shear stress
level. However, the extent of compressibility highly depends of the skeletonmaterial.
It can be observed that mixtures with VRC < 10% (gravel skeleton) perform better
than those with VRC ≥ 25% (rubber skeleton), i.e., much smaller vertical strains (εv)
are developed under the same applied vertical stress (σ v

′) level. Moreover, within
the range of VRC tested, it is also observed that the mixtures made of large rubber
particles are less compressible than those consisting of small rubber particles. For
example, if a reference σ v

′ = 100 kPa is considered, the εv < 2.5% for all mixtures
with VRC < 10%, while for those with VRC ≥ 25% εv is between 5 and 14%, being
εv(RRND-RSML) > εv(RRND-RLRG) > εv(RANG-RLRG).

Figure 5 shows the variationwithVRC of the constrainedmodulus (M =�σ v
′/�εv

*100) computed between two successive loading stages during loading for all
mixtures. The data show that M drastically decreases with increasing VRC, indi-
cating that when VRC ≤ 10%, the mixture supports the load mainly though the
gravel skeleton. The increased VRC, however, gradually reduces the mixture stiff-
ness until eventually VRC is high enough, so that the load is transferred primarily
through the rubber-rubber-contact (rubber skeleton).
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Fig. 4 Compressibility characteristic of the gravel–rubber mixtures tested in this study
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4.3 Shear Strength Characteristics of Gravel–Rubber
Mixtures

Typical stress–strain–volume change behavior obtained by direct shear tests at a
vertical stress of 60 kPa for all tested mixtures is reported in Fig. 6. It can be observed
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that by increasing VRC, the material response gradually changes from dilative with
clear peak shear state to contractive without peak shear state. It is observed that not
only the stiffness of the materials drastically decreases, but also the peak shear stress.
Moreover, the lowest peak shear stress is measured for the RRND-RSML mixtures,
implying that the large rubber particles are able to provide higher strength compared
to the small rubber particles.

Figure 7 reports the variation with VRC of the friction angle of all mixtures
for three different levels of vertical stress. The friction angle drastically decreases
with increasing VRC and decreases with increasing vertical stress level. However,
under the testing conditions used in this study, gravel–rubber mixtures have high
strength (i.e., friction angle > 30–35°) irrespective of the VRC and rubber particle
size making them acceptable for many geotechnical engineering application [16],
including ERGSI foundation systems.

5 Conclusions and Recommendations

The experimental investigations presented in this paper are part of a broader study
aimed at evaluating the feasibility of using gravel–rubber mixtures as low-cost
geotechnical seismic-isolation foundation systems for low-rise buildings in New
Zealand. Although not exhaustive, the data reported in this paper provides important
insights on key factors such as gravel shape, rubber size, and gravel–rubber parti-
cles size ratio that affects the mechanical behavior of gravel–rubber mixture, which
should be taken into consideration in the design of such synthetic materials for use
in ERGSI foundation systems.

In conclusion, the results of the investigation have shown that:

– All the gravel–rubber mixtures exhibited friction angle value > 35° acceptable
for use in ERGSI foundation systems, irrespective of the rubber size and content,
gravel particle shape, and size ratio between gravel and rubber particles;
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– On the other hand, the compressibility of the mixtures is highly influenced by the
rubber content and the rubber size. The higher the VRC and the smaller the rubber
size are, themore compressible themixtures are.However, this study indicates that
under a static vertical stress level of 20 kPa (typical for 1–2 timber frame house in
NZ), mixtures with large rubber particle and VRC ≤ 25% would undergo vertical
strain of 3% or less, making them suitable for use in ERGSI foundation systems.

Despite this encouraging results obtained in this study, the ultimate adoption of
these gravel–rubber mixtures in ERGSI foundation engineering applications will
greatly depend on the elastic and dynamic properties of the materials. Therefore,
the authors are currently evaluating the small-strain shear stiffness, shear modulus
degradation, and damping properties of these materials by bender elements and
triaxial tests. Moreover, impact tests and small-scale shake table tests are conducted
to evaluate the dynamic properties of a prototype ERGSI foundation system.
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Shear Characteristics of Geomaterials
Mixed with Fibrous Wood Chip
and Converter Steelmaking Slag

Tomotaka Yoshikawa, Yoshiaki Kikuchi, Shohei Noda, and Akihiro Oshino

Abstract Under-sieve residue is a sediment containing large amounts of wood chips
generated by natural disaster. The mechanical properties of this residue have not
been well understood, and thus, it has usually been landfilled. The development
of a method for effective utilization of under-sieve residue is believed to facilitate
quick recovery and reconstruction during disasters. Accordingly, this study aimed to
devise an effective approach to convert under-sieve residue into a geologicalmaterial.
Consolidated-drained triaxial compression (CD) testswere performedusingmixtures
of coconut fiber, which closely resembles under-sieve residue, with steelmaking slag
and blast furnace slag fine powder to understand the effect of the mixing ratio of
coconut fiber and curing periods. The results indicated that the maximum shear
strength of the slag mixed with coconut fiber at 5% (coco5) by volume was higher
than that of a “slag only” specimen regardless of curing periods. Themaximum shear
strength of the slag mixed with coconut fiber at 10% (coco10) or 33% (coco33) by
volume was higher than that of “slag only” without curing. However, the maximum
shear strength of coco10 or coco33 did not increase with curing.

Keywords Wood chips · Steelmaking slag · Solidified geomaterials

1 Introduction

The 2011 Tohoku earthquake off the Pacific coast of Tohoku generated a large
amount of disaster waste, including tsunami deposits [1]. In Japan, the government,
the construction industry, and related industries actively worked on the disposal of
disaster waste. The process, which usually takes 10 years or more, was completed
in about 4 years, and the recycling rate was nearly 90% [2]. However, most of the
disaster waste containing a large amount of wood chips, called under-sieve residue,
was not effectively used because its mechanical properties as well as the decay
process and effects of the wood chips were unknown. According to the Ministry
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of the Environment [3], the Great Nankai Trough Earthquake and an earthquake
with the epicenter immediately below that of the Tokyo Metropolitan Earthquake
are expected to occur in the future, and they will generate more disaster waste than
the Tohoku-Pacific Ocean Earthquake did. Developing an effective method of using
under-sieve residue will reduce the pressure on the function of the final disposal site
at the time of disaster, and also it will accelerate disaster recovery and reconstruction
processes. Since 2011, research on disaster waste has been actively conducted. For
example, Takahashi et al. [4] showed the potential of recycling tsunami deposits
containing large amounts of wood chips by applying a fibrous solidification method.
Nakano et al. [5] reported that wood-rotting fungi did not progress into a wood chip-
mixed material and that the unconfined compression strength of the specimens did
not decrease when the wood chip-mixed material was sufficiently compacted.

Steelmaking slag is an industrial by-product of crude steel production, and its
amount of production is 14 million tons per year. At present, it is effectively used
as a roadbed material and a ground improvement material. However, the expansion
of sales channels has become an issue with the reduction of public works expenses.
With characteristics such as hydraulic properties [6] and excellent wear resistance
[7], steelmaking slag can be used as a high-quality geomaterial.

The authors believe that the mechanical properties of under-sieve residue can
be improved by the hydraulic solidification property of steelmaking slag, and the
mixture can be effectively used as geomaterials. There are no cases to study the
mechanical characteristics of the under-sieve residue solidified with other material
focusing on the mixing ratio and shape of wood chips in detail, although there are
some studies aimed at effective utilization of under-sieve residue. The authors have
focused onwood chips in under-sieve residue and performedmechanical experiments
on steelmaking slagmixedwithwood chips, whichwere used as imitated under-sieve
residue, under various conditions such as the shape and mixing ratio of the wood
chips [8]. Although the initial stiffness of the mixture decreased by increasing with
wood chip mixing ratio after 7-day curing, the uniaxial compressive strengths of the
mixture were higher than that of a “slag only” specimen. In addition, steelmaking
slag has the property of solidifying in the mid to long term [9]. In this study, CD tests
were conducted to further understand longer-termmechanical properties of materials
mixed with fibrous wood chips (coconut fiber) and slag in more detail.

2 Materials and Test Methods

Four kinds of materials were used in this research: coconut fiber (ρs = 0.53 g/cm3,
0.27mm average diameter and 24.4mm average length in 100 samples), steelmaking
slag without aging treatment (ρs = 3.35 g/cm3, D50 = 0.75 mm), blast furnace slag
fine powder (BFSFP) (ρs=2.89 g/cm3,Blaine value 4000 cm2/g), and ion-exchanged
water. Figure 1 shows the grain size accumulation curve of the steelmaking slag used
in this research. The “slag only” specimen is a mixture of steelmaking slag and
BFSFP at a mass ratio of 96:4 based on previous research results [10].
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Fig. 1 Grain size
distribution curve of
steelmaking slag
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The appearance of each sample is shown in the previous paper [8]. Coconut fiber
is a plant fiber obtained from coconut peel [11]. Steelmaking slag has a ridged shape,
and its main components are CaO, SiO2, FeO+ Fe2O3, MgO, and Al2O3. BFSFP is
produced by finely pulverizing granulated blast furnace slag from an ironworks blast
furnace. It is a hydraulic admixture, widely used as a raw material for blast furnace
cement and ready-mix concrete admixture [12].

Figure 2 shows the results of compaction tests (JIS A 1210: A-b method)
conducted prior to CD tests. To determine the maximum dry density of each mixing
condition, only one or two consolidation conditions were selected for each mixing
condition, because the material used in this study showed no clear dry density peaks
under the compaction curves from previous studies [13] and the amount of steel-
making slag was limited. The compaction tests were performed under the water
content immediately lower than the water content to be over compaction. To deter-
mine this water content, simple compaction experiments were conducted using a
hollow cylindricalmoldwith a diameter and a height of 50 and 100mmwith changing

Fig. 2 Compaction curves
of slag with different mixing
ratio of coconut fiber
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Table 1 Specimen preparation conditions

Coconut fiber mixing
ratio (%vol.)

Maximum dry density
ρd (g/cm3)

Water content w (%) Curing periods (day)

0 (slag only) 2.02 12.0 0, 7, 28, 84, 334

5 (coco5) 1.92 13.0 0, 7, 28, 84, 335

10 (coco10) 1.78 14.7 0, 7, 28, 84

33 (coco33) 1.13 25.0 0, 7, 28, 84, 337

the water content by 5% before the compaction test determining a maximum dry
density.

Table 1 shows the specimen preparation conditions. Specimens (50 mm in diam-
eter and 100 mm in height) for CD tests mixed the materials with predetermined
mixing conditions, and they were compacted by wet tamping to a thickness of
20 mm per layer in a hollow cylindrical mold. The target values of ρd and w are
used in the experiment in Table 1. The target dry density ρd in Table 1 was calculated
by multiplying the maximum dry density ρdmax obtained from Fig. 2 by the degree
of compaction Dc = 95%. CD tests were conducted on cured specimens for a prede-
termined cured period. In CD test, after saturation, each specimen was isotopically
consolidated at a back pressure of 200 kPa and an effective confining pressure of
50 kPa. The axial strain rate was 0.01%/min.

3 Effect of Curing Periods of Specimen

Figure 3a–e shows the relationship between the axial strain εa and the deviator stress
q for each curing period obtained from the CD tests. The difference in the colors of
the solid lines in the figure indicates the difference in themixing ratio of coconut fiber.
The mark plotted with numbers in the figures shows the point of the maximum shear
stress in each test, and the numbers show coconut fiber mixing ratio. From Fig. 3,
“slag only”, coco5, and coco10 exhibited the softening behavior after showing the
maximum shear strength in all curing periods. On the other hand, the deviator stress
of coco33 did not show clear peak stress until the end of the test. The stress–strain
relationship varied significantly for the coconut fiber mixing ratio between 10 and
33% by volume. In addition, in the case of coco33, qmax at 84-day curing and 334-day
curing was smaller than that without curing. The volume of specimen did not expand
and the dry density did not change due to the curing. Because of this, the cause of
the decrease in qmax was unclear.

Figure 4 shows the relationship between the axial strain εa and the volumetric
strain εvol in the case of without curing. The volume of “slag only”, coco5, and
coco10 exhibited variations from shrinkage to expansion,while the volume of coco33
continued to shrink until the end of the test. No peak strength was obtained, and the
volume continued to shrink until the end of CD test using only wood chips in 2016
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(a) 0-day curing (No curing)                        (b) 7-day curing 

(c) 28-day curing                                     (d) 84-day curing 

(e) 334-337 days curing 
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Fig. 3 Relationship between axial strain and deviator stress

and 2017 [13]. These results suggested that the effect of coconut fiber was prominent
in the stress–strain relationship in the case of coco33.

Figure 5 shows images of the specimens cured for 7 days at the end of the CD
tests. Reason of the stress–strain relationship difference in Fig. 4 is evident from the
specimen shown in Fig. 5. When the coconut fiber mixing ratio was 10% by volume
or less, shear failure was occurred. However, in the case of coco33, no apparent shear
failure was occurred.

Comparing the maximum shear stresses and the failure strains of solidified and
non-solidified geomaterials, the maximum shear stress was larger and the failure
strains were smaller than those of non-solidified geomaterials. As for the maximum
deviator stresses, the maximum shear stresses of “slag only” and coco5 were
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Fig. 4 Relationship between
axial strain and volumetric
strain without curing

Fig. 5 Specimens with different coconut fiber mixing ratio at 7-day curing after CD tests

increased as increasing in curing periods. On the other hand, those of coco10 and
coco33 were almost constant regardless of curing periods. This difference would be
because the effect of slag solidification was large when coconut fiber mixing ratio
was 5% by volume or less. As for the failure strains, the failure strains of coco5
and coco10 were larger than that of “slag only” in all curing periods. However, the
difference of them was getting smaller as increasing in curing periods. The speci-
mens were considered to be granular material with small amount of coconut fiber
in the early stage of curing. The slag contained in the specimen would be solidified,
and the effects of solidification were clear under the coconut fiber mixing ratio less
than 5% by volume with curing periods. In the case of coco10, although the slag
solidification effect was clear in the failure strain, it is not so clear in the maximum
shear stress. Moreover, in the case of coco33, there were small solidification effects
on both the maximum shear stress and failure strain, because of too much amount of
coconut fiber.
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Fig. 6 Relationship between
curing periods and maximum
shear strength
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Based on the test results in Fig. 3, Fig. 6 shows the relationship between the
curing periods and the maximum shear stress qmax. In the case of coco33, qmax did
not appear until the end of the test in the case of coco33; thus, the axial stress at εa
= 21.69% is plotted as qmax. From Fig. 6, in the case of “slag only” and coco5, qmax

increased up to 84-day curing, and qmax hardly changed after 84-day curing. In the
case of coco10 and coco33, qmax hardly changed or decreased as increasing in curing
periods. In this way, the maximum shear strength increase by curing was the same
as “slag only” when coconut fiber mixing ratio was less than 5% by volume, and it
was smaller than that of “slag only” when coconut fiber mixing ratio was more than
10% by volume. It means the effect of mixing coconut fiber was getting prominent
when the fiber mixing ratio was more than 10% by volume.

Figure 7 shows the relationship between the curing periods and the deformation
modulus, E50 (MPa), which is calculated as follows:

E50 = (qmax/2)/ε50 (1)

Fig. 7 Relationship between
curing periods and
deformation modulus
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where ε50 (%) represents the axial strain when the axial stress has a value of
qmax/2.

In this calculation, the axial deviator stress of εa = 20% was used as qmax in the
case of coco33. Focusing on up to 84-day curing, the lower the coconut fiber mixing
ratio was, the higher the value of E50 was. Focusing on after curing for 84 days or
more, E50 increased with curing periods when the coconut fiber mixing ratio was 5%
or 10% by volume, on the other hand, E50 of “slag only” was decreased. The reason
of variance is unclear. In the case of coco5, although E50 at 335-day curing was larger
than that of at 84-day curing, qmax at 335-day curing was the almost the same as that
of at 84-day curing (Fig. 6). It means a kind of delayed hardening occurred in coco5.

In the case of coco33, E50 was too small (2.5 to 4.5 MPa) compared to other
geomaterials even it increased with the curing period up to 28-day curing. As is
shown up to here, the mixture with 33% by volume of coconut fiber showed different
mechanical behavior from “slag only”.

Figures 8a–d show the relationship between qmax and E50. The approximate
straight line passing through the coordinate origin and the coefficient of determi-
nation, R2, are shown in the figures. Other than the case of coco10, there were linear
relationships between qmax and E50. In the case of coco10, range of qmax was too
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Fig. 9 Relationship between
coconut fiber mixing ratio
and inclination value
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small, and the authors should conduct more experiments before getting a conclu-
sion. E50 at the same qmax tended to decrease as the mixing ratio of coconut fiber
increased. In particular, in the case of coco33, the stress–strain relationship is signif-
icantly different from the other cases, as can be seen from the stress–strain curve
in Fig. 3. Above results show that more mixing ratio of coconut fiber shows more
ductility.

Figure 9 shows the relationship between the inclination, A, of the straight line (E50

= A*qmax) obtained based on Fig. 8 and the coconut fiber mixing ratio, B, of fibrous
wood chips. From Fig. 9, the inclination, A, decreases exponentially as the coconut
fiber mixing ratio, B, increases. This means that E50/qmax decreases exponentially as
the coconut fiber mixing ratio increases. In addition, this result shows that the qmax–
E50 relationship can be inferred from the mixing ratio of coconut fiber. However, it is
necessary to verify whether this relational expression of A-B (A= 0.1305*e−0.094*B)
has the physical significance by obtaining data under conditions in which the shape
of wood chips and the degree of slag solidification are changed.

4 Conclusions

This study conducted CD tests using coconut fiber mixed solidified materials to
understand the effect of the mixing ratio of coconut fiber and curing period on the
mechanical properties of the mixed material.

The key findings of this study are as follows:

(1) qmax barely changed after curing for 84 days with or without coconut fiber. In
other words, qmax of the mixed materials can be estimated in a relatively short
period of time.

(2) qmax of coco5 was higher than that of “slag only”, regardless of the curing
period. However, when the mixing ratio of coconut fiber was increased, qmax

was lower than that of “slag only”.



180 T. Yoshikawa et al.

(3) When the coconut fiber mixing ratio was 10% by volume or less, the effects
of mixing ratio and curing period on qmax and E50 were much complex. To get
clear conclusion, more experiments were required.

(4) qmax–E50 relationship of the mixed material with slag and coconut fiber could
be estimated from the wood chips mixing ratio. However, the physical signifi-
cance of the relational expression (A = 0.130*e−0.093*B in Fig. 9) between the
inclination,A, and the coconut fibermixing ratio,B, obtained in this experiment
needs to be examined separately.

These results suggested that the solidificated geomaterials mixed with slag and
fibrous wood chips could be used as embankment materials on the soft ground and
backfill materials because it has deformation followability. However, the use of this
material in practice requires extensive testing to understand the properties of the
material. The authors will carry out experiments under various conditions to theo-
retically understand the strength characteristics of wood chips slag mixed materials.
In the future, it will be possible to estimate the strength characteristics of the mate-
rials mixed with under-sieve residue and slag from the strength characteristics of
under-sieve residue and the strength characteristics of slag.
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Foundation. The authors express their appreciation for their support.
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Shear Strength Enhancement of Soil
Mixed with Palm Oil Clinker

Amizatulhani Abdullah, Cut Ainul Mardziah Amir,
and Mohd Yuhyi Mohd Tadza

Abstract Palm oil has been a major industry that contributed to Malaysia’s
economic growth since quite a long time. Approximately, 23% of the 5.8 million
hectares of Malaysia oil palm plantations are certified with Malaysian Sustainable
Palm Oil (MSPO) certificate. However, there are still a huge number of plant oil
plantations that have not been shifting towards sustainable palm oil consumption
and production. Palm oil industry is normally being associated with negative impacts
such as deforestation which resulted to the loss of wildlife as well as haze issue that
imposed health risks to the communities. Beside that, the uncontrolled dumping of
palm oil waste (palm oil clinker) is also causing a big problem. Palm oil clinker is a
waste by-product from the processing stages of palmoil industry. Recycling themate-
rial into construction industry may help to promote sustainability and solving waste
disposal issues. In this research, palm oil clinker was mixed randomly in soft soil.
Raw palm oil clinker was taken from the nearby palm oil factory. The palm oil clinker
as well as the soft soil was tested for its basic properties (particle size, specific gravity
and soil consistencies). Furthermore, several number of soil sample were prepared,
and each of the sample was mixed with fine grain size of palm oil clinker in several
proportions. All the sample mixtures were tested by using unconfined compression
test (BS 1377-7:1990). Enhancement of the soft soil’s shear strength after been added
with palm oil clinker was investigated and compared. It is found that the addition on
palm oil clinker into soft soil is able to improve the shear strength of the soil. This
study hopes to give some alternatives to the utilization of palm oil clinker in geotech-
nical engineering field. Previous researches by other researchers were conducted in
utilizing the lightweight properties of the palm oil clinker (as aggregate replacement)
to produce a lightweight structure. Recycling such waste in several civil engineering
fields may help to preserve environment and contribute to sustainable industry.
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Keywords Palm oil clinker · Shear strength · Soft soil improvement · Sustainable
construction ·Material recycling

1 Background of Study

Palm oil (as shown in Fig. 1) is the world largest industry exceeding the rest of the
oils and fat production recorded in year 2017 [4]. Major world producers of palm oil
are Indonesia, Malaysia, Thailand, Colombia and Nigeria, while some major world
importers of palm oil include India, European Union (EU), China, Pakistan, United
States of America (USA), Bangladesh, Nigeria and Philippines [2].

Oil palm has been commercially cultivated in Malaysia since 1917 and after
100 years of cultivation, it brought tremendous income growth to the country. In
Malaysia, exporting of palm oil and palm oil-based products is worth approximately
RM65 billion in year 2018 [2].

Oil palm planted area was reported to increase from 5.74 ha in year 2016 to 5.81
hectares in year 2017 (as tabulated in Table 1). From the number, majority of the
area was owned by private estates (approximately 61%) while approximately 16%
was owned by government schemes such as Federal Land Development Authority
(FELDA), Federal Land Consolidation and Rehabilitation Authority (FELCRA)
and Rubber Industry Smallholders Development Authority (RISDA). Meanwhile,
another 17%was owned by independent smallholders and state schemes/government
agencies (6%).

Parallel to the increment of oil palm plantation area, the number of palm oil mill
also has shown significant development. As reported byKushairi et al. [1], in the year
1990, there were only 261 palm oil mills operated with a total processing capacity of

Fig. 1 Production of various
types of oils and fats
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Table 1 Distribution of oil palm planted area by category in Malaysia from year 2016 to year 2017
[2]

Category 2016 2017

Area (ha) % Area (ha) %

Private estates 3,508,554 61.2 3,543,429 61.0

Government schemes 951,169 16.5 940,326 16.1

State schemes/government agencies 344,314 6.0 347,632 6.0

Independent smallholders 933,948 16.3 979,758 16.9

Total 5,737,985 100 5,811,145 100

Table 2 Number of palm oil mills, refineries, kernel crushers and oleochemical plants and their
capacities in Malaysia in year 2017 [2]

Facility Number Processing capacity (tonnes per year)

Palm oil mill 454 112,187,800

Palm oil refinery 53 27,328,200

Kernel crusher 45 7,269,700

Oleochemical plant 19 2,668,929

42.87 million tonnes of fresh fruit bunches per year. After two decades, this number
had increased to 421 palm oil mills with a total processing capacity of 97.38 million
tonnes per year. Recently, in year 2017, there were 454 palm oil mills reported to
operate with processing capacity of 112.19 million tonnes per year as shown in Table
2.

The Third Industrial Master Plan (IMP3) was launched in 2006 for the period of
2006 until 2020 to emphasize on the downstreammanufacturing activities into wider
range of highly value-added products through commercialization, development and
collaboration between government research agencies and the palm oil industry [3].
During this period, Economic Transformation Programme (ETP) was also launched
to energize Malaysia to become a high-income nation by the year 2020. Therefore,
to ensure the success of the program, oil palm industry was classified under the 12
National Key Economic Areas (NKEA). Under NKEA, the palm oil sector is aimed
not only to improve productivity but also to focus on the sustainable development
of the industry. The government has taken proactive steps by introducing Malaysian
Sustainable Palm Oil (MSPO) certification scheme in year 2015. Approximately,
23% of the 5.8 million hectares of Malaysia oil palm plantations are certified with
Malaysian Sustainable Palm Oil (MSPO) certificate. However, there are still a huge
number of plant oil plantations that have not been shifting towards sustainable palm
oil consumption and production.

Therefore, sustainability issue should be one of the main concerns that needs to
be addressed fully and in an effective manner in order to ensure that the industry
will remain resilient in the future. Palm oil industry is normally being associated
with negative impacts such as deforestation which resulted to the loss of wildlife
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as well as haze issue that imposed health risks to the communities. Besides that,
the uncontrolled dumping of palm oil waste (palm oil clinker) is also causing a big
problem. One aspect which can support the sustainability issue is by transforming
the abundantly generated oil palm waste by-products through versatile approaches.
It is quite challenging due to the increase in number of oil palm mills resulted to
significant increase of waste generated by the mills. In this research, this oil palm
waste by-product is used to enhance soil properties.

2 Methodology

This section describes on the material preparation and mixture as well as the
laboratory test that conducted upon the samples.

2.1 Material Preparation and Mixture

Palm oil clinker (POC) was obtained from a palm oil factory located in Lepar Hilir,
Pahang. Raw POC before being crushed is shown in Fig. 2. Large size of POC was
crushed to smaller size (coarse grain size and fine grain size) manually by using a
hammer. The POC was mixed into soft soil (which was purchased directly from the
manufacturer). Soft soil was mixed randomly with POC in the following ratio of
100:0, 90:10, 80:20, 70:30, 60:40 and 50:50 (by volume).

Fig. 2 Large size of POC
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Table 3 Properties of the clays

Properties MX80 bentonite Yellow bentonite Speswhite kaolinite

Specific gravity 2.80 2.84 2.61

Liquid limit 437 135 51.4

Plastic limit 63 58 32

Shrinkage limit 12.2 13.6 26.5

Grain size distribution
< 75 µm
< 2 µm

100
96.4

100
97.18

100
97.92

2.2 Laboratory Test

The materials used in this study were tested for its basic properties and strength
characteristics according to the standard, particle size distribution (ASTM D422-
63), soil consistency (ASTM D4318-00), specific gravity (ASTM D854-00, ASTM
C127-15), compaction (ASTM D698-07) and unconfined compression test (UCT).

3 Results and Discussion

3.1 Basic Properties of the Material

Soft soil used in the study is known as kaolin FMC soil. This kind of soft soil can be
easily found and purchased in Malaysia. According to the Atterberg limit test that
had been conducted upon the soil sample, it is found that the liquid limit, plastic
limit and plastic index of the soil were 63.32%, 50.4% and 9.92%, respectively. The
specific gravity of the soil is found to be approximately 2.41.

The comparison of the soft soil with other type of soft clay (MX80 bentonite,
yellow bentonite and Speswhite kaolinite) is shown in Table 3 [5].

Figure 3 shows the particle size distribution of POC.Median size of POC is found
to be approximately 15 mm. Specific gravity of POC is 1.96 while the maximum dry
density and optimum moisture content are 1.35 g/cm3 and 20%, respectively. The
compaction curve of POC is shown in Fig. 4.

3.2 Shear Strength of Soft Clay Mixed with Palm Oil Clinker

Unconfined compression test was conducted upon samples of soft soil mixed with
POC of fine grain size at several volume proportions (100:0, 90:10, 80:20, 70:30,
60:40 and 50:50).
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Fig. 3 Particle size distribution of POC

Fig. 4 Compaction result of POC

Figure 5 shows the condition of the 100% soft soil sample at the beginning and at
the end of the shear strength test, respectively. The stress–strain curve of the untreated
soft soil sample is shown in Fig. 6.

Figure 7 shows the comparisons of the sample for 50:50 mixtures at the beginning
and at the end of the shear strength test. The shear failure plane can be seen clearly
from the figure. In addition, the condition of 80:20 mixture sample at the end of the
test is shown in Fig. 8.

Figure 9 shows the variations of the stress–strain curve of soft soil added with
various proportions of POC. Based on the graph, it can be observed that adding fine
grain size of POC in the amount of 20% gives the best improvement towards the
strength of the soft soil. Other value of proportion did not make any significance
improvement to the soft soil.
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Fig. 5 UCT of 100:0 mixtures (before and after the test)

Fig. 6 Stress–strain curve of 100:0 mixtures

4 Conclusion

Several tests to determine basic properties of soft soil and POC have been conducted
which are particle size distribution, specific gravity, soil consistencies, compaction
and unconfined compression test. From this study, it is found that by adding 20% of
fine grain POC is able to improve the shear strength of the soft soil. It shows that
the addition on palm oil clinker into soft soil is able to improve the shear strength
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Fig. 7 UCT of 50:50 mixtures (before and after the test)

Fig. 8 UCT of 80:20 mixtures (before and after the test)

of the soil. This study hopes to give some alternatives to the utilization of palm
oil clinker in geotechnical engineering field. Recycling such waste in several civil
engineering fields may help to preserve environment and contribute to sustainable
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Fig. 9 Variation of stress–strain curve of soft soil added with palm oil clinker (fine grain size)

industry. Further study needs to be conducted to assess the enhancement made by
different size of POC when added with soft soil.
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Study on Bio-cementation of Ex-coal
Mining Soil as a Road Construction
Material

A. M. Indriani, Tri Harianto, A. R. Djamaluddin, and A. Arsyad

Abstract Hundreds of thousand hectares of ex-coal mining land are left without
good management and use. This abandoned mine soil can be reused. This soil is
composed of coal, sand and clay. Microstructural analysis shows that this material
contains the chemical elements of quartz, titanium dioxide and clay minerals. This
soil has been analyzed to determine its engineering properties and potentials for
use in civil engineering construction. In this study, this soil was treated with bio-
cementation to improve geomechanical properties by adding 3% and 6% Bacillus
subtilis bacteria with bacterial culture for 6 days. Direct shear testing is done to see
the increase in CBR and shear strength. The results showed that the CBR and shear
strength of the soil increased with the addition of 6% bacteria and a curing time of
28 days then 3% bacteria in the same curing time.

Keywords Bio-cementation ·Mine soil · Bacillus subtilis

1 Introduction

Indonesia has hundreds of thousands of hectares of ex-coal mining land that has been
left without propermanagement by the government ormining companies. After anal-
ysis, the soil in these former mining areas can still be used as a road construction
material. However, this soil needs to be improved in terms of engineering proper-
ties such as CBR and shear strength values. Turning the ex-coal mining soil to a
cement-like material using bacteria (bio-cementation) is considered one of the bio-
geotech technologies that are developing [1]. For geotechnical applications, micro-
bial grouting is mostly utilized to strengthen the soils through increasing soil strength
and stiffness through the biomineralization of CaCO3 crystals that act as a cementing
agent, binding soil particles together inside the soil matrix [2].
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Recent advances in soil stabilization using calcite-inducedmicrobial precipitation
techniques (CaCO3) (MICP) have been reported by Mujah et al. [4]. Microbial-
induced calcium carbonate precipitation (MICP) deposition is a naturally occurring
biological process inwhichmicrobes produce inorganicmaterial as part of their basic
metabolic activity. This technology has been explored and promising with potential
in a variety of technical applications [3].

However, coal-mined soils contain heavy metals, so special attention needs to
be paid in the process of applying bio-cementation using bacteria. Bio-cementation
using Bacillus subtilis bacteria has been studied extensively focusing on sandy and
clay soils, no one has yet done research on soils containing coal.

2 Materials and Methods

2.1 Soil Type

The ex-coal mining soil is obtained from Balikpapan, Province Kalimantan Timur,
Indonesia. To provide detail of materials used in the experimental study, laboratory
investigation programwas carried out to evaluate the basic properties andmechanical
properties of the untreated soil and stabilized soil, in this case, soil containing 15%
of coal treated by microbially induced calcite (CaCO3) precipitation (MICP).

Based on the sieve analysis, this soil is a sand because 0% retained from the
sieve No. 4 and only 2% of the material passed from the sieve No. 200. Based on
the USCS classification system, the soil is categorized as poorly sand (SP) with
coefficient of uniformity(Cu = 1.8) and coefficient of curvature (Cc—2.86). The
mechanical properties are shown in Table 1.

Table 1 Mechanical properties

Test Test Results Unit

Engineering properties of sample soil:

Standard Proctor

a Maximum dry density, (γ d) 1.77 g/cm3

b Optimum moisture content (OMC) 6.4 %

Direct Shear

a Cohesion (c) 5.8 kPa

b Internal friction angle (f ) 36

California bearing ratio—Unsoaked (CBR)

a Unsoaked 34 %

b Soaked 13 %
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Microstructure analysis using X-ray diffraction (XRD) shows that minerals
contained in soil with 15% coal are dominated by 92.5% silicon oxide $ -alpha
quartz low (SiO2) as much as 92.5% and 7.5% ilmenite (Fe O3 Ti).

2.2 Preparation of Bacteria and Cementation Solution

The urease-producing bacteria used were Bacillus subtilis. B. subtilis is a Gram-
positive, rod-shaped bacterium that forms heat-resistant, dormant spores. It is
commonly found in the soil (Piggot, 2009) and can grow in a minimal medium
containing only essential salts and carbon, nitrogen and phosphorus sources. B.
subtilis grows at temperatures ranging from 10° to 55 °C, with the fastest growth
rates at about 42° C. At 37° C, it grows with a doubling time of about 30 min in a
rich medium.

In this experimental,Bacillus subtiliswas cultured inB4medium,which contained
urea (20 g/L), nutrient broth (3 g/L), NaHCO3 2 · (12 g/L), CaCl2 · 2H2O 4 · (14 g/L)
and NH4Cl (10 g/L) dissolved in distilled water. The cementation solution used in
this study consisted of 0.25 M of urea and 0.25 M of calcium chloride. Variation of
culture times is made in two variations, that is 3 days and 6 days.

2.3 Soil Treatment Procedures

Optimum condition for effective CaCO3 precipitation to evaluate the optimum
combination of culture and Bacillus sublitis concentrations that produces the
most effective CaCO3 crystals, a series of different culture and Bacillus sublitis
concentrations, as listed in Table 2, were used in the experiment.

Bacteria-free soil samples for direct shear test were prepared at the optimum
moisture content, i.e., 6.4% as shown in Table 1, on the other hand, for the samples
containing bacteria, the required amount of bacteria solution (in place of somewater),
as shown in Table 2. Seventy two samples were prepared for direct shear testing on
different days. All test samples were made in PVC mold and kept in appropriate
condition until the test days.

Direct shear specimens were remolded according to standard method ASTM D-
3080 being 6 cm in diameter and 2 cm high. Specimens were tested at curing times
of 3 days, 7 days, 14 days and 28 days (Fig. 1).

Table 2 Combination bacteria culture and concentration used in the current study

Bacillus sublitis Sample

Culture 3 days 6 days

Concentration 3% 4.5% 6% 3% 4.5% 6%
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Fig. 1 Sample preparation

2.4 Microstructure Analysis

The bonding behavior of CaCO3 crystal microstructural characteristics and the corre-
sponding strength of bio-cemented ex-mine soil post-treatment were investigated
using scanning electron microscopy (SEM).

3 Experimental Result

3.1 Effect of Bacterial Concentration

Precipitation was observed at a temperature of 30–32 °C of the growth medium.
Curing is done in the direct shear test carried out for a period of 3, 7, 14 and 28 days
to see changes due to the MICP process. From the results of sample testing, it can be
seen that the shear stress for 15% of coal-contaminated soil-stabilized MICP using
Bacillus subtilis bacteria gives excellent results. The effects of different concentra-
tions and culture time of bacteria on the shear stress of the MICP samples are shown
in Fig. 2 and Table 3.

From Fig. 2 of the relationship between normal stress and shear stress MICP
3 days and 6 days culture, it can seem that the value of shear stress continues to
increase with longer curing time.

Figure 3 shows the increased cohesion resulting from the stabilization processwith
MICP compared to the untreated soil. There were also differences in the change in
cohesion values between theMICP stable soil 3 days of culture and 6 days of culture.
The addition of Bacillus subtilis in 3 days of culture, the more the concentration of
bacteria added to the former coal mining soil, the higher the value of soil cohesion.
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Fig. 2 Normal stress and shear stress relationship after MICP treated

Table 3 Shear stress parameters

MICP Bacillus subtilis Curing time (days) Parameters

Culture (days) Concentration (%) c (kPa) � (°)

3 3 28 36.2 53

4.5 37.1 53

6 47.1 58

6 3 30.4 49

4.5 26.1 47

6 25.4 45

The longer the curing time, the higher the cohesion value compared to untreated soil.
But the opposite happened when the addition of Bacillus subtilis was to the culture
for 6 days, the addition of bacterial concentration decreased the cohesion value.
Even when compared with untreated soil, giving Bacillus subtilis bacteria culture
for 6 days still increased the cohesion value.
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Fig. 3 Curing time and cohesion (c) relationship after MICP treated

The internal friction angle (φ) also increased. On the addition of concentrations
of 3% and 4.5% with a curing period of 3, 7 and 14 days, the culture time of 6 days
and the internal friction angle (φ) increased better than 3 days culture time, but at
the curing period of 28 days, the value was lower than the 3 days culture time. At the
addition of a concentration of 6% Bacillus subtilis, a culture time of 3 days is better
than a culture time of 6 days. It is shown in Fig. 4.

This is consistent with the results of a previous study conducted by Cheng et.al
(2017) which states that increasing the concentration of bacteria increases the soil
UCS value due to the increase in CaCO3 produced as shown in Fig. 5, where it is
seen that increasing the concentration of bacteria increases the deposition of CaCO3

so that the value of shear strength also increased.

3.2 Effect of Bacterial Culture

Culture has a very big influence on the soil stabilization process using the MICP
method. From the test results using the 3-day culture of the Bacillus subtilis bacteria
gave better results compared to the use of the 6-day culture. This is because in the
3-day culture, the Bacillus subtilis bacteria were still exponential phase and still close
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Fig. 5 Relationship between
increasing UCS value and
CaCO3 deposition due to
increased bacterial
concentration (Cheng et al.
2017)

to the stationary phase while the 6 days of culture the Bacillus subtilis bacteria have
entered the death phase so that the MICP process is no longer effective (Fig. 6).
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Fig. 6 Bacterial growth
phase

3.3 Microstructure Analysis

The link between the CaCO3 crystal microstructural characteristics and the corre-
sponding strength of bio-cemented sand post-treatment was investigated using
scanning electron microscopy (SEM) (HITACHI FLEXSEM 100). The bonding
behavior between the host grain and the structure of the CaCO3 crystals, as well as
the evolution of the effective CaCO3 crystal morphology, was examined. The precip-
itation of large CaCO3 crystals would increase the area of contact for greater shearing
resistance, thus contributing to a high shear strength value; however, the relative size
between the CaCO3 crystals and sand particles is more important than the absolute
size of the crystals themselves because the crystals need to be large enough to fill in
the contact points of the different sand grain sizes [4] (Fig. 7).

CaCO3

Fig. 7 Microstructure of soil sample
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4 Conclusion

This paper has shown that the bacterium Bacillus subtilis can be used in the MICP
process in coal-contaminated soils.After treatment, the shear strength value increased
by more than 290% compared to untreated soil. That increasing the concentration of
bacteria increases the soil shear strength. Culture has a very big influence on the soil
stabilization process using the MICP method.
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Utilization of Coal Gangue
for Earthworks: Sustainability
Perspective

Mohammed Ashfaq, M. Heera Lal, and Arif Ali Baig Moghal

Abstract In recent years, there is a growing trend to utilize industrial residues/wastes
with the aim of conserving natural resources. However, the environmental impacts
in the form of carbon emission associated with their utilization ought to be predeter-
mined prior to their promotion as a sustainable alternative to natural materials. This
study aims to quantify the environmental impacts associated with the application of
coal gangue (CG) in earthworks by performing carbon footprint analysis (CFA) and
cost analysis (CA). An ongoing project of reinforced earthwork construction under-
taken by the Government of Telangana, India, has been considered for the CFA and
CA of coal gangue utilization. Prior to the CFA and CA, the feasibility of using CG
for reinforced earth wall was ascertained by studying its geotechnical characteristics.
Additionally, CFA was also performed to quantify the carbon emission associated
with the disposal activity of unused CG. Results revealed that CG exhibited favor-
able geotechnical properties to enable its applications in earthworks. The CFA results
indicate that the procurement and haulage of raw materials accounted for maximum
carbon emissions and utilization of CG can eliminate 361 CO2eq (kg) associated
with its disposal. Further, the CA revealed that CG utilization in earthworks results
in Re 3333/m3 reduction in cost of construction. Furthermore, the results of the study
revealed that the utilization of CG can lead to a significant decrease in the carbon
footprints by eliminating the carbon emission associated with disposal of CG, thus
creating a positive impact on the environment.

Keywords Coal gangue · Carbon footprint · Sustainability · Reinforcement ·
Retaining wall

1 Introduction

Climate change is a serious problem which must be addressed with holistic solu-
tion. A primary contributor to climate change crisis is the increase in greenhouse
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gases (GHG) in the atmosphere, caused mainly by fossil fuel consumption. With the
global population growing at an unparalleled rate, demand for commercial energy has
escalated proportionately. In India, fossil fuels are the major contributors in power
generation with a share of more than 65% of total power output. Among the fossil
fuels, coal is the primary source of energy with more than 550 million tons of annual
generation. With an estimated reserve of more than 300 billion tons, the trend of
relying on coal as a major source of fuel in power generation will persist. Another
major contributor to greenhouse gas emissions is the built environment, accounting
for more than 40% of global carbon dioxide emissions [1–3]. The built environment
acts as an interface between the human society and ecosystem, and any disruption in
its operation can have a multifaceted impact on them. The geotechnical engineering
works have traditionally been one of the principal contributors to the built environ-
ment with huge consumption of both natural and man-made resources like soils,
cement, concrete, industrial and mining wastes. In order to attain sustainable devel-
opment, identification and development of economic and environmentally viable
engineering products become paramount. It is generally considered that the utiliza-
tion of industrial and mining wastes as an alternative to natural soils is an effective
method to reduce financial and environmental burden associated with their procure-
ment and operation. The coal mining activity involves release of waste at different
levels of its execution and the largest among such wastes is CG, which accounts for
10–15% of total coal produced [4]. Though there are considerable reports available
on the characteristics of coal combustion residues like coal ash and fly ash, very
little information has been established on the properties of CG [5–10]. The CG is
a heterogeneous well-graded solid waste produced during the mineral processing
and washing phase of coal mining with traces of coal on it which vary with mining
methodology and the prevailing geology [11, 12]. With the current practice of loose
dumping, CG has been one of the largest industrial residues in terms of land occupied
which may cause potential subsidence failure at the underground mining sites [13].
CG exhibits higher concentrations of tracemetal elements and under rainfall-induced
submergence, and these contaminants may be prone to leaching into the surrounding
environments. The capitalization of this coal mining residue can havemanifold bene-
fits such as: (i) minimization of disposal costs, (ii) conservation of dwindling natural
resources and (iii) mitigation of environmental impacts [11, 14–17]. The presence of
silica and alumina along with the traces of clay minerals and residual coal fractions
has led to the utilization of CG in various applications such as power generation,
fertilizer production, brick production, cement and concrete production, as a back-
fill material and a landfill liner material [18–22]. Though the utilization of CG has
increased in recent times, the volume of its generation is still huge. In this context,
attempts should be made to explore new avenues for the safe disposal and utiliza-
tion of CG. Bulk utilization of CG can be accomplished by using them in various
civil engineering applications. More precisely, its application in geotechnical engi-
neering as a potential embankment or fill material can prove to be a prudent attempt.
However, prior to its utilization, clear understanding of geotechnical properties of
CG becomes essential. Further, evaluation of environmental impacts associated with
the utilization of coal in geotechnical can validate it as a sustainable alternative to
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the natural soils. An efficient tool in this regard is to estimate the environmental
impacts in terms of energy consumption and carbon emissions, and there is sharp
rise in application of life cycle analysis (LCA) in civil engineering works.

In recent times, a much simpler tool of LCA known as carbon footprint anal-
ysis (CFA) has been developed with the primary focus on CO2 emissions, which
contributes to more than 90% of total greenhouse gas emissions (GHG). Application
of CFA in engineering practice eliminates complexities and simplifies the arduous
task of quantifying all the greenhouse gases. Hence, in the present study, an attempt
is made to perform comprehensive characterization of CG to validate their applica-
bility in various civil engineering applications. Further, efforts have been made to
perform CFA to quantify carbon emissions involved in the utilization of CG as a fill
material in the construction of reinforced earth wall and its disposal.

2 Materials and Methodology

In the present study, CG procured from Kakatiya coal mines (18° 25′ 53.2′′N;
79° 51′ 30.8′′E), Bhupalpally, Telangana, India. The CG procured is pulverized using
jaw crusher, and only 4.75 mm passing fraction has been considered for geotechnical
characterization to eliminate the boundary effects associated with varying sizes. The
physical properties of CG presented in Table 1 were determined by performing tests
in accordancewith their respectiveASTMstandards [Refer Table 1]. The compaction
tests were performed for both standard and modified compaction scenario following
procedure laid by ASTM D698 [23] and ASTMD 1557 [24], respectively. To find
the shear parameters of CG, direct shear test was performed on CG in accordance
with the procedure laid down by ASTM D3080 [25]. Prior to direct shear test, the
sampleswere compacted to 95%ofmaximumdry density using static compactor, and
the strain rate applied is 0.35 mm per minute. Further, to understand the influence of
confining pressures on stress–strain behavior of CG unconsolidated undrained (UU),
triaxial compression test was performed on coal gangue (with varying fines content)
in accordance with procedure laid down by ASTMD2850 [26]. In order to avoid the
influence of moisture fluctuations on the shear behavior, a fixed optimum moisture
content of 17% was employed for all the coal gangue combinations. The confining

Table 1 Physical properties of coal gangue

Properties Value ASTM Standard

Specific gravity 2.57 ASTM D854-14 [30]

UCS classification SP ASTM D2487-17 [31]

Liquid limit (%) 28 ASTM D4318-17 [32]

Plastic limit (%) NP ASTM D4318-17

Plasticity index NP ASTM D4318-17

pH 7.17 ASTM D4972 [33]
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pressure (CP) was varied from 50 to 150 kPa with an increment of 50 kPa. The range
of confining pressure was fixed based on the previous research on coal tailings by
Indraratna et al. [16] and Heitor et al. [27]. The hydraulic conductivity of CG was
evaluated by using rigid wall permeameter in accordance with ASTMD 5856 [28].
The California bearing ratio (CBR) test on CG was carried out in accordance with
the specifications laid down by ASTM D1883 [29]. The thorough understanding
of mineralogy assists in the comprehension of mechanism involved in the variation
in geotechnical property of CG, thus X-ray diffraction analysis was carried out on
crushed (200 mm sieve passing) fraction of CG. From the clear and distinct peaks
in X-ray diffractograms of CG presented in Fig. 1, it can be comprehended that the
minerals present in CG are crystalline in nature. Further, it was observed that quartz
(SiO2) is the major mineral present in CG. However, the results (Fig. 1) also confirm
the presence of clay fraction in the form of Kaolinite mineral which is a distinguished
feature of CG compared to other coal combustion residues like fly ash and pond ash.

Previous researchers like Bouzza and Heerten [34] and Damians et al. [35] have
established that methodology adopted in the evaluation of carbon emissions associ-
ated with the geotechnical works like MSE wall construction, subgrades and landfill
liner works. The CFA has been performed for two cases, i.e., utilization of CG as a
subgrade material and the disposal process of CG.

Further, the following boundary conditions have been adopted in CFA:

• Transport of labor from and to the construction site.
• Production of fuel and its haulage to the construction site.
• Post construction maintenance of the project.
• Manufacture of equipments and vehicles used in the project.

The exclusions made in the current study are in accordance with guidelines
provided in ISO 14040 [36] and ISO 14044 [37]. The carbon emissions coefficient
(CC) of amaterial represents the estimated CO2 emissions involved in its production.
TheCCof thematerial considered in the current studywas obtained from inventory of

Fig. 1 X-ray diffractograms
of crushed coal gangue
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Hammond and Jones [38] and Ashfaq et al. [39]. The payload capacity, fuel economy
and engine capacity of the vehicles used in the study were sourced from Davis et al.
[40] and Shillaber et al. [41].

3 Results and Discussion

The physical properties of CG are presented in Table 1. Based on gradation curve,
coarse coal gangue is classified under poorly graded sand (SP). The shear strength
parameters take paramount importance especially in the construction of embank-
ments and backfills. Further, it is observed that CG has favorable shear strength
parameters in terms of friction component. Being non-plastic and cohesionless, CG
derives all its shear strength from frictional component. It is worthwhile to note that in
spite of its low dry density, CG has exhibited higher frictional angle than sandy soils.
This can be attributed to the angularity and rough texture of CGwhich provide higher
grade of interlocking in the shearing process. The positive shear strength parameters
of CG provide a viable substitute to the natural geomaterial. Similar results were
established by earlier characterization studies on CG by Ashfaq et al. [42].

3.1 Geotechnical Characterization

The following geotechnical properties of CG were assessed to confirm its applica-
bility in earthworks. The grain size distribution (GSD) curve of CG is presented in
Fig. 2, and the results are compared with other industrial residues like coal tailings,

Fig. 2 Grain size
distribution curve of coal
gangue
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fly ash and mine tailings. From the GSD curves, it can noted that the coarse frac-
tion in CG is relatively more compared to other industrial residues. However, due
to inherent heterogeneity, the GSD of CG exhibited more uniform gradation with
varying particle size. The heterogeneity of CG can prove advantageous if applied as a
fill material due to its relatively greater potential to dissipate pore water accumulation
and thereby can eliminate the failure of hydraulic structures.

Compaction

The compaction behavior of CG was studied for both standard and modified proctor
compactionmethod.The testswere conducted over varying contents (10–24%). From
the compaction results presented in Fig. 3, it can be observed that the maximum dry
density (MDD) and optimum moisture content (OMC) of CG are 1.99 (g/cm3), 16%
and 2.31 (g/cm3), 18% for standard and modified compaction, respectively. The
relatively lower MDD value of CG compared to natural soils (non-cohesive) can be
attributed to its low specific gravity (2.57). In coherence with natural soils and other
industrial wastes, the MDD and OMC values of CG for modified case are relatively
higher. From both the compaction curves (refer Fig. 3), it can be noted that the
distinct peak and rapid fall post peak were observed for both standard and modified
compaction curves. The observed MDD values of CG are akin to silty sands which
exhibit drainage characteristics. Further, the relatively lower MDD values of CG
facilitate its greater workability as a fill material with relatively lower lateral earth
pressure compared to conventional fill materials.

Shear Strength

The thorough understanding of shear strength properties is essential for application
of CG as a fill material. The results obtained from DST test showed that the shear
strength parameters, i.e., cohesion (C) and angle of frictional resistance (ϕ) of CG
are 26 kN/m2 and 39°, respectively. It can be noted that the being non-plastic in
nature, CG has favorable shear strength which is primarily derived from frictional

Fig. 3 Moisture content
versus dry density variation
of CG
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component. The greater frictional resistance can be attributed to effective interlocking
of CG particles attained by inherent angularity and rough texture of CG surface.
Further, in order to study the effect of confining stress (CS) on the stress–strain
behavior of CG, unconsolidated undrained triaxial test was performed and the results
are presented in Fig. 4. From the results, it can be noted that the increase inCP resulted
in variation in the stress–strain behavior of coal gangue. At a CS of 50 kPa, the
maximum deviator stress (DS) of CG was observed as 280 kPa at axial strain of 7%.
TheDS value linearly increasedwithCSwith the attainment of peakDS value at axial
strain of 14%. With the increase in CS from 50 to 100 kPa, the maximum DS value
increased by 125% which highlights the role of CS on stress–strain behavior of CG.
The increase in CS has not only increased the corresponding DS value but also has
delayed the attainment of peakDS from7 to 14%axial strain. Irrespective of variation
in CS value, the linear increase and subsequent fall post peak DS value demonstrate
the perfect plastic deformation behavior of CG. Further, it also highlights the fact
that the strain-softening behavior of CG is unaltered even at higher CS. This distinct
stress–strain behavior of CG can be attributed to dense interlocking arrangement
of CG particles which yields higher frictional resistance with relatively higher void
ratio.

Hydraulic Conductivity

The understanding of hydraulic conductivity behavior is essential for the application
ofCGas a fillmaterial in earthen dams and embankments. The hydraulic conductivity
(HC) of CG was observed to 6.4 × 10−4 cm/s which is comparable to silts and
silty sands. The observed HC values of CG are relatively lower compared to coal
combustion residues like fly ash and pond ash. The lower HC can be attributed to
the presence of traces of coal and clay fraction (refer Fig. 1). From the HC values of
CG, it can be inferred that CG meets the IS 1498 specifications for fill material in
embankments [1].

Fig. 4 Variation in
stress–strain behavior of CG
with confining stress
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Table 2 Existing correlations for the estimation of resilient modulus based on CBR value

Correlation model References

MR = 10 CBR Heukelom and Foster [44]

MR = 38 CBR0.711 Green and Hall [45]

MR = 18 CBR0.64 Lister and Powell [46]

MR = 21 CBR0.65 Ayres [47]

MR = 17.6 CBR0.64 AASHTO T.307 [48]

MR = 3 CBR Edil et al. [49]

California Bearing Ratio

In the present study, the CBR tests were performed to assess the feasibility of using
CG as a subgrade material in pavement applications. From the tests, it was observed
that the unsoaked and soaked CBR values of CG are 19% and 18%, respectively. It
was observed that the loss in CBR values in soaked condition is negligible which
highlights the fact that loss in bearing ratio due to capillary forces (under soaking)
is minimal. Further, it can be comprehended that the observed CBR values of CG
satisfy the design requirements for subgrade material as specified by IS 1498 [43].
However, the stabilization of CG with traditional additives like lime and cement can
enhance its CBR value further which is always desirable for any subgrade material.

The resilient modulus (MR) is one of the essential parameters in the design of
pavement structures, and hence an attempt was made to the estimate the MR values
based on the observed CBR values. Many empirical correlations were proposed by
previous researchers to estimate MR from CBR values which were analyzed (Table
2) to select the best possible model for the estimation of MR value.

Since most of the models over predicted MR value, the correlation proposed
by AASHTO was adopted in the present study due to its wider acceptance and
application. The predicted MR values for unsoaked and soaked case are 116 MPa
and 111MPa, respectively. In coherence with the observations made for CBR values,
the highest MR values were reported for unsoaked case. From the observed CBR and
MR values, it can be inferred that the CG can be utilized as a subgrade material.

3.2 Carbon Footprint Analysis (CFA)

To assess the environmental impacts associated with the utilization of CG as a fill
material in embankment and its disposal, CFA was performed for both the cases of
its utilization and disposal.

Case I. CFA of coal gangue application in earthworks. The potential environ-
mental impacts envisagedwith utilization of CG in geotechnical engineering applica-
tions are evaluated by performing CFA on its application as a fill material in highway
embankment. For the present study, the extension of Karimnagar-Ramagundam
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highway (18° 38′ 33.3′′N 79° 23′ 24.7′′E) has been considered for CFA analysis.
CFA has been performed in four stages. In the first stage, the embodied carbon of
materials used is computed. Embodied carbon refers to emissions involved in the
production/formation of raw material. The CC of materials emissions is taken from
data established byHammond and Jones [38] andAshfaq et al. [39]. The second stage
deals with the emissions related to the loading and transport of materials. The vehi-
cles adopted for loading and transport are pickup excavator and heavy duty dumper
of 10 tons and 25 tons capacity, respectively. The third stage involves the estima-
tion of emissions related to the site operation. The site operations include loading
of in situ soil/CG with a pickup excavator followed by spreading/placing of backfill
of CG with bulldozer. Compaction of the placed backfill is done using a vibratory
roller. Since emissions in the saturation of backfill (using water jets) are relatively
insignificant due to absence of machinery/vehicle operations, their quantifications
have not been included in the CFA. The final stage of CFA involves the estimation of
CO2 emissions related to the disposal/transportation of waste generated during the
MSE wall construction. Due to the brevity, the fuel economy of each vehicle type
and other sub-calculations such as determination of quantity of each material based
on their respective unit weights are excluded from the study.

From the results presented in Figs. 5 and 6, it is evident that the raw material
procurement and haulage contribute to the bulk of emissions which may be due
to the import of backfill to the construction site. The embodied carbon, i.e., the
carbon emissions in the generation/manufacture of coal is much higher compared
to conventional or natural fill materials. This is due to the fact that coal mining
involves the deep excavation involving application of huge mechanical and manual
forces. On the contrary, the embodied carbon of CG is almost zero or negligible
which is attributed to its mode of generation, i.e., embodied emissions are defined

Fig. 5 Staged CO2 emissions in coal gangue application and disposal scenario
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Fig. 6 Variation in CO2 emissions with haulage distance

as the total emissions associated with various stages of manufacturing/production
of product, the coal gangue being a by-product, and the embodied emissions for
it are non-existent. The emissions involved in transport (Fig. 5) are inevitable and
remain the same irrespective of the variation in fill material. The transport has a
predominant effect on the overall emissions, and it is evident in Fig. 5. This is further
explained in Fig. 6 which depicts the variation in the overall emissions with the
increase in transport distance. The effect of haulage distance is clearly manifested
with an exponential increase in emissions. It was observed that with the 10 km
increase in distance of transport, the emissions increased by 3200 CO2eq (kg) from
50 km. This further emphasizes the point that utilization of CG as an alternative to
natural soils can substantially reduce carbon emissions, especially if the construction
activity is takingplace in the vicinity ofmining sites or location(s)which are relatively
at shorter distance compared to the conventional fill materials. In other words, it can
be said that the viability of utilizing CG as an alternative fill material is greatly
determined by its ease of procurement to the pavement construction site. Further,
the influence of using stabilizers like lime and cement to enhance the mechanical
properties of CG is beyond the scope of the current study. It is generally established
that the usage of cement and lime further enhances the overall carbon emissions due
to their very high carbon emissions coefficients. The high CC of lime and cement is
due to theirmode ofmanufacturewhich involves calcination at very high temperature
using fossil fuels as a source of power.

Case II. CFA of coal gangue disposal. In this case, CFA was performed with the
objective of estimating the CO2 emissions related to the disposal activity of CG.
Globally, there is no uniform mode of disposal for CG, for the brevity of study, the
disposal method considered is specific to Bhupalpally mine site, Telangana State,
India. Currently, CG is periodically collected from the mine site and is loosely
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Fig. 7. Cross section of conventional and coal gangue fill

dumped in the nearby vacant lands located at a distance of 3 km (18° 27′ 23.8"N
79° 50′ 29.3"E). In this case, the carbon emissions are calculated for the embodied
carbon, procurement/loading and haulage of CG. Pickup excavator of capacity 10
tons/Liter is used for loading of CG. For the transportation of CG to the dumping site,
heavy duty dumper of 25 tons/liter capacity is employed. The detailed calculations
involved in CFA of case II are presented in Table 3.

For both the cases, the embodied carbon of the materials accounted for the
maximumamount of carbon emissionswhich indicates that the emissions rise propor-
tionately with the increase in raw materials. Though the haulage distance of CG
is relatively small, its enormous volume contributed to its greater emissions. It is
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Table 3 CFA of coal gangue disposal

Process Quantity
of waste
(kg)

Vehicle/machine Capacity
(kg) × 103

Distance
(km)

Volume
of fuel
(L)

CO2eq (kg)

Embodied
carbon

29,510 – – – – 206

Procurement 29,510 Pickup excavator 10 0 23 96

Haulage 29,510 Heavy duty
dumper

25 3 14 59

The total CO2eq (kg) emissions = 361

inferred that application of CG in pavement application can result in a net savings of
361 CO2eq (kg). The value obtained is specific to the Bhupalpally mining site, and
it is subject to variation with the mining location. The mode of disposal and distance
of disposal site are other influencing factors which determine the overall savings in
carbon emissions.

3.3 Cost Analysis (CFA)

The economic viability is the primary factorwhich influences the decision of utilizing
any novel material in earthworks. For the proposed embankment, the cost anal-
ysis was performed to evaluate the impact of CG utilization on the overall cost of
construction. Further, in order to compare the results with the existing conventional
fill materials, similar analysis was extended to local available soil. The cross sections
of both the scenarios are presented in Fig. 7. Since the overall cost of construction
directly increases with the dimensions of and also to facilitate the comparison of
results, the dimensions of embankment for both the fill scenarios are assumed the
same. However, the volume of fill varies owing to the difference in unit weight of the
fill material. In the current study, the volume of CG fill is relatively greater compared
to local soil due to lower unit weight. Since, the costs of CG procurement are not
defined in Ministry of Road and Transport and Highways (MORTH) specifications,
an assumed value equivalent to the average cost of procuring for mining/industrial
wastes has been considered. It is noted that the overall costs of embankment with
local soil are 36% higher compared to embankment with CG as fill material which is
primarily due to the nominal cost of procurement for CG. This difference in cost of
construction substantially increases with the dimensions of embankments. Further, it
was also observed that the distance of haulage of material greatly influences the costs
of construction. Similar observations were also made for the overall carbon emis-
sions associated with haulage of CG. For every 5 km increase in haulage distance,
the CG procurement costs increase by 22%. Thus, for situations in which the haulage
distance is less than 23 km, CG as fill material is more economical alternative option
over the conventional fill material (local soil). On the whole, the CA revealed that
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CG utilization in earthworks results in Re 3333/m3 reduction in cost of construction.
Further, in addition to the reduction in overall project costs, CG utilization as a fill
material provides the following benefits:

i. Conservation of scarce natural resource (soil).
ii. Avoids the rapid fluctuations in ground water table.
iii. Preservation of biodiversity of local environment.

Similar benefits were noted by Kumar and Patil [50] and Pant et al. [51] for coal
combustion residues.

4 Conclusions

In the present paper, geotechnical properties of CG were examined to ascertain
the feasibility of its application in pavements. The CFA was carried out for the
construction of pavement. Further, CFA related to the disposal of CG was carried
out. Following conclusions were drawn from the study:

• Geotechnical characteristics of CG revealed that it has favorable properties for its
application as fill material.

• The emissions related to the embodied carbon of the raw materials were observed
to be substantial.

• The emissions proportionately increasedwith transportation distance ofCGwhich
accounted for the maximum CO2eq emission.

• In the current study, the net savings due to utilization of CG were observed to be
361 CO2 (kg).

• TheCA revealed that CGutilization in earthworks results inRe 3333/m3 reduction
in cost of construction.
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A Consideration on Numerical Model
for the Relationship Between
Evaporation Efficiency and Volumetric
Water Content

Yuta Jikuya , Kazunari Sako, and Shinichi Ito

Abstract It is important to obtain the amount of evaporation from the slope surface
to analyze slope stability after rainfall. The bulk method is one of the evaporation
estimation methods. Using this method, the amount of evaporated water from bare
ground surfaces can be estimated from the general meteorological data. The evapora-
tion efficiency, β, is an important parameter of the bulk method and is influenced by
the volumetric water content in unsaturated soil. The molecular diffusion distance,
F(Wv), is also an important parameter to calculate β. F(Wv) is influenced by the type
of surface soil, the void ratio, and the volumetric water content, etc. The functional
form of F(Wv) was obtained from experiments, and the experimental relationships
between the volumetric water content and F(Wv) for loam and sand were explained
by Kondo et al. In this paper, a numerical model for the molecular diffusion distance,
F(Wv), derived from soil parameters such as grain size and void ratio is proposed,
and β obtained from our proposed numerical model is compared with the results
of laboratory tests by Sako et al. As a result, the applicable scope of the numerical
model and the necessity of improvement of the numerical model are discussed.

Keywords Evaporation · Evaporation efficiency · Bulk method · Unsaturated
sandy soil

1 Introduction

Countermeasures for rainfall-induced slope failure are classified roughly into struc-
tural measures and non-structural measures. It takes a lot of time and money to
implement structural measures at all dangerous points, so it is desirable to enhance
non-structuralmeasures. In non-structuralmeasures, evacuation advisories and traffic
regulations are conducted. However, conventional evacuation advisories and traffic
regulations focus on setting standards for issuance based on rainfall intensity, and

Y. Jikuya (B) · K. Sako · S. Ito
Kagoshima University, Kagoshima 890-0065, Japan
e-mail: k7665614@kadai.jp

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Hazarika et al. (eds.), Advances in Sustainable Construction and Resource
Management, Lecture Notes in Civil Engineering 144,
https://doi.org/10.1007/978-981-16-0077-7_21

221

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0077-7_21&domain=pdf
https://orcid.org/0000-0001-6816-1263
mailto:k7665614@kadai.jp
https://doi.org/10.1007/978-981-16-0077-7_21


222 Y. Jikuya et al.

there are no clear standards for cancelation of issuance. To set standards for cance-
lation of issuance, it is necessary to assess the slope stability after rainfall. It is
important to obtain the amount of evaporation to analyze the slope stability after
rainfall.

The bulk method is one of the evaporation estimation methods. In this method,
if the exchange speed, ga, and the evaporation efficiency, β, are known in advance,
the amount of evaporated water from bare ground surfaces can be estimated from
the general meteorological data. The molecular diffusion distance, F(Wv), is an
important parameter to calculate β. F(Wv) is influenced by the type of surface soil,
the void ratio, and the volumetric water content, Wv, etc. [1].

In this paper, a numerical model for the molecular diffusion distance, F(Wv),
derived from soil parameters such as grain size and void ratio is proposed, and
the validity of the numerical model is discussed. The numerical model is based
on the numerical model for the seepage behavior of unsaturated soil proposed by
Sako et al. [2]. Firstly, the outline of the bulk method and the numerical model
proposed by Sako et al. [2] is described. Especially, the relationship between the
volumetric water content and the molecular diffusion distance (Wv–F(Wv) relation)
is explained. Secondly, the outline of our proposed numerical model is described, and
the evaporation efficiency, β, is calculated using the numerical model. Comparing
with the results of laboratory experiments by Sako et al. [3], the applicable scope of
the numerical model and the necessity of improvement of the numerical model are
discussed.

2 Outline of the Bulk Method

The estimationmethod of evaporation using the bulkmethod (β-method) is expressed
as the following equation:

E = ρgaβ{qSAT(Ts) − qa} (1)

where E is the evaporation per unit area [kg m−2 s−1], ρ is the air density [kg m−3],
ga is the exchange speed [m s−1], β is the evaporation efficiency [−], qSAT(T s) is
the saturation specific humidity at the soil surface temperature, T s [kg kg−1], and
qa is the specific humidity of the air [kg kg−1]. Almost all parameters of the bulk
method can be derived from the general meteorological data. However, the exchange
speed, ga, and the evaporation efficiency, β, have to be derived from the laboratory
experiments. β is surface moisture availability and has a value in the range between
0 and 1 depending on the soil moisture (e.g., β = 0 at dry condition, β = 1 at
saturated condition). Kondo et al. [4] have proposed the equation of the relationship
between the volumetric water content and the evaporation efficiency (Wv–β relation)
obtained from the experiments. Using F(Wv) which is a function of the volumetric
water content, Wv, β is expressed as the following equation:
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Table 1 F(Wv) constants for a typical type of soil

Type of soil F1 [m] F2 Wv, SAT

Loam 2.16 × 102 10.0 0.490

Sand 8.32 × 105 16.6 0.392

Fine sand 7.00 × 103 11.2 0.397

Source Kondo et al. [4]

β = 1

1 + {gaF(Wv)}
/
Datm

(2)

where F(Wv) is the molecular diffusion distance [m], and Datm is the molecular
diffusion coefficient for water vapor [m2 s−1]. The molecular diffusion distance,
F(Wv), is a parameter with a length dimension and expresses the distance of the
flow of water vapor from the water surface in the soil pore to the land surface. The
functional form of F(Wv) is obtained from experiments and varies depending on the
type of soil. Kondo et al. [1] have proposed the equation relating the volumetric water
content to the molecular diffusion distance (Wv–F(Wv) relation) obtained from the
experiments. The equation of the Wv–F(Wv) relation is expressed as the following
equation:

F(Wv) = F1
(
Wv,SAT − Wv

)
F2 (3)

whereWv, SAT is the saturated volumetric water content [m3 m−3]. Table 1 shows
the F(Wv) constants, F1 and F2 for typical types of soil. When Wv is large, F(Wv)
is quite small. This is because water exists in large pores near the ground surface,
and water vapor is easily transported to the ground surface. When Wv is small,
F(Wv) increases with a decrease in Wv. This is because water exists only in small
complicated pores, and the distance for the water vapor to reach the ground surface
from the pore is relatively large.

In this paper, the numerical model for the molecular diffusion distance, F(Wv),
derived from soil parameters such as grain size and void ratio is proposed.

3 Outline of the Numerical Model for the Seepage Behavior
of Unsaturated Soil

Unsaturated soil is composed of three phases (viz. the solid phase (soil particles),
the liquid phase (pore water) and the gas phase (pore-air)). Figure 1a shows a soil
element with a few soil particles. This element can be modeled as shown in Fig. 1b.
The voids are represented as a pipe with a diameter (Dv) and an inclination angle
(θ ). The soil particles are represented as other impermeable parts of the model minus
the space occupied by the pipe. The element shown in Fig. 1a is called elementary
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(a)

chaD

vD

vD

(b)

Fig. 1 a Elementary particulates; and b elementary particulate model

particulates, and the model shown in Fig. 1b is called an elementary particulate
model. The volume of the elementary particulate model, V e, and that of the pipe, V p,
are expressed as follows.

Ve = Dv ·
(

Dv

sin θ
+ Dcha

tan θ

)
· Dcha (4)

Vp = π ·
(
Dv

2

)2

· Dcha

sin θ
(5)

where Dv is the diameter of the pipe, θ is the inclination angle of the pipe, and Dcha

is the height of the elementary particulate model. In this paper, the height of the
elementary particulate model, Dcha, is set to 10% passing particle size, Ds, 10 (viz.
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Dcha = Ds, 10). It was found from previous research work (Akai [5]) that Ds, 10 is one
of the factors that influence the permeability coefficient.

The shape of voids in soil is complex because the shape and size of soil particles
are random, and the structure of their assembly is irregular. Therefore, the diameter
of the pipe, Dv, and the inclination angle of the pipe, θ, are regarded as random
variables. Consequently, in this model, the probability density functions for Dv and
θ are introduced. This model assumes that water enters in order from small pores and
exits in order from large pores. Furthermore, the maximum diameter of pipes filled
withwater is defined asd. From the above, the void ratio, e, the degree of saturation,Sr,
and the volumetric water content,Wv, are expressed through the following equations:

e =
∞∫

0

π/2∫

−π/2

Vp

Ve − Vp
· Pd(Dv) · Pc(θ)dθdDv (6)

Sr = 1

e

d∫

0

π/2∫

−π/2

Vp

Ve − Vp
· Pd(Dv) · Pc(θ)dθdDv (7)

Wv = 1

1 + e

d∫

0

π/2∫

−π/2

Vp

Ve − Vp
· Pd(Dv) · Pc(θ)dθdDv (8)

where Pd(Dv) is the probability density function for the diameter of the pipe, Pc(θ )
is the probability density function for the inclination angle of the pipe, and d is the
maximum diameter of pipes filled with water.

4 Numerical Model for the Molecular Diffusion Distance,
F(Wv)

4.1 Outline of the Numerical Model for the Molecular
Diffusion Distance, F(Wv)

The molecular diffusion distance, F(Wv), is a parameter with a length dimension.
The numerical model for the molecular diffusion distance, F(Wv), is proposed using
the model pipe shown in Fig. 2. The volume of pore water in the surface soil per
unit volume, Vw, is modeled by the pipe with diameter Dp. In this model, the depth
of the surface soil is assumed as 2 cm deep from the ground surface based on the
experiment [3]. The maximum length of the model pipe is defined as LSAT, and the
length of themodel pipe, L, is determined depending on the volumetric water content,
Wv, in the surface soil. The difference between LSAT and L is F(Wv). F(Wv) means
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Fig. 2 Model pipe

wV

pD

SATL

L
wV

pD

SATL

L

the transport length of water vapor from the water surface in the soil pore to the land
surface. F(Wv) is expressed as follows:

F(Wv) = LSAT − L

=
{

e

1 + e
(1 − Sr)

}/(
D2

p

4
π

)

(9)

where e is the void ratio, Sr is the degree of saturation, and Dp is the diameter of the
model pipe. The scheme of the model pipe to calculate the relationship between the
volumetric water content and the molecular diffusion distance (Wv–F(Wv) relation)
is also shown in Fig. 2. To calculate the Wv–F(Wv) relation by this scheme, it is
necessary to determine the diameter of the model pipe, Dp. Dp is examined in the
next section.

4.2 Examination of the Diameter of the Model Pipe

Table 2 shows the equations used to examine the diameter of the model pipe, Dp. In
Case 1, the maximum diameter of pipes filled with water, d, is used as Dp, because
it seems that d is the diameter of the pipe that mostly affects the molecular diffusion
distance, F(Wv). In Case 2, the mean value of the diameter of pipes filled with
water is used as Dp. The probability density functions for the diameter of the pipe,
Pd(Dv), are corrected using the cumulative distribution functions for the diameter of
the pipe, and Dp is calculated. In Case 3, the integration with respect to the product
of the diameter of pipes filled with water and its probability is used as Dp. Unlike
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Table 2 Equations used to examine Dp

Case 1 Dp = d The maximum diameter of pipes filled with
water

Case 2 Dp = ∫ d
0 Dv · Pd(Dv)∫ d

0 Pd(Dv)dDv
dDv

The mean value of the diameter of pipes filled
with water

Case 3 Dp = ∫ d
0 Dv · Pd(Dv) dDv The integration with respect to the product of

the diameter of pipes filled with water and its
probability

Case 2, Pd(Dv) is not corrected using the cumulative distribution functions for the
diameter of the pipe.

Using the equations shown in Table 2, the relationship between the volumetric
water content and the molecular diffusion distance (Wv–F(Wv) relation) was calcu-
lated.Thediameter of themodel pipe,Dp,was examinedbycomparing the calculation
results with the experimental results by Sako et al. [3]. Figure 3 shows Wv–F(Wv)
relation obtained from a calculation using the equations shown in Table 2. The exper-
imental results by Sako et al. [3] are also shown in Fig. 3. Toyoura sand (void ratio,
e = 0.785) was used as the soil sample. In all cases, the calculation results are larger
than the experimental results. It seems that the overestimation of the calculation
results is caused by the calculation method of the volume of pore water in the surface
soil. Therefore, it is necessary to improve the volume of pore water to be modeled.
The improved model is proposed in the next section.

Fig. 3 Calculation results
showing Wv and F(Wv)
relation
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4.3 Improvement of the Numerical Model for the Molecular
Diffusion Distance, F(Wv)

In this section, the improved model for the molecular diffusion distance, F(Wv), is
proposed. It seems that the molecular diffusion distance, F(Wv), shown in Eq. (9) is
calculated as the sum of multiple pores. It is the reason why the calculation results
shown in Fig. 3 were overestimated. In the improved model, F(Wv) is calculated as
the mean value in pores filled with water. The volume ratio of the surface soil per unit
volume and the elementary particulate model is used to improve the volume of pore
water. In the improved model, the volume of pore water in the surface soil used in
Eq. (9) is corrected using the volume of the elementary particulate model, V e. Then,
F(Wv) is expressed as the following equation.

F(Wv) =
e

1+e (1 − Sr)
D2

p

4 π
×

d∫

0

π/2∫

−π/2

Ve · Pd(Dv) · Pc(θ)dθdDv (10)

where d is the maximum diameter of pipes filled with water, V e is the volume of
the elementary particulate model, Pd(Dv) is the probability density function for the
diameter of the pipe, Pc(θ ) is the probability density function for the inclination
angle of the pipe, Dv is the diameter of the pipe, and θ is the inclination angle of
the pipe. Figure 4 shows the relationship between the volumetric water content and
the molecular diffusion distance (Wv–F(Wv) relation) obtained from a calculation
using the equations shown in Table 2. The experimental results by Sako et al. [3]
are also shown in Fig. 4. It is found from Fig. 4 that the tendency of the calculation
results for Case 3 is the closest to the experimental results. Therefore, it seems that
the equation for Case 3 is the most appropriate as the diameter of the model pipe,

Fig. 4 Calculation results
showing Wv and F(Wv)
relation (by the improved
model)
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Fig. 5 Calculation results
showing Wv and β relation
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Dp. However, it is necessary to examine the validity of using the equation for Case
3.

5 Relationship Between the Volumetric Water Content
and the Evaporation Efficiency

Figure 5 shows the relationship between the volumetric water content and the evap-
oration efficiency (Wv–β relation) obtained from the calculation using our proposed
numerical model. From the results shown in Fig. 4, the equation for Case 3 was used
as the diameter of the model pipe, Dp. The experimental results by Sako et al. [3]
are also shown in Fig. 5. In the range of ➀ in Fig. 5, the tendency of the calculation
results is almost the same as the experimental results. However, in the range of ➁
in Fig. 5, the tendency of the calculation results is different from the experimental
results, because the calculation results of the molecular diffusion distance, F(Wv),
and the experimental results are different in terms of the volumetric water content,
Wv, corresponding to the range of ➁ in Fig. 5. Therefore, it is necessary to improve
the numerical model further.

6 Conclusions

The numerical model for the relationship between evaporation efficiency and volu-
metric water content was discussed in this paper. Firstly, a numerical model for the
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molecular diffusion distance, F(Wv), derived from soil parameters such as grain size
and void ratio was proposed as shown in Eq. (9). Three equations on the diameter of
the model pipe, Dp, were also proposed. Comparing with the experimental data and
the calculation data, the applicability of these equations for Eq. (9) was discussed.
As a result, all calculation results were overestimated. Then, the improved equations
on the molecular diffusion distance, F(Wv), were proposed again, and the improved
F(Wv) using three equations on Dp was calculated. The equation for Case 3 resulted
in a better result than the others. However, it is necessary to examine the validity of
using the equation for Case 3. Finally, the relationship between the volumetric water
content and the evaporation efficiency (Wv–β relation) was calculated using F(Wv)
derived from Eq. (10) and the Dp expressed by Case 3. In the range of low volu-
metric water content, the tendency of the calculation results showed good agreement
with the experimental data. However, in the range of high volumetric water content,
the tendency of the calculation results underestimated the experimental results. It is
necessary to improve the numerical model further to be in good agreement with the
experimental data.
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A Finite Difference Scheme
for the Richards Equation Under
Variable-Flux Boundary

Yasuhide Fukumoto, Fengnan Liu, and Xiaopeng Zhao

Abstract The Richards equation is a degenerate nonlinear partial differential
equation which serves as a model for describing a flow of water through satu-
rated/unsaturated porous medium under the action of gravity. This paper develops a
numerical method, with a mathematical support, for the one-dimensional Richards
equation. Implicit schemes based on a backward Euler format have beenwidely used,
but have a difficulty in insuring the stability, because of the strong nonlinearity and
degeneracy. A linearized semi-implicit finite difference scheme that is faster than the
backward Euler implicit schemes is established, the stability of this scheme is proved
by adding a small perturbation to the coefficient function, and an error estimate is
made. It is found that there is a linear relationship between the discretization error
in a certain norm and the perturbation strength.

Keywords Richards equation · Porous media · Finite difference scheme ·
Stability · Error estimate

1 Introduction

Prediction of movement of underground water is important in many branches of
science and engineering, in particular, for natural disaster prevention. In case of a
heavy rainfall, a large amount of water enters into the ground and, depending on its
amount, a threat arises of river floods and/or landslides. They cause family tragedies,
and, in the large, regional economic and human losses. Recently, in Asian regions
including Japan, occurrence of river floods and landsides is the rule rather than the
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exception. Even in regions of mid latitudes, heavy rains or showers attack with a
larger frequency. This trend is more so as years pass by. Typhoons and hurricanes
also have a tendency to grow strong, accompanied by concentrated rains as well as
strongly blowing wind, perhaps due to the temperature rise of the sea surface. In
case a heavy rain lasts for a long time, landslides may take place in regions at the
foot of a mountain and under a cliff. Prevention of such natural disasters associated
with heavy rains is an issue of the highest demand for saving human lives. A real-
time prediction for possible occurrence of such threats is strongly demanded, but the
present status of numericalmethods is poor. A rapid numerical calculation, backed by
some sound mathematical basis, is yet to be feasible. Only a fully implicit difference
scheme ismathematically supported, but the implicit numerical scheme heavily costs
numerical resources.

Assuming that the unsaturated soil is a homogeneous isotropic porous medium
(a fairly strong assumption), one can use an involved nonlinear degenerate diffusion
equation to describe the fluid motion in an unsaturated zone, under the action of
gravity force directed vertically downwards. This diffusion equation is called the
Richards equation [1]. There are three alternative forms of the Richards equation,
in the language of either the pressure head h[L] or the moisture content θ [L] for
the dependent variable. The constitutive relationship between θ = θ(t, z) and h =
h(t, z) allows the conversion fromone to another. The three forms, called the h-based,
θ -based and mixed are, respectively,

• h-based

C(h)
∂h

∂t
− ∇ · K (h)∇h − ∂K

∂z
= 0 (1)

• θ -based

∂θ

∂t
− ∇ · D(θ)∇θ − ∂K

∂z
= 0 (2)

• Mixed

∂θ

∂t
− ∇ · K (h)∇h − ∂K

∂z
= 0 (3)

where the real-valued functions C(h) = dθ/dh, K (h) and D(θ) = K (h)/C(h),
respectively, denote the specific moisture capacity function [1/L], the unsaturated
hydraulic conductivity [L/T ] and unsaturated diffusivity

[
L2/T

]
. K (h) describes

the ease with which water can move through pore spaces; it depends on the intrinsic
permeability of the material, degree of saturation and density and viscosity of the
fluid [2]. z denotes the vertical coordinate and is assumed to be positive in the upward
direction, and the porous medium is assumed to be isotropic.

In this investigation, one-dimensional phenomena is considered. The first mathe-
matical analysis for the Richards equation dates back to 1991. Gilding [3] supposed
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that the Richards equation can be expressed as a general advection–diffusion
equation,

θt = (a(θ))zz + (b(θ))z (4)

where (a(θ))zz and (b(θ))z are the diffusion and advection terms, respectively. The
author gave some pure mathematical analysis of the above equation.

Recently, Broadbridge et al. [4–6] constructed a class of solvable models by
imposing some restrictions to the coefficient functions and provided exact solutions
to them. Specifically, they posed

D(θ) = a

(b − θ)2
and K (θ) = λ

2(b − θ)
+ β + γ (b − θ) (5)

where λ, β, γ, a and b are positive constants, and the boundary condition of constant
flux

K (θ) − D(θ)
∂θ

∂z
= r(constant) at z = 0 (6)

The other research direction on the Richards equation is to seek approximate
solutions by numerical methods. Since the Richards equation is not easy to guarantee
the regularity of its solution, there are few numerical theories regarding stability and
error estimates. For our purpose of numerical analysis, one employs the empirical
form of the coefficient function reported, based on the measurement, by Haverkamp
et al. [7]:

θ(h) = α(θs − θr)

α + |h|β + θr and K (h) = Ks
A

A + |h|γ , (7)

where α = 1.611 × 106, θs = 0.287, θr = 0.075, β = 3.96, Ks = 0.00944,
A = 1.175 × 106 and γ = 4.74. Haverkamp et al. [7] posed the following initial
condition h(z, 0) = −61.5 cm and the boundary conditions h(40 cm, t) = htop =
−20.7 cm and h(0, t) = hbottom = −61.5 cm (the vertical dimension is assumed
positive upward), and studied the numerical approximation for the Richards equa-
tion by using the simple backward Euler time-marching algorithm. Other than this,
there are some papers which studied the numerical solutions for the Richards equa-
tion through adaptive time stepping [8, 9], iterative methods [8, 10, 11], for spatial
discretization, finite element or finite volume methods [12–14] and finite difference
methods [15–18].

The Richards equation is a strongly nonlinear degenerate PDE, and hence one
should be cautious about the stability of its numerical solution. However, there are
few papers dealing with the proof of stability. Radu et al. [19], assuming some
regularity properties of the classical solution and imposing some restrictions on the
coefficient functions, analyzed the stability of a fully implicit finite element scheme
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by applying the Kirchhoff transformation and integral in time. This type of analysis
is applicable only to finite element schemes and others whose analysis rests on a
continuous inner product. Finite difference schemes require a different treatment.
Moreover, the order of the error can be improved.

In this paper, a linearized finite difference scheme for the Richards equation in
the bounded domain [0, L], subject to the boundary conditions

h(0, t) = hbottom = h0 < 0 and h(L , t) = htop = hL < 0 (8)

and the initial condition

h(z, 0) = h0 < 0 (9)

is established. There are three assumptions, without losing the generality, on the
nonlinear functions K (s) and C(s) for s ∈ R need to be stated:

(A1)
[
K ′(s)

]2 ≤ c0K (s), K ′(s) ≤ c1, C ′(s) ≤ c′
0, K ′′(s) ≤ c′

1;
(A2) There exists s1, s2, p ∈ R+ such that

K (s1) − K (s2) = (s1 − s2)K (s1, s2) and
[K (s1, s2)]

2

K (s2)
≤ c3

(|s2|p + 1
)

(A3) There exists a lower bound and an upper bound for K (s).

It is worth pointing out that Haverkamp et al.’s data satisfy (A1)–(A3). Bymaking
a rigorous analysis, one gives a mathematical proof to the stability of the present
linearized finite difference scheme and pursues the convergence order of error. In
order to overcome the degeneracy of C(h) = dθ/dh, a positive perturbation ε is
added to it, leading to the modified h-based Richards equation of the form

Cε(h)
∂h

∂t
− [

K (h)hz
]
z
− K ′(h)hz = 0, (10)

where Cε(s) = C(s) + ε. With this modification, the degeneracy of the Richards
equation is avoided, by maintaining the assumptions (A1)–(A3).

Augmenting the Richards equation with the perturbation, one has to work out
how it influences the computational error. By making the error estimate for the
perturbed equation, in a way parallel with the original h-based Richards equation,
the convergence order O

(
ε3/4 + 	t3/4 + 	z2/	t1/4

)
in the discrete L∞-norm is

obtained, showing that there is a linear relationship between the discretization error
and ε3/4. For the numerical approximation of the Richards equation, the present
method is different from that of Radu et al. [19] and turns out to achieve its improve-
ment. It should be emphasized that this scheme is computationally faster than other
implicit schemes (including that of Raduet al.) and hence may be suitable for the
longtime behavior of the infiltration process in unsaturated porous media.
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2 Finite Difference Approximation

The purpose of this paper is to construct a linearized finite difference scheme, to
prove its stability and to give the convergence order of error.

Let 	z = L/M be the uniform step size in the spatial direction for a positive
integer M , and


h = {xi = i	z|i = 0, 1, . . . , M}.

Suppose that 	t = T/N denotes the uniform step size in the temporal direction
for any positive integer N . For a function w on 
h , denote wi = w(xi ) and define
the difference operators

∇hwi = wi+1 − wi−1

2	z
, ∇+

h wi = wi+1 − wi

	z
, ∇−

h wi = wi − wi−1

	z
,

and

	hwi = wi−1 − 2wi + wi+1

	z2
, 1 ≤ i ≤ M − 1.

The discrete L2 inner product satisfies

〈w, v〉 = 	z

{
1

2
(w0v0 + wMvM) +

M−1∑

i=1

wivi

}

, w, v ∈ 
,

and the corresponding discrete L2-norm

‖v‖h = 〈v, v〉1/2.

The discrete H 1 seminorm |·|1,h and discrete maximum norm |·|∞,h are defined,
respectively, by

|v|1,h =
[

	z
M−1∑

i=1

(∇vi )
2

]1/2

, v ∈ 
,

|v|∞,h = sup
i

|vi |, i = 1, 2, . . . , M, v ∈ 
,

Let Hn
i = h(zi , tn) for zi = i	z, i = 0, 1, . . . , M, tn = n	t, n = 0, 1, . . . , N .

Define δtHn = (
hn+1 − hn

)
/	t . The approximate solution Hn ∈ 
h for the problem

(1)–(3) is a solution of the following scheme:

Cε

(
Hn
i

)
δt H

n
i − ∇h

(
K

(
Hn
i

)∇h H
n+1
i

) = K ′(Hn
i

)∇h H
n+1
i . (11)
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Here Cε(s) = C(s) + ε, with a positive constant ε, and one adopts the following
boundary conditions

Hn
0 = h0, Hn

M = hL , (12)

and the initial condition

H 0
i = h0, 1 ≤ i ≤ M. (13)

2.1 Existence and Uniqueness

The existence and uniqueness of solutions for the scheme (11)–(13) will be examined
in the following.

Theorem 2.1 Suppose that (A1)–(A3) hold and that K (s) and C(s) are sufficiently
smooth. Then, there exists a unique solution Hn for the scheme (11)–(13).

Proof Mathematical induction is used to prove the existence of solution for the
scheme (11)–(13). To begin with, suppose that H 0, . . . , Hn exist. Then, for a fixed
n and 1 ≤ i ≤ M , (11) is rewritten as

Cε

(
Hn
i

)(
Hn+1
i − Hn

i

) − 	t
[∇h

(
K

(
Hn
i

)∇h H
n+1
i

) + K ′(Hn
i

)∇h H
n+1
i

] = 0. (14)

Let g, which is continuous, be a function defined by

g(V ) = Cε

(
Hn

)(
V − Hn

) − 	t
[∇h

(
K

(
Hn

)∇hV
) + K ′(Hn

)∇hV
]
. (15)

After taking an inner product of g(V ) with V , a simple calculation shows that

〈g(V ), V 〉h ≥
M−1∑

i=1

[(ε

2
− c0

2
	t

)
V 2
i − ε

2

∣∣Hn
i

∣∣2
]

+ 1

2
	t

[(ε

2
− c0

2
	t

)
V 2
0 − ε

2

∣∣Hn
0

∣∣2
]

+ 1

2
	t

[(ε

2
− c0

2
	t

)
V 2
M − ε

2

∣∣Hn
M

∣∣2
]
.

Consequently, for 	t < ε/c0 and ‖V ‖2h = ε‖Hn‖2h/(ε − c0	t) + 1, one obtains
〈g(V ), V 〉h ≥ 0. Hence, from the Browder fixed point theorem, the existence of V ∗
for g(V ∗) = 0 can be deduced. The fixed point Hn+1 = V ∗ satisfies the scheme
(11)–(13). As regards the uniqueness, the proof is made along the same line with the
error estimate. The latter is described at some length in Sect. 2.3, and one may leave
out the former proof.
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2.2 Stability

The stability of solutions for the scheme (11)–(13) is stated and is proved in the
following.

Theorem 2.2 Suppose that (A1)–(A3) hold and that K (s) and C(s) are sufficiently
smooth. Then,

∣∣Hn
∣∣∞,h + ∥∥Hn

∥∥
1,h ≤ c1,

where c1 is a positive constant independent of 	t and 	z.

Proof The boundedness of the L2-discrete norm will be considered firstly. If∥
∥Hn+1

∥
∥
1,h ≤ ‖Hn‖1,h, one obtains the result straightforwardly. Alternatively, taking

the inner product of (11) with Hn+1, it yields

〈
Cε

(
Hn

)Hn+1 − Hn

	t
, Hn+1

〉

h

+ 〈
K

(
Hn

)∇h H
n+1,∇h H

n+1
〉
h

− 〈
K ′(Hn

)∇h H
n+1, Hn+1

〉
h = 0, 0 ≤ n ≤ N − 1. (16)

After some manipulation, one shows that

( ε

2	t
− c0

2

)∥∥Hn+1
∥∥2

h + 1

2

〈
K

(
Hn

)∇h H
n+1,∇h H

n+1
〉
h ≤ ε

2	t

∥∥Hn
∥∥2
h, (17)

resulting in

∥∥Hn+1
∥∥2

h
≤ ε

ε − 2c0	t

∥∥Hn
∥∥2
h
, (18)

and

〈
K

(
Hn

)∇hH
n+1,∇hH

n+1
〉
h ≤ ε

	t

∥∥Hn
∥∥2
h. (19)

After repeated application, one obtains, for 	t < ε/2c0,

∥∥Hn+1
∥∥2

h ≤
(

ε

ε − 2c0	t

)n+1∥∥H 0
∥∥2

h . (20)

For the H 1 discrete seminorm of solutions for (11)–(13), assume that, at
the outset, that

∣
∣H j

∣
∣
1,h( j = 1, 2, . . . , n) is bounded. Then, K (Hn) ≥ c̄0. Let∣∣Hn+1

∣∣
1,h > |Hn|1,h, or alternatively, the boundedness of

∣∣Hn+1
∣∣
1,h can be obtained

straightforwardly. Taking the inner product with Hn+1 − Hn , one obtains
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〈
Cε

(
Hn

)Hn+1 − Hn

	t
, Hn+1 − Hn

〉

h

+ 〈
K

(
Hn

)∇h H
n+1,∇h

(
Hn+1 − Hn

)〉
h

− 〈
K ′(Hn

)∇h H
n+1, Hn+1 − Hn

〉
h = 0, 0 ≤ n ≤ N − 1. (21)

After some calculation, one finds that

ε

2	t

∥∥Hn+1 − Hn
∥∥2

h +
(
c0
2

− c21
2ε

	t

)∥∥∇h H
n+1

∥∥2

h ≤ c0
2

∥∥∇h H
n
∥∥2
h, (22)

which implies that

∥∥∇h H
n+1

∥∥2

h ≤ εc0
εc0 − c21	t

∥∥∇h H
n
∥∥2
h, (23)

for 	t < εc̄0/c21. After repeated application, one is led to

∥∥∇h H
n+1

∥∥2

h ≤
(

εc̄0
εc̄0 − c21	t

)n+1∥∥∇h H
0
∥∥2

h . (24)

Note that (24) means the boundedness assumption of
∣∣H j

∣∣
1,h ( j = 1, 2, . . . , n)

is reasonable. Combining (20) and (24), by using Sobolev’s embedding theorem, the
proof is complete.

2.3 Error Estimates

One makes the error estimates for the scheme (11)–(13) in this subsection.

Theorem 2.3 Suppose that (A1)–(A3) hold and that K (s) and C(s) are suffi-
ciently smooth. Let h(x, t) be the solution of the problem (1), (8) and (9),
with a sufficient regularity. Then, for a sufficiently small 	t , the solution of the
difference scheme (11)–(13) converges to h (x, t), with the rate of convergence
O

(
ε3/4 + 	t3/4 + 	z2/	t1/4

)
in the discrete L∞-norm.

Proof Define the net function: hni = h(xi , tn), 1 ≤ i ≤ M, 0 ≤ n ≤ N . By using
the Taylor expansion, one obtains for 1 ≤ i ≤ M, 0 ≤ n ≤ N ,

⎧
⎨

⎩

C
(
hni

)
δt hni − ∇hK

(
hni

)∇hh
n+1
i − K ′(hni

)∇hh
n+1
i = rni ,

h0i = h0,
hn0 = h0, hnM = hL ,

(25)

where rni is the truncation error of the difference scheme (11)–(13). Hence, there
exists a positive constant c2 satisfying
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max
i,n

∣∣rni
∣∣ ≤ c2

(
	t + 	z2

)
, 1 ≤ i ≤ M, 0 ≤ n ≤ N − 1.

Define the error eni = hni − Hn
i , 1 ≤ i ≤ M, 0 ≤ n ≤ N . Subtracting (11) from

(16), one arrives at

[
C

(
hn

)
δt h

n − Cε

(
Hn

)
δt H

n
] − ∇h

[
K

(
hn

)∇hh
n+1 − K

(
Hn

)∇h H
n+1]

−[
K ′(hn

)∇hh
n+1 − K ′(Hn

)∇h H
n+1

] = rn, (26)

and

e0i = 0. (27)

The inner product of (17) with en+1 it yields

∥∥en
∥∥
h = O

(
ε + 	t + 	z2

)
. (28)

Next, taking the inner product of (17) with en+1 − en , one has

∥∥∇he
n
∥∥
h

= O

(
ε

	t1/2
+ 	t1/4 + 	z2

	t1/2

)
. (29)

Combining (19) and (20) and using Sobolev’s embedding inequality, one arrives
at

∥∥en
∥∥∞,h ≤ ∥∥en

∥∥1/2
h

∥∥∇he
n
∥∥1/2
h = O

(
ε3/4 + 	t3/4 + 	z2

	t1/4

)
. (30)

3 Numerical Results

The data are pocked out from the report of Haverkamp et al. [7]:

θ(h) = α(θs − θr)

α + |h|β + θr, K (h) = Ks
A

A + |h|γ . (31)

Their derivatives are

C(h) = θ ′(h) = α(θs − θr)β|h|β−1

(
α + |h|β)2 , K ′(h) = KsAγ |h|γ−1

(A + |h|γ )
2 . (32)



240 Y. Fukumoto et al.

Moreover, α = 1.611 × 106, Ks = 0.00944, A = 1.175 × 106 and γ = 4.74.
These data were obtained from the measurement and were used to illustrate an infil-
tration process in soil, with initial condition h(z, 0) = −61.5 cm and the boundary
conditions h(40 cm, t) = htop = −20.7 cm and h(0, t) = hbottom = −61.5 cm.

3.1 Error Analysis

In order to test the error estimate, one considers the following nonhomogeneous
equation:

C(h)
∂h

∂t
− ∇ · K (h)∇h − ∂K

∂z
= g(z, t), (33)

with

h(x, 0) = −1.02z − 20.7, (34)

and

h(0, t) = hbottom = −61.5 cm, h(L , t) = htop = −20.7 cm. (35)

In order for (33) to have an exact solution h = −1.02z − 20.7 + t(z − 40)/4T ,
the right-hand side of (33) has to take

g(z, t) =
5808800331328389z(z − 40)

(
51z
50 − t z(z−40)

4T + 207
10

)74/25

17179869184T

[(
51z
50 − t z(z−40)

4T + 207
10

)99/25 + 1611000

]

− 5546t
(
51z
50 − t z(z−40)

4T + 207
10

)237/50 + 1175000

−
3613000706430075

(
t(z−20)

2T − 51
50

)(
51z
50 − t z(z−40)

4T + 207
10

)187/50

68719476736

[(
51z
50 − t z(z−40)

4T + 207
10

)237/50 + 1175000

]2 .

Denote hi to be the exact solution of (1), (8) and (9), and Hi to be the numerical
solution of the scheme (11)–(13). One makes an analysis of the error ei = |hi − Hi |
and particularly of the relation between the error and the perturbation.

Let 	t = 0.0018, 	z = 0.04. Figure 1 shows the variation trend of the error
with different perturbations at 360 s. It is clear that as the perturbation is smaller,
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Fig. 1 Variation trend of errors with different perturbations at 360 s

the error becomes smaller. The best choice is ε = 0. This is because the data of
Haverkamp et al. do not suffer from the degeneracy of the equation.

Figure 2 indicates that the relation between the error in the discrete L∞-norm and
the perturbation is linear, i.e., |en|∞,h = O(ε), which turns out to be better than the
result of Theorem 2.3.

To consolidate this linear behavior quantitatively, Table 1 lists the relationship
between the error in the discrete L∞-norm and the perturbation. It clearly exhibits
|en|∞,h ≈ O(ε), which seems better than the result of Theorem 2.3. When the
perturbation is switched off (ε = 0), the error attains the minimum value 4.1027 ×
10−5. By taking ε = 0, one can look into the relation between error estimate and
mesh spacing. As read off from Table 2, supposing that	t3/4/

(
	z2/	t1/4

)
is a fixed

value, one finds that both the convergence order of 	t and 	z2 are 1, which is also
better than the result of Theorem 2.3.

3.2 Pressure Head and Moisture Content

To illustrate the variation trend of the pressure head h(t, z) in time and depth, numer-
ical calculation is performed based on (10), by leaving out the perturbation, and the
result is shown in Fig. 3.

The moisture content is obtainable from the relation between the moisture content
and the pressure head
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Fig. 2 Errors in the discrete L∞-norm and the perturbation

Table 1 Relation between errors in discrete L∞-norm and the perturbation

Perturbation L∞-norm of error Convergence order

1.00 × 10−7 8.5500 × 10−2 –

0.75 × 10−7 6.4200 × 10−2 0.9988

0.50 × 10−7 4.2800 × 10−2 1.0000

0.25 × 10−7 2.1400 × 10−2 1.0000

1.00 × 10−8 8.6000 × 10−3 0.9953

0.75 × 10−8 6.4000 × 10−3 1.0078

0.50 × 10−8 4.3000 × 10−3 0.9922

0.25 × 10−8 2.2000 × 10−3 0.9773

1.00 × 10−9 8.7052 × 10−4 1.0109

0 4.1027 × 10−8 –

Table 2 Relation between error estimate and mesh spacing

	t 	z |e|∞,h Convergence order of 	t + 	z2

0.04000 0.2500 9.2224 × 10−4 –

0.02000 0.1760 4.5885 × 10−4 1.0049

0.01000 0.1250 2.2876 × 10−4 1.0029

0.00500 0.0880 1.1427 × 10−4 1.0010

0.00250 0.0625 5.7105 × 10−5 1.0005

0.00125 0.0440 2.8543 × 10−5 1.0010
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Fig. 3 Variation trend of pressure head in depth and time

θ(h) = α(θs − θr)

α + |h|β + θr = 1.616 × 0.212 × 106

1.611 × 106 + |h|3.96 + 0.075 (36)

Thus, the variation trend of moisture content in depth and time is described in
Fig. 4.

4 Conclusion

TheRichards equation is a degenerate nonlinear PDE thatmodels a flow through satu-
rated/unsaturated porousmedia. Research on its numericalmethodswas conducted in
many fields. However, it is difficult to obtain stability of a numerical scheme because
of the strong nonlinearity and degeneracy. This paper has proposed a linearized semi-
implicit finite difference scheme and analyzed its stability by adding a small positive
perturbation ε to the coefficient function of theRichards equation. It is worth pointing
out that our linearized semi-infinite finite difference scheme is much more efficient
that the existing backward Euler implicit schemes. By the numerical experiment, it is
found that there is a linear relationship between the discretization error and ε better
than our theoretical estimate. This observation suggests that the proof in Sect. 3.1 is
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Fig. 4 Variation trend of moisture content in depth and time

not strict enough and has a room to be improved. A more strict error analysis and
developing a two-dimensional numerical scheme, etc., are left for future tasks.
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Centrifuge Modelling Influence
of Various Integration Schemes
of Retaining Walls on Seismic Behaviour
Using Tilting Table Test
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Abstract More than 4000 retaining walls were damaged during the Kumamoto
earthquake in 2016. Among them, approximately 60%weremasonry retainingwalls.
There aremainly two types ofmasonry retainingwalls in Japan.One is an airmasonry
retaining wall, which is unfilled with mortar, and the other is an integrated stone
masonry retaining wall, which is filled with mortar. In addition, there is another type
of retaining wall which is filled with mortar only on its surface so that the entire
masonry retaining walls are not integrated and many of this type of retaining walls
were damaged during the Kumamoto earthquake. The purpose of this study is exam-
ining how the integration of retaining walls affects their earthquake resistance. In this
report, in order to confirm it from the deformation behaviour during an earthquake,
we modelled the different types of retaining walls and conducted centrifuge tilting
experiments. A series of centrifuge model tests were carried out under 20G, where a
model retaining wall groundwas tilted using a tilting table, a horizontal seismic force
during an earthquake was reproduced, and the deformation behaviours of different
types of model retaining walls during an earthquake were confirmed. Three types
of model retaining walls made of plaster were reproduced including an air masonry
retaining wall which is not integrated, a simple reinforced air masonry retaining wall
which is integrated only on its surface, and a gravity retaining wall.
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1 Introduction

In recent years, a lot of housing retaining walls have been damaged or even collapsed
by several earthquakes in Japan. Particularly, more than 4000 retaining walls were
damaged during the Kumamoto earthquake in 2016. Among them, approximately
60%were masonry retaining walls. There are mainly two types of masonry retaining
walls in Japan. One is an air masonry retaining wall which is unfilled with mortar
and is not allowed by the current Japanese act on regulation of residential land devel-
opment. The other is an integrated stone masonry retaining wall, which is filled with
mortar and is allowed by the current Japanese act on regulation of residential land
development. In addition, there is another type of retaining wall which is filled with
mortar only on its surface so that the entire masonry retaining walls are not integrated
and many of this type of retaining walls were damaged during the Kumamoto earth-
quake [1]. The purpose of this study is to examine how the integration of retaining
walls affects the earthquake resistance. In this report, in order to confirm it from the
deformation behaviour during an earthquake, modelling the three different types of
retainingwalls: an air masonry retainingwall, a reinforced air masonry retainingwall
and a gravity retaining wall which is allowed by the current Japanese construction
law, we conducted centrifuge tilting experiments under 20G.

2 Outline of Experimental Equipment

2.1 Small Centrifugal Model Experimental Device

In this experiment, a small centrifugal model experimental device, owned by Tokyo
CityUniversity, was used. Performance values and the photos of the device are shown
in Table 1 and Fig. 1, respectively.

Table 1 Performance values of small centrifugal device

Radius of rotation 350 mm

Revolution per minute 100–510 rpm

Maximum acceleration 100 G

Mass 100 kg

External dimensions 1500 × 1450 mm
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2) Platform inside small centrifugal model 
experiment device 

1) Outside of small centrifugal 
model experiment device 

Fig. 1 Small centrifugal model experiment device

2.2 Tilting Table

A tilting table [2] used for this report is shown in Fig. 2. We can tilt the table from 0
to 30° and load a horizontal seismic force kh = tan θ (kh = horizontal seismic force,
θ = tilting angle) on the modelled retaining walls.

Fig. 2 Tilting table device
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3 Experimental Set-Up

3.1 Modelling of Retaining Walls

A soil container with 300 mm in width, 200 mm in height and 120 mm in depth was
used for this experiment. All the sides of the container are made of aluminium except
for one side, which is made of acrylic to observe the inside through it.

In this experiment, in order to confirmhow the integration of retainingwalls affects
the earthquake resistance, three types of model retaining walls were reproduced on
1/20 scale by 3D printer: an air masonry retaining wall which is not integrated, a
simple reinforced air masonry retaining wall which is integrated only on its surface
and gravity retaining wall which is entirely integrated. The shape of the air masonry
retaining wall is shown in Fig. 3. We used two types of retaining wall blocks whose
height is 20 mm and widths are 19 mm and 38 mm, respectively, and a retaining wall
base with 20 mm in height and 14 mm in width and those are made of plaster. The
reinforced air masonry retaining wall was reproduced by putting 14 g of paper clay
on the back of the wall. The diagram of the reinforced air masonry retaining wall is
shown in Fig. 4. The diagram of the gravity wall, which is entirely integrated with
PVC, is shown in Fig. 5. The surfaces of the retaining walls were installed 3 mm
away from both sides of the soil container to reduce the friction, and sponge tape was
attached between them to prevent the sand from spilling. Figures 6, 7 and 8 show
the retaining wall blocks and the base, the reinforced air masonry retaining wall and
gravity retaining wall used for this experiment, respectively. Silica sand No. 7 was
used for the backfill in all the cases, which weremade by air pluviation with a relative

Image diagram of 
modelled air masonry retaining Size of retaining wall blocks 

Fig. 3 Air masonry retaining wall
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Fig. 4 Image diagram of reinforced air masonry retaining wall

Fig. 5 Image diagram of gravity retaining wall

Fig. 6 Retaining wall blocks and base
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Fig. 7 Reinforced retaining
wall blocks and base

Fig. 8 Gravity retaining
wall

density of 60%, 110 mm in height and 75° in tilt angle. The photos of the modelled
retaining walls were shown in Figs. 9, 10 and 11, respectively.

3.2 Experimental Procedures

The state before the experiment is shown in Fig. 12. The modelled retaining wall
was placed on the tilting table, where a HDV camera (GoproHEROsession5) was
installed outside of the soil container for image analysis. The camera also tilts with
the soil container. In addition, displacement sensors were attached at two points for
measuring vertical displacement. One of the displacement sensors was attached at
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Fig. 9 Modelled air
retaining wall

Fig. 10 Modelled
reinforced air retaining wall

Fig. 11 Modelled gravity
retaining wall

the point A, 53 mm away from the top of slope, and the other was attached at the
point B, 120 mm away from the top of slope. In this experiment, a 20G centrifugal
force was applied and 3 min after the force reached 20G, and a tilting experiment
was conducted by changing the tilting angle from 0° to 25° under the condition of
0.16°/s in tilting speed.
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Fig. 12 State before tilting experiment

4 Experimental Result

Thedisplacement data at the pointsAandBare shown inFigs. 13 and14, respectively.
As for the air masonry retaining wall both in Figs. 13 and 14, after the displacement
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Fig. 13 Displacement data at point A
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Fig. 14 Displacement data at point B

amount gradually increased according as the tilting angle increased, sudden rise was
observed when the tilting angle turned to approximately 24° and which means the
collapse of the retaining walls. Displacement of the point A of the reinforced air
masonry retaining wall had been gradually increasing until 7°, and the displacement
slope startedmore increasing after 7°. It could indicate thatwhen tilting angle reached
a certain angle, reinforcementwas pushed to backfill. The tilting angle,when collapse
occurred in the retaining wall, was a little bit bigger than that in the no-reinforced
air masonry retaining wall. Finally, the displacements in both cases in the gravity
retaining wall were microscopically small so that the collapse did not occur.

Next, we also conducted image analysis using the data obtained from the HDV
camera for confirming the collapse behaviour of backfill. For image analysis, an
image analysis software “TN-SKIP” [3] was used, which can analyse deformation,
strain, etc., from the difference between the shade of the colour of the image before
and after the deformation. Image analysis was categorized into four patterns, from
21° to 23.6° of tilt angle in all the retaining walls. The results of image analysis are
shown in Table 2, where an increase in the maximum shear strain is shown by the
change from cold colour to warm colour.
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Table 2 Result of image analysis of air masonry retaining wall

In Table 2, sliding line was not confirmed as 22°. Secondly, in 23° and 23.4°,
faintly sliding line was confirmed. Finally, in 23.6°, clear sliding line was confirmed
from the back of the first layer of retaining walls blocks to the centre of top of slope.
In addition, in Table 3, clear sliding line was observed from the back of the base
to the displacement sensor located at point A, and, that is, the tilt angle was higher
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Table 3 Result of image analysis of reinforced air masonry retaining wall
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in the reinforced air masonry retaining wall than that in the air masonry retaining
wall. From these results, the following two things are presumed. One is that collapse
occurred in each retaining wall block in the air masonry retaining wall so that low
liner shear strain was widely transmitted in the backfill. The other is that, in case of
the reinforced air masonry retaining wall, collapse occurred in an integrated state so
that high liner shear strain was transmitted in a limited area. On the other hand, in
the gravity retaining wall, liner shear strain was not confirmed. This is presumed that
accordingly as the reinforced area increased, the resistance of soil pressure increased.
That is the reason why deformation happened in the gravity retaining wall (Table 4).

5 Conclusions

In this report, wemodelled the three different types of retainingwalls which are an air
masonry retainingwall, a reinforced airmasonry retainingwall and a gravity retaining
wall and conducted centrifuge tilting experiments to examine how the integration of
retaining walls affects the earthquake resistance.

As a result, when the air masonry retaining wall collapsed, low liner shear strain
occurred in a broad area, while when the reinforced air masonry retaining wall
collapsed, high liner shear strain occurred in a narrow area. In addition, it was
presumed from this research that, if the material for the reinforcement was low stiff-
ness, there was a tendency that the backfill pushed the reinforced wall and facilitated
ground deformation during an earthquake. In the gravity retaining wall, liner shear
strain was not confirmed. It is because the resistance against soil pressure increased
accordingly as the reinforcement area increased, and as a result, the wall weight
increased.
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Table 4 Result of image analysis of gravity wall
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Effect of Bearing Pressure
on Liquefaction-Induced Settlement
in Layered Soils

Yutao Hu, Hemanta Hazarika, Siavash Manafi Khajeh Pasha,
Stuart Kenneth Haigh, and Gopal Santana Phani Madabhushi

Abstract Earthquake-induced liquefaction causes extensive damage to infrastruc-
ture. Soil liquefaction-induced effects can account for a significant proportion of
damage such as the settlement of existing buildings on liquefiable soils. The influ-
ence of structures on the behavior of liquefiable soil is complex. In this paper, the
effect of bearing pressure on liquefaction-induced settlement in layered soils was
studied. Two 1 g shaking table tests, with different model buildings and bearing
pressures, were conducted to establish the ultimate settlement of different structures
in liquefiable layered soils. The results showed that as expected the settlement of the
heavier building was larger than that of the lighter one. However, the settlement ratio
of two buildings was smaller than the bearing pressure ratio. This study will be used
as a benchmark for further testing on improving performance through the use of soil
reinforcement methods.

Keywords Liquefaction · Bearing pressure · Settlement · 1 g shaking table test

1 Introduction

Earthquake-induced liquefaction has been responsible for tremendous damage in
historical earthquakes around world. This damage produced high economic and
social costs mainly related to demolition, retrofitting and rebuilding of the affected
structures. According to the results compiled by the Ministry of Land, Infrastruc-
ture, Transport and Tourism, in the 2011 Tohoku Earthquake, about 27,000 houses
were damaged due to liquefaction. Although no damage was observed to walls or
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windows, somehouses still experienced settlement and rotationduring the earthquake
[6]. Liquefaction-induced damage was also observed over a wide area following the
2016 Kumamoto Earthquake. Several areas in the southern part of Kumamoto City
experienced liquefaction causing damage to residential houses due to differential
settlement [3].

During earthquakes, an increase in pore water pressure may occur in saturated
sandy soils as a result of suppressed soil contraction and the consequent transfer of
stress to the pore fluid. Unlike denser sands which tend to dilate during shearing,
looser sands tend to compress when a load is applied, at least after some strains are
imposed. When the fully saturated soil is compressed, the pore water pressure tends
to increase and attempts to flow to areas with lower pore water pressure (usually
upward from the deeper layer to the ground surface). However, if the generated pore
water pressure is high enough to induce liquefaction, the nearly undrained condition
may result in partial or total effective stress loss. In consequence of this phenomenon,
the strength and stiffness of the soil decreased, and the bearing capacity of the soil
is reduced dramatically. If the bearing capacity decreases to such an extent that it is
insufficient to hold the structure on such soils, a great subsidence takes place.

A number of researchers have studied liquefaction-induced settlement based on
data from earthquakes. Liu and Dobry [5] focused on the variables of footing width
and the depth of liquefiable soil, which is the primary basis of current practice.
Coelho et al. [2] noted that soil beneath a shallow foundation in liquefiable soil tends
to dilate owing to high static shear stresses which hence suppresses liquefaction at
high bearing stresses leading to lower than expected settlements. Analysis of both
new and previously published case histories by Bertalot et al. [1] supported this
identification of footing bearing pressure as a significant additional variable. This
study also suggested that high foundation bearing pressure may result in reduced
settlement in the case of liquefaction of the foundation soil. However, the data of
historical earthquakes vary significantly in local site factors and interpretation, which
means that further findings would be better derived from controlled model testing.

As the influence of buildings on the behavior of saturated loose sands is complex,
this study focuses on one specific factor. The main aim of the present work is to study
the influence of buildingswith different bearing pressures, on settlement in liquefiable
soil. Two 1 g shaking table tests were conducted, in which bearing pressures were set
in different values. The pore water pressure inside liquefiable soils and acceleration
of the foundation were measured, analyzed and compared, as well as the settlement
of the models. Results showed a considerable influence of the bearing pressure on
the observed settlement.
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2 Model Test

2.1 1 g Shaking Table Test

The two 1 g shaking table tests were conducted using the shaking table facility
at the geo-disaster laboratory of Kyushu University. Models were constructed in a
transparent Plexiglas container with dimensions of 180 cm × 40 cm × 85 cm. In
order to reduce boundary effects, before each test the Plexiglas sides of the container
were cleaned. Toyoura sand was used as foundation soil in these tests. The properties
of the material are shown in Table 1. The saturation process could be performed by
percolatingwater gradually and uniformly through threewater inlets from the bottom
of the container.

Soil–structure–fluid interaction can be simulated using the scaling law proposed
by Iai [4]. Since this research involves liquefaction-induced damage to structure, it is
the most suitable similitude relationship, and therefore this similitude law was used
in this research. Throughout these tests, a geometrical scaling factor of 1:32 was set
based on this law, as shown in Table 2.

Table 1 Properties of Toyoura sand

Property Value

Gs 2.640

Dry density (g/cm3) 1.506

emax 0.976

emin 0.611

D50 (mm) 0.160

Table 2 Scaling law used in the tests

Parameter Scaling law (prototype/model) Value

Length n 32

Density 1 1

Stress and pressure n 32

Time n0.75 13.5

Frequency n−0.75 0.074

Displacement n1.5 181.0

Acceleration 1 1
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2.2 Model Preparation

Cross-sectional views of the tests performed are shown in Fig. 1. Different types of
transducer were employed tomeasure acceleration, porewater pressure and displace-
ment at different positions, as shown in this figure. The pore pressure transducers
(PPTs) were fixed in place to monitor the pore water pressure in the exact locations.
The laser micro-displacement transducers (LMDTs) were set at the middle of short
sides on the top of the model buildings.

Case 1:A shallow foundation with a bearing pressure of 0.3 kPa was represented
by a rectangular block of plexiglass material, with a cross-sectional area of 385 mm
× 240 mm at model scale. A dense layer of Toyoura sand (Dr = 90%), representing

(a) Case 1: light-weight building

(b) Case 2: heavy-weight building

Fig. 1 Cross-sectional views of shaking table tests layout. a Case 1: lightweight building, b Case
2: heavyweight building



Effect of Bearing Pressure on Liquefaction-Induced Settlement … 265

non-liquefiable ground, was constructed using both dry deposition and tamping tech-
niques. The depth of dense layer was 200 mm. The upper liquefiable layer (Dr =
50%) with depth in 330 mm was constructed only using dry deposition technique.
To give enough bearing pressure, a 30-mm-thick geomembrane was set beneath the
building. A sinusoidal acceleration of 350 Gal with frequency of 10 Hz and duration
of 30 s was applied to the model.

Case 2: A shallow foundation of a heavy structure with a bearing pressure of 5 kPa
was represented by a rectangular block of brass material, with cross-sectional area
of 230 mm × 100 mm in model scale. A dense layer of Toyoura sand (Dr = 90%)
representing non-liquefiable ground was constructed using both dry deposition and
tamping techniques. The depth of dense layer was 200 mm. As no geomembrane has
been used, the upper liquefiable layer (Dr = 50%) was 300 mm in depth, constructed
only using dry deposition technique. Since the bearing pressure was about 17 times
than in Case 1, due to the limitation of test equipment, sinusoidal acceleration of 300
Gal with frequency of 4 Hz and duration of 10 s was applied to the model.

3 Results

3.1 Time Histories of Settlement

The settlement time histories at each side of the two buildings, recorded by displace-
ment transducers D1 and D2, are presented in Fig. 2. As shown in the figure, differ-
ential settlement happened to both buildings. The lighter building (0.3 kPa) settled
only 4 mm at D1 side and 0.4 mm at D2 side. The heavier building (5 kPa) settled
about 36 mm at D1 side and 32 mm at D2 side. Despite the bearing pressure ratio
being about 16 between the two buildings, the ratio of maximum settlement is only 9.
This may be due to the excess pore water pressures not reaching the full liquefaction
levels below the heavier building as will be discussed in Sect. 3.2.

(a) Settlement recorded by D1                         (b) Settlement recorded by D2 

Fig. 2 Time history of settlement at each side of model. a Settlement recorded by D1, b settlement
recorded by D2



266 Y. Hu et al.

Table 3 Settlement and rotation

Building Sensor Settlement Rotation (anti-clockwise)

Light building D1 4.202 mm 0.564°

D2 0.412 mm

Heavy building D1 35.985 mm 1.066°

D2 31.700 mm

Differential settlement resulted in rotation of the two buildings. The settlement
and angles of rotation are shown in Table 3. As shown in the table, the lighter building
has experienced rotation of 0.564°. This may be due to the effect of inertia force.

3.2 Excess Pore Water Pressure Ratios

The settlements of the buildings discussed above were induced by generation of
excess pore water pressures and consequent liquefaction of the loose sand (Dr =
50%).As the two buildings have different bearing pressures, it would bemore prudent
to plot the excess pore pressure ratio defined as Ru = uexpp/σ

′
vo. These Ru plots are

shown in Fig. 3 for PPTs directly beneath both buildings (P1 and P5 shown in Fig. 1)
and those to one side of the buildings (P2 and P6 shown in Fig. 1). These transducers
were located at the same depth of loose layer beneath the building in the two cases.

Fig. 3 Time history of excess pore water pressure ratio
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(a) The settlement of light building 

(b) The settlement of heavy building 

Fig. 4 Settlement of buildings. a Settlement of light building, b settlement of heavy building

In this figure, P1 and P5 do not reach the full liquefaction value of 1 beneath the
heavier building due to the dilatant effects of the static shear identified by Coelho
et al. [2]. The deeper PPTs (P5 and P6 shown in Fig. 1) also show higher values
than for the lighter building suggesting probable softening behavior of the soil. This
is hypothesized as the main reason for a decreased settlement ratio is described in
Sect. 3.1.

3.3 Building Settlements

Figure 4 shows photographs of cross-sectional views of two buildings during the
shaking. In this figure, the lighter building showed insignificant settlement, while
the heavier building sank until the original ground level and disappeared after the
liquefaction event. The rotation of the heavier building was also more obvious than
lighter one as shown in the figures.

3.4 Accelerations

Figure 5 shows the time history of acceleration for the light building in Case 1 under
the input excitationwith amplitude of 350Gal. As can be seen from the figure, ground
motion is amplified through the upward propagation within the soil from the bottom
to the ground surface (A5–A2 shown in Fig. 1). The acceleration time histories also
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Fig. 5 Time histories of acceleration in light building case

showed spikes in the liquefiable layer (A2, A3 and A4 shown in Fig. 1). Larger
acceleration spikes were observed as the density of soil increased due to subsequent
shaking, which may be attributed to soil softening and re-stiffening induced by high
level of excess pore water pressure.

Figure 6 shows the time history of acceleration for the heavy building in Case
2 under the input excitation with amplitude of 300 Gal. Larger accelerations were
observed in shallower depth (A2, A3 and A4 shown in Fig. 1) in comparison with
the base acceleration (A5 shown in Fig. 1).

4 Conclusions

In this paper, two buildings, one lighter (0.3 kPa) and one heavier (5 kPa) were tested
on identical, layered soil profiles. Some of the important conclusions derived based
on this study are as follows.
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Fig. 6 Time histories of acceleration in heavy building case

(1) Although Ru value in the heavier building case is lower than that in the lighter
building case, due to the weight of the buildings, the settlement of heavy
building is higher than the light one.

(2) Both two buildings experienced rotation caused by differential settlement.
(3) The high level of excess pore water pressure induced softening in the soil in

light building case, resulting in a disassociation between input motion and
acceleration of soil.

(4) The settlement ratio of the two buildings, as well as the rotation pressure, was
smaller than the bearing pressure ratio.

Several mitigation techniques have been introduced to reduce the effects of lique-
faction on structures, particularly to control the excessive settlements. However, very
few of these mitigation techniques have been developed for existing buildings that
rest on liquefiable soils. Sustainable techniques are also needed to address this, and
such techniques should be implementable for existing structure. These experimental
results form the benchmark for further testing on reinforcement and the consequent
improved performance.
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Evaluation of Ground Anchor Residual
Tension by Vibration Method

Kazuki Nawa, Atsushi Yashima, Yoshinobu Murata, Keizo Kariya,
Hideki Saito, Kunio Aoike, Yoshinori Sone, and Mitsuru Yamazaki

Abstract A new method of non-destructive evaluation for residual tensile load of
ground anchor has been developed. If the tendon tension part of a ground anchor is
approximated by a “string” or “beam”, the frequency of its free vibration is deter-
mined by line density and tendon length of the PC steel and the operating tension.
Although the free vibration of tendon tension part cannot be directly excited because
it is in the ground, it is confirmed by a physical model experiment that the free vibra-
tion can be excited by applying a power at the extra length of anchor head. A series
of field experiments was conducted by using a small vibrator and an accelerometer.
A swept-frequency vibration was applied to the extra length of anchor head, and the
vibration waveformwas measured at the same position. The observed waveformwas
analyzed by running spectrum analysis in order to find a resonance frequency which
is used to calculate the residual tension load.

Keywords Ground anchor · Residual tension · Vibration · Resonance frequency

1 Introduction

Ground anchoring is one of the popular methods for maintaining the stability of
slope. The ground anchoring method was introduced in Japan in 1957. Construction
materials for ground anchors are easy to procure, and construction is also simple
compared with the preventive pile method. Many anchors are constructed every year
to stabilize cut slopes and prevent landslides. Periodic inspection of ground anchor
is important to ensure the slope stability.
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There aremany types of anchoringmethods, as anchors have been improved based
on experiences on the field. The fixed type anchor heads are classified into wedge-
fixed type and nut-fixed type. The wedge–nut-fixed type is a kind of wedge-fixed
type that combines wedge and nut. Figure 1 shows slopes with different type anchors
and enlarged head portions.

The anchors are constructed in natural ground. Therefore, the decrease in function
caused by a variety of factors such as the corrosion of steel and the effects of earth
pressure is of primary concern. Initially, ground anchoring had been adopted as a
temporary prevention method. Therefore, the protection against corrosion had been
insufficient, particularly on anchor heads boundary of tendon-free part and anchor-
fixed length. The ingress of water and air also contributes to the corrosion of anchors
made of steel. By the first half of the 1980s, anchor failures caused by corrosion
had been seen. We often observed jumping and lifting of the anchor head caused by
rupture of the tendon-free part. For these reasons, in 1988, the standard documentwas
revised [1]. After that, the anchors protected against corrosion started to be adopted
[2].

When anchors are installed, load cells are set to some of the anchors. After that,
the anchor tension is measured frequently to manage the anchor performance. After

Fig. 1 Slope with different type anchors, a wedge-fixed type, b nut-fixed type and c wedge–nut-
fixed type
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confirming the convergence of anchor tension, the frequency ofmeasuring is reduced.
Daily inspections and periodic inspections are conducted mainly visually. When an
abnormality is observed, there is a concern that the cut slope may be destabilized
due to the change in the anchor tension. The residual tensile load of anchor is usually
confirmed by the liftoff tests, which typically require time and cost. In order to
overcome this shortcoming of the liftoff test, recently, more advanced hydraulic jacks
(called SAAM Jack) exclusively for the purpose of liftoff tests have been developed
[3]. The functions of the test equipment have been improved dramatically [4].

Even if the function of one anchor deteriorates, it does not always lead to instability
of the entire slope. Therefore, it is important to evaluate the health of the overall
slope by monitoring the residual tension of a large number of anchors [5]. Therefore,
much more convenient as well as less expensive monitoring technique has been long
awaited.

In this research, a non-destructive evaluation for residual tension load of ground
anchorswas developed. In the developing process, the tendon tension part of a ground
anchor is assumed to be a “string” or “beam”. Therefore, the frequency of its free
vibration can be determined by line density and tension length of the PC steel and the
operating tension. A series of field experiments were conducted by using a proposed
measuring equipment. The observed tendon tension valueswere comparedwith those
measured by liftoff test.

2 Physical Phenomenon Focused

We first assume that the tendon tension part of a ground anchor is approximated
by a “string” fixed at both ends. If the tendon tension part is thin and long enough,
the assumption of “string” is considered appropriate. Based on this assumption, the
resonance frequency, f, of the free vibration of “string” in Fig. 2 can be determined
by line density, μ (density per unit length), tension length of the PC steel, L and the
operating tension, T by Eq. (1). Therefore, the residual tension can be determined
by Eq. (2).

Fig. 2 “String” model fixed
at both ends
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f = 1

2L

√
T

μ
(1)

T = 4L2 f 2μ (2)

On the other hand, if the tendon tension part is thick and short, the tendon tension
part of a ground anchor should be approximated by a “beam”. For the beam bending
vibration problem, the resonance frequency, f , is not dependent on the operating
tension, T. We can introduce the new index ξ defined by Eq. (3) to classify the
behavior of “string” and “beam” [6]. The thicker and shorter the tendon tension part
is, the smaller the index ξ is.

ξ =
√

T

E I
L (3)

in whichE is Young’smodulus and I is themoment of inertia. The operating tension,
T, can be calculated based on the value of ξ except when its value is less than 3.

3 Model Test and Discussion

In order to confirm the free length portion approximated as “string”, we carried out
large-scale experiments with three different type of anchors such as wedge-fixed
type, nut-fixed type and wedge–nut-fixed type. The basic properties of anchors are
summarized in Table 1. The lengths of tendon tension parts of different anchors are
about 7 m. Its length is sufficiently long compared to the diameter of each steel bar.
The experimental apparatus with 4000 kN reaction force capacity is shown in Fig. 3.
The center hole jack was equipped at one end, and the accelerometer with vibrator
was mounted on the extra length part of another end of anchor. The small target was
attached on the center part of tendon tension part tomonitor the vibration acceleration
of the tendon part of anchor directly by using the laser Doppler vibrometer. The
schematic view of the measuring system around the anchor head and the center of
tendon part is also shown in Fig. 3.

The resonance frequency vibration of tendon tension part with the length of about
7 m of different anchor type was first generated by hitting the tendon part with a
rubber hammer. The free vibration generated by tapping with a rubber hammer was

Table 1 Basic properties of anchors used in large-scale experiment

Head type Diameter (mm) Tendon length (mm) Density/length (kg/m)

Wedge-fixed 12.7 6835 2.322

Nut-fixed 21.8 7172 2.480

Wedge–nut-fixed 15.2 7178 3.303
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Fig. 3 Experimental apparatus with 4000 kN reaction force capacity and measuring system

monitored by the LD. The comparison between observed resonance frequencies and
theoretical resonance frequencies calculated by Eq. (1) is shown in Fig. 4. It is found
that the observed resonance frequency for all types of anchors coincides very well
with the theoretical resonance frequency over a wide range of tension load. This
means that the free length portion can be approximated as “string”.

4 Field Measurement and Discussion

Anchor studies in this paper are the wedge-fixed type VSL and nut-fixed type SEEE
ones which are frequently used in Japan.

Firstly, we tried to generate the free vibration of the tendon tension part by hitting
the anchor head with a hammer. However, the free vibration was not excited. There-
fore, we added the vibration perpendicular to the extra length of the anchor head by
attaching the small vibrator as shown in Fig. 5.
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Fig. 4 Comparison between observed and theoretical resonance frequencies

Fig. 5 Vibrator and accelerometer at extra length of anchor head

4.1 Application to VSL Anchor

Targeted anchors have four PC steel bars, 3.096 kg/m of line density and 4.0 m
of tendon tension part. The designed tension load was 341.9 kN for four anchors
measured in this study. The residual tensile loads for four anchors obtained by the
liftoff tests are 255 kN, 309 kN, 392 kN and 517 kN, respectively. Based on these
residual loads, the resonance frequencies of the tendon tension part were estimated
by Eq. (1) between 36 and 51 Hz.

A small size vibrator was attached on the extra length of anchor head as shown
in Photo 1. A swept-frequency sinusoidal vibration from very low to high frequency
was applied to the extra length as shown in Fig. 6. Figure 7 shows the applied
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Photo 1 Small size vibrator attached on the extra length of anchor head

Fig. 6 Swept-frequency sinusoidal vibration from very low to high frequency

time history of swept-frequency vibration from 10 to 200 Hz for 50 s with 60 s of
measuring time. The vibration waveform was measured at the same position with
a small accelerometer as shown in Fig. 7. The acceleration was measured at 1 ms
intervals and recorded through 16 bit A/D convertor.

When the applied frequency coincides with the resonance frequency of the tendon
tension part, the response amplitude is expected to become large. We performed the
running spectral analysis of themeasured acceleration time history. Figure 8 shows an
example of the analyzed result. The left figure in Fig. 8 shows the running spectrum.
The luminance in the figure indicates the intensity of spectrum amplitude for each
0.512 s.

In the right figure in Fig. 8, the Fourier spectrum for each time step is described.
From this analysis, we can easily understand that there are two peaks of the spectrum
amplitude at 37 and 80 Hz. The former corresponds to the resonance frequency of
the tendon tension part. On the other hand, the latter corresponds to the resonance
frequency of the extra length of the anchor head which behaves as a cantilever.
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Fig. 7 Applied time history of swept-frequency vibration from 10 to 200 Hz for 50 s and vibration
waveform measured

Fig. 8 Running spectrum and Fourier spectrum for each time step

The anchors targeted in this study have four PC steel bars. Figure 9 shows the
running spectra for all four steel bars.We understand that the resonance frequency for
each steel bar is different for wedge-fixed typeVSL anchor. The resonance frequency
of the tendon tension part is easily estimated based on the residual tensile load.

The comparison between the residual tensile load calculated by Eq. (2) and the
measured residual tensile load by the liftoff test is summarized in Fig. 10. As each
anchor has four extra length at the anchor head, the residual tensile load is calculated
for each extra length. Therefore, the horizontal axis of the liftoff result is described
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Fig. 9 Running spectra for all four steel bars

Fig. 10 Comparison between the residual tensile load calculated by Eq. (2) and the measured
residual tensile load by the liftoff test
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as one-fourth of the real residual load. There is a clear correlation between estimated
residual loads in this study and observed ones by liftoff tests.

However, the divergence between the estimated residual load and the observed
load becomes larger as the observed residual load increases. The cause of this devi-
ation is under consideration. There are possibilities that the free length of tendon
part is different from the design one and the length of the tendon tension part is
insufficient to approximate it as “string”. There needs to be further experiments and
field measurements to answer these questions.

4.2 Application to SEEE Anchor

Targeted nut-fixed type anchors have 3.04 kg/m of line density for F70UA and
4.09 kg/m for F100UA. The tension part lengths are 4.0 m for F70UA and 10 m for
F100UA, respectively. Photo 2 shows the location of anchors targeted. The designed
tension loads were 317.0 kN or 360.4 kN. The liftoff tests were carried out for No.1,
No.2 and No.3 anchors. The indices ξ defined by Eq. (3) are 28.0, 54.1 and 56.8 for
three anchors. These values are large enough to approximate the tendon tension part
as “string”.

The spectrograms of extra length parts for three anchors are shown in Fig. 11.
The residual tensile loads calculated by Eq. (2) are compared with measured ones
by liftoff tests are also summarized in Fig. 11. The residual tensile load is found to
be able to estimate based on the resonance frequency of the extra length.

Photo 2 Nut-fixed type anchor with relatively long tendon part
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Fig. 11 Spectrograms of extra length parts for three anchors and comparison between the residual
tensile load calculated by Eq. (2) and the measured residual tensile load by the liftoff test

5 Conclusions

We have proposed a new method of non-destructive evaluation for residual tension
load of the ground anchor by the vibrationmethodbased on the assumption of “string”
or “beam” of tendon tension part.

The free vibration of the tension part can be excited by the vibration perpendicular
to the extra length of the anchor using a small vibrator. Based on the proposed
technique, it is easily possible to obtain the magnitude of the residual tensile load
of the ground anchor at least the wedge-fixed type VSL and nut-fixed type SEEE
anchors.
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Jet Grouted Columns with Horizontal
Slab as Ground Improvement Towards
Liquefaction Mitigation

Myat Myat Phyo Phyo, Hemanta Hazarika, Hiroaki Kaneko,
and Tadashi Akagawa

Abstract A new countermeasure method of jet grout columns with horizontal slab
in liquefaction mitigation is introduced in this study. In order to investigate the
effectiveness of the proposed mitigation method, numerical studies on unimproved
and improved ground were separately performed. Additionally, the validations of the
numericalmodel geometrywith boundary conditions and parameters used inUBC3D
liquefaction model were conducted prior to the analyses to confirm the reliability
of the numerical results. The effectiveness of the soil improvement method was
assessed by comparing the changes in excess pore water pressure ratio, acceleration
as well as distribution of shear stress and shear strain in the liquefiable soil before
and after ground improvement. The results show that the new liquefaction mitigation
method offers optimistic effect on control of shear deformation and excess porewater
pressure.

Keywords Liquefaction prevention · Ground improvement · Jet grouting ·
Numerical simulation

1 Introduction

Recent and historical earthquakes have provided countless examples of the infras-
tructures damaging due to liquefaction. In Japan, many residential houses suffered
severe damages induced liquefaction followed by strong earthquakes Niigata earth-
quake (1964), Hyogoken-Nanbu Earthquake (1995), Tohoku Earthquake (2011), etc.
In order to consider remediation measures on vulnerable housing in liquefaction
prone regions, researches and efforts are emphasized on the necessity of soil reme-
diation against liquefaction. Many countermeasure methods, such as gravel drain
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Earthquake wave

Large shear deformation Reduced shear deformation

Reinforcement wall

Fig. 1 Liquefaction mitigation mechanism of grid form wall

method, sand compaction pile method, deep mixing method and jet grouting, have
been proposed to mitigate liquefaction. In Japan, the lattice-shaped cement mixing
method is a well-known method to mitigate the liquefaction. This method uses inter-
sected cement-treated columns to form grid shape in loose soil to restrict shear
deformation and generation of excess pore pressure against earthquake as shown
in Fig. 1. It was developed since in early 1990s but the effect of this improvement
method was first evaluated in the Hyogoken-Nanbu earthquake in 1995. Since then,
many numerical analyses, physical model tests and field tests have been performed to
investigate the performance of the grid type, interaction between improved ground
and surrounding ground (e.g. Kitazume [5]). Due to good results from numerical
analyses and field tests, the grid form liquefaction mitigation technique has been
frequently used in construction sites. As an example, this method was adopted to
mitigate soil liquefaction damage in the land reclamation area, Urayasu City, where
residential houses suffered severe damage due to liquefaction during the 2011Tohoku
earthquake [4].

Nevertheless, the effectiveness of jet grout columns in liquefaction prevention is
particularly depending on many factors, such as improvement area ratio, wall stiff-
ness and grid spacing. Based on the previous researches together with observations
and experiences in the fields, ground improvement area ratio is predominantly effec-
tive in increasing the potential of liquefaction mitigation [8], [16]. However, the
behaviours of the high-modulus jet grouting, interaction between improved ground
and surrounding soil, the response of shear stress and shear strain distribution in
improved ground are not fully explored yet.

In this study, a new countermeasure method, using small diameter jet grout
columns with additional horizontal slabs, is introduced. This method is more benefi-
cial compared to the conventional approach because it uses closely spaced jet grout
wall (L/H = 0.2) to defend against liquefaction. In addition, the entire liquefaction
prone layer is improved by jet grouting columns in both vertical and horizontal direc-
tions to restrain the shear deformation during an earthquake. In order to measure the
effectiveness of the new method in reducing liquefaction risk, numerical analyses
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using an effective stress-based model UBC3D-PLMwere performed. Validations for
model geometry with boundary conditions and soil parameters used in liquefaction
model were conducted prior to the analyses, to confirm the reliability of the numer-
ical prediction. The effectiveness of closely spaced jet grout wall with horizontal
slab in reduction of liquefaction was evaluated by varying the excess pore water
pressure ratio, acceleration as well as distribution of shear stress and shear strain in
the liquefiable soil.

2 Numerical Modelling

In this study, numerical simulations, using PLAXIS 2D, were performed to measure
the effect of jet grout columns with horizontal slab in liquefaction mitigation.
Beforehand, verification of numerical model geometry with boundary conditions
and the parameters used in UBC3D liquefaction model were carried out to obtain
the reliability of the numerical results.

2.1 Finite Element Model Validation

Numerical finite element (FE) modelling provides a significant aid in the determina-
tion of the dynamic response due to its inherent capability of detailed simultaneous
prediction of stress distribution and displacements in the system. However, the reli-
ability of a numerical prediction is largely influenced by soil constitutive model,
boundary conditions and mesh distribution. Especially, consideration for boundary
conditions is the most important in dynamic modelling since different wave propa-
gation problems will have different boundary criteria. Therefore, simple verification
for finite element model was conducted by comparing soil amplifications function
obtained from the numerical and theory. Hence, a numerical analysis for a single
layer of homogeneous linear elastic soil bed of 36 m thick was performed. Elas-
ticity modulus, Poisson’s ratio and unit weight used in the model were selected as
6000 MPa, 0.2 and 22 KN/m3, respectively. To create a mesh distribution, 15 nodes
triangular plain strain elements were used. The vertical boundaries were modelled
with tied degree of freedom while compliance based was selected at the base as
suggested in the site response and liquefaction evaluation by Brinkgreve [2]. The
applied ground motion at the base of the model was the earthquake data of the Loma
Prieta earthquake (1989) with the maximum peak ground acceleration of 0.3 g. The
history of acceleration time was depicted in Fig. 2.

Amplification function in the numerical analysis is determined as the ratio of
Fourier spectrum of the surface motion to the corresponding component of the
bedrock motion. With the purpose of verification, the theoretical amplification factor
of linear elastic model was calculated using Eq. 1 as proposed by Roesset [12],
wherein H is the layer thickness, vs is shear wave velocity, D is damping ratio, and f
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is frequency of the soil during vibration, respectively. As observed from Fig. 3, the
amplification function obtained from numerical analysis is reasonablymatchingwith
the theoretical amplification function. Based on the results, the boundary concept
of the model seems to yield quite adequate results regarding reproduction of soil
amplification function.
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2.2 UBC3D-PLM Model Calibration and Parameter
Selections

The UBC3D-PLM model is an effective stress model based on classical plasticity
theory with a hyperbolic hardening rule to measure the development of excess pore
water pressure and capture the onset of liquefaction under dynamic loading. The
UBC3D-PLM model is developed by Tsegaye [15] and Petalas et al. [9] which is an
extension of the UBCSAND model. The model utilizes the primary and secondary
yield surfaces to account the effect of soil densification and predict the smooth tran-
sition into the liquefaction state under undrained loading. Furthermore, a soil densi-
fication rule is implemented to better predict the evolution of pore pressures during
cyclic loading. Even though UBC3D-PLM is an advanced model, it is relatively
simple to apply due to its reasonable number of parameters that can be extracted
from laboratory or in situ tests. The liquefaction parameters are connecting with the
corrected clean sand equivalent SPT blow count measurements (N1)60. However,
the selection and calibration of parameters play a significant role to obtain reliable
results.

In this study, the constitutive parameters were calibrated based on the curve fitting
of the cyclic resistance ratios of sand of different relative densities, reproduced by
means of cyclic direct simple shear test implemented in soil test facility of PLAXIS.
With reference to Fig. 4, the comparison of cyclic strength curves obtained from the
numerical and the semi-empirical methods are well agreed. The soil parameters used
in UBC3D-PlMmodel and the generated deformation characteristics forDr 50% are
shown in Table 1 and Fig. 5, respectively. However, the UBC3D-PLM model is not
advisable to use in static analysis since the parameters used inmodel are designated to
evaluate liquefaction in loose soils and suitable only for dynamic calculation (Plaxis
2D Material Models Manual [10]). Therefore, hardening soil model was used in
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Table 1 Parameters of liquefiable soil used in the UBC3D-PLM model

Parameter Symbol Value Method/formula

Peak friction angle φ
′
p 35° CD Test

Constant volume friction angle φ
′
cv 33° CD Test

Elastic shear modulus number Ke
G 967.67 21.7 × 20 × (N1)

0.333
60

Elastic bulk modulus number Ke
B 677.37 0.7 × keG

Plastic shear modulus number K p
G 458.40 keG × (N1)

2
60 × 0.003 + 100

Elastic shear modulus index me 0.5 Default

Elastic bulk modulus index ne 0.5 Default

Plastic shear modulus index np 0.4 Default

Failure ratio Rf 0.77 1.1 × (N1)
−0.15
60

Densification factor fdens 0.45 Curve fitting

Post liquefaction factor fpost 0.02 Curve fitting

Corrected standard penetration test (N1)60 11.1 Dr
2/152
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Fig. 5 Deformation characteristics generated forDr 50% fromPLAXIS soil test simulation a excess
pore water pressure ratio developed with number of cycles, b shear stress versus shear strain curve,
c shear stress versus vertical effective stress, d excess pore water pressure ratio versus shear strain

initial static phase to generate the stress state correctly for liquefiable soil prior to
the dynamic phase.
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2.3 Numerical Simulation for Unimproved and Improved
Ground Models

In order to determine the performance of high-modulus jet grouted columns against
liquefaction, the numerical simulations for unimproved and improved ground were
conducted. As for the unimproved case, hypothetical three layers of soil profile were
utilized. The water table was assumed to be coincided with the ground level. Herein,
the response of soil liquefaction was measured at the 10-m-thick loose sand layer
with respective relative density ofDr = 50%, which was overlying 25 m of clay. The
underlain layer was assumed to be a bedrock where the above-mentioned earthquake
motion was imposed. Numerical simulations were conducted in three modelling
phases. For the liquefiable sand layer, hardening soil model was used at the first
initial and second plastic nil step phases to generate initial stress correctly. Thereafter,
UBC3D-PLM model was applied at third dynamic stage in order to measure the
development of excess pore water pressure and capture the onset of liquefaction of
the loose sand layer under earthquake loading. The constitutivemodel and parameters
used in numerical analyses for sand, clay and bed rock layer are shown in Tables 1,
2 and 3, respectively.

On the other hand, 0.6 m thickness of jet grout walls (10m in height) was installed
with 2 m interval with respect to spacing ratio 0.2 for the improved case. In addition,
the slabs with 1 m thickness were horizontally added at every 1 m interval as shown
in Fig. 6. Thereby, the loose sand layer was improved in both vertical and horizontal
directions to restrain shear deformation during the earthquake. Mohr–Coulomb

Table 2 Parameters used in hardening soil model

Parameter Symbol (Unit) Clay Sand

Unit weight γ sat (kN/m3) 18 20

Effective cohesion c′
ref (kN/m2) 13 0

Effective friction angle φ′ (°) 22 35

Dilatancy angle � (°) - 1

Secant modulus E ref
50 (kN/m2) 5436 20,380

Tangent stiffness for primary oedometer loading E ref
oed (kN/m2) 5436 20,380

Unloading/ reloading stiffness E ref
ur (kN/m2) 16,310 61,130

Power of stress-level decency m 0.8 0.5

Table 3 Parameters of bedrock used in linear elastic model

Parameter Symbol (Unit) Values

Unit weight γ sat (kN/m3) 22

Young’s modulus E (MN/m2) 6,000

Poisson’s ratio V 0.2
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Fig. 6 Finite element model of the improved case

model was applied in jet grout columns modelling. Elasticity modulus, Poisson’s
ratio and undrained shear strength of the columns were selected as 1000 MPa, 0.2
and 1 MPa, respectively.

3 Result and Discussion

The aim of the study is to evaluate the effect of liquefaction mitigation by using
closely spaced jet grout columns with the horizontal slab in liquefiable ground. Thus,
numerical cases of soil improvement with and without were separately measured.
The analysis results were evaluated based on the effect of jet grout columns on the
distribution of excess pore water pressure ratio, acceleration, shear stress and shear
strain in the liquefiable soil layer.

3.1 Acceleration

The surface acceleration behaviour becomes relevant in the evaluation of the soil
improvement technique as soil softening can significantly affect to the building
damage. The comparison of the surface acceleration responses obtained from the
unimproved case and improved cases is presented in Fig. 7. With respect to Fig. 7,
the peak accelerations of improved case and unimproved case were observed as 0.23
and0.18g, respectively.As anoticeable difference, the occurrence of soil acceleration
attenuation behaviour was found in the unimproved case. It means that the soil accel-
eration appeared to decrease upon the onset of liquefaction (around dynamic time
at 13 s) due to the reduction of soil strength and stiffness and increase in hysteretic
damping. However, there was no trace of acceleration decreasing due to liquefaction
in improved case. In other words, the newly proposed liquefaction countermeasure
method can control the soil stiffness reduction against seismic loading.
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Fig. 7 Surface acceleration time histories measured from unimproved and improved cases

3.2 Excess Pore Water Pressure Ratio

Excess pore water pressure ratio is an indicator of liquefaction occurrence, which is
calculated by means of vertical effective stress at the end of the dynamic calculation
and initial effective vertical stress prior to the dynamic stage inUBC3DPLM [2]. The
corresponding layer can be determined as a complete liquefied layer when the excess
pore water pressure ratio is 1. The comparison results of excess pore water pressure
distribution with dynamic time at different depths for unimproved and improved
cases were indicated in Fig. 8. Based on the comparison results, it can be observed
that the proposed liquefaction countermeasure method is effective in excess pore
water pressure control.
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3.3 Shear Stress and Shear Strain Distribution

The effect of jet grout columns on shear stress and shear strain distribution in lique-
fiable soil was interpreted by calculating shear stress reduction ratio (Rd) and shear
strain by Rayamajhi et al. [11]. Here, Rd is the ratio of the shear stress reduction
coefficients, rd improved of the improved soil over that rd unimproved of the unimproved
soil. Basically, the shear stress reduction coefficient, rd, is derived from the simplified
procedure of cyclic stress ratio (CSR) proposed by Seed and Idress [13], as shown
ins Eq. 2.

CSR = τs

σ ′
v

= 0.65

(
amax

g

)(
σv

σ ′
v

)
rd (2)

where τ s is the average cyclic shear stress of the soil, σ ′
v is the effective vertical

stress of soil, σ v is the total vertical stress of soil, amax is the maximum ground
surface acceleration, rd is the shear stress reduction coefficient. The dynamic analyses
provide the values of τmax and amax for unimproved and improved cases, from which
the shear stress reduction coefficients, rd, could be computed based on Eq. 3.

rd = (τmax)d

(τmax)r
, (τmax)r = γ ′zamax (3)

(τmax)d = maximum shear stress
Z = effective unit weight of soil.
The computed shear stress reduction ratios (Rd) were presented in Fig. 9. In other

words, it shows the contribution of high-modulus column to reduce shear stress in
liquefiable sand. A lower Rd indicates a lower potential of liquefaction in ground.
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The range of shear strain distribution throughout the depth in unimproved case was
noticed to be very wide compared to the improved case. It can be determined that
the shear deformation of loose soil layer was effectively controlled by the vertical
and horizontal reinforcement during the earthquake.

4 Conclusion

As an initial assessment for liquefaction prevention, the study on the effectiveness of
jet grout columns with horizontal slab method was performed bymeans of numerical
simulations. In order to assess the effectiveness of the proposed method, the seismic
responses of the excess pore water pressure ratio, acceleration as well as distribution
of shear stress and shear strain in the liquefiable soil were evaluated. The analyses
result shows that the jet grout columns with horizontal slab method are effective in
liquefaction prevention and advanced effective stress UBC3D-PLM can assist the
seismic response assessment of the soil.
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Mechanical Behaviors of Assembled
Multi-step Cantilever-Retaining Walls
for High Embankments by Numerical
Simulation Method

Zhaoying Li and Shiguo Xiao

Abstract Assembled multi-step cantilever-retaining walls are a new type of light-
retaining structure with low carbon, which can be suitable for high fill earthworks
and quickly installed in situ. In order to fully support practical design of the novel-
retaining structure, mechanical behaviors of the structure under strip surcharge on
the top surface of the backfill in a high embankment example are determined using
numerical simulation method via Flac3D program. Analysis results show that the
profile of the lateral earth pressure on the vertically assembled walls exhibits multi-
segment polyline mode. Apart from the highest step wall member, there is obvious
reduction effect of the earth pressure at the top of each wall member. The increases of
width of heel plate ofwallmember, internal friction angle and unit weight of the back-
fill are helpful to improve the overall stability of the wall-slope system and reducing
lateral displacement of the whole wall. Moreover, considering easy construction of
the structure in practice, relatively more steps under allowable conditions are also
commonly recommended for the retaining structure.

Keywords Multi-step cantilever-retaining walls · Numerical simulation method ·
High embankments · Earth pressure · Overall stability

1 Introduction

Cantilever-retaining wall is one of light-retaining structures and often used for
retaining embankments in the case of strict land restriction or low bearing capacity of
foundation soil. However, height of the traditional cantilever-retainingwall is usually
limited. For example, it should not be more than 6 m according to China Norm [1].
So, the traditional wall cannot be suitable for high embankments. In view of this,
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Fig. 1 Sketch map of
multi-step
cantilever-retaining walls

assembled multi-step cantilever-retaining walls are proposed in this paper to retain
embankments with higher height such as 8 m, 10 m and much more (see Fig. 1). The
new type of light-retaining structures can be constructed by assembling prefabricated
members, each of which is just a traditional cantilever-retaining wall with smaller
height.

Some researchers studied static performance of traditionally single cantilever-
retaining wall [2–5]. Also, dynamic behaviors of the single cantilever wall are
analyzed by some scholars [6–8]. Although there are some investigations on the
traditional cantilever-retainingwall, mechanical behaviors of the new retaining struc-
tures are hardly reported in the literature. In order to fully study earth pressure on
each wall, wall displacements and wall-slope overall stability, numerical simulation
method via Flac3D program is used to solve the problem. Further, several influencing
factors are analyzed, and the optimum type of the proposed retaining structures is
provided in a practical high embankment of highway.

2 Numerical Modeling

The numerical model of the proposed structure used to retain fill earthworks can be
established using FLAC3D program. Figure 2 shows a calculation model of four-
step cantilever-retaining walls. The walls are usually prefabricated with C30 to C40
concrete in practice, so they are considered as elastic bodies in themodel. Thebackfill,
foundation soil and clay in green belts are modeled using perfectly elastic–plastic
constitutive model with the associated flow rule and Mohr–Coulomb yield criterion.
Strength parameters at the interfaces between the walls and backfills are assumed as
0.7 times of the soil ones. The distance from the toe of the lowest-step wall member
to the left boundary with horizontal constraint is assumed as the fill height H, and
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Fig. 2 Generally numerical simulation model of a slope retained by the wall

the distance from the top of the highest-step wall member to the right boundary with
horizontal constraint is assumed as 2H. Depth of the foundation soil is assumed as
0.8H, and the bottom boundary is fixed in horizontal and vertical directions. The
model with 1 m thickness out of plane can be meshed using eight-node hexahedron
elements. The displacements of all nodes in themodel are constrained in the direction
perpendicular to the plane.

3 Computation Results of an Example

A practical embankment with 8.65 m height in a highway engineering in Sichuan
Province is retained by the four-step cantilever-retaining walls precast with C35
concrete. The foundation soil consists of gravel soil, and well-compacted coarse
sand is layered on it. The height of each wall member is 2.15 m, the total height
of multi-step walls is 8 m, and 30-cm-thick clay layers partially exist between the
walls connected by a series of discrete concrete blocks. The main physical and
mechanical parameters in the example are shown in Table 1, which is obtained by
field investigations and laboratory tests. Strip surcharge on the road surface is q =
30 kPa with distribution width b = 7.5 m. According to the numerical modeling
method mentioned above, the numerical model of the example is shown in Fig. 3,
which has 10,372 elements and 21,230 nodes.
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Table 1 Physical and mechanical parameters in the example

Elastic
modulus
(MPa)

Poisson’s
ratio

Cohesion
(kPa)

Internal friction
angle (°)

Unit weight
(kN/m3)

Walls and
Blocks

31,500 0.2 – – 25

Clay 20 0.45 28 11 18

Backfill 30 0.32 0 35 20

Foundation
soil

30 0.32 0 35 19

Fig. 3 Numerical model of the practical embankment retained by the wall

3.1 Earth Pressure

Distribution of the lateral earth pressure on the wall back is shown in Fig. 4, which
indicates profile of the earth pressure on the whole wall is nearly multi-segment
parabola regardless of small fluctuations due to shielding action of the nearby heel
plates inserted in the filling soil. For each wall member, the maximum of the earth
pressure occurs at its middle-lower part, but the minimum one lies basically at its
top.

3.2 Wall Displacements

As shown in Fig. 5, distribution of the horizontal displacement of the whole wall
exhibits parabola mode with the maximum 7.01 mm at the bottom of the step II wall
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(a) Contour of horizontal stress (b) Profile of earth pressure

Fig. 4 Distribution of lateral earth pressure on the wall back

(a) Contour of horizontal displacement (b) Profile of lateral displacement

Fig. 5 Distribution of lateral displacement of the walls

member. In fact, movement of the whole wall is composite mode composed of trans-
lation and rotation. The upper threewallmembers rotate substantially toward the inte-
rior of the backfill, and the lowest wall member rotates slightly toward the opposite
direction, while the whole wall translates toward the exterior of the embankment.

3.3 Wall-Slope Overall Stability

According to the maximum shear strain increment contour (see Fig. 6), critical slip
band of the wall-slope system is passing by the heel of the lowest-step wall member
with factor of safety Fs = 1.38. To some extent, one can simply assume a circular
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Fig. 6 Critical slip surface of the retained slope

slip surface passing by the lowest heel to be the critical slip surface of the wall-slope
system.

4 Parameter Study and Structure Optimization
Configuration

Some factors including number of wall members together with geometric parame-
ters and physical properties of each member have important effect on the mechan-
ical behaviors of the assembled walls. Based on the practical embankment example
mentioned above and the control variable method, the influences of number of
members, unit weight and internal friction angle of the backfill and width of the
heel plate on mechanical behaviors of the wall are discussed as follows.

4.1 Number of Members

Table 2 shows influence of number of vertically assembled wall members on the
wall-slope overall stability in the practical example. It can be seen that the factor
of safety gets the minimum and maximum values under 5 and 2 wall members,
respectively, which means type III is the comprehensively optimum structure form
considering easy operation during prefabrication and installation of these members
under the requirement of design factor of safety not less than 1.35. In fact, type III
was used in the practical embankment engineering mentioned above, and it works
well, which means the analysis results are acceptable.



Mechanical Behaviors of Multi-step Cantilever Walls 301

Table 2 Factor of safety
under various number of wall
members

Type Number of wall members Fs

I 2 1.88

II 3 1.55

III 4 1.38

IV 5 1.29

4.2 Unit Weight of Backfill

Figure 7 shows the variation of lateral earth pressure distribution on the wall back
with unit weight of the backfill in the case of four-step wall. The earth pressure on
the wall back is increasing with the unit weight of the backfill, but their distribution
modes under various unit weights are similar. Additionally, the maximum lateral
displacement of the wall is increasing with the unit weight (see Table 3). However,
the factor of safety of the wall-slope system is not decreasing as the unit weight
increases, which is different from the general gravity-retaining wall. The reason lies
that the factor of safety is influenced by not only earth pressure on the back of each
wall member but also self-weight of the local backfill over each heel plate. In fact,
the local backfill over each heel plate contributes resistant action for the wall member

Fig. 7 Distribution of earth pressure on the wall back under various unit weights of backfill
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Table 3 Responses of wall-slope system under various unit weights of backfill

Unit weight (kN/m3) 16 18 20 22

Maximum lateral displacement of the whole wall (mm) 6.15 6.84 7.01 7.22

Resultant of earth pressure on the wall back (kN/m) 265.3 289.2 313.9 334.2

Factor of safety 1.38 1.38 1.38 1.39

Table 4 Responses of wall-slope system under various internal friction angles of backfill

Internal friction angle (°) 31 33 35 37

Maximum lateral displacement of the whole wall (mm) 16.86 9.91 7.01 4.69

Resultant of earth pressure on the wall back (kN/m) 332.4 315.0 313.9 311.1

Factor of safety 1.21 1.29 1.38 1.48

by equivalently adding self-weight of the whole wall. Although the earth pressure
on the wall is increasing to some degree with the unit weight, the resistant effect of
raising self-weight of the wall is predominant.

4.3 Internal Friction Angle of Backfill

As the internal friction angle of backfill increases, the earth pressure on the wall back
is slightly decreasing (see Table 4). However, the maximum lateral displacement of
the wall is decreasing obviously with the increase of the internal friction angle.
Besides, the factor of safety of the wall-slope system is apparently increasing with
the internal friction angle as expected.

4.4 Width of Heel Plate of Wall Member

Table 5 shows the maximum lateral displacement of the wall and earth pressure on
the wall back are decreasing, respectively, with the increase of width of the heel plate
of wall member. The results can be explained according to the shielding action of the
earth pressure caused by the nearby heel plates inserted in the filling soil. Moreover,

Table 5 Responses of wall-slope system under various widths of the heel plate

Width of the heel plate (m) 1.62 2.12 2.62 3.12

Maximum lateral displacement of the whole wall (mm) 13.39 8.32 7.01 6.18

Resultant of earth pressure on the wall back (kN/m) 333.4 319.4 313.9 305.0

Factor of safety 1.23 1.32 1.38 1.45
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the factor of safety of the wall-slope system is increasing as the width of the heel
plate increases. The reason lies in two aspects including the reduction of the earth
pressure and the increase of equivalent self-weight of the whole wall with the width
of the heel plate.

5 Conclusions

(1) Assembled multi-step cantilever-retaining walls can be utilized for high fill
earthworks, which can maintain the retained slope to be of high stability.

(2) Profile of the lateral earth pressure on the vertically assembled walls step by
step exhibits multi-segment parabola mode. Apart from the highest-step wall
member, there is obvious reduction effect of the earth pressure at the top of
each wall member.

(3) Stability of the slope retained vertically by less wall members is better than
that by more members. But the latter can be much more easily constructed in
practice. So, relatively more steps under allowable conditions in practice are
commonly recommended for the retaining structure.

(4) The increases of width of heel plate of the wall member, internal friction angle
and unit weight of the backfill are the benefits for improving the overall stability
of the wall-slope system and reducing lateral displacement of the whole wall.
So, lengthening the heel plate to feasible extent in design and considerably
improving degree of compaction of the backfill in construction are strongly
suggested.
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Microscopic Analysis of the Influence
of Pore Size Distribution on SWCC Using
Extended DDA

Longxiao Guo and Guangqi Chen

Abstract Soil–water characteristic curve (SWCC) is oneof themost important prop-
erties of unsaturated soil, and pore size distribution (PSD) curve is commonly used to
predict SWCC. In this study, an extended discontinuous deformation analysis (DDA)
method is used to reveal the influence of PSD on SWCC from the micromechanism.
First, the performance of the extended DDAmethod is validated by the experimental
SWCC.AndDDAmicrosimulation result is in good agreementwith the experimental
result. Then, the relationship between PSD curve and SWCC is analyzed based on
the DDA simulation results. The microsimulation results show that PSD influences
SWCC by changing the capillary radius in soil. Air-entry value decreases with the
percentage of large pore increase. However, the effect of PSD on SWCC tends to
diminish at the residual zone because the micropores do not show much differ-
ence between two models. This study extends DDA in unsaturated soil analysis and
provides support for PSD-based SWCC prediction from the micromechanism.

Keywords Discontinuous deformation analysis · Unsaturated soil · Soil–water
characteristic curve · Pore size distribution

1 Introduction

Unsaturated soil refers to the soil whose saturation is between 100 and 0. Comparing
to saturated soil, unsaturated soil widely exists in nature, which in particular covers
most of the arid and semiarid areas [1]. Unsaturated soil is regarded as three-phase
material that contains soil particles, water, and air, and it embraces a wide range of
soil types such as expansive soils, loess, and residual soil. They all have the basic
characteristics, that is, there is matric suction in the soil. The presence of matric
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suctionmakes soil behaviormore complicated, and it does not adhere to the behaviors
of saturated soil [2]. The swelling of expensive soil [3] and the collapsibility of loess
that are closely related to matric suction can lead to a severe situation for engineering
practice. However, saturated soil mechanics did not involve these important issues.
According to the numerous researches and experiments on the unsaturated soils, the
basic trend can be assured: The properties of shear strength and compressibility of
unsaturated soil have a relatively positive relationship with the matric suction [4].
All the work has shown the importance of the role of matric suction. Therefore,
unsaturated soil mechanics as an extension of saturated soil mechanics focuses more
on the water-related properties, and one of the core issues is matric suction.

Soil–water characteristic curve (SWCC) is known as a constitutive relationship
between water content and matric suction of soil. SWCC is not only providing a
conceptual understanding of the energy state of the water phase in the soil but also
is used to predict the permeability, shear strength of unsaturated soil [5]. For engi-
neering practice, most engineering problems that happened in the unsaturated soil
zone involve in matric suction loss such as rainfall, irrigation, and snowmelt. A good
understanding ofmatric suction can help us in engineering practice in the unsaturated
zone. For example, the landslide is a common natural disaster and causes casualties
and property damage. Especially, rainfall-induced landslides can occur in a wide
variety of climatic, geologic, and topographic settings, which are basic in wholly or
partly the unsaturated zone. According to a recent survey, about half of the 40 most
destructive landslide disasters worldwide in the past century resulted from prolonged
or intense rainfall [6]. Although the volume of individual shallow landslides is often
small, typically less than 1000m3, extensive areas are often affected [7]. For example,
a shallow landslide triggered by rainfall in Yan’an, northwestern China, July 2013.
It caused 8135 slope failure, 10,000 living caves damaged, and 45 fatalities. The
mechanism analysis of landslides on long-term rainfall should consider the influ-
ence of matric suction. Water content increase in the soil would cause matric suction
loss. Consequently, the factor of safety of slope will decrease, and then, slope failure
occurred. Therefore, how matric suction changes with water content is the key issue
for unsaturated soil research.

PSD is a pore characteristic that is commonly used to predict SWCC [8]. Tradi-
tionally, the research on the PSD and SWCC is based on the experiments, and the
pressure plate apparatus, tensiometer techniques [9], etc., are the commonly used
methods. With the development of computer technology, the numerical method can
be an alternative approach for analyzing the SWCC.Discrete elementmethod (DEM)
[10] is increasingly used in the study of unsaturated soil at microscale [11]. DEM
simulations can obtain detailed internal information such as coordination number
and force chain efficiently [12]. Recently, DDA [13], a member of the family of
DEM, has been employed in the studies of unsaturated soil. DDA has the advantages
in microscale soil analysis, such as it has a variety of particle shapes that can be used
to form complex soil microstructure. The simulation results have indicated that the
extended DDA is a reliable and applicable numerical method to explore unsaturated
soil behaviors [14].
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In this research, the authors analyze the influence of PSD on SWCC from the
micromechanismusing the extendedDDAmethod. First, the extendedDDA is briefly
introduced. Then, the experimental SWCC of Toyoura sand is used to validate the
performance of extended DDA. Finally, the influence of PSD on SWCC is simulated
and analyzed quantitatively. This study extends DDA in unsaturated soil analysis and
provides support for PSD-based SWCC prediction from a micromechanism.

2 Methodology

2.1 Fundamental Principle of Discontinuous Deformation
Analysis (DDA)

2D DDA, proposed by Shi (Shi, 1985), is a promising numerical method to simulate
large deformation and displacement problems. It has been wildly used for modeling
landslides, rockfall, and tunnel construction. DDA elements are the discrete blocks
which are the deformable objects of any shape, and each block i has six unknown
variables: rigid-body displacement (u0, v0), rigid-body rotation r0, normal strain (εx,
εy), and shear strain γ xy, and it can be written as the following deformation matrix
D:

D = (u0, v0, r0, εx , εy, γxy)
T (1)

The displacement (u, v) of an arbitrary point (x, y) within a block is described as
follows:

(
u
v

)
=

(
1 0 −(y − y0) (x − x0) 0 (y − y0)

/
2

0 1 (x − x0) 0 (y − y0) (x − x0)
/
2

)
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

u0
v0
r0
εx
εy

εxy

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

= TD (2)

where (x0, y0) is the centroid of the block.
DDA is an energy-based implicit method, and it is established based on mini-

mizing the total potential energy of the system. The simultaneous equilibrium
equations of block system can be expressed as follows:

[M]
{
D̈

}+[C]
{
Ḋ

}+[K]{D}={F(t)} (3)

where [M] is the mass matrix; [C] is dampingmatrix; [K] is stiffness matrix;
{
RD

}
,{

Ḋ
}
, and {D} are the acceleration vector, velocity vector, and displacement vector,

respectively; and {F(t)} is the external force vector.
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Assume that there are n blocks in a block system, the global equilibrium equation
of the blocks is presented as follows:

⎡
⎢⎢⎢⎣

K11

K21
...

Kn1

K12

K22
...

Kn2

· · ·
· · ·
. . .

· · ·

K1n

K2n
...

Knn

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣
D1

D2
...

Dn

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎣
F1

F2
...

Fn

⎤
⎥⎥⎥⎦ (4)

where Kij is a 6 × 6 coefficient submatrix; Fi is a 6 × 1 loading submatrix on
block i; i, j = 1, 2, …, n and n is the number of blocks in the defined block system.

2.2 The Extended DDA Method and Typical SWCC

Since DDA has advantages for analyzing the material like granular aggregates, a
newly developed algorithm is incorporating with the conventional DDA program to
simulate the mechanical behavior of unsaturated soil [14]. The fundamental problem
of unsaturated soil simulation is to exert the matric suction among soil particles,
meanwhile, calculate the capillary water volume under certain matric suction. In
this simulation, soil particles are idealized as DDA blocks, and the matric suction
is exerted among blocks based on Young–Laplace equation. The algorithm and its
implementation based on the original DDAmethod and the capillary mechanics have
been accomplished. In extended DDA, there are three main parts of the program
implementation: 1. Determine potential contractile skin of particle; 2. Determine
reasonable capillary water distribution among the multi-particle system; 3. Add
matric suction and surface tension on the particle. Extended DDA can faithfully
reflect the mechanism of the capillary action in the soil, which makes it possible to
simulate SWCC microscopically.

Fig. 1 Typical soil–water
characteristic curve (SWCC)
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A typical SWCC is shown in Fig. 1, which mainly divides into three zones:
boundary-effect zone, transition zone, and residual zone. Correspondingly, unsatu-
rated soil can be divided into three stages with the water filling in the pores, namely
the boundary effect stage, transition stage, and residual stage. The transition zone is
mainly discussed in unsaturated soil mechanics. In this zone, capillary water gener-
ally expands into a continuous water body in soil, and both water and air are contin-
uous. Thus, it is also called water–air bi-open state for this zone, and capillary action
provides the main part of matric suction. In this research, it is assumed that the matric
suction is subjected to capillary mechanics.

3 Simulation of SWCC

3.1 Validation Case: SWCC of Toyoura Sand

Toyoura sand is a kind of naturally formed sand, and it is used as a standard material
for experimental tests in Japan. An experimental SWCCof Toyoura sand is employed
in this research. Abe [15] (1994) conducted SWCC tests on a Toyoura sand specimen
by the pressure plate method. Physical parameters of Toyoura sand and DDA model
are shown in Table 1. This experimental test result is adopted to validate the extended
DDA method. The micro-DDA model and the important physical parameters are
shown in Fig. 2 and Table 1, respectively. Grain size distribution (GSD) curve of
Toyoura sand and DDA models are shown in Fig. 3.

Table 1 Physical parameters of Toyoura sand and DDA model

Material Specific gravity,
Gs

Median diameter,
D50 (mm)

Uniformity
coefficient, Uc

Coefficient of
curvature, Cc

Toyoura sand 2.65 0.162 1.55 0.86

DDA particle 2.65 0.163 1.55 0.86

Fig. 2 Microscopic DDA
model
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Fig. 3 GSD curve of
Toyoura sand and DDA
model
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Fig. 4 Comparison between
experimental result and DDA
simulation result for SWCC
of Toyoura sand
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Figure 4 shows the comparison of the SWCC of experimental results and DDA
simulation results. The simulation results have a good agreement with Abe’s exper-
imental SWCC. With the increase of the matric suction, water content sharply
decreases within a suction range from 0 to 4 kPa, then gently decreases within
a suction range from 4 to 8 kPa. Considering the various errors, although there are
slight differences in theAEVbetween the test results and simulation results, the simu-
lation results can quantitatively reflect the characteristics of SWCC. The comparison
indicates that the extended DDA is qualified for the microanalysis of the SWCC of
sandy soil.

3.2 Microscale Analysis on the Influence of PSD on SWCC

To analyze the influence of PSD on the SWCC, models with the same DDA blocks
and the different PSD are built. As shown in Fig. 5, two models are made up of 600
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4.0 mm

3.0 mm

(a) model 1 (b) model 2

Fig. 5 Two micro-DDA models with different PSD

DDA blocks. Grain size distribution (GSD) curve and PSD curve of DDA models
are shown in Figs. 6 and 7, respectively. The GSD of two models is the same. The
minimum pore size of four models is around 0.01 mm, and the maximum pore size

Fig. 6 GSD curves of two
DDA models
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Fig. 7 PSD curves of two
DDA models
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Fig. 8 SWCCs of two DDA
models
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is 0.21 mm, and 0.54 mm, respectively. The simulated SWCCs of two models are
shown in Fig. 8.

4 Conclusions

This paper has analyzed the relationship between PSD and SWCC from the
micromechanism based on the extended DDA method. The simulation results show
that the PSD is a main variable factor of SWCC. There is a positive relationship
between the slope of PSD curve and SWCC in the transition zone. Air-entry value
decreases with the percentage of large pore increase. However, the micropores do
not show much difference between two models, that is, the effect of PSD on SWCC
tends to diminish at the residual zone. According to capillary mechanics, the capil-
lary radius directly determines the value of matric suction, and PSD indirectly affects
matric suction by changing the capillary radius of the soil. This study extends DDA
in unsaturated soil analysis and provides support for PSD-based SWCC prediction
from the micromechanism.
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Physical Model Tests for Newly
Developed Breakwater Foundation
Subjected to Earthquake and Tsunami

Babloo Chaudhary, Hemanta Hazarika, Akira Murakami,
and Kazunori Fujisawa

Abstract Many breakwaters damaged due to earthquake and tsunami in the past.
For example, several breakwaters collapsed by the 2011 off the Pacific Coast of
Tohoku Earthquake and subsequent tsunami. It was found that these breakwaters
damaged mainly due to the failure of their foundations. Therefore, countermeasures
are urgently needed to be developed for breakwater foundation in order to make
the breakwater safe against earthquake and tsunami. Recently, new countermeasures
were developed by the authors for breakwater foundation in order to make it resilient
against an earthquake and tsunami. This paper deals with evaluation of effectiveness
of the developed foundation model by conducting shaking table tests and tsunami
overflow tests. As reinforcing countermeasures, steel sheet piles and gabions are
provided in the breakwater foundation. To see the performance of the developed
model, comparisons are made between the developed foundation model and conven-
tional foundation. Through the tests, it was found that the reinforced foundation
performed well in reducing damage of the breakwater caused by the earthquake and
tsunami.

Keywords Breakwater · Resilient foundation · Earthquake and tsunami

1 Background

Breakwater, an offshore structure, is mainly build for protection of ports and harbors
from destructive effects of sea waves, typhoons and even tsunamis. It provides calm
sea water for smooth movement of ships and other harbor activities at the seaport. It
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was found during past few decades that breakwaters are vulnerable to earthquake and
tsunami. Many breakwaters collapsed by the 2011 off the Pacific Coast of Tohoku
Earthquake and subsequent tsunami. The world deepest breakwater at Kamaishi port
(Iwate Prefecture, Japan) was one of them which collapsed and failed to block the
incoming tsunami waves. Foundation failure was the main reason of the collapse
of the breakwater [1–5]. The rubble mound was scoured by the tsunami. Moreover,
the caissons slid over the mound and sank into the sea. Due to the failure of the
breakwaters, the tsunami could enter into the Kamaishi Port. Thus, the tsunami
created deep devastation there. There were other breakwaters in Japan which were
also collapsed mainly due to the failure of their foundations during the earthquake
and tsunami [6–10]. Therefore, stability of foundation is very important to safety
of breakwater during an earthquake and tsunami. Stability of breakwater is utmost
important for safety of costal activities and human lives during such compound
geo-disaster caused by an earthquake and subsequent tsunami.

Japan is one of the most earthquake-prone countries in the world. The predicted
forthcomingmega-earthquakes, such as Tokai, Nankai andTonankai earthquakes, are
matter of great concerned for researchers andpolicymakers. Thesemega-earthquakes
periodically occur about every 100–150 years. Not only in Japan but also in various
other parts of the world, there are many earthquake prone coastal areas which are
susceptible to be attacked by strong earthquakes, and the earthquakes can generate
tsunami in the future. In order to prevent or at least reduce devastating damage
triggered by earthquake and tsunami in the future, breakwater foundation should be
enough strong to withstand earthquakes and tsunamis-induced forces. Therefore, it
utmost important to developed countermeasure for breakwater foundation which can
make the breakwater earthquake resistant and tsunami resilient.

Some research works have been done to develop countermeasures for breakwater
foundation against tsunami. For example, Oikawa et al. [11] installed a row of steel
piles in harbor side mound to increase stability of breakwater foundation against
tsunami. Maruyama et al. [12] suggested to provide armor units (concrete blocks)
on harbor side rubble mound in order to prevent any foundation failure caused by
tsunami. Ueda et al. [13] proposed to cover seaside mound by membranes which can
prevent seepage through the mound caused by water level difference during tsunami.
Kikuchi et al. [14] installed wall of piles to reduce the impact of tsunami forces.
However, all these countermeasures were suggested for enhancing the stability of
breakwater foundation during tsunami only. These countermeasures were not aimed
to mitigate the earthquake (that precedes a tsunami) induced damage of breakwater
foundation.

A tsunami is generally preceded by a strong earthquake. Pore water pressure is
generated in foundation soil by the earthquake which can cause deformation of foun-
dation soils. The deformation of seabed foundation can result in settlement of the
breakwater. Due to this settlement, height of the breakwater decreases. In this condi-
tion, if a tsunami strikes the breakwater, the breakwater may not block the tsunami
waves, and the tsunami can easily overflow the breakwater. Therefore, earthquake-
induced settlement of the breakwater should be prevented. This phenomenon makes
tsunami as a compound disaster caused by both the earthquake and tsunami (not
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caused by only tsunami). Therefore, for an effective and practical solution for this
problem, countermeasure must be effective against both the earthquake and tsunami.
To see the effects of earthquake, that precedes tsunami, centrifuge model tests were
conducted, and it was found that the earthquake-induced settlement of the breakwater
was about 2 m [15]. To the end, newmethodology was developed by Chaudhary et al.
[16] to determine stability of a breakwater against combined effect of an earthquake
and tsunami. Some reinforcing countermeasures were also developed for breakwater
foundation against earthquake and subsequent tsunami [17–29]. New countermea-
sures have been developed by the authors for breakwater foundation to make the
breakwater resilient against both the earthquake and tsunami. The authors used sheet
piles and gabions as countermeasure elements, and developed a reinforcing model
for breakwater foundation. The developed foundation model can reduce damage of
breakwater caused by earthquake and tsunami.

2 Newly Developed Foundation Model

As countermeasures, the authors developed a new reinforcing foundation model
which can provide resiliency to a breakwater against both the earthquake and subse-
quent tsunami. In this model, both sides of rubble mound were covered by several
gabions as shown in Fig. 1. The purpose of putting the gabions over the mound
is to protect the mound from scouring caused by the tsunami. It can also reduce
lateral displacement of caisson due to friction between rubble mound and gabions
during an earthquake. In addition, steel sheet piles are installed in the foundation (see
Fig. 1). These sheet piles behave as cut off walls, and can prevent seepage beneath
the caisson during the tsunami. The sheet pile can also restrict lateral deformation of
seabed soils during the earthquake. It can also prevent deformation of rubble mound
during the earthquake. In this way, deformation of seabed soils and rubble mound

Fig. 1 Reinforcing foundation model for resilient breakwater against earthquake and tsunami
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can be prevented or reduced up to great extent. Thus, settlement and horizontal
displacement of breakwater can be reduced during the earthquake and tsunami. Such
multifunctional measures can prevent any bearing capacity failure of the foundation
during the earthquake and tsunami. In the following sections, effectiveness of the
reinforcing model is described against earthquake and tsunami by conducting phys-
ical model tests. Shaking table tests and tsunami overflow tests were conducted to
examine the performance of the developed model against earthquake and tsunami,
respectively.

3 Shaking Table Tests

Shaking table tests were conducted for model breakwater for different earthquake
ground motions. The acceleration, pore water pressure, water pressure, settlement
and horizontal displacement of the caisson were monitored during the experiments.
Through these tests, the reinforcing effects of the developed model under earthquake
loadings were examined.

3.1 Model Description

The breakwater at Miyazaki port (Miyazaki Prefecture, Japan), which is likely to
be affected by the predicted Nankai earthquake, was chosen as a prototype. About
2 m seismic subsidence is predicted in the Kochi area of Shikoku Island, Japan, by
the Nankai earthquake [15]. The seismic subsidence might be due to widespread
tectonic movement associated with the movement of the earthquake fault. Prototype
tomodel ratio was 64. The breakwater consists of three box type caissons whichwere
spanning across the soil box. The caissons were made of aluminum and filled with
silica sands and lead balls to adjust weight (specific gravity 2.4) and center of gravity.
One main caisson was at center, and two dummy caissons were on both sides of the
main caisson. The seabed was made of two layers of Toyoura sands. The relative
density of lower layer was 90%, and that of the upper layer was 60%. The rubble
mound was made of crushed stones. The gabion was made of the crushed stones and
wrapped with steel wire mesh. The dynamic characteristics of the sands and gravels
against cyclic loading were determined through element testing [25, 26]. Sheet pile
was made of steel plate of 3.2 mm thickness. Properties of foundation materials are
listed in Table 1.
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Table 1 Properties of
foundation materials

Properties Toyoura sands Crushed stones

Dry density (g/cm3) 1.506 1.416

Max. dry density (g/cm3) 1.639 2.773

Min. dry density (g/cm3) 1.336 1.781

Uniformity coefficient (Uc) 1.7 1.5

Mean grain size, D50 (mm) 0.16 4.7

Plastic limit (Ip) NP NP

3.2 Experimental Setup

Twomodels of breakwater foundation were used in the study (i) Conventional break-
water foundation (unreinforced foundation) and (ii) Breakwater foundation rein-
forced with gabions and two rows of sheet piles (reinforced foundation). Instru-
mentations for shaking table test are shown in Fig. 2. Displacement gauges were
used to monitor settlements (at two locations) and horizontal displacements (at two
locations) of the caisson. In addition, accelerations (of the seabed soils, mound and
caisson), water pressure (on the caisson) and pore water pressure (in the foundation
ground) were monitored at different locations of the models during the tests.

Fig. 2 Experimental setup and instrumentations for shaking table tests
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3.3 Earthquake Loadings

For earthquake loadings, one foreshock and mainshock were used. Earthquake load-
ings were provided in the form of sinusoidal acceleration waves at the base of the
soil box. Frequency (15 Hz) and duration (8 s) were same for the mainshock and
foreshock. However, amplitude of the acceleration was different for the main shock
(0.3 g) and foreshock (0.1 g). The parameters of earthquake chosen in such a way
that in proto type, the earthquake will be somewhat similar to the 2011 off the Pacific
Coast of TohokuEarthquake. Sufficient time gapwas provided between the foreshock
and mainshock in order to dissipate excess pore water pressures in the foundation
ground. It will be similar to the real ground event. Generally, a tsunami preceded by
an earthquake.

3.4 Results and Discussions

To see the effectiveness of the reinforced model, comparisons are made between
the unreinforced and reinforced foundation of breakwater. Average settlement and
Average horizontal displacement are calculated based on data measure at V1 and
V2, and H1 and H2, respectively.

Average settlement of the caisson for the reinforced and unreinforced foundation
is shown in Fig. 3 during themain shock. It can be seen that the reinforced foundation
shows considerably less average settlement compared to the unreinforced foundation.
Lateral flow of seabed soil was one of the main reasons for settlement of the caisson
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Fig. 3 Average settlement of the caisson during the mainshock of the earthquake
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Fig. 4 Average horizontal displacement of the caisson during the mainshock of the earthquake

during the earthquake for the unreinforced foundation. However, the lateral flow
of the seabed soils was resisted by the sheet piles, and hence comparatively less
settlement of the caisson was observed for the reinforced foundation during the
earthquake. It can be seen that the average settlement is 32.2 mm for the unreinforced
foundation, which reduces to 21.6 mm for the reinforced foundation.

Average horizontal displacement for the reinforced and unreinforced foundations
during the main shock (0.3 g) is shown in Fig. 4. Significant reduction in average
horizontal displacement of the caisson can be seen in the case of reinforced founda-
tion compared to the unreinforced foundation. Gabions are placed beside the break-
water. Due to mass of the gabion and friction (between the gabion and the rubble
mound), the gabions could resist the lateral movement of the caisson during the earth-
quake. Another reason for reduction of horizontal displacement was lateral flow of
foundation soils beneath the caisson, and it was resisted by the sheet piles of the
reinforced foundation. Therefore, horizontal displacement of the breakwater could
reduce significantly. It can be seen that the average horizontal displacement of the
caisson is 8.5 mm for the unreinforced foundation, and it decreases to 5.0 mm for the
reinforced foundation. Hence, the reinforced foundation could significantly reduce
both average settlement and average horizontal displacement of the caisson, and
provided resiliency to the breakwater against earthquake.

4 Tsunami Overflow Tests

The tsunami overflow tests were conducted on the same deformed models those
obtained after the earthquake loadings. Water pumps were used to conduct the
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Fig. 5 Average settlement of the caisson during the tsunami overflow tests

tsunami overflow. The height of the tsunami wave was 140 mm (8.96 m ≈ 9 m
in the prototype scale) above the seawater level on the seaside. The tsunami overflow
was continued for 25 min.

The average settlement of the caisson during the tsunami overflow tests is shown
in Fig. 5. It can be seen in the figure that the reinforced foundation considerably
reduces the average settlement compared to the unreinforced foundation. The average
settlement is 18.6 mm for the unreinforced foundation, and it decreases to 10.6 mm
for the reinforced foundation. For the unreinforced foundation, the harbor side rubble
mound was scoured by the overflowing tsunami. In addition, seepage and pipping
were also observed in the foundation. These factors caused for the settlement for
unreinforced foundation. However, for the reinforced foundation, the sheet piles
behaved as cut off walls, and prevented the seepage. The gabions reduced scouring of
the mound. Hence, less settlement of the breakwater was recorded for the reinforced
foundation compared to the unreinforced foundation during the tsunami overflow
tests.

5 Conclusions

New reinforcing countermeasures have been developed by the authors. In order to
evaluate the effectiveness of the developed model, shaking table tests and tsunami
overflow tests were conducted. The comparison has been made between the devel-
oped model and conventional breakwater foundation for different earthquake ground
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motions and tsunami overflows. The following conclusions could be derived based
on this study.

1. Lateral flow of the seabed soils was the main reason of settlement of the caisson
during the earthquake. The sheet piles of the reinforced foundation could resist
such deformation. However, scouring, seepage and pipping of soils were the
main causes of damage of the breakwater during the tsunami. The gabions and
sheet pile were found effective to reduce scouring and seepage, respectively.

2. The reinforced foundation of the breakwater performed well in reducing
settlement and horizontal displacement of the breakwater compared to the
unreinforced foundation during the earthquake and tsunami.
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Simulation of Crack Initiation
and Propagation Using the Improved
DDA

Mingyao Xia and Guangqi Chen

Abstract This paper analyses the rock fracture problem of Brazil disc split tests by
using an improved DDA method. By incorporating a new rock fracture law and the
discretization approach, the improved DDA can be used to simulate crack propaga-
tion during the rock fracture process in a two-dimensional plane stress state, such as
the crack propagation in Brazil disc split tests. A numerical example of simulating
the Brazil disc split tests for verification has been computed using the proposed DDA
method. The simulated result agrees well with those obtained from the experiment,
which proves the effectiveness and accuracy of the proposed DDA method. Mean-
while, the Brazil disc split test under different loading rates is performed systemati-
cally to investigate the external influences on rock fracturing. The result shows that
the improved DDA can be well used for simulating the two-dimensional dynamic
rock fracture problems in engineering.

Keywords Crack propagation · Brazil disc split test · Discontinuous deformation
analysis

1 Introduction

Crack initiation and propagation in engineering materials can lead to structural
failure. It is important to have good knowledge of material fracture problems, such
as the initiation of a crack in the rock and propagation path; it may follow during
its growth. The fracture problem in engineering materials like rock and concrete is
one of the key factors influencing risk and safety assessment in disaster prevention,
such as rockfalls, earthquake-induced landslides, rock blasting, tunnel collapse, and
so on.
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However, the modelling of crack initiation and propagation is a difficult and
complicated problem in computational rock mechanics due to the difficulties of frac-
ture mechanics for crack initiation and propagation. Especially, for the continuum-
based numerical methods like the finite difference method (FDM), the finite element
method (FEM), and the boundary element method (BEM), the solution process
always encounters difficulties when the stress field is complicated. Discontinuous
deformation analysis (DDA) method is a kind of discrete element method which is
developed for modelling of large deformation and rigid body movements of discrete
particles without analyzing the fracture analysis. However, it can also be an alterna-
tive approach for continuity to discontinuity problems when the fracture mechanics
in DDA is constituted appropriately. Compared with continuum-based numerical
methods, DDA is also a more attractive method for rock fracture problems due
to its intrinsic feature of block discontinuity at the contact boundaries. The DDA,
proposed by Shi [1], has been widely used for modelling the large deformation and
rigid body movements such as landslides [2, 3], rockfall [4], and seismic response
[5, 6]. To solve blast-induced rock mass failure, Ning et al. [7] improved the DDA
method in modelling rock fracturing via advanced discretization within the original
DDA framework. Jiao et al. [8] proposed a new two-dimensional contact constitu-
tive model for the DDA method to simulate the fragmentation of jointed rock, and
the improved DDA is successfully applied to reveal the triggering mechanism of a
rockslide. The researcher indicated that DDA could be applied greatly to prevent the
disaster if the DDA method can better simulate the rock fracture problem.

This paper focuses on analyzing the rock fracture problem by using an improved
DDA (I-DDA) method. The Brazil disc split test is simulated using I-DDA to verify
the effectiveness of I-DDA on simulation of rock fracturing problems. The simulated
results are in agreement well with the experimental solutions, which indicate that
the I-DDA is capable of simulating crack initiation and propagation in engineering
materials.

2 Methodology

2.1 Discontinuous Deformation Analysis (DDA)

The basic theory of original two two-dimensional DDA consists of six basic variables
including three rigid body displacements and three strain components: (u0, v0) is the
rigid body translation, r0 is the rigid body rotation, and (εx, εy, γxy) are the normal and
shear strain components. The displacement (u, v) of an arbitrary point (x, y) within
a block is re-described as follows:
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where (x0, y0) is the centroid of the block.
The simultaneous equilibrium equations of block system are then derived by

minimizing the total potential energy of the system, which can be expressed as
follows:

[M]
{
D̈

}+[C]
{
Ḋ

}+[K]{D}={F(t)} (2)

where [M], [C], and [K] are the mass matrix, damping matrix, and stiffness matrix,
respectively;

{
D̈

}
,
{
Ḋ

}
, and {D} are the acceleration vector, velocity vector, and

displacement vector, respectively; and {F(t)} is the external force vector.
With those formulations, the DDA method can be used to simulate large defor-

mation and rigid body movements of discrete particles. Assuming damping is not
considered in the calculations, according to the updated Lagrange description, the
displacement vector at the beginning of the current time step is zero, and the simul-
taneous equilibrium equations derived by minimizing the total potential energy �

produced by the forces and stresses can be rewritten as follows.
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where Kij is a 6 × 6 coefficient submatrix; Fi is a 6 × 1 loading submatrix on block
i; i, j = 1, 2, … n, and n is the number of blocks in the defined block system.

2.2 The New Tensile Fracture Law

Since the original DDA is based on the maximum normal tensile stress criterion, the
occurrence of tensile failure is only related to the normal tensile stress. However,
the maximum normal tensile stress criterion has a limitation in simulating tensile
behaviour for various materials, and Zhang and Eckert [9] proposed a new unified
tensile failure criterion, which has a great advantage in describing tensile behaviour
of various materials. Here, the new tensile failure criterion is incorporated to improve
the performance of DDA, which is expressed as follows.
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σ 2

σ 2
0

+ τ 2

τ 2
0

≥ 1, (τ0 > 0, σ0 > 0) (4)

σ 0 and τ 0 are tensile strength and shear strength, whereas σ and τ are normal
stress and shear stress, respectively. This criterion is not only related to tensile stress
but also affected by shear stress. It is based on the theory of distortion energy. The
ratio α = τ 0/σ 0 was defined to reflect the differences of materials. For example, the
shear strength of the soil is related to the value of cohesion c and friction angle ϕ, but
the tensile strength of the soil is very small, which is closed to zero. Generally, the
tensile strength of soil cannot be considered, and the value α is considered to be very
large, while for granite, α can be taken as 2 according to shear and tensile strength
from the experiment.

3 Simulation of Brazil Disc Split Test

To investigate the applicability of the proposed DDA method on the simulation of
rock fracturing problems in Brazil disc split test, the failure process of rock disc
under diametrical loadings is simulated. As shown in Fig. 1, the disc has a diameter
of 0.1 m and a notch with a length of 0.03 m. The Brazil disc was discretized into
2690 triangular blocks by using DISTMESH, a mesh generator by Per-Olof Persson
[10].

A loading force is applied through plates at the end of the loaded diameter for the
disc. The loading point is located at the centroid of the loading plate, which linearly
increases from 0.1 ms as shown in Fig. 2.

Fig. 1 Model of simulated
Brazil disc split test
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Fig. 2 Linearly increasing
force at loading point P
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Table 1 Test conditions Joint type Friction angle
(º)

Cohesion
(c/MPa)

The ratio α

Artificial joint 35 40 2

Crack 0 0 0

The material parameters based on Ning’s researches [7] for the rock disc are
adopted as follows: density ρ = 2500 kg/m3, Young’s modulus E = 10 GPa, and
the Poisson’s ratio v = 0.2. The joint mechanical parameters are shown in Table 1.
Generally, there are two types of joints that form the edges of the triangular blocks,
i.e. real crack and artificial joints. The grid inside the disc is virtual joints, which will
develop into a real joint when the failure criterion is satisfied. The red line is the real
crack with no strength, which donates a pre-existed crack and newly generated crack
in the simulation. Note that the joint parameters for blocks along the initial crack are
set as zero in this model; thus, a crack will be developed without loading at first to
represent the pre-existed crack.

The simulated result of crack initiation and propagation in Brazil disc is obtained
using the proposed DDA method. Figure 3 shows a comparison between the crack
propagation path observed experimentally [11] and that simulated numerically, both
the crackpropagationpaths of experimental andnumericalmethods tend to beparallel
to the loading direction and to approach the loading points. The simulated result of
the crack path in Brazil disc agrees well with the experiment results, which prove
the accuracy of I-DDA on solving the fracture problems. It is therefore concluded
that the proposed DDA method is capable of modelling of Brazil disc split test.

With the simulated result of Brazil disc split test in two-dimensional plane stress
conditions, the compression induces tensile stresses normal to the vertical diameter
which can be calculated. According to the ASTM [12], the suggested formula for
calculating the splitting tensile strength σt (MPa) based on the Brazilian test is
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(a) Initial disc           (b) Crack initiation

(c) Final crack                                                (d) Experimental result

Fig. 3 Simulated result of Brazil disc split test

σt = 2Pmax

πDL
(5)

where σt is the Brazil tensile strength, Pmax is the maximum load, and D and L are
the diameter and thickness of the specimen, respectively. As shown in Fig. 4, the
tensile stress corresponding to the critical stretch calculated by Eq. (5) is 1.6 MPa,
where the maximal load is Pmax = 259 kN.
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Fig. 4 Dynamic loading
stress–time curve
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4 Effect of the Loading Rate

The dynamic fracture behaviour of Brazil disc under different loading rates is distinc-
tively different from that in static tests. To study the dynamic mechanical behaviour
of Brazil disc, the rate dependency of crack damage stress is investigated by using
the I-DDA. Figure 5 shows the dynamic loading history for the compression process
of the Brazil disc split test. As the loading force increases, the slope of compression
stress increases as well. The slope of the compression stress is then determined and
used as the loading rate for the dynamic test. Here, to study the effect of the loading
rate on the dynamic tensile strength, the same sample is loaded up to peak stress at
different loading rates, and dynamic stress–time curves are obtained, as shown in
Fig. 5.

Fig. 5 Dynamic loading
stress–time curve
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It can be seen from simulated results that the compression-induced tensile stresses
increase with respect to time at different loading rates. It should be noted that the
stress listed herein is the compression stress of the disc rather than the tensile stress
perpendicular to the loading axis. As expected, the stress–time behaviours exhibit a
general increase at increased loading rates for rocks. As the loading rates increase
from 2.60 MPa/s to 3.72 MPa/s, the obtained maximal loadings Pmax are 2.12 MPa,
2.60MPa and 2.96MPa, respectively. The corresponding tensile strengths calculated
from the suggested formula Eq. (5) are 1.66 MPa, 2.06 MPa, and 2.37 MPa. The
calculated tensile strength under different loading conditions is defined as dynamic
tensile strength. With the increasing loading rates, the simulated dynamic tensile
strength increases.The effect of loading rates ondynamic tensile strength is consistent
with the result of the previous researches on dynamic properties that the increased
loading rates will improve the failure tensile strength of the rocks [13].

5 Conclusions

This paper analysed the rock fracture problem of Brazil disc in the two-dimensional
stress field using the improved DDA method. By incorporating a new rock fracture
law and the discretization approach, the improved DDA has been used to simulate
crack initiation and propagation of theBrazil disc split test in a two-dimensional plane
stress state. The simulated result agrees well with those obtained from the experi-
ment, which proves the effectiveness and accuracy of the proposed DDA method.
Meanwhile, the Brazil disc under different loading rates has been investigated to
study the dynamic mechanical behaviour of Brazil disc. The simulated result using
this improved DDA indicates that the dynamic tensile strength increases with the
increased loading rate, which agrees with the dynamic properties of the rocks that
the increased loading rates will improve the failure tensile strength of the rocks.
With improvement, the DDA can be used to analyse the rock fracture problems in
the two-dimensional stress state.
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Stability Assessment on Expressway
Embankment by Automatic Survey
System

Kosuke Nakashima, Atsushi Yashima, Yoshinobu Murata, and Keizo Kariya

Abstract Collapses of expressway embankments due to large earthquakes and
heavy rainfalls have been reported. Those collapses often closed important trans-
portation routes and resulted in serious damages in communities. Inappropriate
groundwater treatment and slaking/weathering of embankment materials contribute
to these collapses. In order to diagnose road embankment soundness, we have to
visualize the inside the embankment. The automatic technology for surveys and
evaluations of embankments by using surface wave logging and electric resistivity
logging has been proposed. We performed initial diagnostics before the opening of
the expressways to evaluate embankment materials and stability of the embankment,
especially in the vicinity of the stiff structures, such as box culverts and around the
boundary between embankment and cut section. The desired target inspection speed,
500 m per h (mean speed), was achieved. The stiffness of embankment was continu-
ously obtained for many sections with different fill materials as the initial reference
data for future inspection. Based on the comparison between initial reference data
and those obtained in the future, it is possible to select the optimal countermeasures
to ensure the continuous stability of the road embankment.

Keywords Stability assessment · Road embankment · Surface wave logging ·
Electric resistivity logging

1 Introduction

There have been many reports on collapses of road embankments due to heavy rain-
falls and large earthquakes as shown in Photo 1. Those collapses resulted in serious
damages in local communities. These collapses were also caused by inappropriate
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Photo 1 Road embankment failure due to heavy rain [1] and large earthquake [2]

groundwater treatment and slaking/weathering of embankment materials. Therefore,
our engineers have to develop the inspection technique to investigate the stability of
embankments [1, 2].

There are also engineering problems in the maintenance of road embankment
summarized as follows:

1. Quality control of compaction is only performed during construction stage.
Initial inspection of outside appearance is only performed just after the
construction.

2. If pavement subsidence occurs or lateral movement of embankment itself
is observed, the countermeasure is determined by boring investigation or
monitoring. Its inspection is expensive and takes long time.

3. Disasters occur without warning by earthquakes or heavy rains.

Yamabe et al. [3] andKato et al. [4] investigated dynamic properties of expressway
embankment from in situ tests. They concluded that the shear wave velocity struc-
ture was totally different in the respective embankment sections with different fill
materials. Figure 1 shows the relationship between the mean value of the standard
penetration test (SPT) blow number (N) for varying embankment fill material and
the respective shear wave velocity (Vs). It is found from Fig. 1 that for the embank-
ment sections constructed with crushed sedimentary rocks, the measured shear wave
velocities were higher than 300 m/s. On the other hand, for the embankment section
constructed with weathered rocks or clayey materials, the measured minimum shear
wave velocitywas lower than 200m/s. It is found that the stiffness of the embankment
is completely different depending on the fill materials.

In this paper, the automation technique for check and diagnosis of pavement as
well as embankment structure is proposed by using surface wave logging and electric
resistivity logging. These two inspection techniques are not new. We are developing
automation technique to save time and cost for the inspection. We performed initial
diagnostics before the opening of the expressways to evaluate embankment materials
and stability of the embankment, especially in the vicinity of the stiff structures, such
as box culverts and around the boundary between embankment and cut section. The
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Fig. 1 Relationship between SPT blow number for fill material and its shear wave velocity [3]

desired target inspection speed, 500mper h (mean speed), was achieved by the devel-
oped measuring system. The stiffness of embankment was continuously obtained
for many sections with different fill materials as the initial reference data for future
inspection.Basedon the comparisonbetween initial referencedata and thoseobtained
in the future, we can propose remedial works for pavement and embankment.

2 New Exploration System Developed

The two-dimensional surface wave exploration can evaluate shear wave velocity
structure in ground down to half of logging length with numerous accelerometers.
The exploration cost is, however, very high and takes one hour for 200 m long
inspection. The electric resistivity exploration can evaluate groundwater table and
soil particle size with the logging speed of 2000 m/h. The system, however, cannot
follow on curved road during inspection.

In order to improve the inspection speed and operability of a current geophysical
survey technique [5], we proposed a newly designed automation logging system. In
order to achieve the stable movement of towed accelerometers and electric resistivity
logging system, the carrying carts were designed and manufactured (Photos 2 and
3). The operability on a curved road was significantly improved.

The remaining problem on the two-dimensional surface wave logging is the noise
induced by cars passing by. The very quiet environment is usually needed to measure
an impact signal by the hammer accurately. However, the measured acceleration
signal by the hammer is not large enough compared to the noise induced by cars
passing by. We need to increase the signal/noise (S/N) ratio to obtain sufficient
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Photo 2 Carrying carts for accelerometers

Photo 3 Carrying carts for electric resistivity logging system

surface wave signals. In order to overcome the traffic noise problem, we decided to
use the impact power induced by the FWD test, which was found to be large enough.

The proposed system can speed up the integrated geophysical survey technique
by using the two-dimensional surface wave method and electric resistivity method.
Photo 4 shows the FWD vehicle towing the carrying carts for accelerometers and
electric resistivity logging system. This proposed system can also evaluate the pave-
ment and subgrade stiffness by the FWD test and the stiffness and stability of the
subgrade and embankment body by the two-dimensional surface wave logging and
electric resistivity logging at the same time.
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Photo 4 FWD vehicle towing the carrying carts for accelerometers and electric resistivity logging
system

3 Case Studies

We performed initial diagnostics before the opening of the three expressway sections
to evaluate embankment materials and stability of the embankment.

3.1 Pre-opening Tokai-Hokuriku Expressway

The two-dimensional surface wave logging was carried out for the embankment and
cut sections of the pre-opened Tokai-Hokuriku expressway in section about 1 km
indicated by an arrow in Photo 5. The shear wave velocity distribution between
the road surface and GL −16 m for the embankment and cut sections of 650 m is
shown in Fig. 2. The fast shear wave velocity is observed in cut section. On the other
hand, the slower shear wave velocity is observed in the embankment. The quite low

Photo 5 Embankment and cut sections of the pre-opened Tokai-Hokuriku expressway
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Fig. 2 Shear wave velocity distribution for the embankment and cut sections

shear wave velocities are in particularly recognized around the boundary between
embankment and cut section. The low shearwave distribution is also observed around
the underground box culvert.

It is well known that the densification of the fill materials is very difficult not
only around the boundary between embankment and cut section but also around
the boundary between embankment and stiff structure such as box culvert by the
vibrating compactor. Therewill be a possibility of the seepage of groundwater around
the boundary between embankment and cut section in the future. The groundwater
and soft fill material easily accelerate the decrease in the strength of fill material.
This will lead to the instability of road embankment. These accumulated data will
be utilized as the initial reference ones for understanding the change in the internal
mechanical condition of the embankment by future inspections.

3.2 Pre-opening New Tomei Expressway

The 55-km long New Tomei expressway was opened to traffic on February 13, 2016.
Prior to this, we carried out surface wave logging for 15 km long embankment
sections (totally 30 km for both lanes). An example of embankment and cutting
sections is shown in Photo 6. The mean inspection speed of surface wave logging
by the modified carts was more than 500 m/h. The mean record beyond the desired
target speed was achieved.

The distribution of shear wave velocity of embankment sections along the New
Tomei expressway is summarized in Fig. 3. From the inspection data, for the
embankment sections constructedwith crushedhard sedimentary rocks, themeasured
minimum shear wave velocity is found to be much higher than 300 m/s. On the other
hand, for the embankment sections constructed with decomposed granite (sandy
material), the measured minimum shear wave velocity is lower than 200 m/s.

The shear modulus is proportional to the square of shear wave velocity. Therefore,
the stiffness of embankment with crushed hard sedimentary rocks is much higher
than that of embankment with decomposed granite (sandy material). This finding
agrees with the conclusion by Yamabe et al. [3] and Kato et al. [4] as shown in Fig. 1.

An example of details of shear wave velocity structure of embankment and cut
sections is shown in Fig. 4. The surface wave logging was carried out not only on
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Photo 6 Embankment and cut sections of New Tomei expressway

Fig. 3 Distribution of shear wave velocity along New Tomei expressway

the pavement surface but also on the horizontal berm of the embankment slope. In
this figure, the shear wave velocity distribution in ground is not only shown, but
also plan and longitudinal views are drawn. We can understand the high shear wave
velocity in the cutting section. On the other hand, the low shear wave velocity in the
embankment section is easily recognized.

The base course in the measured section is constructed by reinforced slab. There-
fore, the stiffness of road pavement is very high. From the shear wave velocity
distribution along measurement lines 1 and 2, it is found that the shear wave velocity
in road surface area including pavement is higher than that in the embankment body.
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Fig. 4 Shear wave velocity of embankment and cut sections along New Tomei expressway

This shear wave velocity structure is found to reflect local structure of pavement
appropriately. It is also confirmed that the shear wave velocity distribution can be
obtained with enough precision by the two-dimensional surface wave exploration
even if the road surface is covered by a relatively stiff pavement.

On the other hand, it is found from the shear wave velocity distribution along
measurement lines 3, 4 and 5 on the horizontal berm of the embankment slope that
the shear wave velocity near ground surface of the embankment slope is quite low.
This is due to the densification difficulty during construction of embankment slope.

The expressway embankment is constructed using a compaction control by density
criteria. However, due to the non-uniformity of embankment materials and differ-
ences in construction conditions, the density in the embankment varies considerably.
Therefore, it is necessary to understand the non-uniformity of embankment materials
and differences in construction conditions to assess the soundness of the completed
embankment.
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Photo 7 Embankment section of New Meishin expressway

3.3 Pre-opening New Meishin Expressway

The 23 km long New Meishin expressway opened to traffic on March 17, 2019.
Prior to this, we carried out surface wave logging for 8.5 km long embankment
sections (totally 17 km for both lanes). An example of embankment and section is
shown in Photo 7. The height of embankment is much lower than that of New Tomei
expressway. Themean inspection speed of surfacewave logging by themodified carts
was about 1200 m/h by using FWD vehicle. The mean record beyond the desired
target speed was easily achieved.

An example of shear wave velocity structure of west lane is shown in Fig. 5. In this
figure, the shear wave velocity distribution in both embankment and natural ground is
shown. Almost all of embankments were constructed with crushed hard rocks. From
the inspection data, for the embankment section constructed with those hard rock
materials, especially from tunnel construction site, the measured minimum shear
wave velocity was found to be higher than 300 m/s. This means that the embank-
ment is quite stiff. On the other hand, for the embankment constructed with crushed
Pleistocene soft rock materials close the cut section, the measured minimum shear
wave velocity was more or less 200 m/s. The stiffness of embankment with crushed
soft rocks is found to be low. This finding also agrees with the conclusion as shown
in Fig. 1.

The electric resistivity distribution in a certain embankment section is shown in
Fig. 6. The groundwater table is easily estimated from the resistivity structure in
ground to be at around GL −4 m. By combining the stiffness of the embankment
and groundwater table, the stability of the embankment can be assessed.
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Fig. 5 Distribution of shear wave velocity along New Meishin expressway
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Fig. 6 Estimation of groundwater table by electric resistivity

4 Conclusions

The automation system for check and diagnosis of pavement as well as earthfill
structure by using surface wave logging and electric resistivity logging was designed
and manufactured. The desired target inspection speed, 500 m per h (mean speed),
was achieved. The stiffness (Vs) of embankmentwas continuously obtained formany
sections with different fill materials as the initial reference data for future inspection.
Based on the comparison between initial reference data and those obtained in the
future, we can propose remedial works for pavement and embankment. We can also
assess the stability of embankment under the variation of shear wave velocity and
groundwater table. Based on the proposed inspection technologies and remedial
works, it is possible to provide sustainable road services.

Acknowledgements We would like to thank Central Nippon Expressway Co., Ltd. for their
cooperation in on-site measurement.
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Stability of Reinforced Soil Quay Wall
Subjected to Combined Action
of Earthquake and Tsunami

Manu K. Sajan and Babloo Chaudhary

Abstract Reinforced soil quay walls are used as shore protection systems. Gener-
ally, horizontal layers of geogrids are provided as reinforcement in the backfill soil of
the quay wall. These structures are internally stabilized by mobilized tensile strength
of reinforcements. A quay wall can be subjected to tsunami load and earthquake
load simultaneously. This condition occurs when an earthquake aftershock reaches
the quay wall structure at the same time of a tsunami impact. Therefore, a combined
analysis of quay walls subjected to earthquake and tsunami at the same time is
necessary. In this study, horizontal slice method is used to evaluate the stability
of the reinforced soil quay wall subjected to earthquake and tsunami. The failure
surface is generated by optimizing the angle of failure plane of each slice, so that
the mobilized tensile force on the reinforcement is maximum. Thus, the generated
failure surface could justify the actual failure surface. It was observed that normal-
ized force acting on the reinforcement is considerably increased under the combined
effect of earthquake and tsunami. Stability of the wall is evaluated by varying several
parameters, such as acceleration coefficient of earthquake motion, internal friction
angle of soil, inclination and height of the quay wall, height of seawater level and
height of tsunami waves, to find out the effect of these parameters on normalized
reinforcement strength.

Keywords Earthquake · Reinforced soil quay wall · Tsunami

1 Introduction

Reinforced earth retaining structures are made by incorporating reinforcing elements
inside the retained soil mass [1]. These reinforced soil retaining structures are gener-
ally designed to withstand loads acting in both vertical and horizontal directions by
mobilizing the friction between reinforcement and soil. The loads acting in vertical
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direction include surcharge and self-weight, whereas the loads acting in horizontal
direction include earth pressure and earthquake loads.

Quays are onshore structures build to facilitate the mooring of ships. In the case of
reinforced soil quay walls, these structures are subjected to hydrodynamic forces and
tsunami loads [2]. It was observed during the 2011 off the Pacific coast of Tohoku
earthquake (the Great East Japan earthquake) that although the tsunami load was
not considered and actual earthquake load was higher than designed load, more than
90% of the reinforced earth walls were not damaged [3]. This clearly indicates that
the reinforced soil quay walls are efficient in withstanding tsunami loads.

During the 2011 off the Pacific coast of Tohoku earthquake, there were many
aftershocks after themain shock of the earthquakewhich continued for several hours.
It was reported that the Ofunato port in Japan was hit by an aftershock of magnitude,
Mw = 7.9, and tsunami of height 3.2 m simultaneously at 15:15 (JST) [4]. This
simultaneous impact of earthquake and tsunami might have caused the disastrous
damages on breakwaters at the Ofunato port [4]. Therefore, it is relevant to analyze
the stability of reinforced quay walls under the combined action of both earthquake
and tsunami.

The analytical studies on combined action of earthquake and tsunami have been
studied on breakwater structures [4]. Also, the effect of combined action of earth-
quake and tsunami on conventional type water front retaining wall has been studied
earlier [5]. However, the effect of these forces on reinforced retaining walls has not
been studied so far. Though [6–8] had done studies on the reinforced earth walls
subjected to seismic loads using pseudo-static method, the effects of tsunami were
not considered. Ahmad and Choudhury [9] proposed the seismic effect on reinforced
earth wall using pseudo-dynamic method. The dynamic approach requires inputs of
complex soil properties and wave parameters. Hence, as an easier and widely prac-
ticedmethod, the pseudo-static analysis has been adopted in this study. In the studies,
related to the 2011 off the Pacific coast of Tohoku earthquake [10], it was suggested
that the coastal structures such as quay walls should be designed by incorporating
the structural measures to defend tsunami.

The numerical analysis of reinforced earth structures under seismic loads has
been studied widely [6, 11–13], whereas the combined effect of the seismic load and
tsunami load has not been evaluated yet. In the modified method of slices analysis
for reinforced slopes under seismic loads, horizontal slices were considered instead
of vertical. Therefore, the calculation of reinforcement forces became much simpler,
since the force transfer between reinforcements of nearby slices has been avoided
[14]. This new approach of determining the internal stability of reinforced slopes
has been further studied by Nouri et al. [12], where pseudo-dynamic approach by
incorporating horizontal slice method was done. The method evaluated the internal
stability of reinforced soil system by determining the total tensile strength required
for the reinforcement. Even though the horizontal slice method is widely accept-
able for its simplest approach, the shear forces between two adjacent slices are not
considered. Apart from that, the method generates the failure surface using opti-
mization technique. This helps to develop a polylinear failure surface which gives
an economical design as compared to linear failure surface [6].
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The present study is thus focusing on the analytical approach to evaluate the
stability of the reinforced soil quay walls by using pseudo-static method. The
combined effects of hydrostatic forces, hydrodynamic forces, seismic loads and
tsunami forces on the reinforced soil quay walls are considered to generate the most
critical scenario. However, experimental tests of this study have to be done on later
stage.

2 Method of Analysis

The seaward side of the quay wall is subjected to hydrodynamic forces along with
tsunami forces. The tsunami force is assumed to impart a pulling effect on the rein-
forcements as the wave drawdown occurs. This is considered as a critical situation,
where the tensile strength of reinforcement should be sufficiently large enough to
withstand the tsunami load. The waterfront structure is also assumed to be subjected
to surcharge loads during its operation. Thequaywall systemwith a facingof concrete
panels has been considered. The tsunami wave height (ht) was varied to a maximum
of 10 meters above the mean sea level. The objective of this study is to determine
the tensile strength of the reinforcement by adopting horizontal slice method.

In the horizontal slice method, backfill soil of the reinforced quay wall is
discretized into different horizontal slices [14]. From the studies of [15], an optimum
number of slices required for a 5 m high reinforced earth wall was found out as
20 numbers. The increment in number of slices beyond this value yielded almost
same values of total tensile strength of the reinforcement (�tj). A similar trend was
observed under the application of tsunami and earthquake loadings. Therefore, the
number of slices considered in this study was limited to 20 numbers. The reinforce-
ments were provided such that each slice holds one reinforcement at its center. For
the simplicity in evaluation, the force transfers between adjacent horizontal slices
were neglected [6]. Different forces acting on the quaywall system during the critical
loading condition detailed in the below paragraphs are depicted in Fig. 1. The study
is limited to the condition of quaywall with dry backfill by assuming an impermeable
fascia.

2.1 Seismic Forces

The pseudo-static methodwas used to incorporate seismic effects on the wall system.
In the study,M-Omethodwas used. Themethod considers seismic forces as an inertia
force acting on the failure wedge [16, 17]. The inertia forces were considered in both
vertical and horizontal direction as Qv and Qh, respectively. Considering the weight
of each slice as Wi, the seismic inertial forces can be expressed as below.

Qh = khWi (1)
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Fig. 1 Forces acting on the reinforced soil quay wall during earthquake and tsunami (drawdown
condition)

Qv = kvWi (2)

This method has the limitation of determining the appropriate pseudo-static coef-
ficients. Furthermore, the efficacy of the method in calculating the inertial forces
in liquefiable soils is not appreciable. Even though the pseudo-static analysis is not
an accurate depiction of actual seismic loading on the soil mass, the simplicity in
concept and calculation makes this method a useful tool in estimation of earthquake
loading on reinforced earth walls.

2.2 Tsunami Forces

Tsunamis are large waves originated in the deep sea when epicenter of an earthquake
occurs in the seabed. These waves will be of generally lower amplitude and longer
wavelength in the deep sea, whereas when the waves approach the shore, the height
of the wave drastically increases. When tsunami loads are considered acting on the
quay wall, two cases have to be accounted. The first is the load transferred to the quay
wall under the direct impact of a tsunami wave. Later is the pull-out force acting on
the quay walls during the drawdown of the tsunami waves. The drawdown action
would cause a destabilizing effect on the quay wall system, whereas the upward
movement of tsunami wave would contribute more toward stabilizing the quay wall
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[18]. Therefore, considering the critical condition, the direction of tsunami load was
taken to be away from the quay wall system toward seaward side. The tsunami wave
pressure acting on the quay wall (Pt) can be determined based on the Japanese design
guidelines for coastal structures as follows [4].

Pt = 1

2
(P1 + P2)H (3)

where

P1 = α f γw(ht + hw) (4)

P2 = α f γw(ht + hw) − H (5)

2.3 Hydrodynamic Pressures

The seismic event causes dynamic response in the water on seaward side. The
outboard water thus imposes a hydrodynamic load (Pdyn) which can be evaluated
from the solution defined by Westergaard [19].

Pdyn = 7

12
khγwh

2
w (6)

The hydrodynamic force and tsunami force are trying to pull the quay wall toward
the sea. This effect was evident in the study on the water front geotechnical structures
during 2011 off the Pacific coast of Tohoku earthquake [20]. It was observed that
the structures failed toward to the outboard direction. Therefore, the direction of net
forces was toward the seaside.

2.4 Equilibrium Conditions

The equilibrium condition of each slice wes considered for determining the tensile
force acting upon the reinforcement in the slice. Referring to Fig. 2, the vertical
forces at limiting state of equilibrium can be expressed as below [1].

Ni = Vi − Vi+1 + (1 + kv)Wi − cbi sin(αi )

tan φ sin αi + cosαi
(7)

where c is cohesion, bi is the slanting width of ith slice, Vi and Vi+1 are inter-slice
vertical forces estimated as a summation of overburden pressure calculated as,
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Fig. 2 Forces acting on ith horizontal slice

Vi = (1 + kv)γ hi li (8)

li and li+1 are the lengths of horizontal surfaces at top and bottom of slice, whereas
bi is the slanting length of the ith slice at the failure surface and αi is the angle made
between the failure surface and horizontal. While generating the failure surface, the
slices are considered from the bottom of the reinforcing wall, in which the length of
bottom of first slice was considered to be zero. In other words, the bottommost slice
is given the shape of a triangle. Considering the limiting equilibrium of horizontal
forces, the total tensile force on the reinforcement can be determined as,

m∑

j=1

Tj =
n∑

i=1

Ni sin αi +
n∑

i=1

Wikh + Pdyn + Pt −
n∑

i=1

Si cosαi (9)

where the variables Ni and Si are the normal and shear forces acting on the sliding
face of the slice.

Si = cbi + Ni tan φ (10)

The value of Ni is taken as zero instead of negative values. The value of Tj

is maximized using the generalized reduced gradient (GRG) nonlinear optimization
function in excel software such that the failure angles of each slices (αi) are optimized
to get the maximum value of Tj. The GRG nonlinear optimization function thus
calculates the slope of objective function based on input values. Here, the objective
function is summation of all Tj values determined for each layer. The input values are
chosen as values of αi. The maximum value of the αi of each slice in the reinforced
wall was restricted to be within 90° [7]. However, the exit angle was not fixed as
90°. Also, the minimum value of αi was not fixed based on the M-O method. The
restriction of αi values based on the minimum angle of failure wedge proposed in
the M-O method is based on the condition that φ-β ≥ ψ, where β is the inclination
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of backfill surface to the horizontal and the value of ψ can be calculated as,

ψ = tan−1

(
kh

1 − kv

)
. (11)

This condition restricts the results, when higher values of kh and lower values of φ
are chosen. As an example, when the value of kh is 0.5 and kv/kh = 0.5, for horizontal
backfill surface, the calculated φ should be greater than 33.7°. Similarly, when value
of kh is considered as 0.6, the calculated φ should be greater than 40.6°. Thus, to
avoid this restriction on φ values, the lower limit of αi value was only limited to be
positive real number. The wall friction is neglected, since the effect of wall friction
in reinforcement force is negligible [7].

3 Results and Discussions

The normalized parameter K has been introduced to depict the effect of different
factors on the reinforcement force [13].

K =
∑m

i=1 Tj

0.5γ H 2
(12)

The expression forK resembles the coefficient of lateral earth pressure in retaining
wall design. The results obtained were plotted in Figs. 3, 4, 5 and 6. The parameters
that were considered in the stability analysis include H = 5 m, γ d = 18 kN/m3, γ w

= 10 kN/m3, φ = 150−350, kh= 0−0.8, kv/kh = 0.5, surcharge q = 50 kN/m2, hw =
2 m and ht = 0−10 m.
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3.1 Effects of Horizontal Seismic Acceleration Coefficient
(Kh)

As shown in Fig. 3, the higher values ofφ tend to reduce theK values. This decreasing
trend in K is observed to be linear for lower values of kh. The increase in kh value
has imposed larger forces on reinforcements, which necessitates the requirement
of reinforcements of higher strength, to resist large earthquake loads. The angle
of internal friction φ is an indicative of the capability of a soil to withstand shear
forces. At higher values of φ, the soil transfers comparatively lesser force to the
reinforcement. Thus, all the curves are observed to be having a negative slope.

3.2 Effects of Inclination Angle of Quay Wall Fascia (β)

Referring to Fig. 4, the inclination in the retaining wall fascia has reduced the rein-
forcement force. When the angle of internal friction in soil increases, the curves
for various angle of inclination of fascia were showing a negative slope, which was
evident. For further analysis, the fascia angle was chosen as 90°, since it imposed
the maximum force on reinforcements.

3.3 Effects of Height of Tsunami Waves

The increase in height of tsunami waves (ht) and higher seismic acceleration have
imposed higher forces on the reinforcement layers. This effect is highlighted in
Fig. 5. It is noticeable that there is a considerable hike in the reinforcement force as
the tsunami height increases. Even at lower tsunami waves, there will be significant
effect on the quay wall if the seismic impact is higher, whereas the effect of kv is
negligible in the calculation of reinforcement force. Therefore, in this study, the value
of kv has been chosen as 50% of kh. The outboard water height level has also an effect
on the reinforcement force as highlighted in Fig. 6. The increase in the level of water
in outboard of quay wall to 5 m has imposed a 157% increase in the reinforcement
strength values for the tallest tsunami impact of 10 m. The reinforcement force value
for φ = 35° soils at a horizontal seismic acceleration of 0.6 without tsunami loading
was 0.39 when there was no outboard water. Eventually, when the outboard water
height was increased to 5 m, the force on reinforcement was increased by 5.1 times
even without tsunami loading. Therefore, a close monitoring on the average height
of water in the outboard is inevitable in the design of reinforced quay wall.
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4 Conclusions

The stability analysis of reinforced soil quay walls, under the combined action of
earthquake and tsunami, has been performed using the horizontal slice method and
pseudo-static method. It was observed that factors such as horizontal seismic accel-
eration coefficients, height of tsunami waves, inclination of the quay wall fascia and
internal friction angle of backfill soil play very important roles in the stability of
the wall. Hence, these factors should be taken into careful consideration during the
design process. Soils with higher shear strength tend to transfer lesser amounts of
force to the reinforcements under critical conditions. Even at lower seismic acceler-
ation, the influence of tsunami loading on reinforcement strength was considerably
high.

Thus, the paper highlights the importance of incorporating the combined loading
of earthquake and tsunami in the design calculation of reinforced earth water front
structures. This study will ultimately contribute to a superior design protocol of
waterfront structures under critical loading conditions.
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The Influence of Coupled Horizontal
and Vertical Components of Strong
Ground Motions on the Ground
Response Analysis: Experimental
and Numerical Approaches

Tsubasa Maeda, Hazarika Hemanta, and Yoshinori Kato

Abstract The large vertical ground motion during the 2008 Iwate-Miyagi Nairiku
earthquake showed the importance of not only the horizontal ground motion but
also the vertical motion in strong ground motion prediction and response analysis.
In this study, considerations about the interaction behavior between the horizontal
motion and the vertical motion during a strong earthquake were carried out by
one-dimensional elasto-plastic earthquake analyses and cyclic shear box tests. It
could be concluded from the results that the change of confining pressure caused
by vertical motion affects the horizontal behavior, and strong horizontal motion
produced vertical motion in the soil layer above the groundwater level.

Keywords Vertical motion · Seismic response analysis · Dilatancy ·
Elasto-plastic · Cyclic shear

1 Introduction

Earthquakes have caused a lot of economic and human damages since centuries. The
2016 Kumamoto earthquakes were a series of earthquakes including a magnitude
(from Japan Meteorological Agency) 7.3 main shock, which occurred on April 16,
2016 (01:25 JST), beneath Kumamoto City, Kumamoto Prefecture, Japan, at an
epicentral depth of about 12 km (32°45.2′ N,130 °45.7′ E) and a foreshock earthquake
with a magnitude (from Japan Meteorological Agency) 6.5 on April 14, 2016 (21:26
JST), at an epicentral depth of about 11 km (32° 44.5′ N, 130° 48.5′ E) [1, 2].

The earthquakes caused significant structural damage and huge loss lives in
Kumamoto Prefecture. The Fire andDisasterManagementAgency of Japan (FDMA)
reported death of 270 people, severe injuries to 1184 people, and minor injuries to
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1553 people. The structural damage amounted to 8657 houses completely destroyed,
3,4491 houses partially destroyed, and 155,095 houses damaged but habitable. The
fire triggered from the earthquake destroyed 15 houses. In addition, more than 3
billion USD has been estimated for the civil infrastructure losses. Reconstruction
cost is estimated to be around 6–8 billion USD [3, 4]. Further, more than 4000 after-
shocks have been recorded by the Meteorological Agency of Japan since April 14,
2016 until November 30, 2017. The earthquake resulted in substantial damage to
infrastructure including buildings, cultural heritage of Kumamoto castle, roads and
highways, slopes and river embankment due to earthquake induced landslides and
debris flows, and fault induced ground subsidence. At a surprisingly limited extent,
liquefaction occurred only in a few districts of Kumamoto City and in the port areas
[3, 5].

On the other hand, the Iwate-Miyagi Nairiku earthquake with a magnitude 7.2
occurred on June 14, 2008 (08:43 JST) in South Iwate Prefecture, Japan, at an epicen-
tral depth of about 8 km (39° 01.7′ N, 140° 52.8′ E) [6]. A peak ground acceleration
(PGA) in the earthquake was observed with 38.66 m/s2 vertical acceleration, larger
than the horizontal acceleration, at IWTH25 of KiK-net [7]. Generally, horizontal
motion and vertical motion are handled separately in the creation of strong motion
waveforms used in seismic design. When a strong earthquake occurs, it is possible
that a large vertical acceleration occurs, so studying the vertical motion mechanism
and the changes to horizontal motion by vertical motion is important in the evaluation
of strong earthquakes. Aoi et al. [8] proposed that the vertical motion at IWTH25
occurred because particles are separated for each particle by large horizontal motion.
Also, Morio et al. [9] presumed that the soil shallower than the groundwater level
became elasto-plastic, so that strong vertical motion occurred because of dilatancy. It
was also shown that the character of the waveform at IWTH25 could be predicted by
analysis using the elasto-plastic constitutive law. However, detailed research about
the vertical motion occurrence mechanism is needed because vertical motion has
many unknown details. Therefore, in this study, cyclic direct shear tests and one-
dimensional seismic response analysis were performed to clarify the basic coupled
behavior, such as the occurrence of vertical motion caused by strong horizontal
motion and the effect of vertical motion on horizontal motion.

2 Iwate-Miyagi Nairiku Earthquake

Figure 1 shows borehole and surface acceleration observed at IWTH25 during the
2008 Iwate-Miyagi Nairiku earthquake. UD2 and EW2 are surface acceleration,
and UD1 and EW1 are borehole acceleration. Many characteristics of the observed
waveform at IWTH25 have been shown in previous research [10].

1. In UD2, the maximum upward acceleration was 38.66 m/s2, and the maximum
acceleration of the three components composition was 40.22 m/s2, which is the
largest earthquake recorded.
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Fig. 1 Observed waveform on IWTH25

2. In UD2, the maximum downward acceleration was 17.03 m/s2, which was less
than half the upward acceleration, and the downward acceleration was small
compared with the upward acceleration. Also, in the whole waveform, it shows
asymmetry, and the downward acceleration peaked at 9.80 m/s2.

3. The duration of the upward PGA was pulses shorter than that of the downward
acceleration.

4. At the time when pulse upward acceleration was recorded, there were many
peaks and valleys in the horizontal motion.

There is no vertical asymmetry in the underground records, and there are few times
when the vertical and horizontal motion peaks and valleys coincide. From this, it is
considered that the above features (1) through (4) occurred during the propagation
of the ground surface from 260.4 m underground. Reproduction was attempted by
using the one-direction seismic response analysis program SHAKE for the observed
large acceleration record at IWTH25. The soil condition in Table 1 was decided
upon based on the soil column at IWTH25. In Table 1, V s is the S-wave velocity,
and V p is the P-wave velocity. In the analysis, the damping constant h is 5%, and
the strain dependency is not considered. Figure 2 shows the horizontal acceleration
waveform (EW2) and vertical acceleration waveform (UD2) on the surface obtained
by SHAKE. In the horizontal direction, the acceleration in the analysis result is larger
than the acceleration observed because of linear analysis. However, the analysis result
for vertical acceleration is clearly smaller than that in the observation; also, in the

Table 1 Geologic data (IWTH25)

Layer number Thickness (m) Depth (m) Mass Density ρ (t/m3) Vs (m/s) Vp (m/s)

1 6 −6 1.9 430 850

2 28 −34 1.9 530 1770

3 30 −64 2.6 680 2310

4 48 −112 2.6 1120 2310

5 64 −176 2.6 1780 4010

6 28 −204 2.6 1380 2620

7 56.4 −260 2.6 1810 3180

8 – – 2.6 1810 3180
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Fig. 2 Analysis waveform
at surface
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vertical direction, asymmetry does not appear. The vertical motion occurring from
horizontal motion could not be considered by SHAKE, because it could not analyze
the interaction of horizontal and vertical motion. Also, as above, the relationship to
horizontal and vertical waveform could not be reproduced. The results obtained here,
and the characteristics of (4) above suggest the possibility that vertical and horizontal
motion interact in real ground.

3 Interaction of Horizontal and Vertical by Cyclic Direct
Tests

Section 2 showed the possibility that the waveform of the interaction of horizontal
and vertical motion can be observed in a previously observed seismic wave. During
an earthquake, in laterally layered ground, seismic wave propagation corresponds to
changes in that horizontal motion is cyclic shear and vertical motion is vertical stress
or strain. Accordingly, the interaction of horizontal and vertical was examined by
cyclic direct shear box tests using soil samples.

3.1 Effect of Vertical Motion on Horizontal Motion

First, an experiment was conducted on the effect of vertical motion on horizontal
motion. It is generally known that there is a close relationship between effective stress
and soil behavior. During an earthquake, the effective stress changes because of the
vertical motion, which may affect the horizontal behavior. Therefore, the following
experiment was performed. The experiment was carried out using over-compacted
clay (σ c = 1200 kN/m2) prepared with water content w = 20% and dry density ρd

= 1.77 g/cm3. Using cyclic direct shear tests, a cyclic shear displacement with a
period of 20 s and a half amplitude of 0.1 mm, as shown in Fig. 3, was added, and an
experiment was conducted in which only a half-wave was input as the third wave in
accordance with the third wave. The half-wave stress was increased so that the initial
stress at the start of each shear doubled. The initial stresses at the start of shear were
20 and 100 kN/m2. The over-compaction ratios were OCR= 60 and 12, respectively.
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Figure 4 shows the stress path, and Fig. 5 shows the relationship of shear stress
and shear displacement. Figure 4 shows that, when vertical stress increased, shear
stress also increased. This shows that typical interaction by effect of vertical motion
on horizontal motion. Figure 5 shows that, when vertical stress increased, shear stress
increased, which was not related to the initial vertical stress. Therefore, it is thought
that, when vertical stress increases, shear stiffness changes. Because of the shear
stiffness change resulting from vertical motion, the horizontal motion characteristics
change.

Fig. 4 Stress path of test
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3.2 Occurrence of Vertical Motion Because of Strong
Horizontal Motion

In granular materials, such as soil, volume changes occur as a result of shear defor-
mation. It is considered that the same phenomenon occurs during a strong earth-
quake and that, when a strong horizontal motion is input, a vertical motion is caused
by this phenomenon. Therefore, an experiment using only shear under a constant
volume condition was performed, and the occurrence of vertical motion resulting
from horizontal motion was considered.

A constant volume cyclic direct shear box test was performed on the same soil
sample as described in Sect. 3.1. Before shear loading, consolidation was performed
with initial stress σ0 = 20 kN/m2 until the volume change became zero. After that,
as shown in Fig. 6, shear stress was gradually increased, and this was repeated until
the soil sample broke. The speed at which the shear stress was applied was set so
that one wave was completed in 120 s.

Figure 7 shows the stress path in the experiments. This shows typical interaction
by occurrence of vertical motion because of strong horizontal motion. The vertical
axis is vertical stress, and the horizontal axis is the history of shear stress. Vertical
stress occurs by interaction despite only shear stress being input.Also, verticalmotion
occurs at twice the frequency of horizontal motion. It is thought that this phenomenon
is caused by the dilatancy characteristic. The soil sample was over-compacted clay,
so the vertical stress increased when the volume increased during constant volume
tests. During earthquakes, the soil surface can be considered as a constant volume

Fig. 6 Input waveform of
box shear test

-250

-150

-50

50

150

250

0 500 1000 1500 2000Sh
ea

r s
tre

ss
 τ(

kN
/m

²)

Time (s)

Fig. 7 Stress path of test

0
50

100
150
200
250
300

-300 -150 0 150 300V
er

tic
al

 st
re

ss
 σ

(k
N

/m
²)

Shear stress τ(kN/m²)



The Influence of Coupled Horizontal and Vertical … 367

condition, so it is thought that vertical motion is excited at twice the frequency of
horizontal motion because of dilatancy.

4 Elasto-Plastic Earthquake Response Analysis

The effects on horizontal motion of vertical motion and on vertical motion of
horizontal motion were examined experimentally. It is necessary to study these
phenomena by earthquake response analysis to provide strong earthquake predic-
tion. Therefore, earthquake response analysis using a simplified one-dimensional
model was conducted to deepen the consideration of the phenomena confirmed by
experiments.

4.1 Effect on Horizontal by Vertical Motion

First, the analysis method and conditions are explained. A 40-m-thick one-
dimensional ground was modeled by arranging 40 square elements of 1 × 1 m,
and elasticity and elasto-plastic earthquake response analysis was performed using
the analysis program FLIP [11]. Element numbers were assigned from top to bottom.
The node numbers were incremented by 1 downward, with 1 in the upper left, and
41 in the upper right. The following values were set: mass density of ground ρ =
1.8 t/m3, S-wave velocity Vs = 200 m/s, P-wave velocity Vp = 400 m/s, cohesion
c = 30 kN/m2, friction angle ϕ = 35°, and Poisson ratio ν = 0.333. The initial
stress of the ground was set by self-weight analysis, and the self-weight analysis and
dynamic analysis were set so that the horizontal and vertical displacements of two
nodes at the same depth were equal. Rayleigh damping α = 0.6653 and β = 0.00,056
were used. The step time dt = 0.001, the integration method was Wilson’s θ method,
and the nonlinear convergence calculation was done using the tangential stiffness
method. θ = 1.4 was set. As shown in Fig. 8, the horizontal and vertical motions
with a frequency of 5 Hz and amplitude of 10.00 m/s2 were only half-waves: ➀ only
horizontal motions were input and ➁ both horizontal motion and vertical motion
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Fig. 8 Input waveform of analysis
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were input. There were three analysis patterns: elastic (CASE 1) and elasto-plastic
analysis (CASE 2) were performed for ➀ and elasto-plastic analysis (CASE 3) for
➁.

The acceleration waveform at node 25 (depth 25 m) is shown in Fig. 9. From the
top, the results are for CASE1,CASE2, andCASE3. InCASE1, the input horizontal
motion is propagated as it is, and it can be seen that the wave reflected on the ground
surface is propagated at approximately 0.8 s. Looking at CASE 2, it can be seen that
there is vertical motion that could not be seen during CASE 1, even though only
horizontal motion was input. Furthermore, the peak of horizontal motion is larger in
CASE 3 with vertical motion. This phenomenon is thought to be caused by changes
in horizontal motion resulting from changes in effective restraint pressure and shear
stiffness due to vertical motion. Figure 10 shows the stress path of the element at 25m
underground. The vertical axis is the square root of the secondary stress invariant J2,
and the horizontal axis is I1, the sum of the three principal stress components. The
failure line is shown in the figure, but, in the elasto-plastic analysis, the input of large
shear (horizontal motion) changes the effective stress along the failure line. It can be
seen that this has occurred. From the above, it was possible to express the change
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Fig. 10 Stress path of
analysis
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in horizontal behavior resulting from vertical motion by performing elasto-plastic
analysis considering the dependence of shear stiffness on the restraint pressure.

4.2 Occurrence of Vertical Motion Caused by Strong
Horizontal Motion

Here, the analysis conditions and methods are explained. The analysis area had a
layer thickness of 10 m, and square elements of 1 × 1 m were arranged vertically.
A program improved by Morio et al. [9] was used to introduce arbitrary constitutive
laws into Fortran subroutine in the Zienkiewicz and Shiomi [12] two-phase effective
stress analysis program. The yield surface is the Drucker–Prager model in Eq. (1),
and the plastic potential is an unrelated flow law model in which ϕ in Eq. (1) is
replaced with the dilatancy angle ψ.

f = α I1 + √
J2 − κ (1)

α = 2 sin φ√
3(3 − sin φ)

, κ = 6c cosφ√
3(3 − sin φ)

Note that α and κ shown here are stress states in the triaxial compression test. The
boundary conditions and analysis parameters are almost the same as the analysis in
Sect. 4.1. The method used Newmark’s β method, and the nonlinear convergence
calculation used the initial stress method. The input seismic wave had a maximum
acceleration of 5-Hz sinusoidal wave (horizontal motion) of 1.00 m/s2. The vertical
motion was considered because of the difference of the plastic potential surface by
changing the dilatancy angle ψ.

Figure 11 shows the relationship between the maximum acceleration and the
dilatancy angle on the ground surface. It can be seen that the maximum horizontal
acceleration and the maximum vertical acceleration increased as the dilatancy angle
increased.

This means that, when the dilatancy angle is reduced, negative dilatancy occurs,
and the surface ground shows a strong plastic response. It is also shown that, when the
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Fig. 11 Relationship
between peak acceleration
and dilatancy angle
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dilatancy angle was increased, positive dilatancy occurred, and the plastic response
was not as high as that of negative dilatancy. Figure 12a and b shows the surface
waveforms at ψ = -20° and 35°, respectively. It can be seen that, when the dilatancy
anglewas negative, downward acceleration occurred at the peak of horizontalmotion,
and, when the dilatancy angle was positive, upward acceleration occurred. In both
cases, the frequency of vertical motionwas twice that of horizontal motion. Figure 13
shows the stress path at a depth of 5 m at ψ = 35°. The vertical axis is the average
principal stress, and the horizontal axis is the shear stress. A time of 0 s is indicated
by a black circle, and a time of 4 s is indicated by a red circle. The shear stress

Fig. 12 Response surface
acceleration of analysis
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Fig. 14 Expanded view of IWTH25 (8~11 s)

changed as a result of horizontal motion, and the vertical stress increased because of
repeated shearing. This is consistent with Fig. 7, which is the result of the experiment
in Sect. 3.2. These results indicate that the occurrence of vertical motion resulting
from the input of strong horizontal motion can be reproduced by seismic response
analysis that introduces an elasto-plastic constitutive law that can express dilatancy
characteristics. This shows that it can be expressed by changing the plastic potential
surface.

5 Estimating Cause of Large Motion of Observed
Earthquake

Based on the experiments and analysis results presented so far, an attempt is made
to explain the observed waveform shown in Sect. 2. Figure 14 is enlarged views of
observation records of IWTH25 for 8–11 s. In addition, (a) is borehole data, and
(b) is surface data. In the observation data (a), there is no clear relationship between
horizontalmotion and verticalmotion.However, in the surface observationwaveform
of IWTH25 in Fig. 14b, there are many points (black circles) where the positive peak
of vertical motion and the peak of horizontal motion coincide. This phenomenon is
the same as that in the case of positive dilatancy explained in Sect. 4.2. In particular,
when looking at the vicinity of 9–10 s, it can be confirmed that the vertical motion
occurs at twice the frequency of the horizontal motion, which is not different from
the experimental results. From these facts, even in the actual ground motion, it is
considered that vertical motion occurs due to the dilatancy characteristics of the
surface ground below the groundwater level.

6 Conclusions

In this study, experiments and analyses were conducted on the coupled behavior of
horizontal motion and vertical motion, and the results were considered. First, the
Iwate-Miyagi Nairiku earthquake was analyzed, and it was shown that the influence
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of the interaction behavior of horizontal motion and vertical motion was observed,
and that it could not be reproduced by one-dimensional seismic response analysis
without considering interaction. Next, cyclic direct shear tests and one-dimensional
seismic response analysis were performed.

As a result, it was shown by experiments that the horizontal motion changes
due to the vertical motion, and that it can be expressed by performing an elasto-
plastic earthquake response analysis considering the confinement dependency. In
addition, the occurrence of vertical motion due to horizontal motion resulting from
volume change (dilatancy characteristics) caused by the shear deformation of the
ground can be confirmed by experiments and can be expressed by elasto-plastic
seismic response analysis introducing constitutive laws that considered dilatancy
characteristics. Based on these results, the Iwate-Miyagi Nairiku earthquake was
evaluated. The earthquake at IWTH25 had a positive dilatancy. It can be explained
the observed waveform at IWTH25.
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Verification of Seismic Deformation
of Road Embankment Laying
on the Coast Using Numerical Analysis

Kentaro Kuribayashi, Tadashi Hara, and Shuichi Kuroda

Abstract Following the 2011 Off-Pacific Coast of Tohoku Earthquake, embank-
ments have again attracted much attention as a tsunami restraining measure. Because
of alluvial deposit widely distributed along the coast, liquefaction of the ground often
obstructed the traffic function. In this paper, the characteristics of the sedimentary
layer of the coast are sorted out from the viewpoints of landform division and grain
size analysis results for a local coast in Kochi Prefecture. Furthermore, effective
stress analysis is conducted at various liquefaction ground condition represented in
the coastal area.Using the results of this analysis, the relationship between the charac-
teristics of the ground and embankment deformation is established. Finally, a simple
evaluation method for road embankment settlement is suggested using the results of
the effective stress dynamic analysis which is often conducted for the design of road
embankments with a large-scale earthquake in mind.

Keywords Liquefaction · Performance design · Road embankment · Numerical
analysis

1 Introduction

In the 2011 Off-Pacific Coast of Tohoku Earthquake, the road embankments for
coastal roads functioned to restrain tsunami greatly contribute to evacuation in the
immediate aftermath of the disasters and to the swift transportation of relief goods
for areas which were inundated by tsunami [1]. In view of such facts, the use of road
embankment as a tsunamic restraining measure at the time of a major earthquake has
been examined, especially for high standard coastal roads [1, 2].
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Typical examples of damage to banking structures by a major earthquake are slip
failure of the banking on top of sloping ground or soft ground and step damage due
to sinking of the foundation ground and embankment body at a connecting section
with such structures as the back of an abutment and road crossing culvert crossing
a road embankment. Coastal areas where alluvia made up of coastal deposits and
river deposits are widely distributed cause particular concern for tsunami damage. In
fact, many cases of damage due to liquefaction of the foundation ground have been
reported in the past earthquakes [3, 4].

Meanwhile, the idea of performance design has been adopted for banking struc-
tures in recent years to the extent that the checking of post-earthquake deformation
of an embankment is now required when Level 2 seismic motion is detected [5]. For
calculation of the deformation volume of an embankment above liquefied ground,
effective stress dynamic analysis using the two dimensions finite element method
is popularly used. However, as this analysis and associated ground survey are both
time and labour-consuming, the actual design usually selects a representative cross
section of which the deformation volume is expected to be large for such checking
using the analysis results for the selected cross section. Asmultiple above-mentioned
connecting sections with road crossing structures tend to exist not only in the selected
cross section but also in the entire design section, there is a high likelihood that the
deformation volumes at these connecting sections differ from the settlement volume
at the embankment crown obtained from the analysis results for the representative
cross section. Because of this, a more reliable method is required to determine the
settlement volume of an embankment along the longitudinal direction of a road,
including at those sites where a crossing structure is constructed.

In this study, the construction of a road embankment in a coastal area is assumed.
The sedimentation conditions of alluvium on the coast where damage by liquefaction
and tsunami is expected to occur are sorted out, and numerical analysis reflecting such
conditions is conducted to determine the tendency of the post-earthquake settlement
volume at the embankment crown.

2 Selection of Representative Grounds

2.1 Grain Size Characteristics of Alluvia Forming Local
Coasts of Kochi Prefecture

For the selection of representative grounds, the local coasts of Kochi Prefecture were
considered to be typical candidates because these coasts were expected to experience
massive damage by strong seismicmotion and tsunami associatedwith an anticipated
Nankai Trough earthquake in the future [6]. From among these coasts, some coasts
were then selected based on verification of the existence of certain landform divisions
which are likely to have formed an alluvium (flood plain; coastal plain; delta; natural
levee; reclaimed land) using a land condition map [7]. This was followed by analysis
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of the tendency in terms of the mean grading texture (hereinafter referred to as “mean
grading texture”) using boring data for each local coast [8]. Themean grading texture
at each local coast is the mean value of the representative grading texture which is
calculated by Eq. (1) for each boring site for which grain size distribution data is
available. The mean grading texture at each local coast shows the proportions of four
grain types (gravel, sand, silt and clay).

G =
n∑

i=1

(
Gi × ti

t

)
(1)

where

G mass percentage by soil type at each boring site
Gi mean mass percentage by soil type in each soil layer
ti thickness of each soil layer
t total thickness of all layers.

Figure 1 shows local coasts with landform divisions forming alluvium based on
the land conditions map [7] and graphs of the mean grading texture as calculated in
Eq. (1).
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Ashizuri-Higashi①

Bando②

Nangoku-
Kanan②Nangoku-
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Fig. 1 Proportions of average grain size at each alluvia forming local coast (Background map
published by Geospatial Information Authority of Japan [7, 8])
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Coastal areas in the study area see soil layers mainly formed by sand and gravel.
In general, river deposits near a river mouth contain much silt [9]. In Kochi Prefec-
ture, however, coastal areas and mountain areas are close to each other, and many
areas experience the conspicuous meandering of rivers [10], resulting in the frequent
coastal presence of a sand and gravel layer formed by the flooding of a river.

In contrast, alluvium with dominant silt and clay and without much gravel is
formed in some coastal areas. All of these coastal areas showing such a tendency are
local coasts with a rias-type submergence topography where not only river deposits
but also coastal deposits are likely to be accumulated [11]. It is believed that a
conspicuous sand and gravel layer mentioned above is not formed in these areas
because of reasons mentioned above in addition to the relatively small size of the
river flowing through the plain.

The above findings clearly show thatmost alluvial land in coastal areas considered
for the study has prominently sandy ground, sandy silt ground or sand and gravel
ground consisting of river deposits and coastal deposits. This suggests that a signifi-
cant impact of liquefaction by an earthquake must be taken into consideration when
road embankments are constructed in these coastal areas.

3 Selection of Representative Grounds

The representative grounds to be selected are those for which there is concern
regarding the occurrence of liquefaction, the grading texture of which resembles
that of local coasts of Kochi Prefecture and for which cyclic undrained triaxial test
results are publicly available. Figure 2 shows mean size distributions, which is circle
graphs at local coasts shown in Fig. 1, and the grain size accumulation curves of the
subject representative grounds for analysis which is described later. Table 1 shows
the conditions for specimens which were collected at each representative ground and
used for the cyclic undrained triaxial test.

1. Sandy ground

Specimens from the Ogata District located at the Bando ➁ local coast were selected
to represent sandy groundwhich is themost common ground for local coastal areas in
Kochi Prefecture [12]. These specimens were collected by the undisturbed sampling
method in the coastal plain of the district in question and are sandy soil containing
much sand. The sampling operation targeted two types of sandy ground which are
loose sandy ground where specimens were collected from 3 m below the loosely
sedimented ground surface and compacted sandy ground where specimens were
collected from 8 m below the ground surface.

2. Sandy silt ground

There have been many cases where ground with a high fine-grain faction is damaged
by liquefaction [13]. Specimens fromKanzaki River which is a Class A river flowing
through Chiba Prefecture were used as alternative specimens representing sandy silt
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Fig. 2 Grain size accumulations of sample in each representative ground

Table 1 Conditions of sample in each representative ground

Representative ground Radial stress (σ′) Dry density (ρd) Condition of soil specimen

(kPa) (g/cm2)

Loose sandy soil 49 1.53 Undistributed (frozen sampling)

Dense sandy soil 98 1.27 Undistributed (frozen sampling)

Sandy silt 49 1.4 Undistributed (frozen sampling)

Gravel 98 1.98 Distributed and reconstructed
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ground with a slightly higher fine-grain fraction than sandy ground [14]. These
specimens were collected by the undisturbed sampling method from an old river
channel near the present Kanzaki River and are classified to represent sandy silt
ground. The sampling site was a confirmed liquefaction site during the 2011 Off-
Pacific Coast of Tohoku Earthquake. It is characterized by low plasticity despite the
fact that the soil has a fine-grain fraction of over 30%. This type of silty ground with
less compaction produces a volume change similar to that of sandy ground at the
time of liquefaction [15].

3. Gravelly ground

Specimens from the mouth of Niyodo River located at the Kochi-Chuo ➁ local
coast were selected to represent gravel-dominant ground typically represented by
local coasts in Kochi Prefecture [16]. These specimens were collected by the
disturbed sampling method from the flood plain of Niyodo River.

4 Analysis Conditions

Effective stress dynamic analysis using the two dimensions finite element method
was conducted, targeting the foundation ground and a road embankment to analyse
the tendency of the deformation volume of a road embankment due to liquefac-
tion caused by an earthquake. This analysis was based on the results of the cyclic
undrained triaxial test conducted with specimens which displayed the representative
grain texture in coastal areas. The programme used for the effective stress dynamic
analysis was LIQCA [17, 18] which is capable of taking the drainage settlement after
an event of liquefaction into consideration and which has been used for the residual
deformation analysis of banking structures on sandy ground or gravelly ground at
the time of an earthquake.

4.1 Element Simulation for the Representative Grounds

The physical properties of the ground which are compatible with the results of the
cyclic undrained triaxial test for each representative groundwere established through
element simulation. Figure 3 shows the liquefaction strength curves based on the
said test results and element simulation results. Figure 3 also includes the physical
properties used for the reproduction analysis by LIQCA for banked levees along
Yodo River which were damaged by the Southern Hyogo Earthquake in 1995 and
element simulation results for comparison [19].

In Fig. 3, the liquefaction strength is slightly higher for the element simulation
results than the test results in the region of a smaller number of cycles in particular.
It is pointed out by the existing literature that the results of the cyclic undrained
triaxial test tend to evaluate the liquefaction strength lower than the actual ground
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Fig. 3 Liquefaction strength curves in each representative ground

strength due to disturbance to the specimens and certain impacts of the test method
[20]. As this tendency is more prominent in the range of a smaller number of cycles,
it is judged that the element simulation results generally reproduced the liquefaction
strength of the actual ground. For compacted sandy ground, the test results were not
available for the range of 10 or less cycles.

4.2 Analytical Model

The analytical model is composed of banking and foundation ground (liquefied layer;
non-liquefied layer). Figure 4 shows the analytical model, and Table 2 shows the
analysed physical properties of each layer. The thickness of the liquefied layer is
altered from 3 to 5 m and further to 8 m to analyse the relation between the liquefied
layer thickness and the settlement volume. The cross section of the road embankment
consists of a banking height of 5 m, crown width of 18 m and slope gradient of 1–1.8
as the standard cross-section conforming to the Road Construction Guidelines [7].
The groundwater level is set at GL −1.0 m in each case of analysis.

The boundary conditions for this analytical model are a viscous boundary for the
basal plane and 1000 m wide pseudo-free ground on both end sides of the model.
The entire model was subject to Rayleigh damping of the type proportional to the
initial stiffness as this is popularly used in LIQCA, and a stiffness coefficient of α1

was set at 0.003 [21].
The physical properties of the embankment were set based on the results of exper-

iments with the existing road embankments, assuming sand and gravel materials of
which the degree of compaction (Dc) is 95% [22–24]. The physical properties of
the liquefied layer were set based on the element simulation results. For the value
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Fig. 4 Numerical model (LIQCA, thickness of liquefaction layer = 8 m)

of the shear wave velocity (Vs) used for calculation of the shearing rigidity of the
ground, the values of the past tests implemented with representative grounds were
used [12, 13, 16].

A non-liquefied layer was introduced under the liquefied layer to prevent impacts
of the reflected wave from the base plane of the analytical model on the behaviour of
the liquefied layer. The assumednon-liquefied layerwas sand and gravel ground ofVs
= 300m/s which is equivalent to engineering foundation ground in the Specifications
for Highway Bridges [25]. This non-liquefied layer was set as the elastic model to
suppress the damping of input seismic motions by the non-liquefied layer.

Moreover, in order to consider the settlement of the embankment crown in the
compressive dissipation process in the aftermath of the liquefaction of the foundation
ground, post-earthquake compressive dissipation analysis was conducted, inheriting
the situation of stress after the dynamic analysis. The compaction calculation period
was set at approximately 52 h, and the residual deformation volume of the embank-
ment was checked at the stage where the excess pore water pressure of the liquefied
layer was sufficiently decreased.

4.3 Input Seismic Motions

The input seismicmotions analysedwere threeType II seismicmotionwaves of Level
2 seismic motions in Type I ground in the Specifications for Road Bridges which are
widely used for the earthquake-resistant design of road embankments against Level
2 seismic motions as shown in Table 3 and Fig. 5.

The past examples of effective stress dynamic analysis based on the conventional
microstrain theory point out the possibility of exaggerating the deformation of an
embankment with seismic motions of which the duration is long, such as Type I
seismic motions [26]. Therefore, Type I seismic motions were excluded from the
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Table 3 Input earthquake motions

Input earthquake motion Reference past earthquake

Type II Inland earthquake Type II-1 The Hyogo-ken Nanbu Earthquake in 1995
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Fig. 5 Input earthquake motions

scope of the present analysis which is effective stress dynamic analysis based on the
microstrain theory.

5 Analysis Results

5.1 Deformation Mode of Representative Cases

As examples of the analysis results, Figs. 6, 7, 8 and 9 show a residual deformation
diagram and vertical displacement contour diagram after the completion of compres-
sion with Type 2-II-I-1 seismic motion which caused the largest deformation volume
of the embankment among Type II seismic motions.

When the deformation modes of the liquefied layer thickness of 3, 5 and 8 m are
compared with one another, deformation is concentrated at both the slope shoulders
of the embankment in the case of a thinner liquefied layer, and the deformation mode
is similar to that of a slip of the embankment itself. In those cases of a thicker liquefied
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(a) Thickness of liquefaction layer = 3m 

(b) Thickness of liquefaction layer = 5m 

(c) Thickness of liquefaction layer = 8m 

Fig. 6 Residual deformation and vertical displacement contour diagrams (ground: loose sandy soil,
input ground motion: Type II-1, after dissipation of excess pore water pressure)

(a) Thickness of liquefaction layer = 3m 

(b) Thickness of liquefaction layer = 5m 

(c) Thickness of liquefaction layer = 8m 

Fig. 7 Residual deformation and vertical displacement contour diagrams (ground: dense sandy
soil, input ground motion: TYPEII-1, after dissipation of excess pore water pressure)
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(a) Thickness of liquefaction layer = 3m 

(b) Thickness of liquefaction layer = 5m 

(c) Thickness of liquefaction layer = 8m 

Fig. 8 Residual deformation and vertical displacement contour diagrams (ground: sandy silt, input
ground motion: TYPEII-1, after dissipation of excess pore water pressure)

(a) Thickness of liquefaction layer = 3m 

(b) Thickness of liquefaction layer = 5m 

(c) Thickness of liquefaction layer = 8m 

Fig. 9 Residual deformation and vertical displacement contour diagrams (ground: gravel, input
ground motion: TYPEII-1, after dissipation of excess pore water pressure)
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layer, the soil flow towards both side ends of the embankment because liquefaction
of the foundation ground becomes highly noticeable and the entire embankment
sank with major settlement observed at the centre of the embankment. As the past
cases of damage to the embankment due to liquefaction also show the settlement
mode where the center of the embankment sank, leaving the slope shoulders less
affected, the embankment deformation mode based on the present analysis results
roughly conforms to that of the actual damage. Even though the deformation volume
varies depending on the type of representative ground, the tendency of deformation
mode is similar for all types of ground. In the case of compacted sandy ground, the
embankment deformation is generally suppressed as the initial shearing rigidity and
liquefaction strength are greater than those of loose sandy ground. In the case of
sandy silt ground, as the liquefaction strength is greater than that of sandy ground in
the range of two or more cycles, the settlement volume of the embankment crown is
smaller than in the case of loose sandy ground. It can be said that the embankment
crown settlement volume of both sandy ground and sandy silt ground depends on the
characteristic of liquefaction strength at the target site rather than differences of the
soil properties. Sand and gravel ground show similar liquefaction strength to that of
sandy silt ground, and the embankment crown settlement volume is approximately
half of that of loose sandy ground. The inferred reasons for this are that the liquefac-
tion strength of sand and gravel ground is greater than that of loose sandy ground in
the range of a smaller number of cycles, and that, the higher permeability coefficient
of sand and gravel ground creates the condition where the excess pore water pressure
caused by an earthquake is likely to dissipate quickly.

5.2 Analysis of Tendency of Embankment Crown Settlement
Volume in the Face of Liquefaction Characteristics
of Foundation Ground

Based on the results of a series of analyses, the relationship between the differ-
ence between the liquefied layer and non-liquefied layer and the embankment crown
settlement volume is considered next. Figure 10 shows the correlation between thePL

values of banking structures damaged by liquefaction of the foundation ground in the
past and the embankment crown settlement rate (= embankment crown settlement
volume/embankment height). The examples of actual cases of damage referred to in
this report are the results of an experiment using a centrifugal model as well as actual
cases of embankments damaged by liquefaction due to earthquakes (1964 Niigata
Earthquake through 1995 Southern Hyogo Earthquake) in the past as arranged by
Naganawa et. al. [27] in addition to actual cases of damaged embankments due to
the 2011 Off-Pacific Coast of Tohoku Earthquake (Type I seismic motion) and 1996
Southern Hyogo Earthquake (Type II seismic motion) [28–30] for which the damage
was analysed by effective stress dynamic analysis. Here, the PL value corresponding
to each embankment settlement rate was calculated by the method used by Iwasaki
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Fig. 10 Correlation diagram between the PL value and the embankment crown settlement rate
(examples of the past earthquakes)

et. al. [31] in those added cases.

pL =
20∫

0

(1 − FL) · (10 − 0.5z)dz (2)

where

PL liquefaction potential index
FL liquefaction resistance factor
z depth (m).

In contrast, the same value was calculated by applying the hyperbolic function for
the weighting of the FL value for calculation of the PL value in those cases arranged
by Naganawa et. al. [27], resulting in a smaller weighting factor than that of the
method used by Iwasaki et. al. [31] in the range where the FL value is larger than
0.2. It must, therefore, be noted that in the range of a small PL value, it is possible for
the PL value in cases arranged by Naganawa et. al. [27] to tend to be slightly smaller
than those of the added cases.

Figure 10 shows the positive correlation between thePL value obtained fromactual
cases of damage and the model experiment and the embankment crown settlement
rate. In Fig. 10, although various ground conditions are believed to be plotted, the
embankment crown settlement rate is similar for all types of ground up to a PL value
of approximately 20. Although Naganawa et. al. [27] did not distinguish between
Type I and Type II seismic motions, there is no significant difference in terms of the
settlement rate depending on a different type of seismic motion even if the results of
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the present study are added. Meanwhile, when the PL value becomes higher, there is
much dispersion among the calculated embankment crown settlement rates. There
is a case where the rate reaches nearly 0.5 around a PL value of 40 plus, widely
diverting from the correlation curve of Naganawa et. al. [27]

A similar arrangement to that in Fig. 10 was conducted using the analysis results
of this report. The idea was to verify the correlation between the RL value and the
embankment crown settlement volume for five types of ground consisting of four
types of selected representative ground and the sandy soil of Yodo River for which
reproduction analysis of the actual damage had been conducted. The PL value was
calculated using the FL value, in turn calculated based on the Specifications for
Road Bridges [25]. The design lateral seismic factor required for calculation of the
FL value was set based on the ground type determined by the shear wave velocity
(Vs) as well as layer thickness, and the local correction coefficient was set at the A1
area, meaning the strictest conditions.

Figure 11 shows the correlation between the PL value and the embankment crown
settlement rate (ratio of the embankment crown settlement volume to the embankment
height) for liquefied ground. In this figure, the settlement volume at the end of seismic
motion and the settlement volume following the dissipation of the excess pore water
pressure were plotted for each type of ground. For the embankment crown settlement
volume, the largest value among the analysis results for the settlement volume at the
embankment crown was employed. Figure 10 shows that the higher the PL value
is, the more diverse the settlement volume at the embankment crown is due to the
specific conditions of the liquefied ground. The embankment crown settlement rate
varies between 0.15 and 0.45when thePL value is around40. This situation resembles
the tendency shown in Fig. 10. When the focus is placed on each type of ground,
the PL value and embankment crown settlement rate have a positive correlation in
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(results of analysis)
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general within the scope of this study although dispersion due to a difference in
seismic motion can be observed.

Such a finding qualitatively shows that dispersion around a PL value of 40
as observed in actual cases of damage includes an influence of the foundation
ground, suggesting the possibility of determining more accurate embankment crown
settlement volumes when the ground conditions are known.

6 Conclusions

This study analysed the tendency between the degree of liquefaction of the foundation
ground and the embankment crown settlement volume through a parametric study
using two dimensions effective stress dynamic analysis of actual cases of damaged
embankments as well as model grounds. From the study, the following conclusions
are made:

1. As a result of arranging the grain size characteristics of coastal grounds using
local coasts of Kochi Prefecture as examples, sandy ground was the most
commonground type, followed by sand and gravel ground and sandy silt ground.

2. As a result of effective stress dynamic analysis reflecting the results of the cyclic
undrained triaxial test, there is generally a positive correlation between the PL

value and the embankment crown settlement volume when evaluating the same
type of ground individually even though dispersion of the settlement volume
due to difference of the liquefied ground increases with a larger PL value.

The results of this study suggest the possibility of interpolating the embankment
crown settlement volume along the longitudinal direction of a road which cannot
be evaluated solely by the results of conventional effective stress dynamic analysis
of the representative cross section in the seismic performance evaluation of a road
embankment by using boring data for the target road section. However, this method
is believed to be effective only under the condition that there is a uniform spread of
the liquefied layer as in the case of the road section targeted by this study.
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Behavior of Unsaturated Silty Soil Due
to Change in Water Content and Suction

Ibrar Ahmed, Jiro Kuwano, Adnan Anwar Malik, and Dipak Raj Shrestha

Abstract To reduce and mitigate rainfall-induced problems, there is a need to
improve understanding of the failure mechanism of unsaturated soil due to changes
in water content in the soil body. Natural slopes, man-made slopes and embank-
ments are generally made of unsaturated soils. In this regard, the objective of this
study is to investigate the behavior of unsaturated silty soil due to change in water
content and suction. The change in the water content of the sample represents the
effect of rainfall. Moreover, this study aimed at understanding the effect of the degree
of compaction on the strength and deformation characteristics of unsaturated silty
soil. In the experiments, two series of laboratory element tests on double-cell triaxial
machine carried out on DL clay (silty soil) in which water content varied from dry
to wet of optimum moisture content, and the degree of compaction varied to study
the effect at diverse overburden pressures. The test series is conducted in constant
water content condition, and the measurements are closely monitored throughout
the test course (initial suction to shear) to observe the changes in effective stress.
The observed changes in the parameters are also presented in three dimensions to
show the behavior of soil under the influence of more than two parameters. From
this research, it is examined that with the increase in degree of compaction, volume
change behavior transformed from compressive to dilative. Moreover, the strength
of the silty soil increased with the increase in suction, i.e., due to decrease in water
content, and vice versa.
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1 Introduction

Afirm and stable subgrade is essential for the pavement structure’s long-term bearing
performance under vehicle loading. Some of the common problems of subgrade
that affect the pavement stability are subgrade subsidence, subgrade slope collapse
and ruts. These problems occurred due to insufficient bearing capacity of subgrade.
The shear strength properties of the subgrade (compacted clayey soil) are affected
by soil type, water content, degree of compaction and state of stress. The water
content and degree of compaction are the main factors that affect the shear strength
of a specific subgrade compacted soil [1]. In the case of compacted clayey soil,
the suction and internal friction angle decreased with the increase in compaction and
water content, and the cohesion peak appeared around the optimummoisture content
[2]. In unsaturated soils, the cohesion and internal friction angle linearly decreased
with the increase in water content. The decrease in cohesion due to water content
is more evident than the internal friction angle [3]. The generation of pore water
pressure during loading may cause geotechnical problems like slope failure [4]. The
behavior of soil with a known initial state, a boundary condition and type of loading
(due to any mechanical process) can be studied experimentally via the triaxial test
[5, 6].

Melinda [7] investigated the shear strength and deformation characteristics of the
residual soil during water infiltration that leads to failure. Rasool et al. [8] studied the
behavior of unsaturated silty soil under constant shear stress andmatric suction plane.
The results indicated that with the increase of confinement (confining pressure),
the water infiltration decreased due to the reduction in void ratio. The results also
showed that a failure surface is a unique planewhich is not affectedmuch by drainage
conditions.

Natural slopes, man-made slopes and embankments are generally made of unsat-
urated soils. In case of unsaturated soils, the important state variables are mean
effective stress (p′), shear stress (q), void ratio (e) and one more variable among
the following: suction (s), water content (w) and degree of saturation (Sr). In the
above-mentioned studies, the research focused on the shear phase only to investigate
the effect of various stress paths, water content variations during the constant net
stress/shear stress/matric suction planes and variation of water content in the sample
on the shear strength of unsaturated soils. The present study investigates the effect
of water content and suction on the behavior of unsaturated silty soil (DL clay) in all
the phases, i.e., initial suction, axis translation, consolidation and shear. The effect
of degree of compaction on the behavior of unsaturated silty soil is also investigated.
Finally, different stress variables are plotted in three dimensions (3D) to explain the
behavior of unsaturated soil in all the phases of the experiment under the influence
of more than two parameters.
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2 Experimental Setup

Double-cell triaxial test apparatus having a strain control loading system was used
in this research, as shown in Fig. 1. The advantage of using double-cell triaxial test
apparatus is in its precise measurement of volume change [9] which is complex in
unsaturated soils due to the presence of pore water pressure and pore air pressure.
Pore water pressure was controlled and monitored from the bottom of the pedestal,
whereas pore air pressure was controlled and monitored at the top cap. A membrane
filter of high air entry value 420 kPa is used at the pedestal which does not allow the
flow of air, while polytetrafluoroethylene (PTFE) sheet is used in the top cap, which
does not allow the flow of pore water. A low-capacity differential pressure transducer
(LCDPT) is used tomeasure the volume change behavior. Linear variable differential
transducer (LVDT)was used tomeasure the axial deformation. The data/signals were
acquired by all the transducers and then shifted to the amplifier, which minimizes
the noise and increases the signal voltage. These analog signals were converted
into digital signals by A/D board, and finally, a software (Digit Basic) was used,
which presents the data in the form of physical values. The schematic diagram of the
equipment is shown in Fig. 1.

Fig. 1 Schematic illustration of double-cell triaxial test equipment
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3 Material and Methodology

To study the behavior of unsaturated silty soil, DL clay (commercial name of soil) is
used in this study, because its suction value stabilizes in a shorter interval of time so
that each test could be performed in a stipulated time frame. According to Japanese
Geotechnical Society (JGS), it is classified as having medium–low compressibility
(ML) and composed of 90% silt and 10% claywhich shows that its grain size is larger
than average clay. This silty soil has a relatively uniform grain size distribution with
a mean grain size D50 approximately 0.03 mm. The optimum moisture content of
the soil was 20%, the maximum particle size was 0.039 mm, and maximum dry
density was 1.55 g/cm3. The appearance of freshly and freely deposited DL clay
looks yellowish brown. The physical properties of DL clay are summarized in Table
1.

3.1 Sample Preparation and Test Phases

In this research, the samples (5 cm × 10 cm) were prepared with different initial
water content (having the same dry density). Each sample was compacted in five
layers by static compaction to achieve the uniform density (in element test; a slight
change in the sample properties affects the test results). Two series of tests were
performed in this study. In the first series of tests (Test Series # 1), three samples of
DLclaywere prepared. Thewater contentwas varied fromdry towet side of optimum
moisture content. Moreover, two more samples were prepared for the second series
of tests (Test Series # 2) with a higher degree of compaction to check the behavior
of unsaturated silty soil at higher overburden pressure. The sample properties are
shown in Table 2.

In this study, the tests were carried out in four phases, i.e., PI, PII, PIII, PIV,
under constant water condition which replicates the situation in which excess pore
air pressure dissipates rapidly, while pore water pressure dissipates with time [10] at
confining stress of 100 kPa (see Fig. 2). High confinement was considered because,
at this confinement, the top cap fully rests on the sample without any gap so that

Table 1 Physical properties of DL clay

Properties Unit Value

Density of soil particle, s g/cm3 2.654

Consistency – NP

Maximum dry density, dmax g/cm3 1.55

Optimum moisture content % 20

Maximum particle size, dmax mm 0.039

Coefficient of permeability, ks m/s 10−7
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Table 2 Sample properties

Test Dry density
(g/cm3)

Degree of
compaction (%)

Water content, w
(%)

Void ratio, e Remarks

1 1.26 81 15 1.07 Test Series # 1

2 1.26 81 20 1.07

3 1.26 81 25 1.07

4 1.37 88 10 1.01 Test Series # 2

5 1.37 88 15 1.01

Fig. 2 Schematic diagram of test phases

the clear behavior of sample can be studied. In phase I (PI), the initial suction was
measured by placing the sample on the pedestal. It was observed that suction value
increased and then stabilized at a specific value and time for different water contents
(see Fig. 3). It was also observed that the sample at higher water content has taken less
time to reach the stabilized value of suction. In phase II (PII), as shown in Fig. 2, the
axis translation technique (ATT) was applied to keep the pore water pressure positive
so that no voids were developed inside the pedestal, which affects the reading of pore
water pressure. The important thing that should be monitored during axis translation
is that the pore air and cell pressures should be increased simultaneously, and it
must be equivalent to the decreasing amount of pore water pressure. Otherwise, the
effective stresses will increase and may affect the stresses inside the sample. In phase
III (PIII), isotropic consolidation was carried out until the observed volume change
from low-capacity differential pressure transducer (LCDPT) becomes constant. The
consolidation process will occur after the application of the confining pressure if the
pore fluids are allowed to drain. On the other hand, the consolidation process will not
occur if the pore fluids are not allowed to drain (maintained in undrained condition)
[10]. In phase IV (PIV), the sample was sheared up to 15% of axial strain, at the
strain rate of 0.05%/min as per JGS standard [11]. All the phases are presented in
Fig. 2.
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Fig. 3 Measurement of initial suction with time

Figure 4 showed the behavior of deviatoric stress (q), mean effective stress (p′)
and suction (s). This figure shows the result of Test 1 of the first series (Test Series
# 1) having a dry density of 1.26 g/cm3, the water content of 15%, and the suction
against 15% water content is 25 kPa, while maximum deviatoric stress achieved is
272 kPa and mean effective stress is 202 kPa.

Mean effective stress is given by,

p′ = σ ′
a + 2σ ′

r

3
= (p − ua) + s · Sr (1)

Effective axial stress is given by,

σ
′
a = σanet + s · Sr = (σa − ua) + s · Sr (2)

Fig. 4 Different test stages/phases
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Effective radial stress is given by,

σ
′
r = σrnet + s · Sr = (σr − ua) + s · Sr (3)

q = σa − σr (4)

where p′ is mean effective stress, σ a
′ is effective axial stress, σ r

′ is effective radial
stress, p is mean stress, ua is pore air pressure, s is suction, Sr is degree of saturation,
σ anet is net axial stress, σ a is axial stress, σ rnet is net radial stress, σ r is radial stress,
and q is deviatoric stress.

In PI and PII phases (see Fig. 4), during the initial suction measurement and axis
translation, no axial and radial stresseswere applied,whilemean effective stresses are
due to degree of saturation and suction. However, during isotropic consolidation, an
equal amount of desired confining stress and axial stress is applied, which resulted in
zero deviatoric stress (q), while mean effective stress is increased. During the shear,
confinement is kept constant while axial stresses are increased as a result of which
deviatoric stress and mean effective stress are increased as shown in Fig. 4 (PIV). For
clear understanding/behavior of important parameters like deviatoric stress (q), mean
effective stress (p′) and suction (s) are also plotted in three dimensions as shown in
Fig. 5.

Fig. 5 Behavior of parameters during test phases (Test Series # 1)
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4 Results

During the Test Series # 1 (degree of compaction, 81%) and Test Series # 2 (degree of
compaction, 88%) on unsaturated silty soil (DL clay), the strength and deformation
characteristics are emphasized. The shearing phase of the test is used to describe
the mechanical properties of the material. In Test Series # 1, during the shearing, it
is observed that deviatoric stress is more toward the dry side of optimum moisture
content (OMC, 20%), while it is less on the wet side of OMC (see Fig. 6). This is
because on dry side of optimum moisture content, the matric suction is more while
matric suction is less on the wet side as shown in Fig. 7. Similar trend is observed
in Test Series # 2, i.e., higher deviatoric stress is observed at lower water content.

Fig. 6 Axial strain versus deviatoric stress

Fig. 7 Axial strain versus suction
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Moreover, the deviatoric stress is more in Test Series # 2 than in Test Series # 1 due
to higher degree of compaction.

The test results indicated that the sample at the degree of compaction of 81% (Test
Series # 1) showed compressive behavior during shearing phase, while at the degree
of compaction of 88% (Test Series # 2), it showed dilative behavior during shearing
phase as shown in Fig. 8. The experimental result (Test Series # 1) further showed
that with the increase of water content, the sample showed more compression and
void ratio is decreased accordingly, while the degree of saturation is increased due to
reduction in the void ratio as shown in Figs. 8 and 9, whereas on dilation side (Test
Series # 2), with the increase in water content, the sample showed less dilation and
degree of saturation is decreased slightly due to dilative behavior as shown in Figs. 8
and 9.

The change in void ratio (e), suction (s), and deviatoric stress (q) in all the phases,
i.e., PI to PIV, under Test Series # 1 and Test Series # 2 with the initial water

Fig. 8 Axial strain versus volumetric strain

Fig. 9 Axial strain versus degree of saturation
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Fig. 10 Relationship between q, e and suction

content of 15% is plotted in three dimensions (3D) as shown in Fig. 10. The 3D
representation indicates the compressive and dilative behavior of the sample (during
shearing) prepared at the degree of compaction of 81% (Test Series #1) and 88%
(Test Series # 2). The void ratio (e) at the end of consolidation phase (PIII) is quite
close in both the test series, but it is completely opposite at the end of shearing phase
(PIV) as shown in Fig. 10. The change in volumetric strain and void ratio through
all the testing phases for Test Series # 1 is presented in Figs. 11 and 12. During
the shearing phase (PIV), the volumetric strain increases, and void ratio decreases
from the initial value. The change in volumetric strain and void ratio through all the
testing phases for Test Series # 2 is presented in Figs. 13 and 14. During the shearing
phase (PIV), the volumetric strain decreases, and void ratio increases from the initial
value. It is also observed that after the consolidation phase (PIII), the void ratio in

Fig. 11 Test Series # 1: Volumetric strain versus time
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Fig. 12 Test Series #1: Void ratio versus time

Fig. 13 Test Series # 2: Volumetric strain versus time

Fig. 14 Test Series # 2: Void ratio versus time
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test series # 1 (1.019) is close to test series # 2 (0.985) but during shearing phase,
the sample showed compressive behavior in test series # 1 and dilative behavior in
test series # 2 as shown in Figs. 12 and 14. This indicates the influence of the initial
state (particles arrangement) of the soil.

5 Conclusion

From this research, it is observed that during the axis translation phase if the increase
in the pore air pressure and cell pressure is not synchronized, then the suction and
effective stresses will increase, and it will affect the later phases (consolidation,
shear) of the test.

It is concluded that with the increase of degree of compaction, strength increases,
and volume change behavior clearly changed from compressive to dilative. On the
compression side, with the increase of water content, the sample showed more
compression, and the degree of saturation is increased with the decrease in void
ratio. On dilation side, with increase in water content, the sample showed dilation,
and the degree of saturation is slightly decreased with the increase in void ratio. The
samples which are prepared at same initial water content (15%) for both the test
series showed quite a close void ratio after the end of consolidation phase (PIII), but
during shearing phase, the sample showed compressive behavior in test series # 1
and dilative behavior in test series # 2. This indicates the influence of the initial state
(particles arrangement) of the soil.

The results also indicated that with the increase in suction of the sample, the
strength increases and vice versa. It would be the primary reason that the increase
in water content in the slopes of unsaturated soil results in the non-stability of the
slopes.
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Cyclic Strength and Deformation
Characteristics of Sand Containing Fines
with Plasticity

Hideo Nagase, Akihiko Hirooka, Keigo Fukumoto, Keiichiro Miyaji,
and Naoya Kawano

Abstract The strength and deformation characteristics of sandy soil with fines have
not been sufficiently clarified, when the fine content ratio is high, but the plastic
index is low, or the plastic index is high, but the void ratio is also high. The “ALID”
programhas been used to simulate the deformation of river levees during earthquakes.
In some cases, the results of deformation obtained by analysis and determined in situ
in the ground during earthquakes do not coincide entirely, because the properties of
such soil with fines are unclear. In the present study, several series of cyclic loading
tests and monotonic loading tests after cyclic loading were performed, in order to
investigate the strength and deformation characteristics of sandy soil with several
plasticity indexes, fine content ratios and void ratios. Consequently, the effects of
the properties on the strength and deformation characteristics are clarified using the
liquefaction strength and the shear modulus after liquefaction.

Keywords Liquefaction strength · Fine content ratio · Plasticity · Shear modulus

1 Introduction

In Urayasu City during the 2011 Great East Japan Earthquake and in Kumamoto City
during the 2016 Kumamoto Earthquake, severe liquefaction occurred and wooden
houses sustained wide and extensive damage in sandy soil deposits with fines. The
occurrence of liquefaction and damage to structures built on such soil deposits and
their liquefaction properties have often been studied. However, when the fine content
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ratio is high, but the plastic index is low, or the plastic index is high, but the void
ratio is high, the strength and deformation characteristics of sandy soil with fines
have not been sufficiently clarified. The “ALID” program has been used to simulate
the deformation of river levees during earthquakes. In some cases, the results of
deformationobtainedby analysis anddetermined in situ in groundduring earthquakes
do not coincide entirely, because the properties of such soil with fines are not clear.
In the present study, several series of cyclic loading tests and monotonic loading
tests after cyclic loading were performed, in order to investigate the strength and
deformation characteristics of sandy soil with several plasticity indexes, fine content
ratios and void ratios.

2 Sample and Test Procedures

Grain size distribution curves of Toyoura sand and the five kinds of mixed samples
used in the tests are shown in Fig. 1. The test conditions and physical properties of
the mixed samples are indicated in Tables 1 and 2, respectively. Toyoura sand and
the mixed samples, which are constituted from Toyoura sand, DL clay and bentonite
were used as the samples in the tests. DL clay is a non-plastic silt, and bentonite is a
high plastic clay. DLmeans “drift less,” and DL clay does not contain many particles
smaller than 10 m.

In the cyclic loading test, the hollow cylindrical torsional shear test apparatus was
used. The size of the specimen was 10 cm in outer diameter, 6 cm in inner diameter
and 10 cm in height. In all the tests, the specimens were saturated and consolidated
under isotropic condition with an initial effective confining stress of 98 kPa. A cyclic
shear stress ratio of double amplitude shear strain DA = 7.5% at the 20th cycle,

Fig. 1 Grain size distribution curves
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Table 1 Test conditions

FC (%) CC (%) Dr (%)

Case A 0 0 40

Case B 20 0 55

Case C 10 55

Case 1 40 0 60

Case 2 10 60

Case 3 10 37

Case 4 60 10 73

Table 2 Physical properties of mixed samples

ρs (g/cm3) ρdmax (g/cm3) ρdmin (g/cm3) Liquid
limitWL
(%)

Plastic
limitWP
(%)

Plasticity
index (Ip)

FC =
40%
CC =
0%

2.632 1.966 1.374 NP NP –

FC =
40%
CC =
10%

2.584 1.792 1.303 29.4 17.8 11.6

FC =
40%
CC =
10%

2.660 1.776 1.226 32.1 20.4 11.8

which is called the liquefaction strength ratio RL20, was obtained through the cyclic
loading tests. After cyclic loading test using 20 cycles, the undrained condition was
retained, and static undrained tests were also conducted at a strain speed of 5%/min.

3 Liquefaction Characteristics

3.1 Liquefaction Strength Characteristics

Figures 2 and 3 indicate the typical time histories of raw data on the shear stress
ratio τ /σ ′

0, the shear strain and the excess pore water pressure ratio �u/σ ′
0 obtained

in Cases 3 and 4. The value of �u/σ ′
0 gradually increased during cyclic loading,

although the value did not attain 1.0 at the 20th cycle. On the contrary, the shear
strain also gradually increased during cyclic loading and attained 25–35% at the
20th cycle. It can be considered that this behavior took place because these specimens
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Fig. 2 Time histories (Case3)
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Fig. 3 Time histories (Case4)
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were cohesive soils with a plasticity index of 11 to 12, and the viscose resistance was
mobilized during cyclic loading. Therefore, this type of behavior should be called
the “cyclic softening” phenomenon which is different from liquefaction. And the
increment trend of the shear strain was observed more rapidly in Case 4 than in Case
3. Notably, the specimen in Case 3 indicated a phenomenon similar to liquefaction
more precisely than that in Case 4.

Figures 4 and 5 show the liquefaction strength curves obtained in Case A and
Cases 1, 2 and 3, and Case C and Cases 2 and 4, respectively. In the comparison
between Cases 3 and 2 with a fine content ratio FC = 40% and a plasticity index Ip
with a value nearly equal to 10, the liquefaction strength ratio RL20 decreased as the
relative densityDr decreased. In the comparison between Cases 3 and 1, the value of
RL20 in Case 3 was slightly larger than that in Case 1, because the cohesive resistance

Fig. 4 Relationships between cyclic stress ratio and number of cycles

Fig. 5 Relationships between cyclic stress ratio and number of cycles
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Fig. 6 Relationships between shear stress and shear strain

was mobilized between soil particles. On the contrary, when the value of FC was
changed under the condition of the clay content ratio CC = 10%, the inclination of
the liquefaction strength curve in Case C with FC = 20% was steeper than those in
Case 2 with FC = 40% and Case 4 with FC = 60%. In the latter cases, change in the
liquefaction strength curves was negligible. It should be noted that a large increase
in the liquefaction strength could not be obtained in cases with Ip = 10 and FC 40%,
in which the fines dominate the skeleton of soil particles.

3.2 Deformation Characteristics After Liquefaction

Figures 6 and 7 show a comparison between the shear stress versus shear strain
relationships obtained by the static shear tests performed after the cyclic loading
tests in Cases 1, 2 and 3, and Cases 1, 2 and 4, respectively. In Cases 3 and 2 with
FC = 40% and Ip = 10, similar behaviors were observed in the relationships. In
the comparison between the relationships in Cases 2 and 4, those curves also have a
similar trend. The deformation characteristics of liquefied sandy soils hardly depend
on the density of the specimen and the value of FC, if the value of Ip = 10.

The relationships between the reduction ratio of shear modulus G1/G0,i and the
factor of safety against liquefaction FL are plotted in Fig. 8, according to reading
the data in Figs. 6 and 7. Figure 9 shows a schematic illustration of shear stress
versus shear strain after liquefaction. G1 and G2 mean the secant shear modulus
after liquefaction in the region of a very small shear resistance and the secant shear
modulus after a very large shear strain in the region of a recovered shear resistance,
respectively. G0,i means the secant shear modulus at a shear strain of 0.1%, obtained
from the shear test without cyclic loading. The results in Fig. 8 show that the plotted
data is classified into two groups of Cases A, B, 1 with CC = 0% and Cases C, 2, 3,



418 H. Nagase et al.

Fig. 7 Relationships between shear stress and shear strain

Fig. 8 Relationships between reduction ratio of shear modulusG1/G0,i and factor of safety against
liquefaction FL

4 with CC = 10%, and the value of G1/G0,i decreases as the value of FL decreases
in each group. Furthermore, the reduction ratio of the shear modulus due to cyclic
loading is two digits smaller in the former group than in the latter group. It can
be considered that the reduction of the shear modulus was not remarkable in the
latter group, because the cohesive resistance in the specimen with CC = 10% was
mobilized in the tests after cyclic loading.

Figure 10 shows the chart of the shear modulus ratio G1/σ ′
0 versus the factor

of safety against liquefaction FL relationships used in the analysis of “ALID” for
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Fig. 9 Schematic illustration of shear stress versus shear strain after liquefaction

liquefaction-induced deformation. The data obtained by this study were plotted in
Fig. 10, in order to compare the values of the preferred relationships called theYasuda
and Inagaki’s formula with the values obtained from Figs. 6 and 7. Table 3 indicates
the test condition of FC, CC and Dr, the values of the liquefaction strength ratio
obtained from Figs. 4 and 5, and the values of RL read from Fig. 10, corresponding
to the plotted points. The data from Cases A, B, 1, 2, 4 show the same tendency as
the values of the Yasuda and Inagaki’s formula, although the data from Cases C and
3 underestimate the relationships, compared with the values of their formula.

4 Conclusions

In the present study, the following behaviors were observed in the cyclic loading
tests and the static loading tests after liquefaction.

(1) The liquefaction strength of the mixed samples decreased as the relative density
decreased in the case of FC = 40%, CC = 10% and Ip = 10, and dependency
on the value of FC is negligible, if the value of FC is larger than 40%.

(2) The excess pore water pressure ratio did not perfectly attain 1.0 and the shear
strain increased by larger than 20% in the cyclic loading tests on the specimens
with CC = 10%. This behavior was called “cyclic softening” different from
“liquefaction.”

(3) The shear modulus G1 was hardly influenced by the values of Dr and FC, if the
value of Ip = 10.

(4) The shear modulus ratio versus the factor of safety against liquefaction rela-
tionships showed two tendencies in the test data, where one is the same as the
Yasuda and Inagaki’s formula and the other is the tendency to underestimate
the value of their formula.
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Fig. 10 Chart of shear modulus ratio G1/σ 0
′ versus factor of safety against liquefaction FL

relationships

Table 3 Test conditions of FC, CC, Dr, and values of liquefaction strength ratio

FC (%) CC (%) Dr (%) RL20 RL

Case A 0 0 40 0.172 0.15

Case B 20 0 55 0.172 0.13

Case C 20 10 55 0.160 0.35

Case 1 40 0 60 0.109 0.12

Case 2 40 10 60 0.190 0.23

Case 3 40 10 37 0.162 0.25

Case 4 60 10 73 0.207 0.24
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Effect of Mineral Additives
on the Strength Characteristics
of a Laterite Soil

Tri Harianto and Widya Dwi Utami

Abstract The road access opening, frequently through several soil conditions, do
not comply with the construction requirements. Thus, it needed materials that could
protect the low bearing capacity of subgrade and strengthen the pavement layers
from a load of the vehicle’s wheel. This study aimed is to analyze the performance
of the subbase layer, which consists of zeolite-stabilized laterite soil using water
glass as an activator. The mechanical characteristics of the unconfined compressive
strength (UCS) and California Bearing Ratio (CBR) value were investigated in this
study. The soil sample was prepared with a zeolite percentage of 4, 8, 12, 16, 20%,
and combining with 2% of water glass. Prior to the test, the soil samples set to the
maximum dry density (MDD) and optimummoisture content (OMC) condition. The
result of the mechanical characteristics of the stabilized soil showed that the higher
UCS and CBR value was observed compared to untreated soil. The mechanism of
the improvement of stabilized soil is also discussed.

Keywords Soil strength · Zeolite ·Water glass

1 Introduction

The laterite soil derived from a wide variety of rocks weathering under strongly
oxidizing and leaching conditions and rich in iron oxide. Laterite soil generally found
in the humid climate, and it forms in a tropical and subtropical region. The climate
(temperature, precipitation, leaching, and capillary rise), topography (drainage),
vegetation, parent rock (iron-rich rocks), and time of these primary factors are the
factors in the laterite formation.

Lateritic soils are indigenous materials that are cheaper and abundantly available
as constructionmaterials. Previous works reported the treatment of reclaimed asphalt
pavement (RAP) with coal fly ash, RAP with new aggregates, and lateritic soil with
forage ash. The results show that the CBR of lateritic soil improved with up to 6%
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forage ash treatment [1]. Laboratory testing results also show that the stabilization
of lateritic soil improved California bearing ratio (CBR) and resilient modulus (Mr)
values significantly [2–4].

Recently, the utilization of fiber in cement-stabilized soil increased the strength
of the treated soil significantly [5, 6]. The ductility significantly improves without
changing the compressive strength by the existence of fiber in the cement–soil
mixture. The existence of fiber in the cement–soil mixture can suppress the develop-
ment of crack formation during the unconfined compressive strength (UCS) test [7].
Moreover, the utilization of cement has severe environmental impacts, as it involves
using vast amounts of fossil fuels as well as being responsible for the emission of
more than 5% of all the carbon dioxide released worldwide [8]. Therefore, an attempt
to reduce using cement in soil stabilization is increasing.

The utilization ofmineral additive has received attention for potential applications
in the soil stabilization method. The application of local material content (i.e., zeolite
and water glass) as an additive to the lateritic soil has not widely applied. Therefore,
the potential application of zeolite and water glass as an additive to improve the
strength of laterite soil was investigated in this study.

2 Materials and Methods

2.1 Materials

The lateritic soil used in this study was collected from a borrow pit as disturbed
samples at Sangkaropi, Toraja, Indonesia. The lateritic soil was crushed using a hand
hammer, from its lump state to smaller sample sizes able to pass through a 0.425-mm
aperture sieve following ASTMC702-98 (2003). The natural moisture content of the
lateritic soil was determined to be 32% and classified as a silt with high plasticity
(MH).

The stabilization agent used in this study was zeolite with water glass (sodium
silicate) as an activator. Zeolite is crystalline alumino-silicates consisting of three-
dimensional frameworks of SiO4 and AlO4 linked through oxygen bridges. The
zeolite was crushed state to smaller sample sizes able to pass through a 0.075-mm
aperture sieve following ASTM C702-98 (2003).

2.2 Methods

The lateritic soil (LS) and zeolite water glass-stabilized laterite (ZW-LS) soil were
tested to determine the index properties, particle-size distribution, soil classification,
specific gravity, and compaction characteristics following procedures outlined in
standard ASTM codes. The unconfined compression test (UCT) and the California
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bearing ratio (CBR) unsoaked tests were carried out in accordancewith the procedure
outlined in ASTMD2166 and D1883-07e2, respectively. Lateritic soil was stabilized
with zeolite by concentrations of 4, 8, 12, 16, and 16% and 2, 4, and 6% of water
glass solution. All the specimens were subjected to curing for 7, 14, and 28 days.
Prior to the test, the soil specimens were set to the maximum dry density (MDD) and
optimum moisture content (OMC) condition. An optimum proportion is determined
during the preliminary mix design tests.

3 Results and Analysis

3.1 Laterite Soil Characteristics

The soil sample was air dried for one day prior to testing in order to simulate the
fields’ condition. This procedure conducted due to the different environment usually
affected the index properties of the soil samples [9]. The physical and mechanical
properties of soil sample are summarized in Table 1. The engineering properties of
the soil sample were determined in accordance with American Society for Testing
and Materials (ASTM, 1992).

Table 1 Properties of the lateritic soil

Designation Value Unit

A. Physical properties

Specific gravity 2.68

Nature water content 32 %

Soil classification

a. USCS MH

b. AASTHO A-5

Atterberg limit

a. Liquid limit (LL) 59 %

b. Plastic limit (PL) 49 %

c. Plasticity index 10 %

B. Mechanical properties

Standard proctor test

a. Optimum moisture content (OMC) 25 %

b. Maximum dry density (MDD) 14.8 KN/m3

Unconfined compression test (UCT)

Compressive strength 97.1 KN/m2

California bearing ratio (CBR)

Unsoaked 19.0 %
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3.2 Unconfined Compressive Strength

The variation ofUCS of ZW-stabilized LSwith curing time for 0, 7, 14, and 28 days is
shown in Fig. 1. Based on these results, there is a general increase in the UCS values
with increasing zeolite and water glass content. Generally, the increase of UCS value
was found to 3–25 times of magnitude (300–2500 N/m2) compared to untreated soil
(97.1 kN/m2). The highest increase of UCS value was found for 20% zeolite and
6% of water glass. This behavior tends to be similar to other zeolite and water glass
content. In a mixture of 20% zeolite and 6% water glass (28 days curing time), an
increase of soil strength is almost 25 times of magnitude compared to untreated LS.
Increasing the strength of ZW-stabilized LS is strongly influenced by the content of
minerals present in the zeolite and water glass.

The variation of the UCS value of zeolite-stabilized LS with various water glass
content is shown in Fig. 2. All the UCS tests are conducted with 0, 7, 14, and
28 days. Based on these results, there is a general tendency of the increase in the
UCS values with increasing zeolite andwater glass content. Generally, the significant
improvement of UCS value is for up to 7 days. The highest increase of UCS value
was found for 6% of water glass. This behavior tends to be similar to other zeolite
and water glass content. In a mixture of 20% zeolite and 6% water glass (28 days
curing time), an increase of soil strength is almost 25 times of magnitude compared
to untreated LS. The improvement magnitude of UCS in all variousmixing for 7 days

Fig. 1 Variation of UCS value with various curing time: a 2% of water glass, b 4% of water glass,
and c 6% of water glass
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Fig. 2 Variation of UCS value with various zeolite content and curing time: a 4% of zeolite, b 8%
of zeolite, c 12% of zeolite, d 16% of zeolite, and e 20% of zeolite

curing time as a primary cementing process is shown in Fig. 3. It can be seen that for
the higher water glass content, the increase of the magnitude of UCS improvement is
higher due to the higher amount of zeolite–water glass hydration products. Therefore,
the water glass has a significant effect on the zeolite-stabilized LS improvement.

The increase in the UCS mainly attributed to the reactions between soil and addi-
tive materials (zeolite and water glass), including pozzolanic reaction. This products
bind the ZW and LS particles together into a strong matrix [10]. The high silica
and alumina in the zeolite reacted with mineral in Lateritic soil. This is because
fine-grained soil particle composition (SiO2, Al2O3) also participate in cementation
reaction [11, 12].
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Fig. 3 Magnitude of UCS improvement of zeolite-stabilized LS with water glass activator

3.3 California Bearing Ratio

The variation ofCBR (unsoaked) of ZW-stabilizedLSmixeswith various curing time
is shown in Figs. 4 and 5. The CBR value of the ZW-stabilized LS increased with

Fig. 4 Variation of CBR value with various curing time: a 2% of water glass, b 4% of water glass,
and c 6% of water glass
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Fig. 5 Variation of CBR value with various curing time: a 4% of zeolites, b 8% of zeolite, c 12%
of zeolite, d 16% of zeolite, and e 20% of zeolite

increased curing time. Increasing zeolite content also increases the CBR value, and
the highest CBR value was found for 28 days. The CBR value of ZW-stabilized LS
mixes for 28 days curing time shows that the CBR value increased three times greater
of 2%water glass and almost four times of 6%water glass compared to the untreated
LS. These values met the requirement of Indonesian National Standard (SNI-03-
3438-1994) for subgrade and subbase layer of pavement foundation. The Indonesian
general specification recommended that a minimum CBR value of subgrade and
subbase are 6 and 20%, respectively.

The reason for this improvement is due to the pozzolanic reactions of zeolite
with laterite soil. This results in the agglomeration of soil particles and causes an
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increase in strength gain. Overall, it is observed that the addition of water glass on the
zeolite-stabilized LS leads to an improvement of CBR value. This increase reflected
an improvement of bearing capacity of the zeolite-stabilized LS mixed with water
glass. The bearing capacity improvement is a result of the stiffening of the soil by
effect of the cement hydration [12]. Moreover, the increasing of CBR value of the
cement-treated soil is in good agreement with the previous study by [13] and [14].

4 Conclusions

The present studywas conducted to investigate and evaluate the effectiveness ofwater
glass as an activator mixed with zeolite-stabilized laterite soil. The zeolite and water
glass were mixed with the laterite soil and compacted at various zeolite and water
glass content. Lateritic soils are indigenousmaterials that are cheaper and abundantly
available as construction materials. The UCS value increased significantly with the
addition of zeolite and water glass compared to the untreated soil. The high silica
and alumina in the zeolite reacted with mineral in lateritic soil. This is because
fine-grained soil particle composition (SiO2, Al2O3) also participates in cementation
reaction. The CBR value of the ZW-stabilized LS increased with increased curing
time. Increasing zeolite and water glass content also increase the CBR value, and the
highest UCS andCBRvaluewas found for 28 days. These valuesmet the requirement
of IndonesianNational Standard (SNI-03-3438-1994) for subgrade and subbase layer
of pavement foundation. The Indonesian general specification recommended that a
minimum CBR value of subgrade and subbase are 6 and 20%, respectively.
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Effect of Spatial–Temporal Discretization
Order on the Selection of Lattice
Boltzmann Forcing Strategy
in Convective Flow Simulation Within
Internal Geometrical Arrangement
of Concrete Structure

Aditya Dewanto Hartono, Kyuro Sasaki, and Ronald Nguele

Abstract This article reports on comprehensive assessment regarding conjoined
effect of discretization order of the continuous Boltzmann equation and discrete
forcing scenario in the feasibility of lattice Boltzmann method (LBM) as an
interlinked hydrothermodynamics solver. A two-dimensional natural convection
phenomena within the geometrical pore arrangement of the concrete structure was
modeled as a synergetic embodiment of the discrete lattice fluid and thermal counter-
parts. Four different combination strategies of LBM implementation were carefully
examined, elucidating theoretical and numerical segments, in order to expose any
plausible discrepancy in the retrieved steady-state solutions. It was found that the
numerical outcomes from distinct LBM strategies return equivalent results upon
few selected key physical properties, despite incisive difference that emerges in the
theoretical aspect. Excellent agreement with classical computational techniques was
observed for all considered treatment options, underlining validity of our strate-
gies. This study represents a further step toward clarification of the convoluted
issue regarding proper selection of discretization order and forcing scheme in LBM
simulation.

Keywords Lattice Boltzmann method · Natural convection · Discretization order
of Boltzmann equation · Forcing schemes · Concrete structure

1 Introduction

Thermal expansion characteristics of the upholding steel within the concrete has
been identified as the plausible reason for internal microdefect generation. This
is particularly evident in tropical region of the globe in which excessive rainfall
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is accompanied with intense exposure of sunlight. Liquid aqueous phase from the
rainfall was absorbed by the concrete structure and reside within its geometrical
pore arrangement. During sweltering daylight, convective flow emanates within the
porous interior configuration of the solid ambient. Thermal expansion of steel in
superfluous heat flux region of the domain has potential to induce internal fracture.
In the long term, this inner microdefect would proliferate; thus stimulating struc-
tural instability that provokes undesirable and detrimental ramifications upon the
steadiness of construction.

Lattice Boltzmann method (LBM) has been recognized as a powerful numer-
ical technique for simulating thermo-hydrodynamics manifestation [6, 10]. Due to
its unique features that offer plentiful advantages over the quintessential numerical
techniques [7], the popularity of LBM upon researchers has escalated during the
last few years. LBM allows investigators to systematically elaborate on numerous
systems that once considered arduous; thus providing an opportunity to elucidate
advanced physical phenomena through numerical approach. LBM has been adopted
in diverse problems related to numerical heat transfer and computational fluid
dynamics, encompassing straightforward to challenging configurations.

One particular phenomena of interest is natural convection. Such physical config-
uration is eminent upon researchers due to its extensive real-world applications.
Numerous investigations had embarked on evaluating the phenomena using clas-
sical numerical methods. Among them, Mayne et al. [9] successfully adapted finite
element scenario to simulate thermally driven cavity problem, covering broad range
of Rayleigh numbers. They justified that the h-adaptive finite element method was
suitable for modeling such system with high accuracy while maintaining proper
computational time. Similar configuration was studied by Yu and Tian [15] using
finite difference. The authors concluded that second-order accuracy solutions were
attained by adapting the stream function–velocity formulation. A number of studies
have employed LBM to simulate the interlinked hydrothermal impartment within a
closed enclosure. Both standard [12] and sophisticated [6, 14] LBM approaches have
been fulfilled with encouraging feedbacks.

Predominantly, convective flow modeling using LBM requires assimilation of
external force term into the native form of the discrete Boltzmann expression.Miscel-
laneous strategies to incorporate forcing term into LBM have been proposed [7].
In this context, Mohamad and Kuzmin [11] carried out thorough assessment upon
different forcing schemes in LBM. Three of the most popular forcing scenarios were
selected and tested for natural convectionmodeling in closed- and open-ended square
domain. Their evaluation suggested that the diverging LBM forcing schemes basi-
cally exhibit equivalent performances. Subsequently, the impact of discretization
order of the continuous Boltzmann equation upon the efficacy of LBM simulation
was accentuated [13]. The annotation demonstrated that the selection of discontin-
uation order of Boltzmann equality possesses certain influences on the numerical
outcomes. Nevertheless, such entailments were affirmed as case-dependent.

Despite the availability of few treatises that engaged on investigating individual
effects of forcing models and discretization order on LBM’s functionality, no single
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attempt exist in elaborating collective ramification of the two aforementioned crit-
ical elements. Existing reports on natural convection modeling using LBM mainly
focused on practical aspects, incorporating dissimilar expressions of forcing and
discontinuation strategies. This situation is disadvantageous upon the newcomers in
LBM, presumably stimulating puzzling interpretation about the particular subject.
Therefore, this work aims to undertake comprehensive investigation pertinent to
the conjoint contribution of forcing schemes and discretization order of Boltzmann
equality upon the feasibility of LBMas hydrothermodynamics solver. The buoyancy-
driven natural convective flow within a two-dimensional equilateral rectangle was
selected as the appropriate dynamical phenomena to evaluate the issue. The deliber-
ation covers numerical implementation upon the considered combination of forcing-
discretization schemes, corroborated by succinct explanation of the apposite theo-
retical grounding. Attention was given to expose plausible discrepancy between
the treatments upon few tangible physical quantities. Concurrently, the accuracy and
validity of everymanifestationswere justified by performing careful comparisonwith
former numerical studies, covering finite difference (FDM), finite volume (FVM),
finite element (FEM), and advanced lattice Boltzmann (LBM) techniques.

The current report is hierarchically designated as follows. Section 2 highlights
substantial aspects of LBM related to the synergetic flow of heat and mass in a plain
ambient. Emphasize was given on elaborating options upon discretization procedure
of the continuous Boltzmann equality as well as introducing the prevalent forcing
schemes in LBM. The subsequent passage explicates natural convection arrange-
ment as the chosen numerical benchmark case. Thereupon, Sect. 4 poses numerical
results together with germane discussions and comments. Finally, Sect. 5 ratifies
some concluding remarks of the current research article.

2 Fundamentals of Lattice Boltzmann Method
for Simultaneous Heat and Mass Transfer

One predominantly eminent applications of lattice Boltzmann method (LBM) in
modeling complex flow phenomena is the concurrent movement of fluid and thermal
quantities [6, 10]. In contrast from the traditional numerical procedures, LBMregards
the dynamic elements as an agglomeration of their constituent molecules manifested
commensurately by the particle distribution function (PDF). As a collective epitome,
the PDF contains important messages regarding flow conditions. Therefore, vital
information concomitant to the behaviors of the moving materials is recorded by
means of tracking the evolution of the related PDF. In this vein, the prevalent dynam-
ical equations, consisting the continuity, momentum (or Navier–Stokes), and heat
formulation, are solved indirectly using discrete Boltzmann expression. Continuum
parameters are recovered through rigorous analytical assessment of the moments of
the PDF [13].
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In this work, the flowing materials were distinguished into different mesoscopic
embodiments. In the so-called double distribution functions (DDF) approach [6,
10], hydrothermal delineations were connected through the external buoyancy force
expression [7]. As a consequence of the DDF technique, two sets of PDF prevail as a
relevant embodiment of each corresponding flowing materials; one PDF resembles
hydrodynamics flow and the other portrays thermal dissemination. Hereinafter, f
and g were declared as the PDF representations of the mass (alongside momentum)
and thermal populations, respectively.

To facilitate the deliberation, separate expositions of LBM implementation upon
each category of the flowing substances were administered. Discontinuation proce-
dures of the commensurate Boltzmann formulas for each individual circulatingmate-
rials were introduced first, emphasizing on establishment of distinct discrete Boltz-
mann manifestations. Thereupon, key concepts to employ LBM for each counterpart
of the flowing materials were prescribed. Subsequently, inclusion of external forcing
terms into the prevalent discrete Boltzmann formulation was discussed. Following
the feedbacks of the previous explications is the clarification of emerging combi-
nations between discretization and forcing arrangements, which is the mainstay of
the current investigation. The section ended with succinct annotations regarding
macroscopic manifestations upon the aforementioned combinations between the two
central elements.

2.1 LBM for Mass and Momentum Transport

Discrete Boltzmann Representation for Mass and Momentum Fraction. The
continuous Boltzmann formula primarily describes evolution of the corresponding
PDFdue to the inherentmicroscopic collisionswhich take place among its constituent
particles. In the context of mass and momentum transport, the PDF is considered as
the commensurate lattice realization of the associated elements. General expression
of the Boltzmann equality occupies the following remark [7]:

∂ f

∂t
+ ξα

∂ f

∂xα

+ Fα

∂ f

∂ξα

= �( f ). (1)

Here, ξα and � denote microscopic velocity of the particles and collision oper-
ator, respectively. Contributions from subsidiary physical stimulus upon the primary
dynamical element of the flow are imposed within Boltzmann expression as the
external force density vector, portrayed by Fα . In order to be reconcilable for
computational purposes, Eq. (1) needs to be modified into its equivalent discrete
quantity.

Proportionately, parameterization of Eq. (1) can be executed following different
truncation order of expansion upon the Boltzmann equality, establishing distinct
entailments of the well-known lattice Boltzmann equation (LBE) [7, 13] following
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the single-relaxation-time (SRT) mechanism. Such dichotomy elicited two exposi-
tions of LBE, each corresponds to the first and second truncation order of Boltzmann
formulation in velocity and spatial–temporal spaces:

fi (xα + ξiα�t, t + �t) − fi (xα, t) = −�t

τν

[
fi (xα, t) − f eqi (xα, t)

] + Ri (xα, t)�t

(2)

f i (xα + ξiα�t, t + �t) − f i (xα, t) = −�t

τ̄ν

[
f i (xα, t) − f eqi (xα, t)

]

+ Ri (xα, t)�t

[
1 − �t

2τ ν

]
. (3)

Concurrently, the following definitions were introduced:

f i = fi + �t

2τν

[
fi − f eqi

] − Ri�t

2
(4)

τ ν = τν + �t

2
. (5)

In this vein, fi specifies the discrete mode of PDF manifestation upon the flowing
mass and momentum, while Ri depicts the forcing arrangement. Thorough exposi-
tion upon the latter property would be given in the upcoming segment of the article.
Furthermore, ξiα designates the discontinuous velocity of particles and τν implies the
infinitesimal relaxation time of the propagating unit. Parameter f eqi notifies equilib-
rium distribution function, which theoretically implies stability condition of partic-
ular PDF with the absence of molecular collisions. The sophisticated form of the
equilibrium distribution function fulfilled the Maxwell–Boltzmann (MB) statement
[7]. Discrete counterpart of the MB formulation occupies central role in LBM and
is defined as:

f eqi = wiρ

[

1 + ξ i · u
c2s

+
(
ξ i · u)2

2c4s
− u · u

2c2s

]

(6)

Physical properties ρ and cs define the macroscopic fluid density and lattice speed
of sound, respectively,whilewi portrays theweighting factors for each corresponding
discrete velocity directions.

Fundamental expositions which connect LBM and macroscopic flow properties
were obtained from the definition of PDFmoment expressions correspond to discon-
tinuation order of the Boltzmann equality [7, 13]. Relaxation time parameter for each
commensurate discretization orders is associated to its pertinent macroscopic fluid
kinematic viscosity (ν). Table 1 outlines the underlying relationships between LBM
parameter and its accompanying tangible properties.
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Table 1 Fundamental relations between LBM and tangible fluid properties correspond to spatial–
temporal discretization order of the Boltzmann equation

Spatial–temporal discretization order Relations of macroscopic to LBM parameters

First order ρ = 
eq = ∑

i
f eqi = ∑

i
fi (7)

ρuα = 

eq
α = ∑

i
ξiα f eqi = ∑

i
ξiα fi (8)

ν = ρc2s
(
τν − �t

2

)
(9)

Second order ρ = 
eq = ∑

i
f eqi = ∑

i
f i + �t

2

∑

i
Ri (10)

ρuα = 

eq
α = ∑

i
ξiα f eqi = ∑

i
ξiα f i + �t

2

∑

i
ξiαRi (11)

ν = ρc2s
(
τ ν − �t

2

)
(12)

Forcing Schemes in LBM Formulation. LBM defines inclusion of external influ-
ences into the flowing system through the forcing term. This unique feature is one
of the primary aspects that renders LBM favorable among practitioners. The distinc-
tive mechanism allows smooth inclusion of additional physics to the mathematical
remark of LBM. Within the continuous Boltzmann framework, this additional stim-
ulus is manifested by Fα (or equivalently F). Following similar parameterization
notion in LBM, variable Fα needs to be discretized as well. The procedure prompts
discrete counterpart of forcing configuration depicted by Ri .

Miscellaneous scenarios have been proposed in order to advocate proper embod-
iment of Ri . In this work, we particularly interested in two of the most prominent
schemes in discretizing additional impetus intoLBMconfiguration. The first scenario
was based on involvement of forcingmoments down to the first-order fraction.Mean-
while, the other strategy entangled forcingmoments up to the second-order term. The
former expository was introduced by Luo [8], while the latter was proposed by Guo
et al. [3, 4]. Both remarks were represented accordingly as

Ri = wi
ξ i · F
c2s

(13)

Ri = wi

[
ξ i − u
c2s

+
(
ξ i · u)

ξ i

c4s

]

· F (14)

For the purpose of examination, the two aforementioned forcing expressions were
declared as the configuration of interest to be integrated with the discrete LBE
formulation.

Combination Scenario of DiscretizationOrder andForcing Schemes. Spatial and
temporal discretization of the continuous Boltzmann equation generates discontin-
uous LBEs, as were displayed by Eqs. (2) and (3). Likewise, parameterization of the
additional stimulus term produces discrete forcing schemes, described by Eqs. (13)
and (14). These outcomes were occupied to proclaim plausible combination between
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Table 2 Possible combinations of forcing and ST discretization

Combination strategy Spatial–temporal discretization order Forcing model

I First order (Eq. 2) Luo (Eq. 13)

II First order (Eq. 2) Guo (Eq. 14)

III Second order (Eq. 3) Luo (Eq. 13)

IV Second order (Eq. 3) Guo (Eq. 14)

the two critical factors. Table 2 summarizes commensurate combination strategy to
be assessed in the current examination. Hereinafter, the term combination strategy
refers to the definition documented in Table 2.

LBM Arrangement for Mass and Momentum Fraction. Two fundamental stages
mark the distinctive characteristic of LBM, namely collision and streaming [7]. Both
phases occur during the same computational time step. Collision step takes the form
of the discrete LBE remark depicted in Eq. (2) or (3). Adapting meager mathematical
manipulations to both expositions produce the following expressions for collision
step:

f ∗
i = fi − �t

τν

[
fi − f eqi

] + Ri�t (15)

f
∗
i = f i − �t

τ ν

[
f i − f eqi

] + Ri�t

[
1 − �t

2τ ν

]
. (16)

After collision, the particles propagate to other lattice position within the flow
domain. This is the streaming phase of LBM, represented as:

fi (xα + ξiα�t, t + �t) = f ∗
i (xα, t) (17)

f i (xα + ξiα�t, t + �t) = f
∗
i (xα, t) (18)

In this vein, the movement of particles follows certain velocity scheme that was
firmly established in LBM’s theorem. In this work, the D2Q9 LBM velocity scheme
was employed for mass and momentum transport. Figure 1 illustrates the adopted
velocity pattern. In this two-dimensional flow configuration, the discrete hydrody-
namics particles have nine possible directions of movements within the associated
lattice domain, including stationary position.

For this particular arrangement, the velocity of particles ξ i and the weighting
factor wi occupy the following mathematical statements [6, 10]:

ξ i =
⎧
⎨

⎩

(0, 0); i = 0(
cos

[
(i − 1) π

2

]
, sin

[
(i − 1) π

2

])
c; 1 ≤ i ≤ 4(

cos
[
(2i − 9) π

4

]
, sin

[
(2i − 9) π

4

])√
2c; 5 ≤ i ≤ 9

(19)
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Fig. 1 D2Q9 velocity arrangement for mass and momentum propagation

wi =
⎧
⎨

⎩

4
9 ; i = 0
1
9 ; 1 ≤ i ≤ 4
1
36 ; 5 ≤ i ≤ 9.

(20)

Here, c represents the lattice speed and is defined as c = �x
�t .

Macroscopic Representations and Residual Terms. As numerical hydrodynamics
solver, LBM has remarkable capacity to return the dynamical fluid representation
at macroscopic level. Basically, LBM returns the prominent mass and momentum
formulations in the following general expressions:

∂ρ

∂t
+ ∂

∂xα

(ρuα) = � (21)

∂

∂t
(ρuα) + ∂

∂xβ

(
ρuαuβ

) = − ∂

∂xβ

P + ν
∂

∂xβ

[
∂uα

∂xβ

+ ∂uβ

∂xα

]
+ Fα + ϒ + �.

(22)

Here, the continuity andNavier–Stokes equations are represented byEqs. (21) and
(22), accordingly. In the latter equality, P and ν typify fluid pressure and kinematic
viscosity, respectively.

Nevertheless, since LBM was based on continuous Boltzmann equation which
describes the behavior of gas, additional macroscopic terms beyond the typical fluid
mechanics portrayalwere recovered.These ancillaries appeared in bothmathematical
remarks of hydrodynamics. Parameter ϒ denotes inherent residual fraction due to
adjusted expansion in Boltzmann equation [7]. The quantity depends on the selected
discretization order of the Boltzmann equation and is depicted as

ϒ =
{−(

τν − �t
2

)
∂

∂xβ

∂
∂xγ

(
ρuαuβuγ

)
, first-order discretization

−(
τ ν − �t

2

)
∂

∂xβ

∂
∂xγ

(
ρuαuβuγ

)
, second-order discretization.

(23)
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Table 3 Residual terms in the recovered continuity (�) and momentum (�) equation

Combination strategy � �

I −�t
2

∂
∂xγ

Fγ

(
τν − �t

2

)
∂

∂xβ

[
uαFβ + Fαuβ

] − �t
2

∂Fα

∂t

II −�t
2

∂
∂xγ

Fγ −�t
2

∂
∂xβ

[
uαFβ + Fαuβ

] − �t
2

∂Fα

∂t

III 0
(
τ ν − �t

2

)
∂

∂xβ

[
uαFβ + Fαuβ

]

IV 0 0

Subsequently, parameters � and � characterized the supplementary fractions of
the recovered continuity and Navier–Stokes formulas, respectively. Both exposi-
tions rely upon combination between discretization order of Boltzmann equality and
forcing scheme. Based on the touted combination strategies displayed in Table 2, the
corresponding expressions for � and � were encapsulated in Table 3.

2.2 LBM for Thermal Transport

Discrete Boltzmann Representation for Thermal Fraction. Tantamount LBM
principles prevail for the thermal counterpart of the flowing materials. Neverthe-
less, different from the mass and momentum, LBM procedure for heat propagation
does not incorporate external impetus term. Hence, instead of Eq. (1), the underlying
Boltzmann equality for heat circulation is explicated by

∂g

∂t
+ ξα

∂g

∂xα

= �(g). (24)

Here, f was replaced with g as the associated representation of thermal particles
in LBM. Employing appropriate adjustments to Eqs. (2) and (3) based on remark in
Eq. (24), the fundamental LBE for heat transport was generated as

gi (xα + ξiα�t, t + �t) − gi (xα, t) = −�t

τc

[
gi (xα, t) − geqi (xα, t)

]
(25)

gi (xα + ξiα�t, t + �t) − gi (xα, t) = −�t

τ c

[
gi (xα, t) − geqi (xα, t)

]
. (26)

The relaxation time for heat circulation was now depicted by τc. Parameter geqi
specifies thermal equilibrium distribution function and is defined as

geqi = wi T

[

1 + ξ i · u
c2s

+
(
ξ i · u)2

2c4s
− u · u

2c2s

]

(27)



442 A. D. Hartono et al.

where T indicates temperature of the ambient.
In this framework, since LBMmanifestation for thermal flow does not assimilate

supplementary forcing mechanism in its formulation, distinct portrayals of thermal
LBM formulated in Eqs. (25) and (26) are principally equivalent. Hence, instead
of binary delineations, single representation of LBE for thermal counterpart was
adopted. Hence, the appropriate LBE remark for heat transfer is depicted by Eq. (25).
Concomitant macroscopic parameters, such as temperature and thermal diffusivity,
were recovered by the following exegesis:

T = 
eq
c =

∑

i

geqi =
∑

i

gi (28)

D = c2s

(
τc − �t

2

)
(29)

LBM Arrangement for Thermal Fraction. For thermal counterpart, collision and
streaming steps were prescribed correspondingly as follows:

g∗
i = gi − �t

τc

(
gi − geqi

)
(30)

gi (xα + ξiα�t, t + �t) = g∗
i (xα, t) (31)

To describe heat propagation, the D2Q5 lattice scheme was applied into the
thermal LBE. Figure 2 demonstrates the particular velocity pattern. Different from
hydrodynamics mechanism, the thermal particles have five possible ways to prop-
agate within the lattice domain. Likewise, the quiescent condition was taken into
consideration. The concomitant velocity of thermal particles and the weighting
fractions were prescribed as:

Fig. 2 D2Q5 lattice arrangement for thermal propagation
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ξi =
{

(0, 0); i = 0(
cos

[
(2i − 1) π

4

]
, sin

[
(2i − 1) π

4

])√
2c; 1 ≤ i ≤ 4

(32)

wi =
{ 2

6 ; i = 0
1
6 ; 1 ≤ i ≤ 4

(33)

Macroscopic Representation and Residual Terms. Proper LBM strategy for
thermal flow simulation returns the appropriate heat equation at macroscopic
standpoint, as is described by the following formula:

∂T

∂t
+ ∂

∂xα

(Tuα) = D
∂2T

∂x2α
+ � + �. (34)

Here, D specifies thermal diffusion coefficient. As was the case for hydrody-
namics, thermal LBM arrangement produced tangible residual fractions, as well.
Parameter � denotes the inherent ancillary term due to Boltzmann discretization
and is defined as:

� = D

c2s

T

ρ

∂

∂xα

(
Fα − ∂

∂xβ

P

)
. (35)

On the other hand, � portrays additional factor which depend upon the combina-
tion between discretization order of the Boltzmann equality for mass and momentum
fractions and forcing scenario. In otherwords, residual fractions fromhydrodynamics
termhave profound influences upon the thermalmaterial, aswell. Table 4 summarizes
supplementary expressions in the recovered heat formulation.

Table 4 Residual terms in the recovered heat equation (�)

Combination strategy �

I D
c2s

∂
∂xα

T
ρ

[(
τν − �t

2

)
∂

∂xβ

[
uαFβ + Fαuβ

] − �t
2

∂Fα

∂t

]

II D
c2s

∂
∂xα

T
ρ

[
−�t

2
∂

∂xβ

[
uαFβ + Fαuβ

] − �t
2

∂Fα

∂t

]

III D
c2s

∂
∂xα

T
ρ

[(
τ ν − �t

2

)
∂

∂xβ

[
uαFβ + Fαuβ

]]

IV 0
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3 Problem Description and Boundary Conditions

3.1 Problem Description: Natural Convection

Natural convection flow was selected as the appropriate physical configuration to
assess our combination treatments. In this work, we exclude the effect of porous
media within the solid structure and focus on the basic configuration that constitutes
the flow system. Within this frame of mind, an equilateral rectangle structure was
generated as the prototype ambient of the flow. The enclosure was filled with a
stationary fluid. The vertical walls were subject to different thermal conditions in
which the hot (Th) and cold (Tc) temperatures were imposed to the left and right
side of the cavity, respectively. Meanwhile, the top and bottom walls were perfectly
insulated. Figure 3 illustrates the two-dimensional arrangement of convective flow
considered in this study. Boussinesq approximation was employed to the system,
rendering the external stimulus form as buoyancy force. Hence, the external force
term possesses the following remark:

F = ρgβ(T − T0) (36)

In which g, β, and T0 prescribe the gravitational acceleration, thermal expansion
coefficient, and reference temperature, respectively.

A rigorous review on dimensional analysis revealed key dimensionless group that
substantiates the free convective transport. The principal dimensionless properties
were listed as follows:

Pr = ν

D
; Ra = gβ�T l3

νD
; � = T − T0

�T
; u∗ = ul

D
; t∗ = t D

l2
(37)

where Pr and Ra designate the Prandtl and Rayleigh number, respectively;
�, u∗, and t∗ specify the dimensionless temperature, velocity, and time, accordingly.

Fig. 3 Problem description
of natural convection flow



Effect of Spatial–Temporal Discretization Order … 445

3.2 Boundary Conditions

Boundary treatments are customarily defined in terms of macroscopic quantities of
the propagating units. This reality is in contrastwithLBMapproachwhich regards the
flowing materials from statistical physics standpoint. Therefore, direct application
of continuum boundaries as in the accustomed numerical methods is undoubtedly
irreconcilable. In order to be parallel with LBM notion, tangible boundary properties
have to be decomposed into their corresponding particles counterpart. Such endeavor
need to be performed in a manner that satisfies the fundamental conservation laws
[7].

Few techniques have been proposed in order to employ boundary conditions into
LBM. In this work, the non-equilibrium-bounce-back (NEBB) [7, 16] and the anti-
bounce-back (ABB) [7, 14] procedures were imposed upon the hydrodynamics and
thermal constituents of the flow, respectively.

Boundary Conditions for Mass and Momentum Fraction. Based on the estab-
lished flow configuration displayed in Fig. 3, the following NEBB treatments were
imposed to each of the pertinent walls of the domain.

Left boundary:

⎧
⎪⎪⎨

⎪⎪⎩

ρleft = f0 + f2 + f4 + 2( f3 + f6 + f7) − 1
2c (Fx�t)

f1 = f3 − 1
6c (Fx�t)

f5 = f7 − 1
2 ( f2 − f4) − 1

6c (Fx�t) − 1
4c

(
Fy�t

)

f8 = f6 + 1
2 ( f2 − f4) − 1

6c (Fx�t) + 1
4c

(
Fy�t

)
(38)

Right boundary:

⎧
⎪⎪⎨

⎪⎪⎩

ρright = f0 + f2 + f4 + 2( f1 + f5 + f8) + 1
2c (Fx�t)

f3 = f1 + 1
6c (Fx�t)

f7 = f5 + 1
2 ( f2 − f4) + 1

6c (Fx�t) + 1
4c

(
Fy�t

)

f6 = f8 − 1
2 ( f2 − f4) + 1

6c (Fx�t) − 1
4c

(
Fy�t

)
(39)

Top boundary:

⎧
⎪⎪⎨

⎪⎪⎩

ρtop = f0 + f1 + f3 + 2( f2 + f5 + f6) + 1
2c

(
Fy�t

)

f4 = f2 + 1
6c

(
Fy�t

)

f7 = f5 + 1
2 ( f1 − f3) + 1

4c (Fx�t) + 1
6c

(
Fy�t

)

f8 = f6 − 1
2 ( f1 − f3) − 1

4c (Fx�t) + 1
6c

(
Fy�t

)
(40)

Bottom boundary:

⎧
⎪⎪⎨

⎪⎪⎩

ρbottom = f0 + f1 + f3 + 2( f4 + f7 + f8) − 1
2c

(
Fy�t

)

f2 = f4 − 1
6c

(
Fy�t

)

f5 = f7 − 1
2 ( f1 − f3) − 1

4c (Fx�t) − 1
6c

(
Fy�t

)

f6 = f8 + 1
2 ( f1 − f3) + 1

4c (Fx�t) − 1
6c

(
Fy�t

)

(41)
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Boundary Conditions for Thermal Fraction. The ABB boundary statements were
adopted for the vertical hot and cold walls, as follows:

Left boundary:

g1 = −g∗
3 + 2w3Th (42)

Right boundary:

g3 = −g∗
1 + 2w1Tc (43)

Meanwhile, the insulated top and bottom walls were adhered to the central differ-
ence exposition. The corresponding mathematical remarks for adiabatic horizontal
walls were as follows:

Top boundary:

gti = 4

3
gt−1
i − 1

3
gt−2
i (44)

Bottom boundary:

gbi = 4

3
gb+1
i − 1

3
gb+2
i (45)

where t and b typify the top and bottom boundary lattice position, respectively.

4 Results and Discussions

In the current segment of the article, the feedback from convective flow simula-
tion using LBM was presented. Comprehensive evaluation for every combination
strategies between discretization order and forcing schemes was highlighted. Initial
assessment was to substantiate the adopted LBM configurations. This was performed
by verifying numerical outcomes with predecessor works. Thereupon, behavior of
natural convection flow within solid concrete was exhibited. Such embodiment typi-
cally reflects moderate movements of the dynamical unit. Hence, simulation was
performed for a small interval of low Ra. Following this exposition is discussions
regarding the effect of different LBM combination treatments, which is the mainstay
of current examination.

Assimilation of the NEBB boundary conditions demands utilization of relatively
moderate lattice nodes in order to maintain numerical stability [7]. This condition
generally reflects in unfavorable computational requirement. Hence, in order to shed
the particular handicap, we employ the graphical processing unit (GPU) architec-
ture in our study. The parallel nature of GPU-based computing allowed significant
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reduction in computational cost for numerical endeavors which incorporate fairly
advanced number of discrete lattice nodes. In this work, GPU programming was
developed within Python environment using the open-source Cupy library [1] which
allows high-performance matrix computations within GPU framework.

4.1 Numerical Validation

To confirm the efficacy of LBM performance in convective flow modeling, we
compared the numerical outcomes of our exercises with published literature. Natural
convectionmodelingwithin a differentially heated equilateral domainwith Pr = 0.71
and Ra = 104 was selected as the benchmark configuration. Simulation was
performed using dimensionless counterparts of the associated flowproperties.Hence,
the outcomes were exhibited as non-dimensional units. Simulation was undertaken
for all combination treatments between discretization order and forcing arrangement
listed in Table 2 up to steady-state condition, which was defined to be the situation in
which the following dimensionless velocity and temperature remarks were satisfied:

∑
i, j

∣
∣∣u∗n+1

i j − u∗n
i j

∣
∣∣

∑
i, j

∣
∣∣u∗n+1

i j

∣
∣∣

≤ ε and

∑
i, j

∣
∣∣�n+1

i j − �n+1
i j

∣
∣∣

∑
i, j

∣
∣∣�n+1

i, j

∣
∣∣

≤ ε. (46)

Here, the value of ε was taken to be 10−9. Figure 4 illustrates numerical outcomes
for key flow parameters under the prescribed conditions. Basically, all considered
combinations returned similar denouements. The flow profiles were in excellent
agreement with outlines in previous investigations [6, 9, 10, 12, 14, 15].

To further substantiate the occupied configurations, critical flow properties were
conscientiously evaluated against the classical computational methods, such as finite
difference (FDM) [2], finite volume (FVM) [5], and finite element (FEM) [9].
Concurrently, we compared the key parameters with advanced multiple-relaxation-
times (MRT) LBM arrangement [14], as well. Table 5 and Table 6 outline the corre-
sponding assessments. Therein, parameters u and v max indicate the maximum x
velocity at the vertical center line and the maximum y velocity at the horizontal
center line of the flow domain, respectively. Excellent conformity was observed for
all combination strategies considered, justifying the capacity of our LBM scenarios
for natural convection modeling.

4.2 Convective Flow Simulation Within the Concrete

Inherent porous structure of the solid concrete allows the aqueous liquidmaterial from
the rainfall to be absorbed and reside within the geometrical pore arrangement of the
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Fig. 4 LBM simulation for natural convection flow with Pr = 0.71 and Ra = 104. The figure
demonstrates essential flow features, including a streamlines, b isotherms, c circulating speed, and
d vector field profiles

Table 5 Benchmark solutions of natural convection simulation for Pr = 0.71 and Ra = 104,
comparing present study with FDM [2] and FVM [5]

Physical
parameters

Present study (combination strategy) FDM [2] FVM [5]

I II III IV

Average Nu at
the hot wall

2.24200 2.24199 2.24198 2.24197 2.238 2.4475

u max 16.16355 16.16313 16.16325 16.16313 16.178 16.1802

v max 19.58472 19.58428 19.58461 19.58448 19.617 19.6295

Location of u
max

0.8206 0.8206 0.8206 0.8206 0.8230 0.82551

Location of v
max

0.1196 0.1196 0.1196 0.1196 0.1190 0.12009
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Table 6 Benchmark solutions of natural convection simulation for Pr = 0.71 and Ra = 104,
comparing present study with FEM [9] and advanced LBM [14]

Physical
parameters

Present study (combination strategy) FEM [9] MRT LBM
[14]I II III IV

Average Nu at
the hot wall

2.24200 2.24199 2.24198 2.24197 2.2593 2.2448

u max 16.16355 16.16313 16.16325 16.16313 16.1798 16.1833

v max 19.58472 19.58428 19.58461 19.58448 19.6177 19.6282

Location of u
max

0.8206 0.8206 0.8206 0.8206 0.8235 0.8232

Location of v
max

0.1196 0.1196 0.1196 0.1196 0.1195 0.1189

domain. During scorching day, the outer fraction of the concrete structure was struck
by intense sunlight, constituting dissimilar temperature condition between inner and
outer portion of the solid object. This situation catalysts convective movement of the
ambient substance within the domain.

In this work, convective flow simulation within the geometrical pore structure
of the solid ambient was conducted using the prescribed LBM strategies. The left
border side of the cavity was presumed as the heated fraction of the concrete material
which temperature condition was set to be 45 °C, while the opposite right margin
was considered as the inner part of the structure with average temperature value
of 20 °C. In order to mimic liquid phase, proper adjustment was applied to the
associated Prandtl number, which value was set to be Pr = 8. The simulation was
performed incorporating three modest conditions of Rayleigh number, assimilating
interval of 102 ≤ Ra ≤ 104. Computation was carried out using dimensionless prop-
erties. Steady-state criteria were adhered to the conditions stated in Eq. (46). Numer-
ical responses were demonstrated as streamlines and isotherms, commensurately
displayed in Figs. 5 and 6.

Fig. 5 Streamlines for natural convection flow involving liquid water (Pr = 8) within geometrical
arrangement of the solid concrete for a Ra = 102, b Ra = 103, and c Ra = 104
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Fig. 6 Isotherms for natural convection flow involving liquid water (Pr = 8) within geometrical
arrangement of the solid concrete for a Ra = 102, b Ra = 103, and cRa = 104

The hot wall at the left boundary transfers heat to the adjacent fluid, escalating
its temperature while simultaneously reducing density. Due to buoyancy assist,
the warmer portion of the fluid raises toward the upper segment of the enclosure.
Contrasting situation prevails at the left margin of the rectangular domain, in which
the fluid particles were cooled down by the imposed cold temperature condition.
Continuous ascending and descendingmovements of the fluid at the opposing vertical
walls stimulate global circulation within the cavity, emanating convective transport.
In addition to its capacity as the primary flowing unit, fluid also contributes as the
media for heat transferwithin the domain. Likewise, the thermal fraction also delivers
influence to the fluid behavior by changing its density. Hence, natural convection
comprises two interlinked physical elements that proceed synergistically within the
domain of interest. These behaviors are well-captured in Figs. 5 and 6.

For Ra = 102, the mode of thermal dissemination was mainly dominated by
conduction. This exposition is illustrated in Fig. 6a, where temperature impartment
exhibits vertical profile.With escalatingRa, the fluid circulates faster, thus promoting
the contribution of convection in heat transport. This situation is well-documented
in Fig. 6b, c where the capacity of fluid as thermal carrier has been underlined for
Ra = 103 and Ra = 104, respectively.

To evaluate the influence of discretization order and forcing schemes, numerical
results from different combination strategies were carefully examined. Critical flow
quantities, such as averageNusselt number (Nu) at the hot wall, maximum x-velocity
at the vertical midline (umax), maximum y-velocity at the horizontal center line
(vmax), and computational time until convergence were selected and compared
for different combination treatments. Figure 7 demonstrates the outcomes for such
endeavor. A closer inspection of Fig. 7 reveals key findings of this treatise. Numerical
denouements of the three physical quantities of the flow indicate that all combination
strategies basically return equivalent results. The existing differences were extremely
small, thus inconsequential for practical purposes. Figure 7a, b, and c captures the
notable features for three key properties, including average Nu at the hot wall, umax
and vmax, correspondingly.

At a first glance, these behaviors seem to be in contradictionwith theoretical expo-
sition which clearly demonstrates the presence of residual remarks in the retrieved
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Fig. 7 Comparison of numerical outcomes among different combination strategy of discretization
order and forcing scenario for key simulation parameters, such as a average Nu at the hot wall,
b umax, c vmax, and d computational time

continuum expressions, as were succinctly documented in Tables 3 and 4. Never-
theless, this situation is not unexpected. A possible explanation for this is that those
additional terms only possess infinitesimal contribution during dynamical process of
convective flow. A review of Tables 3 and 4 exposes strong dependence of residual
terms on the applied buoyancy force F. The employed Boussinesq approxima-
tion necessitates small deviation in fluid density throughout the simulation. Conse-
quently, the variation of F in spatial and temporal coordinates was inconsiderable,
contributing upon exiguous values for residual expressions. Hence, for convective
flow, all combination strategies considered in this study were essentially producing
equivalent performance. These results are in agreement with those obtained by
Mohamad and Kuzmin [11] in their work.
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Nevertheless, significant difference was observed in the computational demand to
achieve convergence solution. As is illustrated in Fig. 7d, numerical simulation with
combination I and II generally exhibits lower computational cost than combination
III and IV. Thiswas due to the increasing complexity of the accompanyingmathemat-
ical remarks of the second-order discretization and Guo forcing scheme, which were
implemented in strategy III and IV. Intricate matrix manipulations related to combi-
nation strategy III and IV reflect in the necessity for extra calculation procedures in
the algorithm, which translate in higher computational demand.

As a final remark, the information gained from our study is capable in answering
the nebulous knowledge regarding the unified effect of discretization order and
forcing scenario in LBM simulation. A notable caveat here is that the outcomes
of our investigation might not be transferable to other flow phenomena. Since the
residual fractions in the retrieved macroscopic formulas depend strongly on the vari-
ation of external force, distinct flow mechanisms may pursue different numerical
behaviors. Further research should be carried out to explore the impact of discretiza-
tion order and forcing schemes in other complex transport phenomena outside natural
convection. Such attempt would be beneficial to expand our feedbacks in this work.

5 Conclusions

This article has presented comprehensive deliberations regarding the conjoint effect
of Boltzmann discretization order and external forcing configuration upon LBM’s
capacity as numerical hydrothermodynamics solver. Natural convection phenomena
within a thermodynamically closed enclosurewere selected as the benchmark system
to test the contribution of the two critical elements. The particular configuration
was accounted as the suitable prototype for the more general convective flow that
occurs within internal pore fraction of the concrete structure. The D2Q9 and D2Q5

velocity schemes were adopted as the concomitant arrangements for the fluid and
thermal constituents of the flowing units, respectively. Four distinct combinations
of discretization order and forcing arrangements emanated from assimilation of two
plausible options for both physical quantities. Numerical simulation was performed
using each combination options incorporating modicum interval of low Rayleigh
number.

Key physical quantities were carefully evaluated and recorded as the appropriate
simulation responses. Numerical outcomes for critical physical quantities showed
excellent agreement with former studies, confirming the validity of our models.
The findings reveal that the four considered combinations display equivalent perfor-
mances in terms of numerical accuracy and stability, despite incisive theoretical
evidence of the presence of residual remarks in the restored macroscopic formula-
tions. We argue that this behavior is due to the inherent nature of natural convec-
tion flow, which includes inconsiderable variations of the external stimulus form
both spatially and temporally. This condition translates into inconsequential contri-
bution from the residual fractions to the retrieved solutions during computational
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processes. Nevertheless, the four combinations demonstrated significant discrepancy
in computational cost. The more sophisticated mathematical description of second-
order discretization andGuo forcing scenario reflect in higher computational demand,
stimulating longer simulation time for combination III and IV. Hence, when compu-
tation cost is of main concern, combinations I and II are the most felicitous strategies
to be applied in natural convection simulation using LBM. Otherwise, all consid-
ered strategies were suitable to be implemented as LBM configuration in modeling
convective flow system.
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Effects of Water Absorption
and Retention Performance of Paper
Sludge Ash in Combination with Cement
to Stabilize Dredged Soil

Phan Nguyen Binh, Kimitoshi Hayano, Mochizuki Yoshitoshi,
and Hiromoto Yamauchi

Abstract Due to its ability to absorb and retain water, paper sludge ash, a cinder
generated from the incineration process of paper sludge, is high potential in used
as complement to cement in stabilizing dredged clay soil. In this study, an attempt
is made to bring out the effectiveness of combining paper sludge ash (PS ash) and
cement in stabilizing dredged clay through a series of unconfined compression tests.
Based on the investigated water absorption and retention performance of PS ash, a
new parameter, unabsorbed water/cement ratio, W*/C, which is the ratio by weight
of the clay–water content that was unabsorbed and unretained by PS ash to cement
content, was used to assess the strength development of PS ash–cement-treated clay.
It is revealed that the strength of the stabilized clay is governed by the parameter
W*/C. The combination of cement and PS ash gives a treatment effect comparable
to that of cement and even better for high water content clay. Experimental results
show that it is high potential for PS ash–cement-treated clay to be used in soft soil
stabilization.

Keywords Paper sludge ash–cement-treated clay ·Water absorption and
retention · Unconfined compressive strength

1 Introduction

In recycling of dredged clay, a common treatment used to achieve considerable
strength is adding stabilizing agents, such as cement, which leads to economic and
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environmental issues. To overcome these issues, many studies on the use of sustain-
able alternative stabilizing agents and/or complements generated from industries
have been conducted to reduce the input of cement, such as using fly ash, bassanite,
and so on [1, 2].

Paper sludge ash (PS ash), a cinder generated from the incineration process of
paper sludge, is such an alternative sustainablematerial for dredged soil stabilization.
Due to the porous structures with many complex voids, PS ash can immediately
improve stability of dredged clays by absorbing and retaining excess clay–water [3–
6]. However, since PS ash does not excessively solidify as high as cement [3], the
improvement effect achieved by using only PS ash is lower than using only cement.
Besides, it has been found that the cementation bond strength increases as the clay-
water/cement ratio decreases [7]. Therefore, it suggests that by combining PS ash
and cement in stabilizing dredged clays, the excess water in clays can be reduced
and therefore increasing the clay–water/cement ratio, resulting in enhancing the
improvement effect of cement.

This paper deals with a fundamental experimental study to show the effectiveness
of a combination of PS ash and cement in stabilizing dredged clay. A series of
unconfined compression tests (UCTs) was conducted on both cement-treated clay
andPS ash–cement-treated clay to access improvement effects achieved on them.The
ability to absorb and retain water of PS ash was also investigated. Based on the test
results, a new parameter, unabsorbed clay–water/cement, identified as the ratio by
weight of clay–water content that is unabsorbed and unretained by PS ash to cement
content, is proposed to describe the strength development of PS ash–cement-treated
clay.

2 Materials and Specimen Preparation Method

2.1 Materials

Ao clay, commonly used in laboratory in Japan, was used in this study. The clay
is categorized into CL according to the Unified Soil Classification System with the
following physical properties: specific density, ρs = 2.716 g/cm3; liquid limit, wL

= 40.7%; plastic limit, wP = 23.7%; plastic index, IP = 17.0. Since the purpose
of this study is to stabilize dredged soft soils having water content higher than the
liquid limit, the water content of Ao clay was adjusted to 81.4% (2wL) before adding
stabilizing agents. In this study, a commercial type of PS ash, named PS ash-based
stabilizer, generated by insolubilizing heavy metals in the original PS ash, was used
with ordinary Portland cement to stabilize the Ao clay. The particle size distributions
of Ao clay and PS ash-based stabilizer are shown in Fig. 1.



Effects of Water Absorption and Retention … 457

Fig. 1 Particle size distributions of Ao clay and PS ash-based stabilizer

2.2 Water Absorption and Retention Performance of PS Ash,
Wab

In this study, the water absorption and retention performance of PS ash, W ab, iden-
tified as the ratio of the weight of water absorbed and retained by a given amount of
PS ash to the weight of that PS ash. The value ofW ab was determined by the method
whose principle is shown in Fig. 2a. Accordingly, an electromagnetic sieve shaker

Fig. 2 Test method for water absorption and retention performance of PS ash: a experimental
principle and b experimental results of testing materials
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was used to generate a three-dimensional vibration in a stainless sieve to separate
PS ash particles that absorbed and retained water from unabsorbed and unretained
water in PS ash solution. Due to the vibration, these PS ash particles retained on the
sieve, while the unabsorbed and unretainedwater passed through the sieve. Thewater
content of these PS ash particles, wab, represents the water absorption and retention
performance of PS ash.

In the experiments, the PS ash was first soaked in distilled water using a PS
ash/water ratio of 0.25 and cured for various periods before conducting the exper-
iment. The water absorption and retention performance of Ao clay and recycled
ceramic sand were also investigated by the same method. Ao clay particles were
mixed with distilled water to achieve a water content of 81.4% (2wL) while recycled
ceramic sand was mixed with distilled water using a dry material/water ratio of 0.25.
Experimental results (Fig. 2b) indicate that the water content, wab, of retained PS
ash increases with the increase in curing time. Meanwhile, the wab value of recycled
ceramic sand is constant at 22% though it has no ability to absorb and retain water.
This suggests that even under the impact of vibration, a certain amount of free water
was still trapped in the voids between recycled ceramic sand particles due to suction.
It is also found that wab value of Ao clay is constant at approximately 37%, which
is higher than that of the recycled ceramic sand. This is because the Ao clay has
ability to absorb and retain water by electrochemical bond of clay particles while
recycled ceramic sand has not. Same performance may occur in case of PS ash so
that the actual W ab of PS ash should be less than the wab obtained in Fig. 2b by a
corresponding amount of water retained by suction. In this study, the actual W ab of
PS ash at a given time is approximately calculated by subtracting a value equal to
wab of recycled ceramic sand from corresponding wab of PS ash obtained in Fig. 2b
and is represented by black solid symbol line in Fig. 2b.

2.3 Mixture Design Selection

It has been reported that the cementation bond strength of cement-treated clay is
governed by the clay–water/cement ratio, W /C [7]. Same performance is expected
to occur in case of PS ash–cement-treated clay. In order to access the differences
in strength developments of PS ash–cement-treated clay and cement-treated clay,
several mixture ratios were selected to achieve various values of W /C in both cases
of stabilized clay. 14 cases of cement-treated clay were conducted with the value
of W /C ranged from 0.25 to 3.0. To easily prepare the samples, 14 mixing cases
of PS ash–cement-treated clay were adopted with differences in ratio by weight of
materials as shown in Table 1. By varying the ratio by weight between stabilizers,
various W /C values of PS ash–cement-treated clay were obtained. Due to the water
absorption and retention performance of PS ash, the mobility of PS ash–cement-
treated clay is expected to be lower than that of cement-treated clay at a sameW /C.
Therefore, the investigated W /C range of PS ash–cement-treated clay was selected
to be wider than that of cement-treated clay.
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Table 1 Mixing cases of PS ash–cement-treated clay

Case no. 1 2 3 4 5 6 7

Stabilizers/dry clay 1.5 1.25 1.0

PS ash/cement 0.2 0.5 0.9 0.1 0.5 0.1 0.3

W /C 0.65 0.81 1.03 0.72 0.98 0.9 1.06

Case no. 8 9 10 11 12 13 14

Stabilizers/dry clay 0.75 0.5

PS ash/cement 0.1 0.3 0.8 0.5 1 2 3

W /C 1.19 1.41 1.95 2.44 3.26 4.87 6.51

2.4 Specimen Preparation Method

The specimens of stabilized clays, used for UCTs, were prepared by tampingmethod
based on the Japanese Geotechnical Society Standard, JGS 0821–2009. Dry Ao clay
was firstmixedwith distilledwater to be a homogenous slurry. Then, based on the soil
treatment type, different stabilizers were added into the slurry. Whenever a stabilizer
was added, the overall mixture was mixed for 10 min. After mixing, the final mixture
was transferred into plastic molds in layers of 30 g. The dimensions of the plastic
molds were 5 cm in diameter and 10 cm in height. To completely remove the air
bubbles inside the specimens, the mold was dropped 20 times from a height of 2 cm
per layer of mixture. The weight of mixture layers, times, and height of dropping
were selected to ensure that the compaction effect in the tamping is the same for all
mixing ratios though the initial density of each mixing case is different due to the
differences in water content of the mixtures. UCT specimens then were cured in seal
in room temperature (20 ± 1 °C).

Based on the determined values of W ab, two mixing methods were performed in
case of PS ash–cement-treated clay, includingMethod 1—mixing cement and PS ash
simultaneously with clay slurry andMethod 2—adding cement one day after mixing
PS ash with clay slurry. For the Method 2, mixture of PS ash and clay slurry was
cured in seal bag for 24 h in room temperature (20 ± 1 °C) before adding cement.

In concrete technology, the 3-day compressive strength can gain about 50% of 28-
day strength, which is traditional characterized for concrete strength. In this study, the
selected W /C range is not too high, same performance was expected to be obtained
in stabilized clays; therefore, all specimens in this study were cured in 3 days for the
first stage of study.
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3 Experiment Results and Discussions

3.1 Influence of W/C to Strength Development of Stabilized
Clays

The relation between unconfined compressive strength, qu, and W /C of cement-
treated clay, summarized in Fig. 3a, shows that at W /C greater than about 0.5, the
strength of cement-treated clay is governed by W /C as Miura et al. reported [7], in
which, with the decreases ofW /C, the increases of unconfined compressive strength
are observed. However, the trend ceases to follow at very lowW /C. The compressive
strength of cement-treated clay drops dramatically when theW /C is less than about
0.5. It suggests that due to the lack of water, it was difficult tomix the clay and cement
thoroughly; therefore, in some cases, cement cannot completely react with water and
give lower unconfined compressive strength. This performance is similar to that in
concrete technology shown in Fig. 3b though the materials used as aggregates are
different. The reason is that the strength developments of both concrete and clays
stabilized by cement are directly governed by the cement hydration instead of the
aggregate type. Based on the results shown in Fig. 3a, it can be confirmed that without
fully compaction, the optimum W /C for stabilizing clay by cement is about 0.5.

A unique qu–W /C relation of cement-treated clay at W /C of 0.5 and greater has
been obtained as follows:

qu = a
(
1− e−b(W/C)

)c (MPa) (1)

where qu is the unconfined compressive strength at a specific age, W /C is the
water/cement ratio by weight, and a, b, and c are empirical constants. Here, a =

Fig. 3 Relations between compressive strength and water/cement ratio of a cement-treated clay
and b concrete [8]
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0.0014, b= 0.0267, and c= 2.2995 are obtained for the cement-treated clay subjected
to 3 days curing.

Figure 4 summarizes the qu–W /C relation of PS ash–cement-treated clay and
compares it to the same relation of cement-treated clay represented by a dotted
line. Experimental results of PS ash–cement-treated clay do not seem to follow the
obtained qu–W /C relation of cement-treated clay. At the same value of W /C, there
is a large scattering in qu even though the W /C was greater than 0.5. It reveals that
the water absorbing and retaining ability of PS ash has changed the amount of clay–
water that could react with cement. Therefore, to assess accurately the effect of PS
ash in stabilizing clay, the water absorption and retention performance of PS ash
should be considered. The results in Fig. 4 also indicate that there are differences
in improvement effect between the two mixing methods. For example, qu produced
by Method 2 is higher than that of specimens produced by Method 1 at high W /C.
Instead, the qu of specimens produced by Method 2 is lower than that of specimens
produced byMethod 1 at lowW /C, because due to the lack of water, cement cannot
completely react with water.

Fig. 4 qu–W/C relation of PS ash–cement-treated clay
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3.2 Influence of Water Absorption and Retention
Performance of PS Ash to Strength Development of PS
Ash–Cement-Treated Clay

Based on the investigated water absorption and retention performance of PS ash,
W ab (Fig. 2b), the alternative parameter W*/C, identified as the ratio by weight of
clay-water that is unabsorbed by PS ash to cement content, was used to determine the
effects of absorption and retention performance of PS ash on strength development of
PS ash–cement-treated clay. Without using PS ash,W*/C is equal toW /C; therefore,
W*/C can also be used in the assessment of strength development of the cement-
treated clay. The values ofW*/C corresponding to the determinedW ab are shown in
Table 2.

Figure 5a shows the qu–W*/C relation of PS ash–cement-treated clay produced
by bothMethod 1 andMethod 2 and compares them to the same relation of cement-
treated clay. It can be obtained that the qu–W*/C relation of PS ash–cement-treated
clay is similar to those of the cement-treated clay and concrete as in Fig. 3, compared

Table 2 W*/C of mixing cases of PS ash–cement-treated clay

Case no. 1 2 3 4 5 6 7

W /C 0.65 0.81 1.03 0.72 0.98 0.9 1.06

W*/C (Wab-instant ) 0.56 0.59 0.64 0.67 0.76 0.85 0.93

W*/C (Wab-24 h) 0.47 0.36 0.22 0.63 0.53 0.81 0.79

Case no. 8 9 10 11 12 13 14

W /C 1.19 1.41 1.95 2.44 3.26 4.87 6.51

W*/C (Wab-instant ) 1.15 1.28 1.60 2.22 2.82 4.00 5.19

W*/C (Wab-24 h) 1.1 1.14 1.23 1.99 2.36 3.08 3.81

Fig. 5 qu–W*/C relation of PS ash–cement-treated clay: a compared with cement-treated clay and
b qu–W*/C relation express formula
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to the results shown in Fig. 4. As same as those of the cement-treated clay, the
optimum compressive strengths of PS ash–cement-treated clay in both two mixing
methods can be achieved at around W*/C of 0.5. It also be obtained that there is no
difference in strength development of PS ash–cement-treated clay between Method
1 andMethod 2. The longer the curing time after the PS ash is added, the lowerW*/C
is achieved at the time of cement addition and, therefore, resulting in higher value
of qu. However, when W*/C was less than 0.5, the lack of water makes the mixture
not to be thoroughly mixed or completely compacted, which contributed to low qu
values.

Based on the results shown in Fig. 5a, the qu–W*/C relation of PS ash–cement-
treated clay atW*/C of 0.5 and greater of both two methods can be expressed as one
formula in the same form of Eq. 1 as follows:

qu = x
(
1− e−y(W/C)

)z (MPa) (2)

where qu is the unconfined compressive strength of PS ash–cement-treated clay at a
specific age, W*/C is the ratio by weight of clay–water that is not absorbed by PS
ash to the cement content, and x, y, and z are empirical constants. Here, a= 0.4, b=
0.4004, and c = 2.3574 are obtained for the PS ash–cement-treated clay subjected
to 3 days curing. (Fig. 5b).

Figure 6 illustrates the comparison in qu–W*/C relations between PS ash–cement-
treated clay and cement-treated clay at W*/C of 0.5 and greater, by experimental
results (Fig. 6a) and by express equations (Fig. 6b). As shown in Fig. 6, the effect
of combining PS ash and cement was different from that of cement on the values of
qu depending on the range ofW*/C. At lowW*/C, qu of the PS ash–cement-treated
clay was lower than qu of the cement-treated clay. The trend gradually reversed with
the increase in W*/C. At high W*/C, qu of the PS ash–cement-treated clay became

Fig. 6 Comparison in qu–W*/C relations of stabilized clays: a experimental results and b express
equations
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higher than qu of the cement-treated clay. This phenomenon can be explained by the
contribution of PS ash in stabilizing clay.

At high W*/C, the mixture is liquid enough to thoroughly mix and therefore
cement particles in the PS ash–cement-treated clay mixture could completely react
with water, as well as cement particles in the cement-treated clay mixture. Addition-
ally, cement cannot immediately react with all unabsorbed clay–water; therefore,
PS ash could further reduce W*/C of the PS ash–cement-treated clay mixture by
continuing to absorb clay–water during the curing time. As a result, the total bond
strength of cement in PS ash–cement-treated clay was higher than that in cement-
treated clay. Furthermore, because the chemical composition of PS ash is similar
to cement [9], PS ash can also react with water and contribute to the bond strength
and, therefore, contributed to the overall strength of the PS ash–cement-treated clay.
Consequently, at higher W*/C values, qu of PS ash–cement-treated clay is higher
than that of cement-treated clay.

On the other hand, at lowW*/C, the mixture is not liquid enough to bemixed thor-
oughly. Consequently, cement particles in the PS ash–cement-treated clay mixture
could not react with water as well as cement particles in the cement-treated clay
mixture. Moreover, because the value W*/C was low, most of the unabsorbed and
unretained clay–water instantly reacted with cement so that PS ash could not further
reduce W*/C. Thus, the bond strength of cement in the PS ash–cement-treated clay
was lower than that in the cement-treated clay and qu of the PS ash–cement-treated
clay is lower than qu of the cement-treated clay at low W*/C values.

In most applications, the cement content in cement-treated clays varies from 50
to 200 kg per cubic meter of clay [10], equivalent toW /C of approximately 5 to 25,
corresponding toW*/C greater than 3.0 where qu of the PS ash–cement-treated clay
is higher than that of cement-treated clay; therefore, it is high potential to combine
PS ash and cement in soil stabilization in practice.

4 Conclusions

This study aims to evaluate the possibility of combining PS ash and cement for
dredged clay soil stabilization. A series of UCTs was conducted on both cement-
treated clay and PS ash–cement-treated clay to evaluate the strength development
as well as to access the potential of using a combination of PS ash and cement
in stabilizing dredged clay soil. From the results, key conclusions can be made as
follows.

1. Due to the ability to absorb water of PS ash, parameter W /C cannot explain the
strength development PS ash–cement-treated clay. Therefore, it is important to
consider the water absorption and retention performance of PS ash to accurately
assess the effect of PS ash in stabilizing clay.

2. It reveals that the newly proposed parameterW*/C, which is the ratio by weight
of clay–water that is unabsorbed by PS ash to the cement content, can explain the



Effects of Water Absorption and Retention … 465

strength developments of both cement-treated clay and PS ash–cement-treated
clay. It indicates that the qu–W*/C relationships of both stabilized clays are
similar.

3. Due to the ability to continue absorbing water during the curing time of PS ash,
depending on the value of W*/C, the effect of using a combination of PS ash
and cement in stabilizing dredged clay may be better or worse than using only
cement. At high W*/C, PS ash–cement-treated clay has higher qu than that of
cement-treated clay. In contrast, qu of PS ash–cement-treated clay is lower than
qu of cement-treated clay at low W*/C.

4. Experimental results after 3 days of curing indicate that for most applications, the
combination of PS ash and cement can give comparable improvement effect to
cement and even better in stabilizing dredged clay soil. However, further studies
will be required to confirm the statement.
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Abstract In Japan, arsenic is contained in excavated muck. Arsenic is both highly
toxic and soluble, and the Japanese government has set environmental standards to
prevent arsenic from penetrating groundwater. Industries are obliged to take coun-
termeasures to prevent the permeation of excavated muck containing arsenic into
groundwater. Arsenic levels should not exceed values established in environmental
standards, regardless of whether the pollution is from human or natural sources.
Currently, countermeasures such as the use of adsorption layers are applied to prevent
heavy metals from penetrating groundwater. The adsorption layer method involves
mixing chemical reagents that adsorb heavy metals, with non-contaminated soil on
site to build an adsorption layer. The contaminated soil is then embanked on the
adsorption layer. If leachate containing arsenic is generated, it adheres to the adsorp-
tion layer when it flows out of the soil, preventing it from penetrating groundwater.
The arsenic adsorption effect is diminished if the on-site mixing of chemicals and
non-contaminated soil is incomplete. Therefore, to ensure optimal performance of the
adsorption layer, the use of high-quality “pre-made adsorbent layers” is considered.
It is difficult to construct pre-made adsorbent layers in a manner that corresponds
to the landform. Newly developed pre-made adsorbing layers can be adapted to the
shape of the landform, which reduces the material disposal rate and subsequent envi-
ronmental impact. The adsorption thin layer was manufactured and exposed to hot
air welding tests and construction tests. It can be easily arranged, both on flat surfaces
and slopes.
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1 Introduction

Arsenic (As) is a highly toxic and soluble element. Due to this, arsenic in contam-
inated soil can potentially permeate and diffuse into groundwater by leachate such
as rainwater, posing increased hazards to health. In Japan, arsenic is found in exca-
vated mucks across the country [1]. The Japanese government has set environmental
standards to limit the adverse effects of arsenic on public health. Even if arsenic origi-
nates from natural sources, companies have an obligation to take measures to prevent
the permeation of arsenic in the excavated soil into groundwater. The adoption of
countermeasures against contamination by heavy metals has resulted in an increase
in the cost of tunnel construction, which generates a large amount of excavated soil.

The current countermeasures against heavy metal (e.g., arsenic) contamination
include water shielding containment and adsorption layers. Water shielding contain-
ment is a method to separate the contaminated soil and water by enclosing the
contaminated soil with an impermeable membrane to prevent leaching of arsenic
from contaminated soil by rainwater. An impermeable membrane, which is a factory
product, is laid at the site, and separate membranes are joined so that water does
not leak from the gap between the membranes (see Table 1). Heavy machinery is
not required for its construction. If rainwater enters from the seams of the imper-
meable membrane, it is expected that contained heavy metals could dissolve from
contaminated soil. Therefore, leachates must meet environmental standards before

Table 1 Characteristics of three different countermeasures against heavy metal contamination (◯:
Advantages, ×: Disadvantages)

Water shielding
containment

Adsorption thin layer Adsorption layer method

Pre-made ◯ ◯ ×
Construction
by human
power

◯ ◯ ×

Construction
for slope

◯ ◯ �

Leachate
discharge to
the
environment

× ◯ ◯

Overview

Monitaring
point

Monitaring
point

Monitaring
point
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being discarded. Consequently, water shielding containment requires a leachate puri-
fier system. The installation and operation of a leachate purifier system entail cost
increases. To prevent cost increases, an adsorption layer method was developed that
does not require purification of the leachate.

In the adsorption layermethod, a layer is constructed froma reagentwhich adsorbs
the relevant heavy metal(s) [2, 3]. Heavy metals in the leachate can be adsorbed by
the adsorbent by passing the leachate through the adsorption layer. The leachate
that has passed through the adsorption layer can then be disposed of without further
treatment because the heavy metals have been removed [4]. To build an adsorption
layer, the adsorbent is mixed on-site with non-contaminated soil, by using heavy
machinery. Contaminated soil is then embanked on top of the adsorption layer. Poor
mixing of non-contaminated soil and adsorbent reduces the adsorption capacity of
the adsorption layer. In recent years, an adsorption sheetmethod has been proposed to
ensure the quality of the adsorption layer. In thismethod, a pre-made adsorption layer
is used [5, 6]. This adsorption sheet method is expected to combine the advantages of
water shielding containment and the adsorption layer method. However, it is difficult
to construct the adsorption sheet in a way that conforms to the landform, and the
material loss rate tends to be high. Finally, the heavy metal adsorption thin layer
(adsorption thin layer) was developed as a new “pre-made adsorption layer” that
could be cut and joined to adapt its shape to the landform. This feature of adapting to
the landform results in a lower material disposal rate, contributing to a reduction in
environmental impact. The adsorption thin layerwasmanufacturedwith a zero-valent
iron-based adsorbent as a “pre-made adsorption layer,” and joining and construction
of the layer were carried out in this study.

2 Overview of the Heavy Metal Adsorption Thin Layer

The adsorption thin layer comprises of hydrophilic nonwoven fabric layered on a
uniformly packed layer containing a zero-valent iron adsorbent (3 kg/m2) (Fig. 1).

Since the amount of adsorbent filled affects the arsenic adsorption capacity of
the adsorption thin layer, we measured the filled adsorbent weight (Fig. 2). All the
measured products contained more than the guaranteed minimum amount of adsor-
bent. Further, the +3σ and −3σ deviations from the average weight were calculated
to be 3.8 kg and 3.1 kg, respectively. The latter value is still greater than the guar-
anteed minimum amount of adsorbent. Statistically, the probability that the weight
of adsorbent in the adsorption thin layer lies in the range ±3σ from the average
is 99.7%. Therefore, the probability that the weight of adsorbent in the adsorption
thin layer is greater than the guaranteed minimum will be greater than 99.7%. These
results indicate that the process of manufacturing adsorption thin layers produces
adsorption layers of high quality.

A zero-valent iron-based adsorbent with high arsenic adsorption capacity was
selected as the filler. Zero-valent iron is expected to have insolubilization effects on
bothAs (III) andAs (V) by adsorption (H2AsO3

− +Fe–OH→FeH2AsO3,HAsO4
2−
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Fig. 1 Composition, appearance, and flexibility of a heavy metal adsorption thin layer
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Fig. 2 Variation of the amount of adsorbent in products manufactured with an adsorption thin layer

+ Fe–OH + H+ → FeHAsO4
− + H2O) and co-precipitation (Fe3+ + HAsO4

2− →
FeAsO4 + H+) [7–9]. Furthermore, because the adsorption layer is very thin (with a
total thickness of only 2 mm), it can be cut with a utility knife and is very flexible.

3 Materials and Methods

3.1 Up-Flow Percolation Test

Up-flow percolation tests were performed with reference to ISO 21268-3 [10]. A
cylindrical column of 100 mm in height and 50 mm in diameter was packed with
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285 g of silica sand (grain size: No. 5). The adsorption thin layer was cut with a
utility knife to a diameter of 50 mm and placed on the upper part of the column.
A concentration of 0.03 mg/L of As (V) standard solution was passed through at a
flow rate of 98 ml/h. A solution having a liquid–solid ratio of 0.2–8.4 was passed
through the adsorption thin layer and collected as a test solution. At the same time, an
As (V) standard solution was also collected as a test solution. The concentration of
arsenic (V) in the test solution was determined by ICP-MS (7800 ICP-MS; Agilent
technologies).

3.2 Hot Air Welding Test

Adsorption thin layers were cut to a width of 300 mm and length of 1.5 m as test
specimens. In order to join two test specimens, the ends were overlapped by 100 mm
and joined using a hot air automaticweldingmachine (TwinyTLeister Technologies)
(Fig. 4a). The welding speed was 1.5 m/min and the welding temperature was set
between 400 and 500 °C in the laboratory at ambient temperature of 20 °C. The tensile
strength of the weld was measured in accordance with test methods for geotextiles
(JIS L1908).

3.3 Construction Test

An outline of the adsorption thin layer construction method is shown in Fig. 6.
Protective mats with a thickness of 10 mmwere laid above and below the adsorption
thin layer to prevent damage from external forces. The adsorption thin layers were
joined by hot air welding.

3.4 Heavy Machinery Running Test

To simulate the uneven conditions on a real surface, gravel was sprinkled on the
ground. The adsorption thin layer and protective mats were constructed on a flat
surface, and 500 mm of protective soil was filled. Twenty reciprocates were run
above the protective soil using a general-purpose small turning machine (311 D
RR; Caterpillar Japan LLC) weighing approximately 12,000 kg. After the runs, the
protective soil was removed to checkwhether there was any damage to the adsorption
thin layer.
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4 Results and Discussion

4.1 Up-Flow Percolation Test

Anup-flowpercolation testwas performed to examine the arsenic adsorption capacity
of the adsorption thin layer in conditions simulating heavy rain. The transition of
arsenic concentration is shown in Fig. 3. The arsenic concentration in the inflow solu-
tion was constant at 0.03 mg/L from the beginning to the end of the test. On the other
hand, the arsenic concentration in the outflow solution (which had passed through
the adsorption thin layer) was consistently less than 0.01 mg/L. The standard arsenic
concentration allowed in groundwater, as determined by the Japanese government,
is 0.01 mg/L. Therefore, it was suggested that the arsenic that was initially present in
the solution that had passed through the adsorption thin layer was removed in suffi-
cient amounts, and the leachate can therefore be discarded without treatment. In the
up-flow percolation test, the total amount of arsenic introduced into the column was
67.2μg, of which 53.2μg was adsorbed on the adsorption thin layer. The adsorption
rate was calculated to be 79%.

To simulate heavy rain, up-flow percolation tests were carried out with the inflow
rate being four times larger than that of the ISO21268-3. If the flow rate is reduced
to simulate light rain, the time of contact of the arsenic with the adsorbent in the
adsorption thin layer is increased and the adsorption performance is expected to
improve. Zero-valent iron also can adsorb and insolubilize various heavy metal ions
(e.g., Se, Pb, and Cr) by chemical reduction and co-precipitation [11, 12]. Therefore,
it is reasonable to expect that the adsorption thin layer can adsorb heavy metals as
well.

Fig. 3 Arsenic concentration in eluate
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weld

(a) (b)

Fig. 4 Photographs of a hot air welding test; b weld tensile test

4.2 Hot Air Welding Test

When adsorption thin layers are not adequately joined when they are being laid, the
leachate may pass between separate parts of the adsorption thin layer and penetrate
groundwater. Therefore, it was verified whether separate parts of the layer had been
properly joined by hot air welding. It was found that the test specimens were welded
properly in the laboratory at a welding temperature of 400 °C or higher. Upon exam-
ining the tensile strengths of the welds, it was found that all test specimens were
securely joined because the base material broke in preference to the weld (Fig. 4b).

However, the tensile strength decreased remarkably once the temperature
exceeded 450 °C. The tensile strength of the weld was strongest when welding
was performed at 450 °C; the average tensile strength was 380 N/50 mm (Fig. 5).

Fig. 5 Effect of welding temperature on tensile strength
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Fig. 6 Photographs of construction test for a flat surface and b slope

4.3 Construction Test

It was verified whether the produced adsorption thin layer can be constructed without
breakage. The cone index of the ground at the construction site was found to be
1,200 kN/m2 or more by a cone penetration test. The adsorption thin layer was laid
according to the construction method described. On a flat surface, an adsorption thin
layer measuring 114 m2 (5.7× 20 m) can be manually constructed without breakage
(Fig. 6a). In addition, the adsorption thin layer was safely installed without injury or
accident. Adsorption thin layers can also be welded at the construction site (Fig. 6a
➃).

After testing the layer on a flat surface, it was laid on a slope with an angle of
21°–46°. Even on a slope, 119 m2 (7.0 × 17 m) of adsorption thin layer can be
installed manually without breakage (Fig. 6b). The adsorption thin layer was also
safely installed in slope conditions without injury or accident. Adsorption thin layers
can be welded in slope conditions at the construction site (Fig. 6b➃). The adsorption
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(a) (b)

Fig. 7 Photographs of heavy equipment running test for a the adsorption thin layer and b mats at
the bottom

layer method is difficult to construct on a slope. It is expected that adsorption thin
layerswill allow the construction of adsorption layers even on terrain onwhich earlier
methods have been difficult to apply.

4.4 Heavy Machinery Running Test

Inmaking an embankment of arsenic contaminated soil, a heavymachine reciprocates
on the protective soil. Heavy machinery running tests were conducted to confirm that
the adsorption thin layer was not damaged by the action of the heavy machine. After
the adsorption thin layers were constructed on a flat surface, 500 mm of soil was
piled up to protect the mat. The protective soil subsided to a maximum of 205 mm
under heavy machine running. However, the heavy machinery did not directly touch
the protective mat because the subsidence was less than the protective layer height.
The results are shown in Fig. 7. The surface of the adsorption thin layer was only
discolored to brown by moisture in the soil, and neither the adsorption thin layer nor
the protective mat was damaged. From this result, it was indicated that the adsorption
thin layer had sufficient strength to sustain actual use.

5 Conclusions

The adsorption thin layer was devised as a countermeasure against heavy metal
contamination with low environmental impact. A high-quality adsorption layer was
successfully processed into a sheet by factorymanufacture. It can reduce thematerial
disposal rate as it can be cut and joined. Up-flow percolation tests confirmed that
arsenicwas adequately removed from the solution passing through the adsorption thin
layer. Therefore, the arsenic adsorption capability of zero-valent iron was verified,
even when the adsorption layer was processed into a sheet. Furthermore, it was
confirmed by construction tests that it was possible to install the layers on both flat
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surfaces and slopes. From the above results, the heavy metal adsorption thin layer
method is expected to become a new heavy metal contaminated soil countermeasure
with low environmental impact. The adsorption thin layer has an arsenic removal
capability equal to or greater than that of the adsorption layermethod, while retaining
the ease of construction of the impervious membrane.
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Influence of Sand on the Behavior
of Buffer Material Used for the Nuclear
Waste Disposal

Padavala Hari Krishna and Adla Nandini

Abstract Clay–sand mixtures are being planned for use as buffer materials for
high-level nuclear waste disposal. These mixtures are attracting greater attention as
buffer materials because they offer properties of low volumetric shrinkage and high
swelling. The influence of sand on the behavior of clay–sand mixtures was inves-
tigated by many researchers through a series of laboratory experiments. The study
illustrates the role of coarser fraction in controlling swelling and shrinkage of clay–
sand mixtures. In the present study, experiments were conducted using oedometer
tests to investigate swelling and shrinkage properties at different sand contents by
experimentation. The clay–sand mixtures were prepared with sand contents of 0%,
10%, 30%, and 50% by weight of clayey soil. The study showed a decrease in
swelling potential and volumetric shrinkage with increase in the amount of sand.
An increase in dry unit weight and a decrease in respective moisture content by an
increase in the amount of sand were observed in the compaction tests. In addition,
attempts were also made to find the influence of varying proportions of coarse sand
and fine sand mixtures on swelling and shrinkage properties of these mixtures.

Keywords Buffer material · Clay–sand · Atterberg limits · Swelling potential ·
Volumetric shrinkage

1 Introduction

Disposal of high-level radioactive nuclear waste in deep geological repository aims
to provide a long-term and permanent waste management solution. International
consensus (IAEA 2003) has proposed geological disposal as the safest option [1].
In general, isolation of the waste from biosphere depends on passive multibarrier
systems. These typically consist of the natural geological barrier provided by the
repository host rock and an engineered barrier system. As a part of engineered barrier
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Fig. 1 An example of disposal facility and pit for high-level radioactive wastes in Japan (vertical
emplacement type, after Ogata et al. [2])

system, bentonite and bentonite–sandmixtures are used as buffermaterial in between
waste canister and host rock. Black cotton soil has characteristics of self-patching and
restoration, so it is suitable to be used as an effective barrier material for isolating the
nuclear wastes from groundwater as shown in Fig. 1 [2]. But to reduce the problem
of shrinkage cracks and to increase the strength and stability, bentonite is blended
with coarser particles for use in nuclear waste disposal units [3, 4].

The buffer material should primarily be capable of maintaining its integrity at
elevated temperatures (up to 150 °C) and in the saline groundwater that may exist in
disposal vault [5]. On drying, it should not shrink away from the repository host rock.
In addition, its bearing capacity must be sufficient to support the waste container and
to minimize settlement [3]. The dry density of in situ compacted pure clayey soils
can be low; however, by mixing sand to these soils, the attainable dry density can be
increased. In general, unless compacted to very high densities (that is greater than
2.0 Mg/m3 pure Na bentonite) pure clays may not meet the above requirements [6].
Generally, the dry density of pure clays will be around 1.3 Mg/m3, when compacted
in situ. Such high densities could be attained by pre-compacting the clay with sand
to improve the strength properties and thus their dry density can be increased [7, 8].

Apart from this, as the groundwater resets after construction of the disposal repos-
itory, the buffer material will swell due to water uptake. Swelling may be desirable
as in many hydraulic containment applications such as: (1) soil barriers in landfill
liner and cover systems and (2) barriers for disposal of radioactive waste [9, 10].
And experimental studies on the swelling capacity of sodium bentonite and its sand
mixtures have been taken by many researchers [11–14]. Swelling and volumetric
shrinkage due to varied temperatures are the main controlling factors in the stability
of the underground structures and affect the coefficient of permeability [15].
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Therefore, prediction of the swelling potential of black cotton soil–sand mixtures
due to water uptake is an important technical issue and volumetric shrinkage due to
elevated temperature both in theory and in engineering application is to be resolved
for the deep disposal of nuclear waste. As such the shrinkage and swelling charac-
teristics are not well addressed with respect to the coarse sand and fine sand content
separately.

Toward that goal, the present study is aimed at investigating the swelling poten-
tial and volumetric shrinkage at maximum dry densities of black cotton soil–sand
mixtures with varying amount of fine and coarse sand contents (0, 10, 30, and 50%)
through experimentation.

2 Materials and Testing Program

2.1 Materials

The material used in this study to represent the buffer material was a laboratory
mixture of black cotton soil and graded silica sand. The black cotton (BC) soil used
in this study has been collected from the northern side of NIT-Warangal campus [16].
The soil is collected by open excavation, from depth of 1–1.5 m from natural ground
level. This soil has highly expansive Montmorillonite mineral causing it to have a
very high potential for swelling and shrinkage. The properties of the soil used in the
present investigation are given in Table 1.

Table 1 Properties of the natural soil

Parameter Value

Specific gravity 2.658

Gravel (%) 1

Sand (%) 4

Silt (%) 27

Clay (%) 68

Liquid limit (%) 104

Plastic limit (%) 22

Shrinkage limit (%) 13

IS classification CH

Maximum dry density (Mg/m3) 1.53

Optimum moisture content (%) 24.8

Free swell index (%) 209
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Locally available Godavari river coarse sand and fine sand are taken for this study.
The mixtures were prepared with the proportion of coarse and fine sand ranging in
0, 10, 30, 50% of total weight of mixture.

2.2 Testing Program

Atterberg Limits
Liquid limit (fall cone test) [17], plastic limit test [17], shrinkage limit test [18],
specific gravity test [19], compaction test [20], and free swell index [21] were
conducted according to the IS: 2720 standards for each mixture.

Swell Potential and Volumetric Shrinkage
The swell potential of each mixture was performed separately as per IS: 2720.The
term swell potential (Sp) is generally used to indicate the amount of vertical
swell (expressed as percent of initial sample thickness) obtained under a partic-
ular surcharge (usually 1 psi or 6.9 kPa), where Sp is swelling potential in percent.
Swelling potential or volume change is defined as the ratio of increase in thickness
to the initial thickness of the soil sample compacted at optimum moisture content
(OMC). It was measured in the conventional oedometer cell as shown in (Fig. 2)
performed on compacted soil samples. The soil sample was compacted at OMC and
placed in a consolidation ring andwas soaked under a token surcharge of 6.9 kPa, [22]
so that the sample undergoes free swell. The prepared specimen was inundated with
water and full swell attained within 72–96 h. The percentage swell of the specimens
during soaking was measured as swell potential.

Fig. 2 Consolidometer to determine swelling potential
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Similarly, volumetric shrinkage test was performed as per IS 2720—Part6, 1972.
Volumetric shrinkage is defined as the decrease in volume, expressed as a percentage
of the soil mass when dried, of a soil mass when the water content is reduced from
a given percentage to the shrinkage limit.

A positive value represents volume shrinkage while a negative value represents
volume expansion. A high positive value represents high volume shrinkage, which
may cause sink mark or void.

In the present study, the clay–sand mixture is oven dried and sample is prepared at
its optimum moisture content and is statically compacted in a mold having diameter
6 cm and height 2 cm in UTM (Fig. 3). Then, the sample is removed from mold and
kept under room temperature. And the next day, these samples are transferred to the
oven.

Thus, the sample is dried in oven until the weight of specimen is constant. Thus,
the samples are taken out of oven and change in volume of specimen due to drying
of the soil mixture after it reached equilibrium to its original volume on the first
day of preparation of samples is volumetric shrinkage of the specimen. Average of
volumetric shrinkage of both samples is considered for accuracy.

Fig. 3 Oedometer mold placed in UTM
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3 Results and Discussions

3.1 Atterberg Limits

Liquid Limit: The liquid limit of clay–sand mixtures was found and their variations
were summarized in Table 2. As can be observed from this table, it is found that liquid
limit decreases with increase in sand content. This may be mainly due to the fact that
the “liquid limit” is considered as purely as the water holding capacity of the soil,
then the surface area plays a primary role. The inter particle forces in the non-clay
fraction are negligible, and the individual particles in this fraction have negligible
amounts of adsorbed water associated with them. Therefore, with an increase in the
percentages of sand, lower values of liquid limit are observed.

Plastic Limit: The plastic limit values of the clay–sand mixtures are also given
in Table 2. As can be observed from this table, it is clearly seen that plastic limit
decreases with increase in sand content. This may be mainly due to decrease in the
plasticity nature of mixture as particular amount of clay is to be replaced by sand
grains, having no plasticity.

ShrinkageLimit:When the soil is essentiallywith no sand sized particles,maximum
shrinkage limit was obtained.With the inclusion sand particles, the relative grain size
distribution gets improved, resulting in decreased shrinkage limit. Researchers [23]
have proved that shrinkage limit of a soil is the result of packing phenomenon and
is primarily controlled by the relative grain size distribution of the soil. With proper
proportioning of the coarser fractions in the mix, a lower shrinkage limit can be
obtained which can be even less than that obtained for cohesive soils (the minimum
value of the shrinkage limit is obtained for 10% sand and 90% clay mix which is
less than that for native clay soil. From Table 2, it is observed that shrinkage limit
with the addition of 10% sand to BC soil is decreased by about 8% and there after
it is clearly seen that increase in the proportion of the coarser fraction results in an
increase in the shrinkage limit. Thus, the shrinkage limit is increased by 15% with

Table 2 Atterberg limits of BC soil with varied proportions of fine and coarse sand

S. No. Properties BC soil BC soil
+ 10%
FS

BC soil
+ 30%
FS

BC soil
+ 50%
FS

BC soil
+ 10%
CS

BC soil
+ 30%
CS

BC soil
+ 50%
CS

1 Liquid
limit (%)

104 84 62 50 88 65 55

2 Plastic
limit (%)

22 21.5 19.5 18 – – –

3 Plasticity
index

82 62.5 42.5 32 – – –

3 Shrinkage
limit (%)

13 14 15 16 – – –
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the addition of 30% fine sand to BC soil and increased by 23% with the addition of
50% fine sand to BC soil.

3.2 Compaction Studies

Considering the use of compacted clay–sand mixtures as buffer materials for waste
disposal, studying compaction characteristics has a great significance. Tests are
conducted for varying proportions of fine sand and coarse sand with black cotton
soil and the results are given in Table 3. As can be observed from this table, the
maximum dry density value of clay–sand mixture is increasing with an increase
in the percentage of sand, which is in conformity with the observations by other
researchers [24].

Similarly, the optimum water content of the specimen decreases with increasing
fine sand content, as the surface area of black cotton soil is more than that of clay–
fine sand mixtures, as it requires more water to lubricate during compaction to attain
a considerable dry density. It is observed that the maximum dry unit weight of the
specimen increases with increase in size of sand due to higher specific gravity of
coarse sand grains.

Fine sand mixtures have high optimum water contents compared to coarse sand
as surface area of fine sand mixtures is more compared to coarse sand it needs more
water to attain a considerable dry density. Optimum moisture content is increased
by about 6% by adding 10% fine sand to black cotton soil compared to coarse sand
which resulted in an increase by 8.5%. Similar kinds of results are observed for other
percentages of clay–sand mixtures.

The higher values of maximum dry density and lower values of optimummoisture
content for all the clay–sand mixtures indicate possible higher compaction of these
buffer materials in the field, which surely increases the performance of the disposal
facilities of nuclear waste.

Table 3 Maximum dry density and optimum moisture content values of BC soil with fine and
coarse sand

S. No. Properties BC soil BC soil
+ 10%
FS

BC soil
+ 30%
FS

BC soil
+ 50%
FS

BC soil
+ 10%
CS

BC soil +
30% CS

BC soil
+ 50%
CS

1 Maximum
dry density
(Mg/m3)

1.53 1.64 1.71 1.75 1.66 1.72 1.83

2 Optimum
moisture
content
(%)

24.81 20.0 19.4 18.27 18.5 17.0.45 16.0
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Table 4 Free swell index limits of soil mixtures

Soil type FSI (%) Degree of expansion

BC soil 209 Very high

BC soil + 10% sand 130 High

BC soil + 30% sand 35 Moderate

BC soil + 50% sand 10 Low

3.3 Swelling and Shrinkage Properties

Free Swell Index (FSI)
Free swell index is increase in the volume of soil, without any external constraints,
on submergence in water. The FSI values of native BC soil and clay–sand mixtures
were determined as per IS: 2720 (Part 40)—1977 and the values are given in Table
4.

As can be seen from this table, black cotton soil has FSI value of 209%, indicating
veryhighdegreeof expansion and it is observed thatwith the additionof 10%sandFSI
value was found as 130%, although decreased by about 38%, which still indicates
high degree of expansion, while the addition of higher percentages of sand could
reduce the FSI values which indicates the degree of expansion as low.

Swell Potential
Swell potential of a soil depends on clay content. And the variation of the swell
potential with time for the untreated black cotton soil and different types of clay–
sand mixtures for both fine sand and coarse sand are presented in Figs. 4 and 5,
respectively. It can be observed from these figures, that the swell potential varies
differently with respect to time period for swelling.

The increase in swell potential in the initial period of time of 10 min is very less,
whereas the value is increasing exponentially after the first 10 min up to 1000 min.

Fig. 4 Swell potential (%) versus log time graph for BC with fine sand mixture
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Fig. 5 Swell potential (%) versus log time graph for BC with coarse sand mixture

Table 5 Swell potential for soil mixtures

Soil type BC soil BC Soil +
10% FS

BC soil +
30% FS

BC soil +
50% FS

BC Soil +
10% CS

Bc soil +
30% CS

BC soil +
50% CS

Swell
potential
(%)

4.82 3.45 1.475 0.95 3.90 2.70 1.40

And after 1000 min, again the slope of the swell potential for both types of clay–sand
mixtures are given in Table 5.

It can be observed from this table that the swell potential value decreases with an
increase in the percentage of sand portion and decreases by a maximum of 80% with
find sand and by around 70% with coarse sand.

Swell potential of BC soil as described earlier falls in high degree of expansion
category. Thus, it is undesirable to use in construction of buffer. Comparatively fine
sand decreases the swelling behavior of BC soil than coarse sand.

Volumetric Shrinkage
Volumetric shrinkage is determined for soil mixtures at maximum dry density.
Sample is prepared and compacted in the mold and placed in UTM explained previ-
ously and the volumetric shrinkage is determined for various proportions of fine sand
and coarse sand content with BC soil.

In order to get more accurate results, two soil specimens are used for these
shrinkage tests and the average value of shrinkage for these two samples is considered
for understanding the volumetric shrinkage of clay–sand mixtures. Figure 6 shows
the two samples of untreated black cotton soil before and after shrinkage procedure.

The soil samples of clay–fine sand mixtures (10, 30, and 50%) before and after
shrinkage are presented in Figs. 7, 8, and 9, respectively. Similarly, the soil samples of
clay–coarse sandmixtures (10, 30, and 50%) before and after shrinkage are presented
in Figs. 10, 11, and 12, respectively.
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Fig. 6 Shrinkage of BC soil

Fig. 7 Shrinkage of BC soil with 10% fine sand
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Fig. 8 Shrinkage of BC soil with 30% fine sand

The average ultimate volumetric shrinkage values and the time taken for the
shrinkage of all these categories of clay–sand mixtures along with that of original
untreated black cotton soil are given in Table 6.

As can be observed from the above table, in general the volumetric shrinkage
values of clay–sand mixtures are less than that of untreated black cotton soil. And
the values of clay–fine sand mixtures are found to be less than that of clay–coarse
sand mixtures, which are similar to that of swell potential values of these mixtures.
There is a maximum decrease of volumetric shrinkage by about 6.6%with fine sands
when compared to 4.7% decrease with the addition of coarse sands. The percentage
decrease in the volumetric shrinkage of clay–fine sand mixtures is more than that of
clay–coarse sand mixtures, for all the proportions tried in the present study.

Lesser values of volumetric shrinkage for all the clay–sand mixtures clearly indi-
cate possible higher performance of these soils over the original black cotton soil in
the functioning of containment zones of nuclear wastes.
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Fig. 9 Shrinkage of BC soil with 50% fine sand

Fig. 10 Shrinkage of BC soil with 10% coarse sand

4 Conclusions

The following conclusions are drawn from the present study.

1. The plasticity index values of the clay–sand (both fine and coarse sand)mixtures
were decreased by considerable percentage than those of original black cotton
soil.
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Fig. 11 Shrinkage of BC soil with 30% coarse sand

2. The maximum dry density values of clay–sand mixtures are higher than that of
original clayey soil while the optimum moisture content values are lesser than
that of original black cotton soil. These findings will clearly indicate the possi-
bility of higher compaction potency for the clay–soil mixtures when compared
to clayey soils.

3. With increasing sand content in both the types of sands, lesser values are
observed for both swell potential and volumetric shrinkage.

4. Out of the two types of sands used in the present investigation, fine sand is
preferably used over coarse sand in clay-sand mixtures for the usage of buffer
materials, considering the higher reduction in volumetric shrinkage. Although
the swell potential and maximum dry density of former is less than the latter.
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Fig. 12 Shrinkage of BC soil with 50% coarse sand

Table 6 Volumetric shrinkage and time taken for shrinkage values

Soil type BC soil BC soil +
10% FS

BC soil
+ 30%
FS

BC soil
+ 50%
FS

BC soil +
10% CS

BC soil +
30% CS

BC soil
+ 50%
CS

Volumetric
shrinkage
(%)

13.16 11.67 6.52 4.53 12.58 10.46 6.95

Time taken
(days)

27 24 23 20 26 23 21
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5. As lesser values of volumetric shrinkage and higher values of swell potential are
preferred for buffer material usage in the containment portions of nuclear waste
disposal based on the functioning of containment zones of nuclear wastes, out
of all the mix proportions investigated, 10% fine sand and clay mixture is found
to be most optimum for this purpose.

Further studies preferably in the field are required before recommending these
clay–sand mixtures as buffer materials used for nuclear waste disposal.
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Swell-Compressibility Behavior
of Geopolymer Blended Expansive Clays

T. V. Nagaraju, B. M. Sunil, and Babloo Chaudhary

Abstract This paper presents the influence of GGBS-based geopolymer on swell-
compressibility characteristics of oven-dry, expansive clay passing 4.75 mm sieve.
One-dimensional swell-consolidation tests were conducted on the expansive clay
passing through 4.75 mm sieve to which GGBS was added at 0, 5, 10, 15, and 20%
by dry weight of the clay. Rate of heave, swell potential, swelling pressure, and
linear shrinkage were evaluated. Rate of heave and swell potential decreased signif-
icantly with increase in GGBS content. The paper also explores the microstructure
behavior and surface texture of the GGBS-based geopolymer–clay blends using the
scanning electronmicroscopy (SEM). The SEM results revealed that the higher Si/Al
compounds increase the dense phase of geopolymer products.Moreover, geopolymer
synthesis can contribute to the bulk utilization of industrial by-products.

Keywords Expansive clays · Geopolymers ·Microstructure · Swell · Shrinkage

1 Introduction

Expansive clays are problematic by virtue of their swelling and shrinkage behavior
with variation of moisture content [1]. Expansive clay as foundation soil or as a
sub-grade soil leads to severe distresses and cause damages for both substructure
and superstructure [1, 2]. To counteract these distresses caused by the expansive
clays, many ground improvement techniques were in practise by means of chemical
modification, mechanical modification, and hydraulic modification [2–4].

Chemical amelioration techniques are quite successful to enhance the proper-
ties of expansive clays. Moreover, the availability of gravel soils for the purpose
of mechanical stabilization is not always possible in the field which increases the
potentiality of the chemical stabilization. Furthermore, increasing industrialization
generates large quantities of industrial products such as fly ash, pond ash, ground
granulated blast furnace slag (GGBS), silica fume and rice husk ash (RHA). Earlier,
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cement and lime stabilization has been intensively used in treating the expansive clays
[4–6]. However, the manufacturing process of ordinary Portland cement emits larger
quantity of CO2. On the other hand, lime is also energy intensive. These numerous
studies [7–9] showed that cement and lime are quite successful in counter acting
the swell-shrink behavior, improving the strength characteristics and reducing the
plasticity nature of the clay.

There are industrial by-products as mentioned earlier can be utilized as a partial
replacement for treating expansive clays in the construction. These pozzolanic mate-
rials were helpful in improving the strength characteristics and swell–shrink behavior
[10]. The main reaction that occurs in the soil pozzolanic materials is flocculation
(soil particles combined together to form flocks) and cementation (minerals in clay
particles reactswith Si andAl ions in the pozzolanicmaterial to produce cementitious
compounds) [11].

In current research, geopolymers were used in soils as a stabilizer where large
quantities of industrial by-products can be utilized as a precursor. The use of geopoly-
mers in the soilswith additionof precursor candevelopgeopolymer products [12–14].
The geopolymer products were developed based on the reaction between the alkali-
activated solution and presence of Si and Al ions in the precursor [15]. Moreover,
hardening of geopolymer blends occurs due to the condensation between the Si and
Al ions and there hardening is more rapid than the presence of Si ions alone [16, 17].
UCS results of lateritic soil significantly increased with alkali activation, and they
meet the strength requirements of pavements having both light and heavy volume
traffic [18].

Themain objective of the present work is to analyze the effects of geopolymers on
the swell–compressibility behavior. One-dimensional swell consolidation tests were
conducted on the geopolymer blended expansive clays for determining the rate of
heave, swell potential, and swelling pressure. In addition to swell–compressibility
behavior, subsequent scanning electron microscopy (SEM) analysis was carried for
the geopolymer–soil blends with varying precursor content.

2 Materials and Methods

2.1 Materials

The experimental investigation was carried on the expansive clay having the free
swell index 145%. The soil sample was collected at a depth of 0.5 m below the
ground surface from Bhimavaram, Andhra Pradesh, India. The precursor used in this
study is GGBS which was obtained from the Vespra Pvt. limited, Vijayawada, India.
The properties of an expansive clay and GGBS were tabulated in Table 1. In this
study, geopolymers were used to chemically alter the properties of expansive clays.
Alkali-activated solution was prepared using the sodium hydroxide solution (NaOH)
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Table 1 Properties of an expansive clay and GGBS

Property Silica fume content

0% 5% 10% 15% 20%

Heave (mm) 1.84 1.54 1.42 1.36 1.32

Swell potential (%) 9.2 7.7 7.1 6.8 6.6

Swelling pressure (kPa) 110 140 215 – –

Rebound (mm) 0.32 0.24 0.18 0.12 0.07

Linear shrinkage (%) 8 4 3 – –

of 10 molarity and sodium silicate gel (Na2SiO3), and their ratios Na2SiO3/NaOH
were maintained as 2.5.

2.2 Methods

Two series of experimental investigations were conducted. In the first investiga-
tion, swell–compressibility behavior of the geopolymer blends with varying GGBS
content was studied. In the second investigation, SEM analysis was carried for the
geopolymer–soil blends.

The swell-consolidation tests were conducted on the untreated expansive clay and
expansive clay treated with GGBS-based geopolymer with varying GGBS content
as 5%, 10%, 15%, and 20% by dry weight of the soil. The oven-dry expansive
clay passing through 4.75 mm sieve was treated with the GGBS-based geopolymers
with varying GGBS content, and the premixed geopolymer blended soil was cured
for the 5 days. The prepared geopolymer–soil blend (passing through 4.75 mm)
was weighed corresponding to the γ d chosen (13 kN/m3) and the volume of the
consolidometer ring (diameter = 60 mm; height = 20 mm) for the performance
of one-dimensional swell-consolidation tests. The blended sample was statically
compacted in the consolidometer ring in four layers each of 5 mm thickness so as
to ensure a uniform γ d . A filter paper and a porous stone were placed at each end
of the sample, and this unit was placed in the consolidometer after positioning the
loading pad. This assembly was mounted on the loading frame, and the samples were
allowed to undergo free swell by inundation for three days (exactly 72 h) under a
surcharge of 5 kPa. The dial readings were continuously monitored as the samples
underwent swelling. After equilibrium heave, which would generally be reached in
three days in oedometer specimens of 20 mm thickness, the samples were subjected
to consolidation under increased vertical stresses.

Swell potential (S%)was determined as the ratio of increase thickness (�H) to the
original thickness (H), expressed as S%. And swelling pressure (ps) was determined
from e-log p curves as the pressure corresponding to the initial void ratio.
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Other series of investigation, scanning electronmicroscopy (SEM) testwas carried
for the aforementioned geopolymer–soil blends, to understand about microstructural
behavior of geopolymer–clay blends.

3 Results and Discussion

3.1 Effects of Geopolymer on Swell–Compressibility

Figure 1 shows the rate of heave of untreated clay and clay treated with the GGBS-
based geopolymers with variation of GGBS content. The untreated clay attained an
equilibrium heave of 1.84 mm in the end of 3 day (4320 s). The rate of heave of the
GGBS-based geopolymer blends decreased significantly with increasing precursor
content from 0 to 20%. This could be attributed to the presence of geopolymers that
influence the expanding lattice structure of montmorillonite mineral and also devel-
opment of geopolymer products. Another curious point which may be highlighted in
respect of rate of heave of geopolymer blends was there was no initial hike in the rate
of heave as compared to the untreated expansive clay. This is due to the geopolymer
blends that were pretreated which not allow the water into the clay pockets.

Figure 2 shows that the swell potential decreased with increase in GGBS content
in the GGBS-based geopolymers. The reduction of swell potential was from 9.2 to
6.6% when precursor (GGBS) content increased from 0 to 20%. The improvement
in the swell potential values was due to the reduction of surfaces forces within the
clay particles.

The e-log p data curves of the untreated clay and clay are treated with the GGBS-
based geopolymers with varying precursor content. The e-log p curves clearly indi-
cated that swelling pressure (ps) could not be determined when GGBS content is
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more than the 15% (see Fig. 3). At higher precursor contents, efficient and effective
geopolymer products would develop dense matrix in the blends, which helps in not
vent of any water molecules, and therefore, the expanding lattice of montmorillonite
structure is counteracted. Even the GGBS-based geopolymer soil bended samples in
an inundation time of three days in the oedometer not show any change in swelling
pressure due to the strong geopolymer products. Rebound and linear shrinkage was
decreased with increasing GGBS content in the geopolymer–clay blends. This can
be attributed due to the strong geopolymer products that offer resistance against the
both axial and lateral displacement of clay grains (Fig. 4).
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3.2 Effect of Geopolymer on Microstructure

Figure 5a shows that the untreated expansive clay having open texture. Geopolymer-
treated SEM micrographs revealed that the dense compacted geopolymer products
existswhen the precursor contentmore than 10% in the blends, leading to an improve-
ment in the swell–compressibility behavior. The dense matrix is formed due to the
reaction of Si ions and alkali-activated gel, tends to formation of CSH gel highlighted
in Fig. 5c. The surface texture in Fig. 5d clearly shows pockets on the surface due
to the possibility of higher concentration leaching of Al and Si oxides from GGBS
(20%) by alkali dissolution of the precursor. Further, allows the formation of Si–O–Si
bonds.

4 Conclusions

This paper presents the influence of GGBS-based geopolymers on expansive clays.
The GGBS-based geopolymers are formed by activating GGBS, which is rich in
combination of silica (40%) and alumina (13.5%). The following conclusions can
be drawn from the foregoing experimental study:

1. Rate of heave and swell potential of theGGBS-basedgeopolymer clay decreased
with increasing GGBS content in the blends.

2. Swelling pressure (ps) of the GGBS-based geopolymers increased significantly
with increasing precursor content. However, swelling pressure could not be
determined when the precursor content is more than the 15% in the geopolymer
clay blends owing to the development of efficient geopolymer products.

3. SEM micrographs revealed that the geopolymer–clay blends having strong
bonds due to the leaching of Si and Al ions in the alkali dissolution of the
precursor.
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Fig. 5 SEM micrographs of geopolymer–clay blends with varying GGBS content a untreated
expansive clay, b 10% GGBS, c 15% GGBS, and d 20% GGBS

4. Alkali activation of GGBS can be helpful in bulk utilization of GGBS in
soil stabilization, whereas GGBS content alone cannot give better results as
compared with alkali-activated GGBS [10].
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Swelling Behavior and Permeability
of Polymerized Bentonite with Due
Monomers

Nie Jixiang and Chai Jinchun

Abstract To improve the anti-cationic solution capability of geosynthetic clay liners
(GCLs), new polymerized bentonites (PBs) were produced for potential use as cores
of GCLs. PBs were produced using free radical polymerization method with due
monomers, acrylic acid (M1) and acrylamide (M2), and potassium persulfate as
initiator (I). The natural bentonite (UB) used was a sodium type one. The adopted
pHwas 6, I/(M1 +M2) ratio of 0.005, and (M1 +M2)/UB ratio of 0.05 (0.05 PB) and
0.1 (0.1 PB). The results of the X-ray diffraction (XRD) indicate that PBs produced
in this study can be classified as micro-composite. The swelling capacity of the PBs
was investigated by free swelling index (FSI) tests. In deionized water, 0.1 M to
0.6 M NaCl and 0.03 to 0.06 M CaCl2 solutions, the values of FSI of PBs are higher
than that of UB. For PBs, FSI increased with increase of polymer/bentonite ratio. In
deionized water, FSI of 0.1 PB was more than 5 times that of the UB. The values
of permeability of the PBs and UB with 0.6 M NaCl solution were deduced from
oedometer test results. At the same void ratio, the permeability of 0.1 PB was more
than one order lower than that of the UB. For the 0.1 PB, for void ratio up to 7.5, the
value of k was less than 10–10 m/s. Therefore, 0.1 PB can be used as core material
of GCLs to be used under higher concentration of Na+ environment.

Keywords GCL · Polymerized bentonite · Free swelling index

1 Introduction

Geosynthetic clay liners (GCLs) are widely used as landfill liners to prevent waste
leachate flowing into the surrounding ground [1, 2]. GCLs are factory-manufactured
consisting of a thin layer of sodium bentonite sandwiched between two geotextiles
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that are bonded by needle punching or stitching [3]. Sodium bentonite (UB) has low
permeability to water (typically <10−10 m/s) [4–6] and excellent swelling ability
with water [7–9], which can self-heal certain damage holes on the GCLs. However,
for cationic solutions, the permeability of UB increases [10, 11] and the self-healing
capacity decreases [12]. Therefore, under an environment of higher concentration
of cation solution, GCLs cannot effectively act as a barrier. In the past decades,
researchers have modified UB with polymers to improve its swelling properties
[13, 14]. The results of the studies confirmed that the polymerized bentonite (PB)
had higher swelling capacity and lower permeability in cationic solutions than the
corresponding UB [15]. While for higher concentration cationic solutions, such as
0.6 M NaCl and 0.6 M CaCl2 solutions, the literature reported PBs still cannot meet
the requirement for using as a core material of GCLs.

In this study, a new PBswas producedwith twomonomers using free radical poly-
merization method. The swelling properties and permeability of the newly produced
PBsweremeasured by free swelling index (FSI) tests and consolidation tests, respec-
tively, and the results are reported. The discussions were made on its potential use
in GCLs.

2 Materials Used and Polymerization Method

2.1 Bentonite

Natural sodium bentonite fromWyoming, USAwas used. To remove impurity mate-
rial, the natural sodium bentonite was stirred for 30 min in deionized water and static
precipitated for 48 h. Then extract the upper slurry from the container as untreated
sodium bentonite (UB). The dried UB will be used for producing PB.

2.2 Polymerization Method

Acrylic acid (C3H4O2) (M1) and acrylamide (C3H5NO) (M2) as monomers, potas-
sium persulfate as initiator (I), and deionized water as the solvent were used in the
process of polymerization. The conditions adopted for polymerization are M1/M2

ratio of 0.5, I/(M1 + M2) ratio of 0.5%, (M1 + M2)/UB ratio of 5% (0.05 PB) and
10% (0.1 PB). Free radical polymerization method was used with following steps:

1. Prepare sodiumbentonite slurry. 10 g dried powderedUBwasmixed into 200ml
deionized water with a ratio of 1:20, by stirring it for 1 h and keeping it more
than 12 h in static state to form a homogeneous sodium bentonite slurry.

2. Prepare monomer mixture solution. M1/M2 ratio was set as 1/2. 0.333 g M1

was dissolved into 30 ml deionized water, which was neutralized with 1 M
NaOH solution to make pH of 6.0 (±0.05). Then 0.666 g M2 was added into
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Table 1 Specific gravity, plastic limit, and liquid limits of the bentonite

Properties UB 0.1 PB

Liquid limit wl (%) 716.0 1005.0

Plastic limit wp (%) 46.0 40.6

Specific gravity G 2.75 2.61

the neutralized solution and stirred evenly for 1 min to form mixed monomer
solution.

3. Prepare composite slurry. The mixed monomer solution was mixed into the
sodium bentonite slurry and stirred for 20 min to form a homogeneous mixture
slurry. Then 0.005 g potassium persulfate was dissolved in 20 ml deionized
water, which was added into the mixture slurry and continued to keep stirring
for 10 min. After that the composite slurry was formed.

4. Polymerize bentonite. The composite solution was vacuumed in airtight
container using 0.1 MPa for 2 h to remove O2. The whole composite slurry
was exposed into the oven at 100 °C to polymerize for 24 h. The PB was made
into powder passing through 75µm sieve. Liquid limits (wl), plastic limits (wp),
and specific gravities (G) of the UB and the 0.1 PB are listed in Table 1. The
specific gravity of PB is a little smaller than that of UB, and it may be attributed
that the structure of UB is modified by polymers.

3 X-Ray Diffraction Analysis

The X-ray diffraction (XRD) tests were conducted using a SHIMADZUXRD -6000
for the 0.1 PB and UB. The 0.1 PB or UB was filled into the specimen container
of 20 mm in diameter and 1.25 mm in height. The voltage and current of the X-ray
tubes used were 40 kV and 30 mA, respectively. Figure 1 shows that the position
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Fig. 1 XRD patterns of UB and 0.1 PB
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of the diffraction peak of 0.1 PB is almost the same as the UB, which indicates the
interlayer spacing of sodium bentonite crystal was not modified by the polymeriza-
tion. Generally, according to the state of the long chains of the polymers insertion
into the silicate layer of sodium bentonite, clay–polymer composite structure can
be classified into three types: (1) phase-separated (micro-composite or conventional
composite); (2) intercalated; and (3) exfoliated structures, which include one micro-
composite structure and two nanocomposite structures [16, 17]. The result in Fig. 5
shows that the 0.1 PB belong to phase-separated composite.

For phase-separated structure, the polymer cannot be embedded between the sili-
cate sheets of bentonite, and the bentonite particles are coated by the polymer. There-
fore, it is inferred that for 0.1 PB, polymers did not enter the interlayer of sodium
bentonite crystals and only wrapped around the particles of the sodium bentonite.

4 Swelling Properties of the PB and UB

The swelling capacity of the UB and PBs was evaluated using free swelling index
(FSI) tests which were conducted following the ASTMD5890 [18]. 2 g dried of PBs
or UB was slowly and evenly dropped into the desired solution of 100 ml at a rate of
0.1 g per 10 min. The final volume of the swelled sample was measured after 24 h.
Each case was repeated three times to check the repeatability of the tests, and the
adopted values of FSI are mean values.

The FSI values of UB and PBs are shown in Fig. 2 for three solutions, namely
deionized water, 0.6 M NaCl, and 0.03 M CaCl2. For all three solutions, the PBs
had higher FSI value than that of UB. Also, for the PBs, FSI increased with
polymer/bentonite ratios. In deionized water, FSI value of 0.1 PB is more than 5
times that of the UB.With cation solutions, FSI value of 0.1 PB is approximately 1.6
times that of UB in 0.6 M NaCl and 1.2 times that of UB in 0.03 M CaCl2 solution.

Figure 3 shows the FSI values of 0.1 PB and UB in NaCl solutions with different
concentrations of 0.1 M, 0.3 M, and 0.6 M. For all the concentrations, 0.1 PB had
higher swelling capacities than that of UB. With the increase of NaCl concentration,
FSI value was reduced. However, percentage difference between the values of FSI of
the 0.1 PB and UB increased, i.e., the reduction of FSI with increase concentration
of NaCl was lower for 0.1 PB than that for UB. For the three concentrations, FSI
values of 0.1 PB meet the minimum requirement (≥24 ml/2 g) to be used in GCLs.
However, in 0.6 M NaCl solution, FSI value of UB is 17 ml/2 g which is lower
than 24 ml/2 g. Therefore, 0.1 PB has a better swelling ability to resistance the high
concentration Na+ ion.

FSI values of PB in CaCl2 solutions are shown in Fig. 4. 0.1 PB had a high FSI
value than that of UB in 0.03 M CaCl2 solution. However, PB almost had the similar
FSI value as that of UB in 0.06 M CaCl2 solution.



Swelling Behavior and Permeability of Polymerized … 505

  UB
  0.05 PB
  0.1 PB

Fr
ee

 sw
el

lin
g 

in
de

x 
FS

I (
m

l/2
g)

(a)
In deionized water

(b)
Fr

ee
 sw

el
lin

g 
in

de
x 

FS
I (

m
l/2

g)

  UB
  0.05 PB
  0.1 PB

In 0.6 M NaCl

(c)

Fr
ee

 sw
el

lin
g 

in
de

x 
FS

I (
m

l/2
g)

 UB
 0.05 PB
 0.1 PB

In 0.03 M CaCl2

Fig. 2 Comparing FSI values of PB and UB with a deionized water, b 0.6 M NaCl, and c 0.03 M
CaCl2 solution

5 Permeability of the PB and UB

The permeability (k) was evaluated from odometer test results. The odometer tests
were conducted followingASTMD2435 [19]. There are publications in the literature
that show that for low permeability materials, the value of k deduced from oedometer
test results is comparable with directly measured k [20, 21].

Dry powder of the PB orUBwas thoroughlymixedwith the 0.6MNaCl liquid at a
liquid content of two times its liquid limit and cured it for at least 24 h. After that, the
slurry was pre-consolidated under a vertical effective stress of 20 kPa in an odometer
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ring 60mm in diameter and 60mm in height until the rate of vertical deformationwas
less than 0.003 mm/h. The consolidation test was carried out with vertical effective
stress from 20 to 1280 kPa, by doubling the stress for each subsequent step. The
initial water content (wi), initial void ratio (ei), and compression index (Cc) of the
0.1 PB and the UB are given in Table 2.
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Table 2 Initial water content (wi), initial void ratio (ei), and compressibility index (Cc) of the UB
and 0.1 PB in 0.6 M NaCl solution

wi ei Cc

UB 249.50 6.62 2.07

0.1 PB 451.03 8.09 2.31

The obtained values of permeability are presented in a relationship between void
ratio (e) and permeability (k) as shown in Fig. 5. The 0.1 PB samples had obviously
lower values of k than that of the UB in 0.6MNaCl solution. For the 0.1 PB, for void
ratio up to 7.5, the value of k was less than 10–10 m/s. It suggests that the 0.1 PB can
be used as a barrier material where higher concentration of Na+ ion solutions exist.

6 Conclusions

New polymerized bentonites (PBs) were produced using free radical polymerization
method with due monomers, acrylate acid (M1) and acrylamide (M2), and potassium
persulfate as initiator (I). Other conditions adopted were: pH of 6, I/(M1 +M2) ratio
of 0.005, and (M1 + M2)/UB ratio of 0.05 (0.05 PB) and 0.1 (0.1 PB). Properties of
the PBs andUBwere investigated using free swelling index (FSI) tests, consolidation
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tests, and XRD analyses. Based on the test results, the following conclusions can be
drawn.

1. The results of X-ray diffraction (XRD) analysis show that for the PBs produced,
polymer chains did not enter the interlayer of the sodium bentonite crystals. It
is postulated that the PBs produced in this study can be classified as micro-
composite.

2. In deionized water, 0.1 M to 0.6 M NaCl and 0.03 to 0.06 CaCl2 solutions,
the values of FSI of PBs are higher than that of UB. For PBs, FSI increased
with increase of polymer/bentonite ratio. In deionized water, FSI of 0.1 PB was
more than 5 times the UB. In 0.6 M NaCl solution, FSI of 0.1 PB was more
than 24 ml/2 g, which means that the 0.1 PB can be used as the core of GCL.

3. With 0.6 M NaCl solutions, at the same void ratio, the permeability of 0.1 PB
was more than one order lower than that of the UB. For the 0.1 PB, for void
ratio up to 7.5, the value of k was less than 10–10 m/s. Therefore, 0.1 PB can be
used as a barrier material under higher concentration of Na+ environment.
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Suitability of Mechanically Biologically
Treated Waste for Landfill Covers

T. G. Parameswaran, N. Anusree, P. Sughosh, G. L. SivakumarBabu,
and T. K. K. Chamindu Deepagoda

Abstract Landfills are one of the major sources of atmospheric methane (CH4),
which causes global warming. The microbial oxidation of methane in engineered
covers is considered a potent option for the mitigation of methane emissions from
landfills or sites containing wastes of low methane generation rates. Studies have
shown that microbial oxidation of CH4 in landfill cover soil is enhanced in the
presence of organic matter-rich substrates. Hence, in this study, the methane oxida-
tion potential for a mechanically separated, biologically treated, and anaerobically
digestedwaste (MBTwaste) is being investigated. Column experimentswere devised
for the study; the results of which indicate that the oxidation potential of the material
is far above the reported average values. This suggests that thematerial could be satis-
factorily used as a cover material in landfills. The gas concentration profiles obtained
from the experiments were validated with the numerical model which gave matching
results. This suggests that the methodology adopted to model the methane oxidation
in the numerical model is satisfactory and could be used for future investigations.
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1 Introduction

Landfills are one of the major sources of atmospheric methane (CH4), which causes
global warming. The greenhouse potential of CH4 is 21 times higher than that of CO2

[7]. Fugitive and residual emissions of methane are found to have reduced through
microbialmethane oxidation in landfill cover soils. Recently, a number of researchers
have recognized the potential for designing soil covers and biofilters that maximize
CH4 oxidation [3, 10]. More recently, research has focused on methods to increase
CH4 oxidation by improving landfill covers by adding organic-rich materials such
as sludge and composts [8].

As per the latest report by Central Pollution Control Board of India, 127,486
tonnes of MSW is being generated per day as a result of rise in the economy [9]. It is
reported that around 70–90% ofMunicipal solid waste (MSW) generated is disposed
in open dumps and in landfills [6]. Unscientificmethods of waste disposal would lead
to air, soil, and groundwater pollution and thus in several countries, waste treatment
units are installed which act as an intermediate treatment facility that takes a place
before landfilling.

Studies have shown that methane oxidation in covers could be sufficiently
enhanced through the addition of organic-rich materials which have sufficient
porosity to assure the required supply of oxygen coupled with a satisfactory reten-
tion time [5]. Compost from waste treatment units, compost with wood chips or
compost–soil mixtures are the commonly used biocover materials [2, 12].

Pariatamby et al. [7] investigated the methane oxidation efficiency with the addi-
tion of different organic wastes in different combinations through batch studies. The
study concluded that addition of organic wastes at optimum ratio and combination
with compost as landfill cover material will have a significant effect on methane
emission reduction. Zulfiany et al. [13] investigated the characteristics of compost
produced by waste treatment unit (WTU) in City of Depok for its potential as a
biocover material. The results of the column study indicated that the compost could
be sufficiently used for a biocover material. Huber et al. [4] tested the methane oxida-
tion rates of 30 different compost materials (of different age and input materials)
with laboratory column setups. The study suggested that bulk density, the organic
matter, total organic carbon, nutrient content, water holding capacity, and electrical
conductivity had a relevant impact on the oxidation efficiency of the investigated
materials.

Literature reports various studies on compost (or waste) materials for its usability
as a biocover in landfills. Even then, it is to be understood that expense of these
materials is high so they are best suited for application in hotspots [1] or biowindrows
[11]. Mechanically biologically treated (MBT) waste may be a viable alternative
material for biocovers, since it is readily available waste in landfills and is less costly
than compost. Thus in this study, the potential of mechanically biologically treated
(MBT) waste material is checked for biocovers through column experiments and the
results are validated through numerical modeling.
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2 Materials and Methods

TheMBTwaste used in this studywas collected from amunicipal solid waste landfill
in Mavallipura, India, and was anaerobically digested for 470 days. The MBT waste
reaching Mavallipura landfill site was subjected to mechanical separation (involving
a series of shredding and screening) and biological processes before disposing into
landfills. The residual obtained was anaerobically digested which was used for the
current study.

Column setups were utilized for the study. The sections were made of polyvinyl
chloride, with 80 cm height and a 15.4 cm diameter. Every section had an aggregate
of five side inspecting ports situated at 5–10 cm interims along the length of the
column. An extra examining port was set on the outlet, to gauge the concentration
of CH4 inside the headspace region. The MBT waste was filled in the column to a
height of 60 cm at a bulk density of 745 kg/m3. An inlet gas 99.5% CH4 was fed into
the base of the segments at a stream rate of 25 mL/min simulating the range of fluxes
encountered at landfills. Atmospheric air was passed over the headspace of column
at a stream rate of 100 mL/min (to maintain natural oxygen concentration) after
it went through the humidification chamber to give adequate O2 important to CH4

oxidation. Inlet flow rates were checked persistently utilizing rotameters. The flow
rate was verified using bubble flow meters. The column experiment was conducted
at room temperature. A 5 cm thick gas distribution layer composed of gravel was
installed at bottom of column to allow a uniform flow of gas to the base. Above this
layer, a geonet was put in to retain the MBT waste in position. Then the column was
filled with MBT waste over the gravel layer in layers, with each layer subjected to
light, uniform compaction. The schematic diagram and the laboratory column setup
for the study are given in Fig. 1.

Gas samples from column were sampled by a pressure-lock syringe through
rubber septa and were analyzed a gas chromatograph. In the gas chromatograph, O2

and N2 were separated using a molecular sieve and detected using a gas chromato-
graph equipped with a thermal conductivity detector (TCD). The gas chromatograph
settings for oven temperature were 50 °C andwith carrier gas as hydrogen. The peaks
obtained were quantified with Peak ABC integration software and the gas sample
concentrations were determined by comparing with standard gases.

3 Experimental Results

A gradual increment in methane oxidation rates was observed in column for 30 days.
A decrease in the amount of oxygen and simultaneous increase in carbon dioxide
concentration is seen in the column which is due to the action of methanotrophic
bacteria. Figure 2 shows the variation of the methane oxidation potential with time.
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Fig. 1 Schematic diagram and laboratory setup of the column

Fig. 2 Variation of methane oxidation potential with time
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Fig. 3 Gas concentration profiles at the end of 30 days

The concentration values reached a steady state at the end of 30 days. The vertical
gas concentration profile obtained for MBT waste in the column for 30 days is as
given in Fig. 3.

Experimental results show a methane oxidation efficiency of 81% (calculated
as the ratio of difference of bottom and top methane concentrations to the bottom
concentration) for the MBT waste which is high enough to limit the atmospheric
methane flux to a safe level.

4 Numerical Modeling

Numerical modeling was carried out with TOUGH3 EOS7CA to validate the experi-
mental results. The details of the simulator are given in Table 1, governing equations
in Table 2, and the properties considered in the simulation are as given in Table 3.

Since TOUGH3 EOS7CA does not have a module for oxidation, sinks were
introduced in various elements in the column which extracts methane at a specific
rate. As the oxygen diffusion is more at the top and less at the bottom, variable
methane extraction rates were specified along the depth of the column. The oxidation
capacity from the experiments is as shown in Table 4.

In the column study, as the methane concentrations were measured by collecting
only the gas samples, in the numerical model only themethane present in the gaseous
phase is taken for validation even though the migration occurs in both aqueous and
gaseous phases. The methane concentration profile observed from the experiments
and that obtained from the numerical simulation are as plotted in Fig. 4.
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Table 1 Details of the simulator

Characteristics Parameters chosen

Module used for simulations EOS7CA; integral finite difference method

Solution of equations Newton–Raphson iterations

Air composition 79% N2, 21% O2 by volume

Gas solubility As per Henry’s law

Mass transport mechanisms Advection and Fickian molecular diffusion

Advective transport As per multiphase extension of Darcy’s law

Heat transport Conduction, convection, and radiative transfer

Real gas mixture properties Peng Robinson (1976)

Tortuosity value Millington-Quirk model (1980)

Relative permeability calculation Van Genuchten–Mualem model (Mualem, 1976; van
Genuchten, 1980)

Capillary pressure function Van Genuchten function (1980)

Components Air, water, non-condensable gas (NCG), gas tracer, and
brine

Phases Two phases—gaseous and aqueous phases

Side boundaries Neumann boundary condition (no flux)

Atmosphere Dirichlet boundary condition (by assigning large volume
element)

It can be seen that the methane gas profiles obtained from the numerical model is
well correlated with the experimental results.

5 Conclusion

The methane oxidation efficiency in conventional covers is estimated to exist within
a range of 0 to 10% of the liberated methane. Research on the topic of methane
oxidation in covers promises possible values of even 100%, 40% being estimated as
the average value. Since an oxidation potential of 81% was obtained for MBT waste
in the column study, they can satisfactorily be used as an effective cover material.
Also, as the methane concentration profile accounting the methane oxidation in
the numerical model is well correlated with that from the experimental study, the
methodology adopted for modeling the methane migration in TOUGH3 EOS7CA is
satisfactory enough to be used for future purposes.
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Table 2 Governing equations in the simulator

Eq. no Equation Description

1 d0β = ϕτρβd
κ
β Effective diffusion coefficients in soil

2 d
dt

∫

V
MκVn = ∫

V
Fκ · nd�n + qκdVn Mass and energy balance equation

3 Mκ = ϕ
∑

β Sβρβ Xκ
β Mass accumulation

4 Fβ = ρβuβ = −k
krβρβ

μβ
(∇Pβ − ρβg) Phase flux

5 Fκ
adv = ∑

β Xκ
βFβ Component flux (advective)

6 f κ
β = −ϕτρβdκ

β∇Xκ
β Component flux (diffusive)

7
dκ
g (P, T ) = dκ

g (P0, T0)
P0
P

[
T+273.15
273.15

]θ Temperature dependence of gas diffusion
coefficients (Vargaftik, 1975; Walker et al.,
1981)

8 If Sl < Sls,

krl = √
S∗

{

1 −
(
1 − [

S∗]1/λ
)λ

}2

If Sl ≥ Sls, krl = 1 and
If Sgr = 0, krg = 1 − krl
If Sgr > 0

krg =
(
1 − Ŝ

)2(
1 − Ŝ2

)

Where

S∗ =
(

Sl−Slr
Sls−Slr

)
and Ŝ =

(
Sl−Slr

1−Slr−Sgr

)

Relative permeability (van Genuchten
Mualem, 1980)

9 Pcap = −P0
([
S∗]−1/λ − 1

)1−λ

;Pmax ≤
Pcap ≤ 0

Capillary pressure function (van
Genuchten, 1980)

10 Pκ
g = KH Xw Henry’s law

Table 3 Properties considered for the simulation

Property Values considered

Porosity 0.5

Absolute permeability (m2) 5 × 10–13

Degree of saturation 0.54

λ 0.11

Slr 0.1

Sls 1

Sgr 0.01

1/P0 8.5 × 10–4

Pmax 1010
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Table 4 Oxidation rates used for the simulation

Depth (cm) Oxidation rate (kg/s)

60.5 1.173 × 10–7

40.4 1.715 × 10–7

20 5.921 × 10–8

Fig. 4 Methane concentration profiles
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Synergy Between Poly Vinyl Alcohol
and Bentonite in Drilling Fluid
Formulation: An Experimental Study

Danielle Poungui, Kyuro Sasaki, Yuichi Sugai, and Ronald Nguele

Abstract The formulation of a drilling fluid is mostly defined by the type of forma-
tion to drill. Ensuringdrillingmud’s effectiveness before throughout a drillingprocess
implies monitoring its physico–chemical properties, including cake filtration. Cake
filtration of a drilling mud can be either good or poor (loss filtration or fluid drag
effect) depending on the mud swelling efficiency. A drilling mud made of bentonite
(or Barite) still needs the assistance of appropriate additives to carry it to its optimum
performance. The present study aims at monitoring the cake filtration of a water-
based drilling mud using polyvinyl alcohol (PVA), which is known and used for its
swelling abilities. The mud samples were formulated by blending two different types
of PVAs (standard & synthetic PVAs) with deionized water at various concentrations
(0.0%–0.3%) and 7% of bentonite. pH and density of muds were measured before
filtration tests. The cake filtration was evaluated by injecting 10 mL of mud samples
at constant pressure into a stainless steel Millipore sigma filter holder 90 mm at a
constant pressure of 1.2 MPa. Results show that the addition of PVA increases the
mud’s acidity with the concentration of polyvinyl alcohol. The observed higher reli-
able content of the samples with standard PVAwas confirmed by their higher density
values, leading to lower filtrate productions than the muds samples with synthetic
PVA.

Keywords Polyvinyl alcohol-bentonite dispersions · Cake filtration · Polymer ·
Drilling engineering · Rheology

1 Introduction

Water-based drilling fluid or WBDF is the general term associated to drilling mud
(DF) which is formulated by addition of water (base fluid) and reactive solids as
additives. To date, WBDF has still many disadvantages reported including formation
damage, low cake properties, and high fluid loss [1]. The mud filtration stage begins
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after forming a stable internal filter cake, which only allows the mud filtrate to
invade the formation while setting the stage for the further evolution of the external
filter cake. The fluid drag effect causes the filter cake to undergo compaction by
allowing the smaller particles to penetrate deeper through it [2]. It is further reported
that several properties among which formation permeability can alter the filtration
performance of a typical DF [3].

The crossflow of the mud against the borehole, which also altered the filtration
performance, is directly related to rheological properties of DFs. Therefore, ensuring
a successful and safe drilling process implies monitoring and controlling physio–
chemical characteristics of drilling muds. Extensive studies on polyvinyl alcohol
(PVA), a water-soluble synthetic polymer, have unveiled its swelling abilities [4].
This feature has been exploited with to overcome in drilling fluid-related issues such
as reducing torque and drag, controlling fluid loss, improving wellbore stability, and
drilling performance [1].

For example, İşçi and Turutoğlu (2011) showed that DFs, prepared using both
bentonite and sepiolite, could be stabilized by PVA, exhibiting thereby excellent
rheological properties [5]. Although a wealth of information has been reported in the
synergy between PVA and clays, few works have tackled the extent to which these
synergistic interactions would alter the filtration of DF [6].

There, herein is aimed to evaluate the influence of PVA addition on the DF filtra-
tion. Several DFs were formulated from bentonite clays and aqueous PVAs. A series
of filtration tests were conducted at 25 °C to investigate the influence of not only the
type of PVA but also the concentration within the drilling mud. Mass of the filtrate
as well as mud cake was selected as control parameters.

2 Materials and Methods

2.1 Materials

Bentonite clay was selected as primary clay for DF formulation. The polymers were
obtained from Mitsubishi chemicals. The properties of the polymers used in this
study are outlined in Table 1.

Bentonite and the polymerswere used as receivedwithout any formof purification.

Table 1 Properties of PVA polymera

Code Charge/type Hydrolysis type

PVA-1 Non-ionic/Standard Fully hydrolyzed

PVA-2 Cationic/Modified Partially hydrolyzed
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Table 2 Composition of the formulated drilling muds

No PVA Standard PVA Modified PVA

DF0 DF1 DF2

Bentonite 7 wt.%

PVA a 0.1 wt.%

b 0.2 wt.%

c 0.3 wt.%

2.2 Methods

2.2.1 Drilling Fluid Formulation

The formulation of sample mud was performed following Eq. (1),

DFx (a, b, c) = Bentonite+ (DI+ x(a, b, c)%PVA) (1)

In total, seven samples were prepared using Eq. (1), with DF prepared without
PVA been the control (DF0). Table 2 outlines the compositions of the DF as per
formulated in this work.

Sodium bentonite was added to the base fluids after ensuring the homogeneity of
water–polymer mixtures by stirring. All drilling muds contained the same amount of
water and bentonite. The samples were left for 12 h settling hours before performing
any measurements.

2.2.2 Drilling Fluid Filtration

Prior the filtration, both the density and the pH of DF were recorded. Approximately,
10 mL of the investigated DF was transferred to the filtration cup of a stainless steel
Millipore sigma filter holder within which was pre-installed a weighed filter paper
(� 2.70 µm).

The cell was closed and a constant pressure of 1.2 MPa was then applied onto
the muds by injection of Helium gas. The effluent fluid (filtrate) was recorded every
hour for a total of 5 h. The mud cake mass was obtained at the end of each filtration
test as the mass difference between the filter paper weight before and after filtration.
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3 Results and Discussion

3.1 Cake Filtration

Figure 1 shows the results of cake filtration in respect of polymer additions.
Though the injecting pressure was set to be constant throughout the filtration,

there was oscillation of pressure during filtration process. The increase of pressure
was the accumulation of helium gas in the filtration area as it was also breaking the
gas–solid/liquid interface and penetrating the mud. Under an applied pressure, fine
particles trickle through the cake and block the pores of the cake or the filter medium
[7]. The filtrate therefore goes through open pores of the cake before being produced,
resulting in gas ejection and pressure reduction.

However, the rate of filtrate loss over time and the amount of filtrate production
are an equally important indicator of the solid–liquid ratio and porous nature of
the mud, directly related to the good isolation. The excess of filtrate production
obtained during filtration tests of samples DF0 and DF1/2 at 0.1% PVA indicates a
large amount of liquid content in the said samples. The least polymer addition in the
samples has a negligible effect on the inhibition performance of the muds. The lesser
inhibition and expansion of clay particles of the more deficient hydration in the mud
make it easier to produce. Such cases should be avoided in situ to prevent loss fluid
and view drilling problems related to it. On the other hand, when it was found that
adding PVA, especially at a concentration of 0.3 wt%, a lower volume in the filtrate
is obtained. Under such circumstances, it requires more time and more force for the
gas to find ways thought the mud, thus reducing the gas’s sweeping efficiency and
a significant reduction of liquid filtration into the formation. Making the muds with
0.2% PVA concentration has relatively better filtrate production. A rational polymer
concentration provides a better clay dispersion and solid–liquid proportions required
for good filtration and convenient mud cake thickness after filtration.

Fig. 1 Cake filtration
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Fig. 2 Mud cake mass as
function of PVA addition
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3.2 Mud Cake Mass

Figure 2 shows the results of the remaining mud cake as function of the PVA
concentration.

A positive correlation between the mud cake and the polymer concentration could
be seenwith a larger volumeobtained for standard PVA. For example, adding 0. 2wt%
of standard PVA yields 4.6 g of cake mud, which was 11% higher compared to the
DF formulated from modified PVA. Recalling the results conveyed from Fig. 1, the
mud samples with cationic modified polymer showed more liquid content than those
with standard polymer.

In general, during inhibition, water is gradually squeezed out from the upper and
lower layers of clay with an increment of the adsorption degree, thereby reducing
clay of hydration [8]. PVA has the ability to maintain a certain amount of refined
grains in the mud mainly by bridging role and forming a stable space grid structure
with clay particles, creating a compact mud cake on the borehole wall [7]. The lower
mass of cake obtained from DF2 could be imputed to a selective adsorption of clay
particles for cations, especially the cations with lower hydration [8]. An internal filter
cake is formed when well-sized mud particles deposit in and around the wellbore,
in high concentration [2] Also, the fact that the cake thickness increases with the
concentration in polymer is due to static filtration conditions, which consists of the
dead-end filtration in filter press and accumulation of suspended particles on the filter
face [1].

3.3 Influence of pH and Density on Cake Mud Filtration

3.3.1 Contribution Mud Acidity on Mud Cake

Figure 3 shows the influence of the mud acidity of mud filtration.
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(a) Muds formulated from standard PVA 
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(b) Muds formulated from modified PVA 

Fig. 3 Influence of pH and relation with mud cake

The acidity of the mud decreases monotonically with the addition of PVA-OH in
drilling muds. Considering that the optimal pH for better water-based drilling mud
performance ranges between 8 and 10 [3], the polymer has a regulating effect on the
drilling mud.

A Michigan State University’s journal discussing about soil pH stated that, the
main elements affecting soil pH are calcium, magnesium and potassium. On their
own, these elements keep pH on the alkaline side. Soil pH is related to how well
the soil hangs onto these elements. sand typically has a lower pH than clay since
water moves through sand faster than clay [9]. When added to drilling mud, the
polymer sticks to clay particles surface through hydrogen bonding, which is the case
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of standard PVA (DF1, Fig. 3a). However, this effect is most expected from clayswith
higher cation exchange capacities and expandable clays that allowwater to access the
interlamellar space which houses the exchangeable cations[10]. With the presence
of a charged moiety on the PVA (NH4+), a competitive adsorption with between
the different silicate ions (SiO3

2−, SiO4
4−) of the bentonite clay is prompted. The

opposite charged ions packed and are held together by forces of electrical attraction
with each cation attracting all neighboring anions [11]. This causes a decrease in
mud cake mass.

In a similar work, Gamal et al. showed that increasing the pH from 9 to 10 resulted
in increasing the filtrated volume by 33% [12]. They argued that altering the pH of
the aqueous solutions, within which the bentonite clay is mixed, has an impact on
the filtration properties for the mud.

3.3.2 Contribution Mud Density on Mud Cake

Figure 4 Established the relationship between the mud cake and the mud density
It was found that density of the mud increases with the polymer concentration of

that cakemud. Thosewith a high concentration of polymerwere denser and exhibited
a gelling-like behavior as it shows in Fig. 1. Increasing the polymer concentration
promotes a highly charged solution from which stronger electrostatic interactions
exist.

Muds, formulated from polymers (DF1 or DF2), showed higher inhibiting perfor-
mance, herein expressed by the density, due to polymer high molecular weight of
the polymer. A plausible reason could be the electrostatic attraction of polymer with
clay particles and other adjacent clay particles creates bridge flocculation made by
two clay particles with their surrounding polymer extensions when they approached
each other [13].

However, there are suspensions inwhichflocculation occurswhile the electrostatic
forces are less important (DF0 for example). In that event, the adsorption can cause
repulsion between solid particles and the attraction of counter ions into the particles
[14]. This can explain why samples with standard polymers bearing lesser charges
particles, thus hosting lesser reactions, have higher swelling. As a result of these
interactions, the reduction of water content in the solution as new clusters are formed
among clay particles leading to much more resistance against fluid flowing [15].
Therefore, the polymer mud could prevent rock dispersion and keep the stability of
the borehole.

3.4 Conclusions

This experimentwas a synergistic study of the interactions between polyvinyl alcohol
(PVA) and clay particles as well as the influence of pH and density on cake filtration.
Based on the results obtained above, a better filtration rate is obtained when PVA is
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(a) Muds formulated from standard PVA 

(b) Muds formulated from modified PVA 
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Fig. 4 Mud density in respect of polymer concentration

added as additive in the mud. Using standard PVA, a larger mud cake was obtained
owing to hydrogen bonding between the silicate moieties of the bentonite and the
hydroxyl group of PVA.

The addition of cationic PVA promotes a better filtration due to the competitive
adsorption between the charged sites of the polymer and that of the bentonite clay.
The concentration at which the polymer is added to the mud is a determinant factor
of mud filtration performance. Enabling us to know at which polymer concentration
drilling problem such as fluid loss and fluid frag can be avoided.Amaximumpolymer
concentration can lead the properties of the designated mud to exceed the range
of acceptability of significant drilling mud. The addition of cationic polymer can
somehow improve the performance of DF.
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Bearing Capacity Determination
of Jointed-Timber Piles in the Saga
Lowland

Sailesh Shrestha, Yuki Matsumoto, Shunsuke Moriyama,
and Norihiko Miura

Abstract The pile load tests were conducted in the soft clay with high compress-
ibility and lower shear strength with depths until 10–30 m in the Saga lowland,
Japan. Generally, single-timber piles (STP) were used as the pile foundation of the
small-scale buildings in this area. However, differential settlements were experi-
enced in these buildings. To overcome the problems, the tip of the timber piles was
required to reach supporting stratum at greater depth. In order to reach the stratum,
the timber piles were connected with several joints. Until then, there were methods
to calculate the bearing capacity of STP. However, there was no detailed study to
describe the bearing capacity and its mechanism of the jointed-timber piles (JTP).
Based on the several pile load test results, the bearing capacity evaluation method
has been proposed for the JTP in terms of bearing capacity coefficients α and β. It
was confirmed that the second limit resistance forces were higher than the bearing
capacity evaluated with the proposedmethod, including the reduction effect of joints,
length/diameter ratio.

Keywords Jointed-timber piles · Second limit resistance force · Bearing capacity ·
Saga lowland

1 Introduction

Timber is one of the construction resources which is sustainable in the context of
Japan. To preserve the woods in a well-balanced condition, the matured trees whose
capacity to absorb CO2 is lower can be harvested and replaced by planting trees.
When the new trees grow, they absorb and store the CO2 emissions that are driving
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global warming. The trees can be planted in a vast amount, and the surplus trees can
be used for engineering purposes.

Single-timber piles (STP)were used as the foundation of the small-scale buildings
in the Saga lowland, coastal area of the Ariake sea, Japan (Fig. 1). Here, the STP
means the pile without any joint and is only one piece of the timber. Since the
depth of the soft clay/soft ground in the Saga lowland varied from 10 to 30 m with
high compressibility and low shear strength, due to the short length of the STP
piles, the problem of differential settlement of the building foundation occurred.
The construction code of conduct became very strict in this area with regard to the
settlement. To reduce the settlement of the building, it is necessary to use the longer
length of timber piles to reach the supporting strata at greater depth with higher
standard penetration test, SPT (N) values. The maximum length of each timber stake
used as the pile foundation should be less than or equal to 12 m. Due to transport
restrictions because of the narrow road to the site, the average length of the timber
stakes used is 3, 4, 5, and 6 m. Therefore, to meet the design length reaching the
bearing stratum, the timber stakes are jointed with joint reinforcement (steel pipes
or rebar) between them. The conventional method is available for calculating the
bearing capacity of the STP. However, there is no method update to calculate the
bearing capacity of the jointed-timber pile (JTP). In this paper, an attempt has been
made to understand the mechanism and estimate the bearing capacity of the JTP.

Fig. 1 Saga lowland



Bearing Capacity Determination of Jointed-Timber Piles … 535

Fig. 2 Jointed-timber pile installation

JTP consists of top concrete or preservative-treated timber combined above the
groundwater level and timber stake under the ground water level as a composite
pile to reduce the settlement and increase the bearing capacity of the soft ground
in Saga lowland (Fig. 2). From the results of maximum pile load or second limit
resistance force

(
R′
u

)
from the 54 number of pile load tests in 12 different locations

in the Saga lowland, the bearing capacity evaluation method for the design of JTP
has been proposed in which the bearing capacity coefficients α and β is based on the
results of the Swedish Weight Sounding (SWS) test. The proposed method carries
out a large number of loading tests. The results from the proposed method for JTP
were compared with the results from the STP in terms of the relation between the
shear resistance (τ ) and N ′

f values. Further, the bearing capacity of the pile in terms of
allowable compressive force (LRa)was also comparedwith the second limit resistance
force

(
R′
u

)
and the bearing capacity determined using the coefficients α and β (Ru).

2 Field Tests

Field tests were conducted in the 12 different locations in the Saga lowland. The
locations and the test periods of all the sites and the range of the pile’s depth into the
ground have been shown in QP Code 2 2018, the manual of Kyushu Piling co. Ltd,
certified by the General Building Research Corporation of Japan (GBRC) [1]. The
range of length of the timber piles was 2.5–23.5 m.
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Fig. 3 Schematic of Jointed-timber pile a Top concrete as a cap, b treated timber as a cap

2.1 Field Installation

Pile driving equipment (Pulsonic 4B, pushing force 10–16 tonnes, 20–60 Hz) is used
for driving the timber pile deep into the ground. It is reported in the literature “the
timber piles remained healthy for hundreds to thousands of years as long as they are
used in a reducing environment below groundwater level.” Above the groundwater
level, timber piles should be treated with a preservative to prevent degradation of the
wood from insect attack, for example, termites and white ants. Figure 3 demonstrates
the layout of the timber piling adopted in this JTPmethod. Timber logs are connected
through the steel pipes joints. Figure 3a shows the configuration in which the timber
stake is covered with the top concrete. In contrast, Fig. 3b shows the timber stake
covered with preservative-treated timber above the groundwater level.

2.2 Ground Survey Tests

The Saga lowland‘s ground profile is reported in the literature [2]. Before installing
the timber piles, the ground is surveyed by the Swedish weight sounding (SWS) test.
In the current pile load test locations, the standard penetration test (SPT) was also
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performed to assure the ground properties. The Japanese Geotechnical Society (JGS)
specifies the SWS test target ground to a maximum depth of about 10 m. It is due to
the influence of shaft friction near the surface layer and deep layer. However, from
construction experience, the accuracy of the SWS survey depth of 10 m or more is
not significantly impaired on the soft ground along the Saga lowland. The test site’s
geotechnical properties are described in the QP code 2 2018 [1] document, but here,
the ground profile of only one site E has been illustrated in Fig. 4. In Fig. 4, the SWS
value of the topsoil 0.0–1.9 m depth was 0.9 after loosened by the auger. To reduce
the lateral ground displacement, an auger is used to loosen top hard soil. Therefore,
in the design, the SWS value of the topsoil was ignored.

Fig. 4 Ground profile
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2.3 Procedure for Static Axial Compressive Load Test

A total of 54 axial compressive load tests from site A to site L was carried out
following the Japanese Geotechnical Society Standards [3] [JGS1811-2002]. The
loading method is a static one-step loading method. In the one-step loading method,
the test was carried out for 30 min in each step and took 5–7 h to apply the final load
thoroughly. The loading stages were eight or more, and the loading speed was the
planned maximum load/number of loading stages. The applied load increment was
maintained using a calibrated hydraulic jack, and the vertical displacement of the
pile head was measured using four dial gauges attached to two reference beams. The
displacements obtained from the four dial gauges attached on opposite sides of the
pile head were averaged to determine the corresponding head displacement of the
pile. For each load increment, the pile head displacement was recorded at elapsed
times of 1, 2, 5, 10, 15 min, and every 15 min.

3 Proposed Bearing Capacity Evaluation Method
for the Jointed-Timber Piles

A total of 54 axial compressive load tests (referred also as pile load tests) from Site
A to Site L was performed in 12 different locations in Saga lowland. In this section,
the bearing capacity evaluation method of jointed-timber piles is established at first.
The safety of using the proposed bearing capacity evaluation method is confirmed
by comparing it with the second limit resistance force

(
R′
u

)
obtained from the pile

load test results.

3.1 Determination of Bearing Capacity Evaluation Method

According to the notification of [4], there is a provision for the bearing capacity
calculation with the equation as follows:

Ru = αN ′
pAp + βN ′

fπDL (1)

where β = soil resistance factor at the periphery according to local experience, α is
the coefficient related to the tip support force, Ap = area of the end pile at the tip,
N ′
p and N ′

f are the average value of the results from the SWS test, D = diameter of
the pile, and L = length of the pile. To successfully use Eq. (1) in the field, if the
N values are known from the ground survey tests, then the value of the α and the β

should be estimated. The value of α and β vary depending on the location. Since the
ultimate load measured when a load is applied to the head of the pile is the sum of
the tip support force and the peripheral friction force, various combinations can be
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Fig. 5 Relationship between α and β

considered between the coefficient α and the coefficient β. For each of the 54 tests
that were confirmed, the value of α is taken as the width of the interval of 25 from
75 to 350 [4]. Then the value of β is back-calculated from Eq. (2).

β = R′
u − αN ′

pAp

N ′
f ∗ πDL

(2)

where R′
u = second limit resistance force obtained from the pile load test. The values

of the α and β for all the sites are tabulated in QP code 2 2018 [1]. The intersection
point of the lines with minimum β values was taken (Fig. 5). Figure 5 shows an
inflection point at α = 225 and β = 12.6. Thus, the values of α = 200 and β = 12.0
was set for safe evaluation method. Substituting the value of the α and β in Eq. (1),
the obtained equation is as follows:

Ru = 200N ′
pAp + 12.0N ′

fπDL (3)

which is proposed for the design of the JTP. According to the [4] of Japan rule, the
long-term bearing capacity of the pile is considered as one-third of the total value as
depicted below:

Long term allowable bearing capacity, Ra = 1/3Ru (4)

whereRa = allowable bearing capacity (kN),Ru = design bearing capacity fromEq. 3
(kN). The allowable bearing capacity obtained from Eq. (4) must be higher than the
design load. Further, the analysis of the bending failure of the piles is essential. The
load–moment (M–N) interaction curve can interpret the bending failure of the pile.
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In this research, the author did not include the bendingmoment investigation because
the pile head is free, i.e., the pile head are not connected to the footing of the building,
and in the case of earthquake or eccentrical load, there is no considerable bending
moment in the piles.

3.2 Results from Pile Load Tests

Table 1 gives the value of the second limit resistance force of pile load tests at
two different locations, Site E and Site L, and Fig. 6 shows the head displacement
relationship under load. The other location test results are included in the QP code 2
2018 [1]. The second limit resistance force is defined as the maximum load capacity
of the pile when the tip displacement of the timber pile reaches 10% of the nominal
diameter or when the indentation resistance reaches the maximum within the range
of 10% or less, as defined by JGS. If the tip displacement could not be measured, the
value of tip displacement is equivalent to the head displacement. In Fig. 6a, the pile
with a length of 5.5 m has a maximum load of 76 kN, and with a length of 16.5 m

Table 1 Second limit resistance force from the pile load test

Test
number

Length of
pile (m)

Nominal
diameter
(mm)

Second
limit
resistance
R′
u (kN)

Value calculated by proposed method

Rp (kN) Rf (kN) Ru (kN) R′
u/Ru

E1 5.5 160 76 10.2 54.1 64.3 1.18

E2 9.4 140 112 4.6 88.3 92.9 1.21

E3 4.8 16.5 210 178 285 8.2 205.9 214.1 1.33

6.0 180

5.7 150

L1 5.8 23.5 220 185 249 8.8 150.8 159.6 1.56

6.0 200

Fig. 6 Pile head displacement to pile load
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has a maximum load of 285 kN. It proves that the timber pile has considerable shaft
resistance and varies significantly with the pile’s length.

3.3 Validation of the Proposed Bearing Capacity Evaluation
Method

The design bearing capacity (Ru) of each test pile was calculated by Eq. (3) in
Sect. 3.1. It was then compared with the second limit resistance force, R′

u directly
obtained from the pile load test. Table 1 shows the second limit resistance

(
R′
u

)
ratio

from the pile load test to the design bearing capacity (Ru) calculated by Eq. 3. Here,
in Fig. 7 four sites have JTP, whereas eleven sites have STP. Further, Fig. 7 shows
the relation between these. According to the proposed bearing capacity evaluation
method, the second limit resistance force of the timber pile was 1.3 times than the
estimated design bearing capacity by Eq. (3). The proposed approach is safe to be
used in the field. This method can be used for both JTP and STP.

Fig. 7 Ratio of second limit resistance force
(
R′
u

)
to the design bearing capacity (Ru)
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4 Performance Confirmation of the Jointed-Timber Piles

The timber piles are connected with joint reinforcement to meet the design length. In
this case, it is necessary to consider the decrease in timber bearing capacity regarding
the shear strength and the compressive strength aspects.

4.1 Shear Resistance of the Timber Piles with or Without
Joints

Since the bearing capacity due to peripheral friction is dominant to the tip bearing
capacity (Table 1), the shear resistance acting at the periphery (τ) has been inves-
tigated to confirm the single-timber pile and jointed-timber pile’s bearing capacity
mechanism. Here,

τ = Rf/πDL (5)

where τ = Shear resistance of pile acting at the periphery (kN/m2).
Figure 8a represents the shear resistance of all the timber piles from short to long,

i.e., without joints (STP) and with joints (JTP) from length 2.5 to 23.5 m, including
overall Sites from A to L. The upper limit of overall tests data hints τ = 16.9 N ′

f

whereas the lower limit hints τ = 12.8 N ′
f . The value of τ = 16.9 N ′

f can be compared
with the value of τ = 17.3 N ′

f in Fig. 8b, which is the relationship between τ and N ′
f

when the timber piles are connected with the joints in between. Therefore, it can be
judged that there is no decrease in the bearing capacity of the pile due to the joints.
The results of the jointed-timber pile bearing capacity in terms of shear resistance
have no reduction compared with the results of the single-timber pile. Hence, it is
seen that the bearing capacity mechanism is same for both STP or JTP. In the legend
at the bottom right corner, nmeans the number of joints of the pile. The length of the
pile for the Site E and Site L is in Table 1. Site H has the two piles of length 9.5 and
14.5 m, and Site I has a pile of length 9.5 m. It can be seen, Figs. 5 and 8a, the results
agree with each other. In Fig. 5, the value of β was 12.6, which was the minimum
slope intersection from all the sites. Also, it can be seen in Fig. 8a, the line of τ vs
N ′
f with a minimum slope is 12.8. Further, previously as it was decided to use the

value of β = 12.0, the line corresponding to it, τ = 12.0 N ′
f lies lower than all the

lines, which means, β = 12.0, is a safe value for design.

4.2 Compressive Strength of the Jointed-Timber Pile

The calculation of the allowable compression force of the timber pile is based on
Eq. (6).
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Fig. 8 Relationship between the τ and N value at the periphery of the pile
(
N ′

f

)

Long term, L Ra = A′
p ·L fc (6)

LRa is the long term allowable compression force (kN) of the timber pile, A′
p is the

nominal diameter cross-section area (m2); Lf c is the long-term allowable compressive
strength (kN/m2) of the timber pile, where Lf c = 0.7 × Fc × (1.1/3). Here, 0.7 is
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the moisture content influence coefficient, Fc is the compressive strength, according
to the [5] notification no. 1524. Equation 6 is a limit state design considering the
ultimate limit state, where the maximum load is considered beyond the elastic limit.

4.3 Reduction in the Compressive Strength of the Timber Pile
Due to the Joints

It is necessary to consider the reduction in compressive strength due to the joints in
JTP. In the case of a maximum length of 23 m, three pieces of wood, and top concrete
or top wood with preservative-treated timber are joined, so the maximum number of
joints is three. Because of safety, a reduction rate of 0.1 for top concrete to timber
joint (the joint is rebar) and 0.15n for timber to timber joints (joint is steel pipes) is
considered. Further, it is necessary to consider the reduction rate b as:

b = (L/D−60)/100 (7)

where the length (L) is the total length of the pile in m, and the diameter (D) is the
diameter at the top of the pile. Thus, the material final allowable compression force
considering the two reduction rates (1) number of joints (2) L/D ratio is as follows:

With top concrete (long term)

L Ra = 0.7Fc.(1.1/3) · (1 − 0.15n + 0.05−b) · A′
p (8)

Without top concrete (long term)

L Ra = 0.7Fc.(1.1/3) · (1 − 0.15n−b) · A′
p (9)

where A′
p is the wood cross-sectional area (m2) based on the nominal diameter

considering weighted average, n is the number of joints. The reduction rate of 0.1 has
been included in Eq. 8. The long-term allowable compression force LRa determined
using Eq. (8), and the Ra determined using Eq. (4) was verified by comparing with
the 1/3 of the second limit resistance

(
R′
u

)
as shown in Table 2.

Table 2 Comparison of allowable bearing capacity (Ra) and compression force (LRa)

Test
number

Length of
pile (m)

Nominal
diameter
(mm)

Top
diameter
(mm)

(1 − 0.15n
+ 0.05 −
b)

LRa (kN) Ra =
1/3Ru
(kN)

R′
u /3 (kN)

E3 16.5 178 250 0.48 62.5 71.4 95.0

L1 23.5 185 250 0.20 28.1 53.2 83.1

L2 23.4 202 250 0.20 33.6 58.4 92.2
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The maximum allowable compressive force (LRa) is smaller than the long-term
allowable bearing capacity (Ra) from the proposedmethod in all the cases. Therefore,
in the field construction for the safety, the smaller value of the LRa or Ra was taken as
the final design bearing capacity. Further, both the values are smaller than the value
of 1/3 of the second limit resistance force value

(
R′
u

)
. Therefore, it is verified that

the force equation (Eqs. 8 and 9) gives a safe value. Even though the timber pile in
the field tests was able to sustain the high load, the reason behind using the LRa, i.e.,
the minimum of the LRa or Ra is for the purpose of safe design.

5 Conclusions

Single-timber piles (STP) were used in the Saga lowland, Japan, as a pile foundation
for the small-scale buildings. However, the problem of differential settlement of
the building foundation occurred. To reduce the settlement and increase the bearing
capacity of the highly compressible and low shear strength soft clay, timber piles had
joint reinforcement between them to reach the bearing stratum at a greater depth.
These piles with a joint in between themwere called jointed-timber piles (JTP). Until
now, the conventional bearing capacity method only explains the STP. However, no
method is available to evaluate the bearing capacity of the JTP and its mechanism.
To understand clearly and propose a bearing capacity evaluation method for JTP, 54
different pile load tests were conducted at 12 different locations in the Saga lowland,
and the following conclusions were achieved:

(1) The proposed bearing capacity evaluation method is safe to calculate the
bearing capacity of the JTP since its calculated value (Ru) is lower than the
value of the second limit resistance force

(
R′
u

)
obtained from the pile load tests

for all the Sites A to L.
(2) The proposed method is successful in satisfying the criteria of the STP. There

is no decrease in the bearing capacity of the JTP in terms of the shear resistance
(τ ) compared with the bearing capacity of the STP.

(3) Two reduction rates (1) number of joints (n) (2) length-to-diameter ratio (L/D)
has been implemented in the evaluation of the bearing capacity due to the
compressive strength of the timber pile. Finally, the minimum value of the
bearing capacity determined from the long-term allowable compressive force
(LRa) or from the proposed method (calculated from the bearing capacity coef-
ficients α and β) were chosen for the safe design. Both these values were
smaller than the second limit resistance force

(
R′
u

)
from the loading tests.

Acknowledgements The authors would like to thank the president of the Kyushu Piling Co.
Ltd. Mr. Shujiro Matsumoto for always inspiring to do the research and thank Mr. S. Yoshida
for completing the report to GBRC.



546 S. Shrestha et al.

References

1. Kyushu Piling Co. Ltd.: QP Code 2 2018. Building Technology Performance Certification
Evaluation Summary Report, GBRC 12-18, p. 155 (2018)

2. Chai, J.-C., Shrestha, S., Hino, T.: Failure of an embankment on soil-cement column-improved
clay deposit investigation and analysis. J. Geotech. Geoenviron. Eng., ASCE, 145(9) (2019)

3. Japanese Geotechnical Society: Standard for Method for Static Axial Compressive Load Test
of Single Piles. JGS1811-2002 (2002)

4. Ministry of Land: Infrastructure, Transport and Tourism. Notification No. 1113. http://www.
mlit.go.jp/en/index.html (2001)

5. Ministry of Land: Infrastructure, Transport and Tourism. Notification No. 1524. http://www.go.
jp/en/index.html (2007)

http://www.mlit.go.jp/en/index.html
http://www.go.jp/en/index.html


Experiment of a Hard Rock Excavator
by Using an Edge Excavation
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Sho Miyanaga, and Muhamad Afif Bin Osman

Abstract Blasting method is a conventional method for hard rock mass excavation.
Recently, the use of blasting method is getting difficult due to environmental prob-
lems, such as noise pollution and ground vibration. Mechanical excavation method
is an alternative for the blasting method; however, the present excavation method
has two problems: the low efficiency due to the wear of cutting bits and the high
cost to exchange cutting bits. Thus, through this research, we are trying to innovate
the edge excavation method in order to solve the two problems. The purpose of this
study was to develop a rock excavator attached to backhoe by using multistage edge
excavation method. We carried out the experiments by using model excavator to find
out its efficiency and force acting on the rock excavator. In this study, we conducted
a basic experiment by using a displacement controlling method to determine the load
required to control a model excavator. The specimen used was high-strength mortar
specimen. In the experiment, a model excavator was attached to the experimental
device, and the speed was set to be constant by displacement control. Excavation
was performed by rotating the specimen. The vertical force Fz, torque T, excavation
depth z, and soil volumem, the excavation time t were measured. As a result, the load
required for the model excavator was verified and the capability of the experiment
to be performed through load controlling was confirmed.

Keywords Multistage type edge excavation · Edge excavation · Displacement
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1 Introduction

Blasting method is a conventional method for hard rock mass excavation. Recently,
the use of blasting method is getting difficult due to environmental problems, such as
noise pollution and ground vibration.Mechanical excavationmethod is an alternative
for the blasting method; however, the present excavation method has two problems,
the low efficiency due to the wear of cutting bits and the high cost to exchange cutting
bits. Thus, through this research,we are trying to innovate the edge excavationmethod
in order to solve the two problems. Figure 1 shows the outline of the plane excava-

Disc cutter bit
Disc cutter bit

(b) Egde excavation

Rock mass
Rock mass

Fｚ

Fｙ

Fx

S
S

Disc cutter bit

Disc cutter bit

Rock mass

Rock mass

Fｙ

(a) Plain excavation

Fｚ

Fx

Fig. 1 Outline of plate excavation method and edge excavation method
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tion and the edge excavation. Based on other research so far, almost all excavation
methods have adopted the plain excavation method, in which the excavation of the
plain rock mass was carried out under the condition of one degree of freedom. The
use of edge excavation method was considered to be more effective than the plain
excavation method. The failure mechanisms of the conventional plane excavation
method by using disc cutter bits in tunnel-boring machines are, as mentioned by
Snowdon et al. [1], both the compressive failure and the tensile failure in the rock
when the penetration of an adjacent disc cutter bit is made. On the other hand, the
edge excavation method experiences shear and tensile failure in stepped rock, which
is shaped by the wedge action of a ripping-type disc cutter bit, in the condition of
two degrees of freedom. A specific cutting energy is calculated as the ratio of an
excavation power of a disc cutter bit to the amount of cutting debris per unit time
[1]. The specific cutting energy of the edge excavation method with a ripping-type
disc cutter bit is much smaller than that of the conventional plane excavation method
involving a tunnel-boringmachine.Muro et al. [2–5] have reported that themeasured
specific cutting energies of the edge excavation method were one-tenth energies of
the conventional plane excavationmethod for several kinds of rock. Instead of a point
attack bit, disc cutter bits are often used during excavations because the disk cutter
bits can spin around and avoid the strong impact of cutting loads, while the point
attack bits receive the impact completely and directly.

The purpose of this study was to develop a rock excavator attached to backhoe by
using multistage edge excavation method. By using this technology to manufacture
a backhoe, we will be able to respond to unmanned dismantling of nuclear power
plantsand other siteswhere increased production is expected in the future. Previously,
experiments were conducted with the model excavator to find out the efficiency and
the force acting on the rock excavator [6]. Further experiments conducted with the
“model excavator” showed that the accumulated sediment caused the decrease of the
excavation efficiency [7]. Furthermore by changing the position of the model exca-
vator from vertical to horizontal setting, the removal efficiency of excess sediment
had remarkably improved. This improvement provides the following benefits: (1)
increase of excavation speed, (2) decrease of torque, (3) increase of overall excavation
efficiency.

In this study,we conducted a basic experiment by using a displacement controlling
method to determine the load required to control a model excavator. The vertical
force Fz, torque T, excavation depth z, and soil volumem, the excavation time t were
measured.
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2 Experiment Method and Model Excavator

2.1 Model Excavator

Photo 1 and Fig. 2 show the outline of model excavator. The model excavator was
attaches with four disk bits under the steel pedestal. Four disk bits were arranged
respectively according to the placement interval of cutter, cutter 1 was 45mmoutside
the center of the specimen, cutter 2 was 24 mm outside the cutter 1, cutter 3 was
25 mm outside the cutter 2, and cutter 4 was 25 mm outside the cutter 3. Disk cutter
bits size was configured, cutter 1 was ϕ100 mm, cutter 2 is ϕ90 mm, cutter 3 and
cutter 4 was ϕ100 mm. The model excavator had three stages. First stage was cutter
1 and cutter 2 contact at the same time and plain excavate. First stage formed 2 free
side. After that, second stage excavator by cutter 3, and finally, third stage excavator

Photo 1 Model excavator

237
188
138
90 24 25 25

30

Unit: ㎜

370

10
10

10

Fig. 2 Model excavator arrangement
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by cutter 4. Also, cutter 2 and cutter 4 deployed diagonally due to lower peripheral
friction.

2.2 Model Machine

Figure 3 shows the outline of model machine, Photo 2 shows the specimen after
the excavation. Model machine apparatus consisting of a worm jack, a turntable of
400 mm diameter, a model excavator, and an axial torque transducer. The apparatus
had a height of 1750 mm, a width of 700 mm, and a depth of 700 mm. The turntable
was driven by a 1.5 kw motor via a reduction gear; the rotation speed was kept at

Fig. 3 Outline of model
machine

Photo 2 Specimen after the
excavation

①

⑧ ②
⑦

⑥⑤

④

③

⑨

①①① Warm jack
②② Load cell
③③ Disc cutter bit
④④ Specimen
⑤⑤ Turnteable
⑥⑥ Speed reducer
⑦⑦ Oil hydraulic cylinder for a fall
⑧⑧ Suspension for a landing
⑨⑨ Motor
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Table 1 One axis compressive strength of high-strength mortar specimen

Specimen numbers One axis Compressive strength of high-strength mortar
specimen (N/mm2)
(Strength after three month)

Average (N/mm2)

➀ 161.6 153.5

➁ 147.2

➂ 151.7

2.0 r.p.m by using a screw rod. Displacement was controlled with a worm jack. It
was made possible to move up and down the apparatus operating the worm jack. By
changing the position ofmodel excavator fromvertical to horizontal settings, removal
of the excess sedimentswas remarkably improved. The axial torque transducer placed
on top of the excavator measured the thrust Fz, torque T. The displacement sensor
was used to measure the penetration depth z. Vertical forces Fz, excavation depth
z, and torque T relative to excavation time t were measured by a data logger that
recorded a single point at 0.02 s. The model machine can be tilted using the hydraulic
cylinder. It was possible to roll up the device 90° due to discharge excavated soil
efficiently by expanding and contracting the hydraulic cylinder beside the machine.

2.3 Specimen

Table 1 shows the one axis compressive strength of high-strength mortar spec-
imen. Specimen uses high-strength mortar specimen (axis compressive strength
153.5 N/mm2) with water binder ratio W/B = 17%. The shape of each specimen
use columnar form, the height was 172 mm, and the diameter was 365 mm.

2.4 Displacement Control Experiment

Displacement control which was to excavation with a constant excavation depth z
uses a worm jack which can set a certain amount of penetration. Set speed vset was
set to 5 patterns (0.0223, 0.0302, 0.038, 0.0459, 0.0537 mm/s) and each set of speed
was performed 3 times except for set speed vset = 0.0537 mm/s was performed 2
times.
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2.5 Method

The specimens were excavated up to excavation depth of z = 35 mm while moving
toward the model excavator at a constant speed. At the same time, the turntable
revolution was set at 2 r.p.m. The specimens were first set to steel moulds and tighten
with M8 hex bolt before fix to the turntable by using M10 hex bolt. The excavation
time, t, vertical forceFz, excavation depth z, torque T, excavated soil volumemwhere
measured through data collection machine every 0.02 s. The machine was connected
to ground wire to prevent noise from occurring.

3 Experimental Results and Discussion

3.1 Excavation Time

In this chapter, the results of high strength mortar specimen and set speed vset =
0.0223 mm/s will be considered as an example.

(1) Vertical force Fz and excavation time t

Figure 4 shows the relationship between vertical force Fz and excavation time t. The
feature of plain excavation was that the excavation stage can be roughly divided into
two stages.After the initial edge excavation inwhich a large amount of separationwas
generated and excavation was performed, the steady edge excavation is performed in
which a small amount of separation was generated and then excavated. As a result,
the vertical force Fz increases from the start of the experiment to around 340 s. This
can be considered as plain excavation. The reason was that immediately after the
start of the experiment, the cutter cuts into the specimen, and the excavated plain
tends to become unstable as the two free plains were formed. Then, in the vicinity of
540 s, the phenomenon that the vertical force Fz increased again due to the contact
of the cutter 3 was observed. This was considered to correspond to the initial end
plain excavation. There was a place where the fluctuation range of the value becomes
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small due to the stable plain excavation. This was due to the steady edge excavation.
In addition, there was a tendency for the increase of Fz during plain excavation
immediately after the start of the experiment to be larger than in the initial edge
excavation. In addition, these tendencies were similar at other set speeds vset.

(2) Torque T and excavation time t

Figure 5 shows each slowest speed and fastest speed the relationship between torque
T and excavation time t. Right after the start of the experiment, the torque T increases
rapidly as well as the vertical force Fz. It was considered that as the cutter cuts into
the specimen, torque T increased rapidly due to the unstable excavation plain. In
addition, the fluctuation ranged of the torque T value became shorter near 400 s. As
a possible factor, the torqueT was considered to be stable due to the fact that the cutter
cuts sufficiently as the excavation progresses and the excavation plain stabilizes. In
addition, regarding the tendency of the graph, the same tendency was observed at
other set speed.

(3) Excavation depth z and excavation time t

Figure 6 shows each slowest speed and fastest speed the relationship between the
excavation depth z and the excavation time t. Experiment was conducted until the
excavation depth z reached 35mm as an experimental condition. Therefore, the exca-
vation time t was measured at the moment the cutter hits the specimen to the time
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when excavation depth reached 35 mm. In addition, it was confirmed that the exca-
vation had occur with the excavation speed v at a constant fluctuation because the
experiment was performed by the displacement control performed by the displace-
ment control. In addition, even with other set speeds vset, there was a tendency for
excavation to proceed around the set speed vset. In addition, evenwith other set speeds
vset, there was a tendency for excavation to proceed around the set speed vset.

3.2 Relationship with Excavation Speed

(1) Maximum vertical force Fzmax

Figure 7 shows the relationship between the maximum vertical force Fzmax and the
excavation speed v. By obtaining the maximum vertical force Fzmax, it became an
index for judging how much vertical force Fz should be applied when performing
an experiment in load control in order to obtain a certain excavation speed v. To
determine the maximum vertical force Fzmax, the maximum vertical force from the
start of the experiment to the end of the experiment can be defined as the maximum
vertical force Fzmax. As a result, the maximum vertical force Fzmax tended to increase
as the excavation speed v increased. In addition, even when comparing the same
measurement times for different set speeds vset, it was confirmed that the higher the
excavation speed v, the larger the vertical force Fz.

(2) Maximum torque Tmax

Figure 8 shows the relationship between themaximum torqueTmax and the excavation
speed v. By obtaining the maximum torque Tmax, the maximum torque Tmax applied
to the cutter during excavation can be known, and it can be used as an index to judge
how much torque T was required for the excavation. The maximum torque Tmax was
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determined from the maximum value from the start of the experiment to the end
of the experiment. As a result, an increasing tendency ware seen as the excavation
speed v increased. As a factor, the vertical force Fz and the torque T increase as
the excavation speed v increases. In addition, even if the same excavation time T at
different set speeds vset was compared, the torque T was large when the excavation
speed v is fast, confirmed.

(3) Excavation amount per revolution Vround

Figure 9 shows the relationship between the excavation volume per revolution V round

and the excavation speed v. It was possible to judge the excavation efficiency by
obtaining the excavation volume V round per one rotation of the maximum vertical
force Fz. The calculation method for the excavation volume V round per revolution
was calculated from the mass per unit of the specimen. The number of revolutions of
the specimen during the experiment was obtained by dividing the excavation time T
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Fig. 10 Relationship
between the maximum
vertical force Fzmax for each
stage and set speed vset
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by the rotation speed of 2 r.p.m. The excavated volume was divided by the number
of revolutions of the specimen to obtain the excavation volume per revolution V round.
As a result, as the excavation speed v increased, the excavation volume per revolution
V round tended to increase. However, the amount of soil volumemwas about the same
value, and no change in the amount of soil volume m was observed at the excavation
speed v. This was because the experiment was performed with displacement control,
and the faster the excavation speed v, the shorter the excavation timeT and the smaller
the divided value.

3.3 Maximum Vertical Force Fzmax for Each Stage and Set
Speed Vset

Figure 10 shows the relationship between the maximum vertical force Fzmax for each
stage and set speed vset. As a result, it was found that the set speed vset and the
maximum vertical force Fzmax are not correlated. Looking at the overall tendency,
there was a tendency that three set speeds vset with small set speed vset and two set
speeds vset with large set speed vset were collected. Moreover, the difference in the
maximum vertical force Fzmax was noticeable as the number of steps increased.

3.4 Difference Between Set Speed Vset and Excavation Speed
V

Figure 11 shows the relationship between the set speed vset and the excavation speed
V. The 45° line is drawn to show the set speed vset and the excavation speed V in
a one-to-one relationship. There was a tendency to move away from the 45° line as
the set speed vset increased. As a possible cause, it was considered that the reaction
force applied to the cutter increased due to the increase of vertical force Fz due to
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Fig. 11 Relationship
between the set speed vset
and the excavation speed V
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the use of the high-strength mortar specimen, and the vertical force Fz exerted by
the warm jack reached its limit. Therefore, it is necessary to carry out an experiment
again with lower W/B. Also, since the deviation for each set speed vset was small, it
was possible to predict the excavation speed V to some extent.

4 Conclusion

(1) The vertical force Fz rapidly increases until the initial plain excavation and
steady plain excavation occurs. After that, the vertical force Fz decreases, and
the initial end face excavation can be repeated again confirmed. A similar
tendency was observed for the torque T. The torque T tended to decrease
rapidly during centering.

(2) As the set speed vset increased, the error in the excavation speed increased, so it
is necessary to perform an experiment with a design with a lower water-binder
ratioW/B.

(3) In the displacement control experiment, the same tendency was seen in vertical
force, torque, and excavation depth for any set speed vset, and it can be predicted.
Therefore, since the force could be grasped by the displacement control by the
new model excavator, it can be applied in the load control.

Acknowledgements This work was supported by JSPS Grant-in-Aid for scientific research Grant
Number JP17K06525.



Experiment of a Hard Rock Excavator by Using an Edge Excavation 559

References

1. Snowdon, R.A., Ryley, M.D., Temporal, J.: A study of disc cutting in selected British rock. Int.
J. of Rock Mech. Min. Sci. Geomech. Abstrs., 19, 107–121 (1982)

2. Muro, T., Tsuchiya,K., Kohno,K.,Waka-bayashi, Y.: Experimental considerations for the steady
excavation performance of a disc cutter bit in an edge part of mortar specimen. J. Geotech. Eng.,
JSCE, 687 (III-56), 37–47 (2001) (in Japanese)

3. Muro, T., Tsuchiya, K., Kohno, K.: Steady state edge excavation property of a disc cutter bit. In:
Proceedings of the 6th Asia-Pacific Conference of the International Society for Terrain Vehicle
Systems, 49–58, Bangkok, Thailand, 2001

4. Muro, T., Tsuchiya, K., Kohno, K.: Experimental considerations for steady state edge excavation
un-der a constant cutting depth for amortar specimen using a disk cutter bit. J. Terrramech. 39(3),
143–159 (2002)

5. Muro, T., Tsuchiya, K. Kohno, K.: Steady state edge excavation of rock material in a multiple
tunneling machine. J. Constr. Manag. Eng., JSCE, 777 (VI-65), 109–124 (2004) (in Japanese)

6. Shigematsu, T.,Muro, T., Terao, N., Oda, N., Hanaoka, T.: Development of a hard rock excavator
by using an edge excavaton. In: Proceedings of the 16th International Conference International
Society for Terrain-Vehicle Systems, pp. 276–280, Sapporo, Japan, 2008

7. Shigematsu, T., Kitaoka, I., Tatsuro, M., Oda, N., Kawamura, S.: Efficiency tests of a model
trench excavator by using multistage type edge excavation. J. Geotech. Eng., JSCE, 69(2),
121–128 (2013) (in Japanese)



Full-Scale Testing of a Structure
on Improved Soil Replaced
with Rubber–Gravel Mixtures

Athanasios Vratsikidis , Angelos Tsinaris, Anastasios Kapouniaris,
Anastasios Anastasiadis, Dimitris Pitilakis , and Kyriazis Pitilakis

Abstract We present the results of an extensive large-scale experimental campaign
on the dynamic response of rubber–gravel mixtures as an innovative seismic isolation
material. In the first series of experiments, the foundation soil immediately below
the prototype structure of EUROPROTEAS was replaced only with gravel to serve
as benchmark tests, while in the following tests two rubber–gravel mixtures with
increasing rubber content per mixture weight were used. The experimental campaign
included free- and forced-vibration tests. A large number of instruments of various
types (accelerometers, seismometers, shape-acceleration arrays, and laser sensors)
were installed on the structure, in the foundation soil and at the adjacent soil surface
in order to obtain a well-instrumented 3D set of recordings to study the response of
the structure and wave propagation in soil media. In this study, we seek to investigate
the isolation capability of the rubber–gravel mixtures under dynamic loading. Our
primary goal is to assess the effect of the rubber content of the improved foundation
soil in the stiffness and the damping of the soil-structure system.

Keywords Experimental geotechnical engineering · Soil–rubber mixtures ·
Seismic isolation · Large scale · Field test

1 Introduction

Over the last years, the disposal of a large volume of used tires has become a severe
environmental problem. A recent trend is the use of recycled tires in civil engineering
projects [1, 2]. An application in earthquake engineering consists in placing a shallow
and resilient layer of rubber–soil mixture (RSM) underneath a structural founda-
tion, an improvement method known as geotechnical seismic isolation [3–5]. This
emerging application is mainly based on theoretical and experimental studies that
have proven that granulated RSM has attractive mechanical and dynamic properties
[6–8].
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In this paper, we present an extensive experimental campaign conducted on
the large-scale prototype structure of EUROPROTEAS located in the EUROSEIS-
TEST experimental facility (https://euroseisdb.civil.auth.gr). The experiments were
conducted after replacing the foundation soil with three different rubber–gravel
mixtures (RGM). The standard gravelly soil derived from coarse uniform gravel
quarry, while the synthetic material (rubber) is derived from recycled used tires and,
after appropriate processing, can be found in the form of various sizes. Free- and
forced-vibration testing was performed over a wide range of load levels and input
frequencies in order to investigate the response of the soil-structure system, evaluate
the foundation soil damping behavior under the effects of different rubber content
per mixture weight, and to determine the optimum rubber content.

2 EUROPROTEAS Facility

2.1 Structure

EUROPROTEAS prototype structure was particularly designed to promote soil-
structure interaction phenomena (Fig. 1). It consists of three identical reinforced
concrete slabs, each having a mass of 9 Mg, one representing the surface foundation
and the other two the superstructure mass. The roof mass is supported by four steel
columns QHS 150 × 150 × 10 mm which are connected with steel X-braces L 100
× 100 × 10 mm in all directions to ensure the symmetry of the structure [9, 10].

Fig. 1 a A 2D sketch and b a photograph of the EUROPROTEAS structure (https://euroseisdb.
civil.auth.gr)

https://euroseisdb.civil.auth.gr
https://euroseisdb.civil.auth.gr
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The outer dimensions of the structure are 3 × 3 × 5 m, while its total weight is
approximately 28.5 Mg. The X-bracings and upper roof slab are removable allowing
four different configurations of structure’s mass and stiffness covering a wide range
of natural frequencies between 1.78 and 13.06 Hz. For the experiments described
herein the configuration of EUROPROTEAS involved bracing in all four sides and
two reinforced concrete slabs on the roof.

2.2 Foundation Soil

The foundation soil stratigraphy and its dynamic properties arewell documented from
extended geophysical and geotechnical tests reported in earlier studies [11, 12]. In
the series of experiments presented herein, the uppermost 0.5 m of the foundation
soil was replaced with RGM backfills.

Prior to the modification of the foundation soil, a preliminary study was carried
out at the Laboratory of Soil Mechanics, Foundations and Geotechnical Earthquake
Engineering of the Aristotle University of Thessaloniki to define the physical prop-
erties of the mixtures of gravel with granulated rubber at a percentage of 0, 10, and
30% per mixture weight to be used for the foundation soil improvement. The small
strain dynamic response of RGMs is characterized by low values of stiffness and high
values of damping. Additionally, the stiffness degradation and the damping increase
exhibit a more linear behavior in the medium and high strain range as the rubber
content increases [13–15].

According to [16], the relative ratio of the mean grain size of the soil–rubber
mixture is a determinant parameter for the behavior of the mixture. Herein, we
studied an uniform quarry gravel with angular particles fraction of mean grain size
D50 equal to 20.76 mm as primary physical material (G), whereas a granular fraction
of rubber of mean grain size D50 equal to 3.27 mm was studied as primary synthetic
material (R). The rubber grain is tire-derived materials and has been included in
ASTM and CEN standards in recent decades [17, 18]. The specific gravity of soil
solids, Gs, was determined according to the ASTM D854-02 specification [19] and
was found equal to 2.67 for the gravel fraction and 1.10 for the rubber fraction,
respectively.

According to [20, 21], it is seen that in a range of the axial deformation up to 20%,
the examined specimens of pure gravel fraction as well as the mixtures of gravel with
rubber content exhibited “loose sand behavior” without reaching positive values of
volumetric strain. The majority of the examined specimens present a contractive
behavior with a tendency of reduction as the axial deformation increases, regardless
of the uniformity of the sample, the particle size, and the relative ratio D50,s/D50,r of
the mean diameter of its granules. However, as the rubber percentage in the mixture
increases or as the level of the applied envelope stress increases the specimens exhibit
a more intense contractive behavior, which means that the addition of the rubber in
the mixture leads to a reduction of the dilation angle values. This is because of the
high compression and contraction of the soil structure during the consolidation stage
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Table 1 Properties and classification of natural and synthetic examined materials

Properties Gravel Rubber

Material ID G R

Gs 2.67 1.10

D10 (mm) 14.69 2.07

D30 (mm) 18.80 2.67

D50 (mm) 20.76 3.27

D60 (mm) 21.67 3.56

Cu 1.48 1.72

Cc 1.11 0.97

emax 1.385 1.616

emin 0.844 1.075

USCS classification GP Granulated rubber

due to the high level of the applied radial stress and the high deformability of the
rubber granules. Therefore, during the failure stage, the rubber grains, as part of
the sample solid structure, have a small margin of deformation left, while the solid
structure, in which the soil grains are participated, is partly rearranged.

Table 1 summarizes the physical characteristics of the natural soil and the synthetic
material used in this research, while Fig. 2 shows the grain size distribution of the
above materials that were used in this research and affect the mechanical properties
of the examined samples. The above parameters were determined according to the
specification ASTM C136 [22]. The classification of the used physical soils and
synthetic materials were performed adopting the D2487-00 [23] and D6270-98 [17]
of ASTM specifications respectively.

Three soil pits having dimensions 3.2× 3.2× 0.5 m were excavated (Fig. 3). The
first soil pit was filled only with gravel to serve as a benchmark foundation type. The
other two pits were filled with RGM of different rubber content by mixture weight.
Table 2 summarizes the properties of the RGM (G/R), for different percentages
of rubber content (0%, 10%, and 30%) per mixture weight (~ 0%, 25%, and 75%
per volume mixture, respectively), used as foundation material in the experimental
program. For the definition of the properties, two sampleswere taken from the bottom
and the top layer of each mixture. The same values of the properties were estimated
in both samples; however, there was a discrepancy in the determination of the relative
density of the third mixture, which had a higher value at the bottom layer despite
the fact that the compaction tests conducted were identical and the energy of the
compaction was the same. We believe that this is attributed to the poor compaction
of the foundation soil and that proper layering ofmixtures consisted of suchmaterials
is an important factor to achieve uniform relative density.
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Fig. 2 Sieve analysis of the gravel and rubber materials used in the experiments

Fig. 3 Three soil pits filled with the rubber–gravel mixtures, a G/R 100/0, bG/R 90/10, and c G/R
70/30

Table 2 Foundation soil types used in the experiments

Foundation ID Rubber by mixture weight (%) D50,r/D50,s Gs Dr (%) γ d (kN/m3)

G/R 100/0 0 – 2.67 97.81 16.2

G/R 90/10 10 0.16 2.51 98.49 15.2

G/R 70/30 30 2.19 58.52–71.03 11.8
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2.3 Instrumentation Layout

A dense instrumentation scheme was designed in order to fully monitor and record
the response of the structure, the foundation soil, and the adjacent soil in three
dimensions (Fig. 4).

The structure was instrumented with nine triaxial accelerometers. Five of
them were mounted on the roof, whereas the foundation was instrumented with
four accelerometers. Moreover, laser sensors were installed to record the vertical
displacement of the foundation slab.

Eleven seismometers were installed on the soil surface buried at the level of the
foundation base. Eight of themwere placed along the axis of loading, while the others
were placed on the perpendicular axis. A 1.2 m shape-acceleration array equipped
with 8 triaxialMEMsensors having an intermediate distance of 0.15 cmwas installed
immediately below the geometrical center of the structure to capture the response of
the RGMmixture. Additionally, four uniaxial accelerometers were buried in specific
locations under the foundation in order to fullymonitor the response of the foundation
soil.

3 Experimental Campaign

3.1 Free-Vibration Experiments

We carefully designed the free-vibration experiments to capture the response of the
structure for a wide range of pull-out force amplitudes. The forces were applied to
the superstructure by a wire rope of 14 mm diameter. The one end of the wire rope
was clamped at a 3 ton reinforced concrete counterweight buried in the soil 20 m
away from EUROPROTEAS (Fig. 5a). The other end of the rope along with a load
cell that measured the applied tension force was fastened on a special steel hook
installed on the top roof slab (Fig. 5b). Tension was applied by a pulling hoist and
when the desired level of force was reached, the wire rope was cut loose and the
structure oscillated freely until rest. In total, 15 pull-out force amplitudes varying
between 1.35 and 15.20 kN were applied (Table 3).

3.2 Forced-Vibration Experiments

An eccentric mass vibrator system was installed at the geometrical center of the
roof slab as a source of harmonic excitation (Fig. 6a). The axis of the produced
harmonic force was applied along the main axis of the structure forming an angle
of approximately 30 degrees with the magnetic north–south direction (Fig. 4). The
shaker has four pairs of plates (A, B, C, and D) in four different sizes that can be used
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Fig. 4 Cross section of the foundation soil and structure instrumentation (top left), plan view of the
foundation and soil surface instrumentation (top right), andplanviewof the roof slab instrumentation
(bottom left), the foundation slab instrumented with the accelerometers (bottom center) and with
the laser sensors (bottom right)
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Fig. 5 a Pulling hoist clamped on the counterweight and b the load cell attached to the roof slab

Table 3 Summary of the free-vibration experiments per each foundation soil mixture

Foundation soil type G/R 100/0 G/R 90/10 G/R 70/30

Experiment ID Force (kN)

A 1.60 1.90 1.35

B 10.40 5.40 2.90

C 15.20 10.60 6.28

D 2.10 3.50 9.80

E 7.50 15.00

F 2.80

Fig. 6 a Eccentric mass shaker installed on the upper roof slab and b the force-frequency
relationship governing its function

to adjust the vibrator’s eccentricity. The amplitude of the output force can be adjusted
according to the eccentricity and the operating frequency (Fig. 6b). The performed
forced-vibration experiments covered a wide range of excitation amplitude varying
between 0.07 and 28.50 kN in a frequency range of 1–10 Hz (Table 4).



Full-Scale Testing of a Structure on Improved Soil Replaced … 569

Table 4 Summary of the forced-vibration experiments

Experiment ID Mass/Plates Eccentricity
(kg m)

Frequency range
(Hz)

Force amplitude
(kN)

A A 1.85 1–10 0.07–7.30

B A + B 3.93 1–10 0.15–15.50

C A + B + C 6.93 1–10 0.30–27.30

D A + B + C + D 11.31 1–8 0.50–28.50

4 Experimental Results

4.1 Period Elongation

The maximum amplitude of the acceleration recorded at the roof versus the period of
the input signal during the forced-vibration Experiments B andD for each foundation
soil mixture are reported in Fig. 7. The natural period of the soil-structure system
for the benchmark test, in which the foundation soil is replaced only by gravel, is
estimated at 0.25 s in both the experiments. The effect of the 10% rubber content per
mixture weight does not seem to significantly affect the natural period of the system
which remains approximately the same. However, it appears to slightly increase
the damping of the system as the values of the recorded roof acceleration for the
same input frequencies are reduced. On the other hand, in the case of the G/R 70/30
foundation soil mixture, the period is clearly shifted to 0.4 s implying a strong effect
of the increased rubber content in the stiffness of the soil mixture-structure system.

Similar conclusions are drawn by looking at the transmissibility functions (Fig. 8)
of the three different soil-structure systems, which are estimated according to [24].
The acceleration response factor Rd is calculated as the ratio of the acceleration
recorded at the roof to the shaker force normalized by the superstructure mass. The
acceleration response function is decreased in the case of the G/R 70/30 foundation
soil mixture indicating an increase in the value of damping. This is attributed to

Fig. 7 Maximum amplitude of the acceleration recorded at the roof during the forced-vibration
a experiment B and b experiment D at different excitation frequencies



570 A. Vratsikidis et al.

Fig. 8 Transmissibility functions estimated for the forced-vibration a experiment B and b experi-
ment D

the strong effect of the increased rubber content in the mixture. Additionally, the
acceleration response function is decreased for large amplitude forces for the same
foundation soil mixture (e.g., in Experiment D) indicating an increase in the damping
due to possible nonlinearities introduced in the response of the system.

4.2 Roof Response Decay

In Fig. 9a, we compare the decay of the amplitude of the acceleration recorded at the
roof of the structure during the two free-vibration experiments labeled A in the case
of the foundation soil mixture G/R 100/0 and G/R 70/30 (Table 3). The amplitude
of the applied pull-out force in both experiments was approximately 1.5 kN. The
acceleration values normalized by the initial maximum recorded acceleration in each
test are presented in Fig. 9b. A decrease of more than 70% in the amplitude is noticed
after three cycles of oscillation in both tests. This pronounces the large amount of
energy dissipated in only the first few cycles of oscillation. However, the rate of

Fig. 9 Decay of the roof response a as it was recorded and b normalized by the initial acceleration
value with respect to the number of cycles of oscillation during the free-vibration experiment A
(Table 3) for G/R 100/0 and G/R 70/30
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Fig. 10 Decay of the roof response a as it was recorded and b normalized by the initial acceleration
value with respect to the number of cycles of oscillation during the free-vibration experiment C in
the case of the G/R 100/0 mixture and experiment E in the case of G/R 70/30 mixture (Table 3)

the decrease of the acceleration seems to be slightly greater in the case of the G/R
70/30 mixture indicating the contribution of the rubber content in the damping of the
system.

While the rate of the decrease of the response appears almost similar in the case
of the gravelly foundation soil irrespectively of the amplitude of the applied pull-
out force, we notice a much steeper decline when the rubber content is present and
the amplitude of the pull-out force is much greater (Fig. 10). A decrease in the
acceleration by 50% is shown in the first cycle of oscillation, whereas in the next
cycle the response is almost negligible demonstrating the increased damping of the
system due to the increased rubber content.

4.3 Adjacent Soil Motion Decay

We investigated the wave propagation in the soil and specifically the decay of the
amplitude ofmotionwith increasing distance from the structurewhen itwas subjected
to harmonic sinusoidal forces during the forced-vibration Experiment D, in which
the greatest forces are applied at the roof of the structure (Table 4).

In the case of theG/R 100/0 foundation soil mixture, the amplitude of the response
recorded at the soil surface is greater when the structure is excited close to its resonant
frequency indicating that the foundation soil and the structure respond to the loading
as a whole system (Fig. 11). A reduction in themotion by 80% is noticed at a distance
equal to B/6 (B= foundation width) compared to the response recorded at the top of
the foundation, whereas the amplitude of the response can be considered negligible
at a distance equal to 2B/3 irrespectively of the excitation frequency. In the presence
of the rubber in the foundation soil, the decrease is greater at the same distances as the
foundation soil contributes to the dissipation of a bigger portion of energy (Fig. 12).
At a distance equal to B/6, the decrease of the recorded velocity is approximately
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Fig. 11 Decay of the recorded soil surface response a as it was recorded and b normalized by
the velocity value recorded on the foundation at increasing distance from the foundation in forced-
vibration experiment D in the case of the G/R 100/0 foundation soil

Fig. 12 Decay of the recorded soil surface response a as it was recorded and b normalized by
the velocity value recorded on the foundation at increasing distance from the foundation in forced-
vibration experiment D in the case of the G/R 70/30 foundation soil

90%, while at distance equal to B/3 the amplitude of the motion is decreased by
almost 98% irrespectively of the excitation frequency.

5 Conclusions

Weperformed a series of free- and forced-vibration experiments to study the behavior
of RGM as an alternative and innovative foundation soil improvement. We specifi-
cally focused on the effect of the rubber content per mixture weight by investigating
the dynamic response of the prototype structure of EUROPROTEAS founded on
three different RGM mixtures. The results pronounced that a 10% rubber content
per mixture weight has a slight and almost negligible effect in the response of the
structure. On the other hand, an increase in the rubber content to 30% per mixture
weight affects significantly the predominant frequency and the damping of the soil-
structure system. Additionally, it is evident that there is a significant decline in the
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amplitude of the recorded response at the adjacent soil surface indicating a greater
dissipation of energy in the foundation soil.
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Interdependence and Rationality
Between Sustainable Indicators
and Criteria—A Fuzzy AHP Approach

Suchith Reddy Arukala and Rathish Kumar Pancharathi

Abstract The rapid urbanization is likely to impose tremendous pressure on the
available natural resources due to their depletion, seriously affecting the Social,
Environmental, Economic and Technological (SEET) indicators. The identification
of criteria and indicators to achieve Sustainable Construction (SC) is a challenging
task in terms of balancing and interrelating them. The present study while investi-
gating themost significant criteria that contribute to SC, establishes inter-relationship
between them and SEET indicators by utilizing the Fuzzy Analytical Hierarchy
Process (AHP), a Hybrid Multi-Criteria Decision Making (MCDM) method. Based
on Delphi Technique (DT) and Relative Importance Index (RII), eight criteria have
been identified includingWater Efficiency,Materials andWasteManagement, Health
andWell-being, EnergyEfficiency, Sustainable Sites, SocialWelfare, Transportation,
and Management. The findings of the study reveal that the criteria Materials and
waste management and Energy Efficiency have attained the highest relative weights
of 13.96 and 12.63 respectively. Similarly, among SEET indicators, the Environ-
mental and Technological indicators have secured 30.15 and 28.52 relative weights
respectively. This well-established inter-relation between indicators and criteria will
facilitate the decision-makers/stakeholder to understand the degree of performance
between sustainable criteria and indicators for achieving sustainable buildings. In
addition to this, a computerized building assessment tool which can facilitate the
formulation of guidelines by policy-makers was also developed.
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1 Introduction

Compared to developed countries, developing countries have got a new trend of
accepting green building guidelines [1–3]. Every country is in the process of devel-
oping its own rating system or guidelines to achieve an overall sustainable built envi-
ronment. For example, prominent assessment tools like the Leadership in Energy and
Environmental Design (LEED) scheme in the US, and the Comprehensive Assess-
ment System for Building Environmental Efficiency (CASBEE) in Japan. Based
on the LEED revision, India introduced the Indian Green Building Council (IGBC)
assessmentmethod in the year 2000. TheGreenRating for IntegratedHabitat Assess-
ment (GRIHA) in India [4] and the Building Research Establishment’s Environment
Assessment Method (BREEAM) in Australia also uses the country-specific format
of Norway, Sweden, Spain, and the Netherlands. The assessment method developed
created for one nation or region might not be directly applicable to others, because, a
number of factors may prevent the transfer of currently available environment assess-
ment tools to other nations [5]. Some of these factors include regional differences,
climatic conditions etc.

1.1 Need for Sustainability in Indian Built Environment

From a case study conducted by Gesellschaft für Internationale Zusammenarbeit
(GIZ), it was acknowledged that developing countries need further action and devel-
opment in policy, regulation, and strengthening the regulatory authorities and rein-
forcing the existing laws towards sustainability. There is lack of awareness on sustain-
ability/green practices and their benefits [6]. Most of the issues of sustainability are
interrelated in existing methods, and the focus is mainly given to environmental
aspects [7]. This clearly specifies disregard for the economic, social, and techno-
logical aspects of sustainability, which could further lead to ecological imbalance
and thereby, miss the real goal of sustainable development. For example, though
GRIHA has attempted to make green building assessment tools, it was not able to
fully incorporate the social, economic and cultural elements in the sustainability
assessment criteria [8]. The existing building assessment tools are hence, limited
to uni-dimensional sustainability. Some of the assessments were based on a Triple
BottomLine (TBL) approach i.e., Environment, Social, andEconomic dimensions [9,
10]. An in-depth study of the literature indicated that the Technological component’s
significance could be enhanced by incorporating recent technological advances in
sustainability in the construction sector. Technological advances have always been
the cornerstone in mitigating the unavoidable side effects of development and in
surpassing the limits/constraints dictated by the other indicators of sustainability.
For instance, a shift from working stress method to limit state method in the design
philosophy led to thinner and more economical sections without compromising the
safety and durability, and introduction of steel columns and steel beams in lieu of
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stonewalls as structural materials made the towering skyscrapers possible. The tech-
nological dimension can be incorporated by rejuvenating ideas of Reuse, Recycle,
Reduce, Renew, and Regenerate (5R’s) into implementable solutions to the existing
TBL to achieve sustainable construction [3]. In other words, various methods and
approaches are required for benchmarking the threshold values and targets to trans-
form a theoretical concept into practical implementation. Secondly, policies and
guidelines for proper governance are needed. Finally, it is essential to recognize
the advantages of supporting techniques and technology for achieving sustainable
harmony in the construction industry. The present study encompasses the Social,
Environmental, Economic, and Technological (SEET) aspects in achieving sustain-
able construction. This study is a continuation of the author’s work [3] to quantify
the building performance. The present study concentrates on quantifying the inter-
dependency between SEET indicators and criteria using the Fuzzy Analytical Hier-
archy Process (FAHP), a Hybrid Multi-Criteria Decision Making (MCDM) method
considering local context, climate conditions, culture, topography and ethical aspects
prevailing in developing countries.

1.2 Fuzzy Numbers and Linguistic Terms

Lofti Zadeh (1965), introduced the Fuzzy set theory in order to make decisions for
problems dealing with vagueness, subjectivity, and impreciseness [11]. Consider a
TFN defined by Ã = (a, b, c), whereμA(x) is the degree of belonging or membership
value of the element in the universe of discourse. The fuzzy triangular scale adopted
in the study is shown in Table 1.

μA(x) =

⎧
⎪⎪⎨

⎪⎪⎩

x−a
b−a ,
c−x

c − b
0

,

⎡

⎣
a ≤ x ≤ b
b ≤ x ≤ c
otherwise

⎤

⎦ (1)

Table 1 Linguistic terms and corresponding triangular fuzzy numbers

Saaty scale Definition (level of importance) Fuzzy triangular scale

1 Equal (1, 1, 1)

3 Weak (2, 3, 4)

5 Fair (4, 5, 6)

7 Strong (6, 7, 8)

9 Absolute (9, 9, 9)

2
4
6
8

Intermediate values (1, 2, 3)
(3, 4, 5)
(5, 6, 7)
(7, 8, 9)
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Consider two fuzzy numbers Ã1 and Ã2, where Ã1 = (a1, b1, c1) and Ã2 = (a2, b2,
c2) whose operations of addition, multiplication, division, and reciprocal are defined
by Eqs. 2 to 5.

Ã1 ⊗ Ã2 = (a1 + a2, b1 + b2, c1 + c2) (2)

Ã1 ⊗ Ã2 = (a1 ⊗ a2, b1 ⊗ b2, c1 ⊗ c2) for a1 > 0, b1 > 0, c1 > 0 (i = 1, 2)
(3)

Ã1
/
Ã2 = (a1/c2, b1/b2, c1/a2) for a1 > 0, b1 > 0, c1 > 0 (i = 1, 2) (4)

Ã−1
1 = (1/c1, 1/b1, 1/a1) for a1 > 0, b1 > 0, c1 > 0 (5)

1.3 Analytical Hierarchy Process (AHP)

The AHP is a qualitative and quantitative MCDM technique used to evaluate the
relationship between two or more components [12], in a logical way. The decision
problem is analyzed at various levels of hierarchy structure, to enable them to be eval-
uated independently. The human perception involvedwith uncertainty and ambiguity
can be resolved with the fuzzy logic concept. In the present study, to establish the
interrelationship among the criteria, indicators, and criteria to indicators, the Fuzzy
Analytical Hierarchy Process (FAHP) has been employed in decision making.

2 Comparison of Existing Building Assessment Tools

Based on the credibility and recognition of the rating system, four assessment tools
were selected, compared, and analyzed for similarities and dissimilarities present
in the developed, and developing countries. Though these rating systems seem to
have some criteria in common (names), they differ in their meaning and under-
standing. This is mainly due to varied climate, culture, region, awareness, practices
and assessment method. In addition to this, the rating systems are not unique in
nature, dimension and do not comply with the requirements. The assessment tools
in the developed countries i.e., LEED and BREEAM being the most prominent and
globally established assessment tools in the domain of sustainable construction are
considered in the present work. Also, assessment tools used in developing countries
like GRIHA and IGBC have been considered for comparison. The specific purpose
to compare these tools is to check whether these assessment criteria and attributes are
transferrable and adaptable to suit the circumstances for developing countries like
India. Table 2 compares and summarizes, the components, features, and criteria of
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Table 2 Criteria comparison of existing Assessment tools

Criteria Attributes Factors BREEAM LEED IGBC GRIHA

Sustainable site
and ecology

Construction
site

Selection of site
√ √ √ √

Protection of site
√ √ √ √

Ecological
value

Land
contamination

√ √ √ √

Mitigating
ecological impact

√ √ √ √

Balancing site
ecology

√ √ √ √

Protecting
biodiversity

√ √ √ √

Transport Ease of
accessibility

√ √ √ √

Developing
density

√ √ √
X

Intercommunity
network

√ √ √
X

Safety of
pedestrian

√ √
X X

Car parking
facility

√ √ √
X

Energy
efficiency

Energy
performance

HVAC
√ √ √ √

Rate of ventilation
√ √ √

X

Internal and
external lighting

√ √ √ √

Provision of hot
water

√ √ √ √

Heat transmission
√ √

X X

Renewable
technology on
energy

√ √ √ √

Monitoring
energy

√ √ √
X

Energy saving
√ √ √ √

CO2 Strategy
√ √ √

X

Water efficiency
and water
management

Water Reducing the
consumption of
water

√ √ √ √

Harvesting water
√ √ √ √

Recycling of
water

√ √ √ √

(continued)
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Table 2 (continued)

Criteria Attributes Factors BREEAM LEED IGBC GRIHA

Innovative water
recycling
technology

√ √ √ √

Water
conservation
technique

√ √ √ √

Water irrigation
technique

√ √ √ √

Groundwater
recharge

√ √ √ √

Material Material
category

Low impact
environment
material

√ √ √ √

Use of non-
renewable
resources

√ √
X X

Material reuse
√ √ √

X

Using innovative
technology for
non- structure

√ √ √
X

Insulating
component

√ √
X X

Material finishing
√ √ √

X

Local resources
utility

√
X

√
X

The efficiency of
material over LC

√ √
X X

Pollution and
risk

Emissions and
disaster

Global warming
potential for
refrigerant

√ √ √
X

Noise pollution
√ √ √

X

Preventing
pollution leaks

√
X

√
X

Water pollution
√ √

X X

Effect of heat
island

√ √ √
X

Source of NOx
emission

√ √
X X

Carbon emission
√ √ √

X

Fire safety
√ √

X
√

Natural Disaster
√ √

X X

(continued)
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Table 2 (continued)

Criteria Attributes Factors BREEAM LEED IGBC GRIHA

Indoor
environment
quality

Noise and
acoustics

Level of noise
emitting

√ √
X

√

Insulation to
sound source

√
X X

√

Absorption of
sound acoustics

√
X X

√

Lighting and
illumination

Active lighting
√ √ √ √

Lighting control
√ √ √ √

Open view
√ √ √

X

Measuring and
control on glaring

√ √
X X

Level of
illumination

√ √ √
X

Daylight factor
√ √ √

X

Ventilation Natural
ventilation

√ √ √ √

Type of
ventilation

√ √ √ √

Supply of purified
and fresh air

√ √ √ √

Air monitoring
sensor

√ √ √
X

Monitoring on
carbon emission

√ √ √

Contamination
level

Unstable
compounds

√ √ √ √

Pollution of
electromagnetic
waves

X X X X

Level of
microbiological
content

√ √
X X

Thermal
comfort

Controlling zone
√ √

X X

Heating, cooling,
humidity,
vaporcontrol, and
comfort

√ √ √ √
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the existing assessment tools (BREEAM, LEED, IGBC, and GRIHA) to understand
the depth of each of the criteria and their related attributes. The tick mark symbol ‘

√
’

represents that the criteria are included in the respective assessment tool, whereas
cross mark ‘x’ represents that it does not. Some of the criteria, which contribute
to building sustainability, are neither included in IGBC nor GRIHA. Similarly, the
attributes, which are included in IGBC, are not included in GRIHA and vice-a-versa,
for example, ventilation, CO2 emissions, and material efficiency. Also, some criteria
like topographical consideration, climatic conditions, local context, and regional
variations are not at all considered.

For instance, energy is considered as a key category for all assessment methods
and is given the highest possible points. BREEAMmeasures Building Energy Perfor-
mance (BEP) along with CO2 emission reductions with the target of net-zero emis-
sions. On the other hand, LEED emphasizes reduction of energy costs for BEP rather
than CO2 emissions, which is in line with the standards of the American Society of
Heating, Refrigerating and Air-conditioning Engineers (ASHRAE). LEED mainly
focuses on renewable energy utilization for measuring BEP and energy optimiza-
tion. However, energy monitoring and enhanced commissioning are not considered
in the GRIHA rating system. The three assessment methods (LEED, BREEAM,
and GRIHA), evaluate most of the major water quality and quantity parameters.
Indoor water use reduction, potable water use reduction, water recycle and reuse,
wastewater treatment and efficient landscaping are the common criteria considered
in all the three rating tools. Water leak detection and water metering are considered
important criteria, but they are not considered in GRIHA for water efficiency evalu-
ation. Waste related criteria and their parameters are integral to all three-assessment
methods. Within this broad criterion, waste management and recycling emerge as
the most important parameters, due to their importance in minimizing the negative
impacts of waste generation for humans and the surrounding environment. Construc-
tion materials, is another important element of the environmental assessment method
due to the impact of material consumption on building users and the environment.
BREEAM and LEED emphasize sourcing of raw materials, but it is not consid-
ered in GRIHA. Renovation of abandoned buildings is considered in LEED, but
not considered in GRIHA evaluation criteria for assessment. Indoor environmental
quality (IEQ) is considered as a key objective for all building assessment methods.
BREEAM and GRIHA include this category under Health and Well-being section.
LEED assesses this category through low-emitting materials, indoor air quality, and
quality views. Similarly, BREEAMassesses this category through visual comfort, the
impact of refrigerants and noise pollution. GRIHA assesses this category through air
quality; low-VOCpaints, sanitation/safety facilities, but at the same time omits visual
comfort, quality views, and hazards in its criteria. Tobacco smoke control, pollution,
thermal comfort, and air quality are commonly considered in all three assessment
methods. Light pollution reduction and joint use of facilities are considered in LEED
but not considered in GRIHA. All the tools evaluated in this study offer credits to
encourage and support sustainability measures. BREEAMconsidersManagement as
a separate category for its assessment, while LEED distributes management parame-
ters across several assessment categories. BREEAM covers sustainable management
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principlesmore comprehensively than LEED. Transportation is considered as a sepa-
rate category inLEEDandBREEAM.LEEDaddresses transportation through factors
Location and Transportation criterion with 16 possible points whereas, BREEAM,
assesses the same with 13 possible points. From the observations, it was found that
the criterion Transportation and Management was not considered in GRIHA for
environmental assessment.

3 Methodology

The identification of criteria related to sustainable construction from various sources
including existing building rating systems was carried out to address Agenda 21 and
UN initiatives towards sustainability. The methodology to assess the relative weights
of criteria and attributes and establish interrelationship among them is shown inFig. 1.
The significant criteria that can assess the sustainable performance of a building are
identified based on the existing assessment tools, guidelines, and policies. Based on
the comparison of tools like BREEAM, LEED, IGBC, and GRIHA, the criteria and
sub-criteria are assessed and checked for the possibility of transferring and adopting
to developing countries. While diagnosing the similarities and differences in various
existing tools, the study emphasizedon the suitability of potential andpossible criteria
to be considered. Further, the diagnosed criteria are refined and screened out using
Delphi Technique (DT) to reach a consensus decision. Based on the comparative
discussion carried in the paper by the same authors ([3, 5]), the significant criteria
and attributes are adopted. The identified list is then refined and was utilized to
develop priorities and weights through quantitative research methods and MCDM
techniques.

To determine the relevant attributes for building assessment, data collected from
the DT has been evaluated using the Relative Importance Index (RII) based on Eq. 6.

RII =
∑N

i=1 Pi Ri

N × n
(6)

where

RII Relative Importance Index;
Pi Respondent’s rating;
Ri Number of respondents placing identical weighting/rating;
N Sample size;
n Highest attainable score.

The attributes whose RII value is more than or equal to 0.7 has been screened
out for selecting the most significant parameters to assess the performance of the
building. The ultimate criteria and attributes for sustainable building assessment are
determined as shown in Table 3.
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Literature 
Review Existing Tools

Government policies and guidelines

Comparing, Consolidating and Listing out criteria and attributes

Brainstorming

Narrowing down

Decision and Ranking

Delphi Technique

Expert Panelist Delphi Coordinator

RII >= 0.7Reject the attribute

Accept the attribute

Identifying Sustainable Criteria and related Performance Attribute

Formulating Questionnaire relating 
Indicators and criteria

Expert Survey Statistical Results of responses

Check for Consistency (Based on Cronbach’s Alpha)

Normalization Matrix

Weighting of Sustainable Criteria and Indicators

Social Environmental Indicator Economic Indicator Technological 
Indicator

Establish Interrelationship between Criteria and Indicators

Pairwise comparison Matrix

Fu
zz

y 
A

H
P

Fig. 1 Methodology to assign relative weights and establish interdependency for criteria and
indicators
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Table 3 Most prominent sustainable criteria and sub-criteria for developing countries

Code Criteria Attributes

WE Water efficiency Water monitoring and leak detection (A1)
Building water use reduction (A2)
Recycle and reuse of water (A3)
Rainwater management (A4)
Reduction in landscape water requirement (A5)

MW Materials and waste management Low-energy materials (B1)
Regionally available materials (B2)
Recycled and re-use materials (B3)
Responsible sourcing (B4)
Efficient waste management (B5)

HW Health and well-being Water quality & water pollution (C1)
Outdoor & indoor noise levels (C2)
Sanitation/Safety facilities & Accessibility (C3)
Minimize ozone depletion (C4)

EE Energy Efficiency Renewable energy production (D1)
Energy-efficient appliances (D2)
Energy monitoring (D3)
Reduction in energy consumption associated
with interior lighting (D4)
Adequate Daylight (D5)
Energy-efficient vertical transportation systems
(D6)

SS Sustainable sites Site selection (E1)
Protect or restore habitat (E2)
Heat island reduction (E3)
Open space (E4)
Light Pollution (E5)
Efficient ventilation (E6)
Conservation of soil surrounding the building
(E7)

SW Social welfare Knowledge and Awareness towards
sustainability (F1)
Local Economic Development (F2)
Design for durability (F3)

T Transportation Public transport accessibility (G1)
Use of Bicycles (G2)
Proximity to amenities (G3)
Environmentally friendly pavements at the
building site (G4)
Reduced parking footprint (G5)

M Management Managing the balance between the building and
its immediate surrounding (H1)
Managing fire prevention facilities (H2)
Preventing the reckless dumping of polythene
products at the building site (H3)
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To determine the priority weights of criteria towards each of the indicators, pair-
wise comparison of the criteria and indicators is performed for each individual judg-
ments and then averaged. To evaluate the relative weights of criteria and indicators,
the present study collected data from a structured questionnaire survey responses
(147 no’s) from all the stakeholders of the construction industry, each belonging to
categories such as Academicians, Engineers, Designers, Architects, Consultants,
Contractors, and Others. Further, the study utilized the FAHP for assigning the
relative weights to criteria and indicators.

4 Data Collection, Results and Discussion

The respondents were invited to assess the level of importance of criteria and indi-
cators by assigning a score on the seven (7) point Likert scale and converted to a
fuzzy triangular scale as suggested by [13]. A score of ‘1’ indicates as ‘not impor-
tant’ whereas, ‘7’ indicates ‘highly important’. This icludes professionals from all
domains of civil engineering. Among the 147 responses, incomplete data and data
which is not reliable to be considered have been neglected. As required from popula-
tion size, 96 reliable and complete responses were selected for further investigation.
The consistency of the data is checked using Cronbach’s alpha coefficient calculated
using the following Eq. 7.

α = N × c

v + (N − 1) × c
(7)

N is the number of items, c is the average inter-item covariance among the items,
and v is the average variance. In general, the alpha score of more than 0.70 is consid-
ered acceptable [14]. In the present study, the Cronbach’s alpha was calculated for
four different groups (Social, Environmental, Economic, and Technological), from
the information provided by 58 valid respondents. In all the groups, the ‘α’ values
were found to be more than 0.80. Thus, the data provided was found to be reliable
and was of good quality. The procedure adopted by the authors [5, 15] was used to
evaluate the relative weights using Fuzzy AHP. To de-fuzzy, the obtained relative
weights, center of the area method is proposed. The relative weights for sustain-
able criteria and indicators for four no’s of 8 × 8 matrices were evaluated for 58
respondents (Fig. 2). The average of individual priority weight is evaluated, using
arithmetic mean operation. Similarly, the relative weights of sustainable indicators
(SEET) with respect to sustainable criteria; where eight no’s of 4× 4 matrices for 58
respondents are performed and the final weights are obtained as shown in Fig. 3. The
interrelated weights are obtained by multiplying the relative weights of sustainable
indicators and criteria (Fig. 4).

From Fig. 2, considering Social indicator, the criteria Sustainable Sites (SS) has
attained the highest weight (i.e., 13.93) and overall rank sixth among all the 32
criteria (say 8 criteria× 4 indicators). Following this, the criteria, Transportation (T)
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Relative weights of Sustainable Indicators w.r.t SEET Criteria
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Fig. 2 Relative weights of sustainable criteria w.r.t sustainable indicators

Relative weights of Sustainable Criteria w.r.t Sustainable Indicators
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Fig. 4 Interrelated weights for SEET indicator w.r.t sustainable criteria

and Social Welfare (SW) has achieved a nearby weight of 13.39 and 13.35 with an
overall ranking of 12 and 13 respectively.

Considering Environmental indicator, the criteria, Materials and Waste Manage-
ment (MW) has attained the highest weight (i.e., 14.69) and overall rank second
among all the 32 criteria. The criteria, Sustainable Sites (SS) and Energy Efficiency
(EE), achieved a weight of 14.17 and 13.76 with an overall ranking of eight and three
respectively. Considering the Economic indicator, the criteria MW has attained the
highest weight (i.e., 14.09) and an overall rank of fourth among all the 32 criteria.
Next, to it, Health and well-being (HW) and Energy Efficiency (EE) have achieved
a weight of 13.92 and 13.71 with an overall ranking of seven and nine respectively.
Similarly, in the Technological indicator, MW and EE have attained the highest
weight (i.e., 14.98 and 13.96) and ranked first and fifth among 32 criteria respectively.

From Fig. 3, it can be observed that the criterion MW has a major role in creating
social justice in the built environment. It also reveals that with the use of efficient,
non-pollutant, and eco-friendly vehicles, there will be a reduction in the emissions
and pollutants, further leading to reduced environmental impacts. Similarly, it can
be noticed that the use of EE materials and technologies will benefit the user over
a period of time. The initial cost may be high, but the cost to benefit ratio would
be very low, due to a reduction in operational and maintenance costs. With proper
implementation of guidelines and policies with respect to sustainable design princi-
ples of the buildings (technological indicator), the criteria, SS, eventually provides
the source to attain the allotted weight.

From Fig. 4, it can be noticed that for assessing the performance of a building
towards sustainability, the criteria EE has the highest interrelationship weight (6.03)
corresponding to Economic indicator, Secondly, MW corresponding to Environ-
mental indicator has a higher weight (5.81). Similarly, SS in Technological indi-
cator (5.54), MW in Social (4.78), and Management (M) in Technological (4.76)
indicator.Considering the interrelated weights of criteria and indicators, the average
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weights obtained by pooling along with the criteria with regard to Social, Environ-
mental, Economic and Technological indicators (i.e., 2.77, 3.67, 2.66 and 3.45) is
taken as a cut off value to observe the effective or most significant criteria responsible
for indicator performance. Then, the normalized weights are calculated for criteria
and indicators. It is noteworthy to observe that the Technological indicator incorpo-
rated along with the Triple-Bottom line (Environmental, Social and Economic) has
the highest weight (28.4) among SEET indicators. Similarly, Sustainable sites (SS)
and Materials and Waste Management (MW) have achieved higher weights (16.91
and 15.56 respectively) among the 8 criteria.

5 Conclusions

Based on the comparison of LEED, BREEAM, IGBC, and GRIHA assessment tools
and guidelines undertaken, the adaptability of various criteria and their corresponding
attributes in developing countries like India were observed considering regional vari-
ation, culture, heritage, climatic conditions, and topographical aspects. This enabled
to explore and bring out the similarities and dissimilarities that exist in the building
assessment tools of developed and developing countries.

• The study defines 37 attributes broadly under eight major criteria that are most
appropriate for assessment of sustainable performance for construction in devel-
oping countries. These criteria include Water Efficiency (WE), Materials and
WasteManagement (MW),Health andWell-being (HW), Energy Efficiency (EE),
Sustainable Sites (SS), SocialWelfare (SW), Transportation (T), andManagement
(M) using Delphi technique and Relative Importance Index.

• The relative weights of criteria and indicators along with the interdependency are
calculated using the Fuzzy Analytical Hierarchy Process, a subjective pairwise
comparison.

• Among all the criteria, MW has attained the highest relative weight of 13.96
and subsequently, EE attained 13.15 using Fuzzy Analytical Hierarchy Process.
It is noteworthy to observe that both these criteria belong to the Technological
indicator.

• Among SEET indicators, the Environmental indicator has secured the highest
relative weight of 30.15 and the Technological indicator is next to this with a
weight of 28.52. The importance of Technological indicator whichwas not finding
a deserved place in the Triple bottom line approach. In this way, the study brought
out the significance of the proposed ‘Technological’ indicator and encouraged
the Quadra-Bottom Line approach in implementing and achieving sustainable
construction.

Thus, the findings facilitate the incorporation of innovative ideas and imple-
ment the concepts of 5R’s into sustainable design principles. This interdependency
obtained in the studybetween criteria and indicators facilitates the scope for the devel-
opment of a framework for a sustainable building assessment in developing countries
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like India. These criteria facilitate policymaking, guidelines, and development of a
comprehensive green building rating tool.
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Introduction of the Recycling
and Reusing Method of Screw Steel Pile
EAZET

Shuo Teng and Tadashi Maejima

Abstract EAZET pile is a type of screw steel pile which consists of a pile shaft and
a helical plate attached to the bottom. It is commonly known as an environmentally
friendly pile method. It generates no surplus soil nor muddy water during installation
by screwing the pile into the ground with its helical plate at pile tip. On the other
hand, by rotating reversely, it can be pulled out and retrieved, thus also be recycled
and reused if necessary. This article presents the recycling and reusing procedure
and criteria of screw steel pile EAZET based on experience. For safe and smooth
retrieval, capable machine should be chosen carefully in advance. The capacity of the
machine and the torque during retrieval should be constantly noticed, especiallywhen
the retrieval is conducted long time after installation. The reason is that the ground
disturbed by the pile installation has recovered, where it requires larger torque for
pulling out. Retrieved piles will be examined via visual check, dimension check, and
bending test of the pile shaft. After that, they will be divided into reusable members
and non-reusable members. Reusable members can be repaired for future reuse. On
the other hand, non-reusable members are recycled as reproduction materials for
components in recycling factory. Recyclable and reusable features of EAZET enable
it to be further adopted by temporary structures besides its original market. It can
contribute to the transformation from economical society to recycling society where
the efficient usage and recycling are emphasized.
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1 Introduction

In recent years, steel rotary penetrating piles with helical plates attached to the
pile tip are frequently used. Taking the environmental impact and the increasing
numbers of urban constructions into consideration, demands have been growing for
small-sized machines which can enter confined areas, and environmentally friendly
method which generates no surplus soil, low vibration, and low noise. Screw steel
pile method satisfies these requirements quite well and is considered as a suitable
method which meets the requirements of pile for buildings. Besides practical uses
in building construction area, screw steel piles have also been gradually adapted for
temporary structures and tower structures due to its easiness of retrieval and high
uplift capacity achieved by helical plates. This article introduces the installation
method and management, and some construction cases along with several points of
attention.

2 Construction Plans for Installation and Retrieval

The installation and retrieval flows are shown in Fig. 1.

2.1 Planning Stage

For installation, selection of the machine is important. It is ideal to select machine
when taking the pile specification, difficulty of penetration into the ground, sufficient
embedment depth and site space, into consideration.

For retrieval, besides the considerations above, the piles’ installation condition
should also be noticed. The longer time is after installation, larger force would be
required for rotating the piles reversely since the ground around the piles would
recover and apply larger resistance and friction.Moreover, since it is always assumed
that the whole pile be retrieved, the torsional failure should be avoided considering
the efficiency. Therefore, the upper limit of the rotational torque is determined by
the torsional strength of pile shaft; thus machines with torque control device should
better be selected. As a result, it is possible that the machines for installation and
retrieval are different due to the pile specifications, installation periods, etc.

2.2 Preparation Stage

For higher retrieval efficiency, it is necessary to reveal 500 mm down from the
foundation bottom and have metal fitting attached in advance for retrieval. If damage
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Fig. 1 Execution flow of installation and retrieval

is discovered in the steel shaft, the deformed part shall be cut and removed before
pulling out for safety matters. While rotating reversely and pulling out, piles can be
cut at the same time according to later use.

2.3 Installation and Retrieval Stage

The piles shall be installed vertically into the bearing stratum with adequate
embedment depth. The installation accuracy, the running torque, and crowd force
should always be noticed and compared to the soil investigation results during the
installation.

After a period of time after installation, since the ground disturbed by the pile
installation has recovered, it requires larger torque initially for pulling out and the
retrieval becomes more difficult. Noticing the torsional strength of the pile, forward
and reverse rotation shall be conducted to reduce the friction at pile head and transmit
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Fig. 2 Diagram for retrieval

the rotational force down to the pile tip (Figs. 2 and 3). Situation where the pile was
broken as shown in Fig. 4 may occur. In this case, despite the forward and reverse
rotation be conducted to the pile head, the friction along the pile shaft still cannot be
reduced. This results in longer retrieval time or impossibility of retrieval at all.

3 Management Items for Installation and Retrieval

Management items for construction are shown in Fig. 5.
Regarding the installation process, both material quality and construction quality

shall be managed.
As for material quality management, management value andmanagement method

are established for the soundness of pile shaft and bearing plate, the size of pile
diameter and length, etc.

As for construction quality management, items such as location and verticality
can be raised. Generally speaking, it is desirable to keep the offset within 100 mm
and inclination within 1/100.

Since rather larger rotation torque is applied to the pile, installation condition
should be noticed one by one to avoid damage.Meanwhile, the installation resistance,
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Fig. 3 Comparison of torque of installation and retrieval

Fig. 4 Torsional failure

soil condition, bearing stratum level, and embedment depth should be compared to
the soil investigation results comprehensively.

Management of joint is also significant. Joints can be divided into welded joints
and mechanical joints. For the former ones, items such as the skill of the engineer,
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Fig. 5 Management items for installation and retrieval

shape ofwelding groove,weather, and selection of thewelding rods can be considered
important. For the latter ones, the bending, compression, tension performance, and
assemble process management can be given.

Regarding the retrieval process, the vital issue is to keep the torsion force down
within the torsional strength of the pile. Moreover, it may happen that the construc-
tion record has not been reserved, or the construction did not exactly follow the
construction plan thus the pile length is unknown. Therefore, it is necessary to make
sure that the whole pile and the bearing plate have been successfully retrieved.

4 Execution Method for Retrieval

In the case of retrieval long time after installation, construction machine and method
shall be selected based on ground condition and pile specification (Fig. 6).

Since the dismantling of the upper structure may cause the decrease of ground
strength thus themachinemay overturn, the ground contact pressure shall be noticed.
If the capacity is not adequate, it becomes impossible to retrieve by rotationally
pulling out. The method shall be reconsidered. Besides rotation reversely, using
casing to forcibly reduce the skin friction can also be adopted.

The selection of the method can be discussed according to the embedment
depth into the bearing stratum. The record and condition of the installation shall
be confirmed and then choose a more efficient one.



Introduction of the Recycling and Reusing Method … 597

Fig. 6 Method and machine selection flow for retrieval

5 Case Study

5.1 Retrieval of Large Piles

Construction Overview. EAZETwas adopted because this project required method
with least impact on natural environment and possibility of removal and EAZET
satisfied perfectly with appropriate cost and construction period.

The piles were installed from May 2003 to July 2004 and were removed from
February 2006 to August 2006. The piles were 114.3–609 mm for shaft diameter,
250–800mm for bearing plate diameter, 5–18m for length, and STK400, STK490 for
material steel. The machines were selected based on pile specifications and ground
conditions.

Ground Overview. The main composition of the ground is gravel from the surface
to GL−4m below, and clayish gravel for bearing stratumwith N-valuemore than 50.
The groundwater was from GL−5 to−7 m. Since the site was rather large (installed
with more than 2000 piles), the bearing stratum depth was uneven from GL −10 to
−30 m (Fig. 7).
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Fig. 7 Boring log

Retrieval Plan. For piles with diameter no more than 400 mm, same machine as
installation was used. On the other hand, for piles with diameter no less than 400 mm
and ratio of length by diametermore than 25, full-slewingmachinewas chosen (Table
1).

Retrieval Execution. Nearly 2000 piles were retrieved and became precious expe-
rience for us (Fig. 8). The understandings gained from this experience are presented
as follows:

Table 1 Machine selection

Diameter (mm) Machine type Capacity (kN m) Torque during installation
(kN m)

114.3–267.4 Small machine (high
torque)

60–100 60–100

318.5–355.6 Small machine (high
torque)

60–100 100–250

Small machine (super high
torque)

100–250

400–609.6 Small machine (super high
torque) Full-slewing
machine

100–400 250–400
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(a) Retrieved piles (b) Site view 

senihcamsuoiraV)d(senihcamsuoiraV)c(

Fig. 8 Site view

1. Regarding piles with length by diameter ratio no less than 20, due to the repeti-
tion of rotation forward and reverse, the torsion performancemay act. Therefore,
the friction resistance should be reduced gradually from the pile head to tip to
ensure the execution efficiency.

2. Regarding piles with length by diameter ratio no more than 20, piles can be
pulled out with only half rotation times of installation because the torsional
force can be transmitted directly to the bearing plate.

3. As long as the friction resistance can be reduced down to the pile tip, piles can
be pulled out with 20% the torque of installation.

To summarize, execution efficiency was mainly affected by the time spent on
reducing the friction. It may be considered effective to the plan for auxiliary work
such as pre-boring around the pile.
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5.2 Reuse of Piles with Verification Bending Test

Introduction. Screw pile method requires no cement nor muddy water so it is easier
to retrieve without damage to the piles. Retrieved piles can be divided into those
which can be repaired to meet the performance regulation, and those which should
be recycled.

Site Overview. At this site, screw piles used for temporary structures were retrieved
after 6 months of construction. Performance test have been conducted afterward.

The diameter of pile shaft was 267.4 mm, thickness was 6.0 mm, diameter of
bearing plate was 500 mm, and the length was 9 m (5 m + 4 m). The piles were
supported by volcanic sand layer around G.L. −9 m. The boring log of the ground
and the torque data collected are shown in Fig. 9.

Considering all the data and restrictions of the site, small machine was selected.
Since the period after installation was half year, and the N-value of beating stratum
was about 20, the retrieval work was rather smooth (Fig. 10).

N value Torque (kNm) 

Fig. 9 Comparison of boring log and torque data
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(a). Revealed pile head. 

(c). Reverse rotation. 

(e). Pulling out. 

(b). Set pile head cap. 

(d). Joint cutting. 

(f). Retrieved piles. 

Fig. 10 Site view

Performance Verification Tests. Performance verification tests were carried out to
retrieved piles in terms of the following three aspects.

1. Visual inspection
2. Size inspection
3. Performance verification via bending tests.
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As for visual inspection and size inspection, although small scratches can be seen
on the pile surface due to the installation, obvious damage could not be discovered.
Only the drilling blade attached to the bearing plate was worn away slightly. The
size did not change from that before installation.

Meanwhile, considering the corrosion and other possible problems, bending tests
were conducted to the pile shaft. The piles specifications are shown in Table 2, where
the calculations are based on Eq. 1. Measurement is displayed in Fig. 11, and loading
pattern is presented in Table 3, respectively. Actual condition during experiment is
shown in Fig. 12.

M = 1

8
W (2L1 − L) + P

4
(L1 − 1)

P = 8M −W (2L1 − L)

2(L1 − 1)
(1)

Table 2 Pile properties

Length
L
(m)

Weight
W
(kN)

Second moment of
area
(mm2)

Yield strength
σ

(N/mm2)

Short-term
allowable moment
M (kN m)

Short-term
allowable load
P
(kN)

4.0 1.52 42.11 235 74.01 112.9

L=4,000mm 

200 200 

1,000 

L1=3,600mm 

Fig. 11 Experimental program

Table 3 Load cycle (example)

Pile No. Load cycle (kN)

1 0–28.3 (P/4)–56.5 (P/2)–84.7 (3P/4)–112.9 (P)–141.1–169.4 (Ultimate)–Pu
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(a). Overall view. (b). Measurement equipment. 

(c). Loading machine. (d). Loading condition. 

Fig. 12 Loading test condition

The relationship of load–displacement and load–strain at the center is shown
in Figs. 13 and 14, respectively. The maximum load reached 178 kN. In addition,
the strain at the short-term allowable load was 1050 με. Therefore, it seemed that
the performance was the same as newly manufactured, thus satisfied as reusable
members.

This site provided good condition for easy retrieval, while it may still prove that
there is high possibility for retrieved piles to be reused.

5.3 Verification Corrosion Test

Since in the two cases above, the piles were retrieved after a relatively short period of
time (twoyears andhalf a year, respectively), itmaybe doubtful about the adaptability
for long-term projects. Therefore, quality of steel piles 25 years after installation
underground has been verified.
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Fig. 14 Load–strain relationship

Introduction. In order to investigate the corrosion condition of steel piles under-
ground for long term, steel piles installed underground for 25 years have been pulled
out and inspected. The groundwater was considered not changing exceedingly since
it could not been discovered after digging down for 2 m. Furthermore, the pH value
of the ground was 4.52–7.16, which is a friendly environment for corrosion.

The pile length was 5 m with 2 m of leading pile and 3 m of extension pile.
The piles’ diameter was 114.5 mm, and thickness was 4.5 mm for leading piles and
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(a). Piles. (b). Special venire caliper. 

(c). Cut piles. (d). Measurement situation. 

Fig. 15 Site view

6.0 mm for extension piles. Pile size was inspected and compression tests have been
conducted to these piles to verify the strength. Figure 15 shows the situation of piles
and measurement.

Pile Size Measurement. After retrieval, the 5 m piles were cut into 1 m length for
further investigation. Thickness of four locations of each cross sectionwasmeasured.
Measurement locations were chosen including the minimum thickness in each cross
section. Moreover, locations with severe corrosion along the pile were additionally
measured in each piece.

The results are presented in Tables 4 and 5.
Comparing Tables 4 and 5, it can be seen that except for a few locations with large

corrosion allowance more than 2 mm, the corrosion allowance along the pile was
considerable. It can be determined that there piles generally qualified as foundation
members after 25 years installation.

As mentioned in session 5.2, retrieved pile can be divided into two types: ones
that can be reused as construction members directly, and ones that should be melted
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Table 4 Regular measurement

Specimen Corrosion allowance (mm)

1 3 9 27 29 31 Ave

1 0.15 0.05 0.24 0.03 0.08 0.25 0.133

2 0.15 0.25 0.24 0.10 0.20 0.09 0.170

3 0.10 0.33 0.12 0.14 0.09 0.22 0.168

4 0.04 0.27 0.19 0.57 0.18 0.15 0.231

5 0.12 0.09 0.14 0.44 0.12 0.23 0.191

Ave 0.111 0.199 0.186 0.255 0.135 0.188 0.179

Table 5 Severe corrosion measurement

Specimen Corrosion allowance (mm)

1 3 9 27 29 31 Ave

1 2.42 0.60 0.21 1.08

2 2.06 2.21 0.97 1.24 1.62

3 0.33 0.42 0.38

4 0.24 1.02 0.63

5 0.15 0.64 0.40

Ave 0.82

and turned into steel materials. It has been known in this corrosion test that only few
locations would be damaged while most parts of the pile are satisfying. Therefore,
it provides an idea that if retrieved pile can be repaired locally and then reused, it
would be more cost efficient and environmentally friendly. This kind of method has
not been established and should be a future task.

Compression test. Piles were cut into pieces in 200 mm length and compression
tests were carried out (Figs. 16 and 17). Part of the results is shown in Table 6.

The specimens failed due to buckling and the compressive strength greatly
exceeded the design value.

6 Summary

More experiences of pile retrieval and reuse/recycle should be gained and then estab-
lish complete standards and manuals for management the whole steps. Moreover,
method of partial repair for reuse should also be established and realize ideal pile
recycle system as illustrated by Fig. 18. Retrieved piles can be reused directly, can
be reused under partial repairment, or be recycled as steel material and turned into
new members.
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Fig. 16 Compression test

Fig. 17 Specimens after test

As a result, besides many other advantages over other methods, screw pile method
can greatly contribute to environmental-friendly construction and sustainable society.
Further spread can be expected in many aspects.
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Table 6 Compression test results

Specimen Volume (cm3) Density (g/cm3) Compressive strength
(kN)

Design value (kN)

1–2 338.8 7.23 566.5 453

3–5 352.5 7.01 649.0 322

3–2 328.4 7.19 569.0 453

27–3 300.8 7.35 558.0 453

31–4 319.2 6.77 531.5 322

Fig. 18 Ideal pile recycle
system



Mechanical Behavior of Cement-Treated
Soils with Nanosilica—A Green Binder

Gizem Aksu and Tugba Eskisar

Abstract This study deals with the mechanical properties of cement-treated soils
with the addition of nanosilica particles.Different industries discovered the beneficial
uses of nanoparticles; however, the potential use of nanoparticles in geotechnical
engineering is a subject that is still unclear and needs some investigation. Nanosilica
particles could act as a green binder for geotechnical site works. Therefore, in this
study, the effect of nanosilica material in cement-treated clay and cement-treated
clayey sand specimens were examined. Index properties, compaction characteristics
and unconfined compressive strength of nanosilica added cement-treated soils were
assessed. Tests were carried out on specimens with 0%, 5%, and 10% cement by
dry weight of soil with 0%, 0.3%, 0.5%, and 0.7% nanosilica content to evaluate
the strength properties of the specimens. The curing periods were 7 and 28 days.
The results of the preliminary tests showed that, the inclusion of nanosilica resulted
in a limited increase in the optimum moisture content of the specimens and the
maximum dry density of the specimens had a limited decrease at 0.7% nanosilica
content. The performance achieved by the addition of nanosilica particles was very
remarkable compared to the specimens that were prepared only with cement. Clayey
sand specimens with 5% cement and 0.5% nanosilica had a similar compressive
strength with specimens that had 10% cement in 28 days. Consequently, inclusion of
nanosilica particles in soils is a promising development to reduce the cement amount
in cement-treated soils.

Keywords Nanosilica · Green binder · Unconfined compressive strength

1 Introduction

Improvements in nanotechnologymade the production of nanomaterials possible and
different industries discovered the beneficial uses of nanoparticles. Nanoparticles are
new materials which effects are less known in civil engineering applications. ASTM
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E2456 [1] defines nanoparticles as ultrafine particles with lengths in two or three
dimensions greater than 1 nm and smaller than 100 nm and which may or may not
exhibit a size-related intensive property.

Addition of nanosilica material may decrease the need of using cement in the soil
stabilization and expedite the duration of the stabilization [2]. When nanosilica is
used with cement, the hydration process is accelerated due to the high surface energy
of the nanosilica [3]. The hydration products cover the particles in the soil matrix
leading to some physical changes including particle filling and nucleation effects [4,
5]. The hydration products are better distributed, resulting in a denser soil matrix.

A few studies were done on the use of nanosilica particles in geotechnical engi-
neering. In these studies, addition of nanosilica has improved the characteristics of
the soils dramatically [6, 7].

Bahmani et al. [6] assessed the effect of nanosilica material on consistency limits,
compaction, permeability, and compressive strength of cement admixed soils. The
addition of nanosilica positively affected the compaction properties, and the perme-
ability of the soil specimens. 0.4% nanosilica addition resulted in the highest strength
of the cement admixed soil.

Ren and Hu [8] examined the physical and mechanical properties of nanosilica
added silty clay. They performed specific gravity tests, Atterberg limits tests, uncon-
fined compression tests, and worked on the frost heave response of specimens.
Increasing the nanosilica rate increased the plastic limits, liquid limits and the uncon-
fined compressive strengths, but decreased the effects of frost heave. The specific
gravity was found to be stable in any nanosilica content.

Bahmani et al. [9] investigated the effects of size and replacement ratio of 15 nm
nanosilica on physical characteristics of cemented soil. Unconfined compression
tests were conducted on 7–14–28 day specimens with replacement ratios from 0.2%
up to 1% of nanosilica particles. 15 nm nanosilica had an accelerated impact on the
specimens.

Chobbasti and Kutanaei [7] conducted tests to observe the mechanical charac-
teristics of cemented sandy soil. Cement content was 6% by weight of the sandy
soil, and nanosilica was 0%, 4%, 8%, and 12% by weight of cement in their
study. Curing periods were for 7–28–90 days. Unconfined compression tests and
compaction tests showed that adding optimum percentages of nanosilica enhanced
mechanical properties of the soil.

Lv et al. [10] reported the stress–strain development of nanosilica added loess soil.
The sizes of nanoparticleswere 10 nm, 29 nm, and 100 nm. The addition of nanosilica
was found to improve themechanical properties of loess soil effectively. Stiffness and
strength increased with increases in nanosilica content. 10 nm nanosilica exhibited
strain hardening behavior ending up with a brittle failure at a nanosilica content of
7%.

The potential use of nanoparticles in geotechnical engineering is a subject that
needs more investigation. As a member of nanoparticles family, nanosilica particles
could act as a green binder for geotechnical site works. The aim of the study was
to examine the effect of 15 nm size nanosilica particles in cement-treated clay and
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cement-treated clayey sand specimens. Atterberg tests, compaction tests, and uncon-
fined compression tests were held. Nanosilica content effect on cement admixed soils
wasreported for soil specimens which were cured for 7 and 28 days.

2 Materials and Methods

Clay and clayey sand used in this study were classified according to USCS. Clay
was mainly composed of kaolinite minerals and classified as ML, and clayey sand
was classified as SM-SC. Index properties of the soils were determined according to
ASTM D6913 [11] and ASTM D4318 [12] standards and these properties are given
in Table 1.

Nanosilica particles with a size of 15 nmwas used. The purity of this material was
99.5%. Technical details of nanosilica are presented in Table 2. Ordinary Portland
cement (OPC) was preferred as a stabilizing agent to treat the specimens.

Specimens with 0%, 5%, and 10% cement by dry weight of soil, and with 0%,
0.3%, 0.5%, and 0.7% nanosilica content by dry weight of soil were prepared to
evaluate the strength properties of the treated and untreated soils.

While determining the Atterberg limits, liquid limit tests, and plastic limit tests
were carried out in accordance with ASTM D4318 [12] standard. First of all, a dry
mixture of cement and groundwas prepared. Nanosilica wasmixedwith a high speed

Table 1 Geotechnical properties of the soils

Property Clayey sand Clay

USCS symbol SM-SC ML

Liquid limit 22 49

Plastic limit 15 31

Plasticity index 7 19

Percent passing No. 200 40 100

Table 2 Technical properties of the nanosilica particles used in this study

Property Value

Purity 99.5%

Color White

Average size (nm) 15

Specific surface (m2/g) 150–550

Bulk density (g/cm3) <0.1

Specific gravity (g/cm3) 2.2

Elements (%) Fe Ca Ti Na

0.002 0.007 0.012 0.003
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mixer (120 rpm) for 5min inwater and then added to the soil–cementmixture. During
the experiments, liquid limit of the specimen was increased gradually until the liquid
limit range was achieved. In the plastic limit test, the experiments were carried out
at single water contents, just after adding the well mixed nanosilica–water. Since
the specimens contained cement, both liquid limit and plastic limit tests have been
completed in less than 10 min considering that cement hydration would take place
in a short period of time. The same mixing technique was applied to the preparation
of unconfined compression test specimens.

Standard Proctor energywas appliedwhile determining the compaction character-
istics and during the preparation of cylindrical specimens for unconfined compression
testing. Compaction tests were performed according to ASTM D 698 [13]. The tests
were completed in less than 30 min to prevent the hardening of the mixture. The
unconfined compressive test specimens had a diameter of 5 cm and a height of 10 cm
keeping the H/D ratio as 2. The curing periods of the specimens were chosen as 7
and 28 days to observe the early strength gain. Figure 1 shows some of the clay
specimens which were admixed with cement and/or nanosilica and cured for 7 days.

The stress–strain behavior of the specimenswere attained by unconfined compres-
sion tests. The unconfined compression tests were in conformity with ASTM
D2166 [14]. The loading rate was 1.42 mm/min during the tests and 10% of axial
displacements were tracked during testing.

Fig. 1 Cement and/or nanosilica admixed clay specimens with a curing period of 7 days
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3 Results and Discussion

3.1 Atterberg Limits

The effects of the intrusion of 0%, 5%, and 10% cement on liquid limit (LL), plastic
limit (PL), and plasticity index (PI) of the soils are shown in Fig. 2. Liquid and
plastic limits increased with the addition of cement in clay specimens. Locat et al.
[15] and Chew et al. [16] explained that in clay soils aggregation and cementation of
particles created larger clusters in the clay soil matrix. Locat et al. [17] added that the
entrapped water within intra-aggregate pores, increased the apparent water content
without truly affecting inter-aggregate reactions. In clayey sand specimens, the liquid
limit did not change with the increment of cement content, but the plasticity index
increased at a cement content of 5% and slightly decreased at a cement content of
10%. At a cement rate of 10%, cementitious products might be accumulating onto
the surfaces of the flocculated clay clusters and the larger voids in the clay–sand
medium due to the presence of sand particles enhancing a lower plasticity index.

TheAtterberg limits of cement admixed soils alongwith the inclusionof nanosilica
at rates of 0%, 0.3%, 0.5%, and %0.7 are presented in Fig. 3. There was an apparent
distinction of Atterberg limits between nanosilica-treated cement admixed clay and
clayey sand soils. The plastic limits of the clay specimens were around 35 and 37.
The reason for this observation could be attributed to the non-plastic nature of the
nanosilica particles not being able to change the plasticity of the clay soil. The
liquid limit of clay specimens with 5% cement increased while the liquid limit of
clay specimens with 10% cement decreased with the rate of nanosilica added to
the specimens. As the plastic limits were almost stabilized, the plastic limit values
followed the same trend with the liquid limit values.

On the contrary, liquid limits of nanosilica-treated cement admixed clayey sand
specimens were between 24 and 25. Only 0.7% nanosilica-treated 5% cement

Fig. 2 Atterberg limits of cement admixed clay (C), and clayey sand (CS) specimens
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Fig. 3 Atterberg limits of nanosilica-treated specimens, a with 5% cement, b with 10% cement (C
denotes clay, CS denotes clayey sand)

admixed clayey sandhad a liquid limit of 27 (Fig. 3a). Plastic limit values of the clayey
sand specimens slightly increased with the nanosilica content. 0.3% of nanosilica
inclusion to the 5% cement admixed clayey sand resulted in the peak plasticity index
(PI = 7) of the test group followed by a decrement of plasticity index. Increment
of nanosilica content dramatically decreased the plasticity index of 10% cement
admixed clayey sand specimens. The lowest value of plasticity index was achieved
as 4 in 0.7% nanosilica-treated 10% cement admixed specimens (Fig. 3b).

The decrement of the plasticity index could be a result of better packing of particles
with the support of nanoparticles in the soil medium. Also, Qing et al. [18] and
Bahmani et al. [6] reported that the nanoparticles could be covered by very thin
layers of water molecules and soil matrix is therefore able to plasticize with less
amount of water.

3.2 Compaction Tests

Untreated clay and clayey sand specimens had optimum water contents of 29.7%
and 13.1%, respectively. As cement was added to both clay and clayey sand, it was
concluded that the maximum dry unit weight (or maximum dry density—MDD) and
the optimum water content of the specimens decreased (Fig. 4). This finding was
compatible with the results of Otoko [19] and Faria et al. [20].

Figure 5 shows the optimum water contents and the maximum dry unit weights
(or maximum dry density—MDD) of the nanosilica-treated cement admixed soil
specimens. When nanosilica particles were added, the maximum dry unit weight
and the optimum water content increased in comparison to solely cement admixed
clay (Fig. 5a). A similar observation was made for clayey sand specimens (Fig. 5b).
However, the optimum nanosilica content was specific to the amount of cement
content, regardless of the soil type. For example, for the specimens treated with 10%
cement, the optimum nanosilica content was 0.5%, but for the specimens treated with
5% cement, the optimum nanosilica content was 0.3%. This finding showed that in
order to achieve effective compaction, nanosilica content should be proportional to
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Fig. 4 Compaction curves of untreated and cement admixed a clay, b clayey sand

Fig. 5 Compaction characteristics of a clay, b clayey sand specimens (Numbers above the bars
denote the optimum water content of specimens)

the cement content. Proper rate of cement and nanosilica existence further accelerated
the dissolution of C3S and formation of C–S–H with its activity being inversely
proportional to the size [21].

3.3 Unconfined Compression Tests

Untreated specimens were tested to achieve the unconfined strength values as the
control group. Clay specimens had a strength of 205 kPa and clayey sand specimens
had a strength of 148 kPa. Exemplary stress–strain curves of nanosilica-treated 5%
cement admixed clay specimens are shown in Fig. 6. These specimens were cured
for 7 days.

It was seen that untreated clay was very ductile and with the addition of 5%
cement, the behavior switches to a brittle onewith a two-fold increment of unconfined
compressive strength in 7 days. The addition of nanosilica to the cement admixed
clay specimens further increased the unconfined compressive strength. This increase
could be achieved only by choosing the optimum nanosilica content, for example,
0.5% nanosilica addition gave the best performance among 5% cement-treated clay
specimens. The addition of more nanosilica reduced the unconfined compressive
strength of the specimens. At this stage, 0.5% nanosilica was capable of adequately
wrapping around the clay particles and filling the inter-particle voids, the presence
of more nanosilica caused a disintegrated soil structure with a lower compressive
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Fig. 6 Stress–strain curves of nanosilica-treated 5% cement admixed clay specimens cured for
7 days

strength. It is also noteworthy to express that more the nanosilica content more the
ductile behavior.

Table 3 shows the results of unconfined compressive tests after curing for 7 and
28 days.

Therewas a remarkable strength gainwhennanosilicawas added to the specimens.
Although a relatively higher strength could be achieved by cement treatment, this
effect could be doubled by the presence of nanosilica particles. Also, it is possible to
use less amount of cementwith nanosilica to reach the similar strength value obtained
by the addition of higher amount of cement. When 28 days performances of the clay
specimens were considered, 5CEM07NS specimens had higher strength compared
to 10CEM specimens. Clayey sand specimens could easily enhance a strength over
3000 kPa with a combination of 5% cement and nanosilica in 28 days.

Table 3 Unconfined compressive strength (UCS) of the specimens

Specimen name Clay (UCS-kPa) Clayey sand (UCS-kPa)

7 days 28 days 7 days 28 days

5CEM 563 1192 1007 3069

5CEM03NS 714 1287 1846 3212

5CEM05NS 938 1699 1895 3713

5CEM07NS 845 1610 2030 2645

10CEM 927 1413 3014 3831

10CEM03NS 1374 2243 3195 4817

10CEM05NS 1475 1974 3041 4462

10CEM07NS 1151 2298 3609 5566
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Another fact is the strength development between 7 and 28 days specimens was
two timesmore for 0.7%nanosilica added cement-treated clay specimens.Theperfor-
mance of nanosilica could be better achieved for clayey sand specimens. 5566 kPa
was achieved for 10CEM07NS in clayey sand specimens in 28 days. The reason
could be due to the variety of particle sizes in the soil medium could create inter-
locking of the particles and allowing cementitious contents and nanosilica particles
to take place in chemical reactions forming a stiff body.

4 Conclusions

Index properties, compaction characteristics and, strength development of nanosilica
added cement-treated specimens were evaluated in this study. The mechanical prop-
erties of cement-treated clayey sand soil are reported for the first time with this study.
It should be emphasized that higher strength values could be obtained in clayey sand
soils compared to the literature on clay or sand soils [6–9].

There was an apparent distinction of Atterberg limits between nanosilica-treated
cement admixed clay and clayey sand soils. The plastic limits of the clay specimens
were constant, while the liquid limit of the clayey sand specimens was constant with
the increment of nanosilica particles. The liquid limit of clay specimens with 5%
cement increasedwhile the liquid limit of clay specimenswith 10%cement decreased
with the rate of nanosilica added to the specimens. It is seen that with the addition
of nanosilica particles, optimum water content increased and maximum dry unit
weight decreased under a standard compactive effort. The strength development was
evident in 7 days specimens and further increase of strength was observed in 28 days
specimens. 5566 kPa was achieved for 10CEM07NS in clayey sand specimens in
28 days. Nanosilica particles also contributed to the ductility of the soil–cement
mixtures. In order to find the governing nanosilica content upon the unconfined
compressive strength, long-term behavior should be explained, and for this reason,
the performances of 90 and 150 days cured specimens are planned to be tested in a
future study.

With this study, it is also shown that nanosilica particles are promising new mate-
rials that could be used in soil improvement applications as a green binder, and further
inspection of nanosilica will help better understanding of this newmaterial and more
application areas would emerge.
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Structural Stability Against Earthquake
and Tsunami Using Environmentally
Sustainable Materials

Kiran Hari Pradhan, Hemanta Hazarika, and Yasuhide Fukumoto

Abstract Tsunami activated by earthquake is known to be one of the most powerful
natural disasters. For instance, in March 11, 2011, tsunami activated by earthquake
led to several compound disasters in Japan. Many coastal protection structures such
as seawalls and breakwaters were found to be damaged seriously. In order to protect
coastal structures from such kind of devastating damage in the future, it is essential
to take proper countermeasures. A tire retaining wall in Iwate prefecture located just
about 150 m away from a completely collapsed sea wall was found to be neither
scoured nor damaged by tsunami, which indicates that the flexible tire structure
has a great potential to reduce the tsunami impact force as compared to heavy and
rigid structures. Therefore, main object of this research was to demonstrate how
effectively tire structure will function against the earthquake and tsunami to protect
sea wall from scouring on the foundation and resulting damage. A new model for
simulation of tsunami impact force has been developed in Geotechnical Engineering
Laboratory of Kyushu University. In which absorption of tsunami impact force and
the dispersion effect of the tire structure was examined. Field experiments were also
performed with various types of plants cultivated inside the soil-filled tires to see
how the greening effect could be maintained. Results showed a better performance
of the sea wall when protected with tires placed behind the sea wall. Also, field test
showed that the greening effect could be maintained by cultivating suitable plants
inside the tires.

Keywords Impact force · Scouring · Sea wall and tire retaining wall

1 Introduction

Tsunami activated by earthquake is known to be one of the most powerful natural
disaster which causes serious damage to many coastal protection structures. For
example, tsunami generated by Tohoku earthquake of magnitude Mw-9.0 followed
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several compound disasters in coastal area of Japan inMarch 11, 2011. Many coastal
protection structures such as seawalls and breakwaters were found to be damaged
seriously. But, surprisingly a waste tire retaining wall which was located just about
150 m away from a completely collapsed sea wall was found to be neither scoured
nor damaged by tsunami. To know the reason behind that, many site investigations
and laboratory tests were conducted by Hazarika et al. [1]. This case study revealed
that the flexible material like tire can resist the earthquake and tsunami forces due to
advantageous physical and mechanical characteristics that such material possesses.

According to destruction mechanism due to earthquake and tsunami, the damage
of the sea wall is mainly due to scouring at the back of the structures by drainage
impact force and undertow (back wash) impact force of tsunami. Hence, to protect
sea walls from earthquake and tsunami, construction of tire retaining wall behind sea
wall as shown in Fig. 1 is considered to be one of the effective measures.

In this research, a new anti-tsunami technique is developed, in which tires filled
with soils are used behind the sea walls to reduce the impact of tsunami force, and
hence prevent the scouring of soils and foundations of sea walls.Main purpose of this
research is to demonstrate howeffectively the tirewill function against the earthquake
and tsunami to protect concrete sea wall.

The property of tire can also be explained by Newton law, i.e., the force of impact
will be less when the time interval will be large. Because of flexible nature of tires,
the impact force will be acting for a longer time, which resulted in a lesser force
acting on the structure.

F = mv/�t (1)

A new model for simulation of tsunami impact force (length 120 cm, height
100 cm, width 30 cm) was developed in Geotechnical Engineering Laboratory of
Kyushu University and experiments were conducted for the sea wall by putting tires
behind the wall. Performances of the tire retaining wall under the impact force of

Fig. 1 Protection of seawall by waste tire structure
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water were observed. The schematic diagram for the simulated condition used in the
research is shown in Figs. 2 and 3. There is a hinged gate on the top of embankment
model to reproduce the overflow phenomena by water reservoir. Water Falling Test
(WFT) is conducted for the sea wall with tires behind it.

Figure 2 shows the simulated condition used in the research. Several testing config-
urations have been conducted for different condition of tire placement and the results
were compared with the case of without using tire behind the sea wall. Numerical

Fig. 2 Model for simulation of tsunami impact force

Hinged gate         Load Cells

1200 mm

Fig. 3 Top view of water falling test apparatus
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Fig. 4 Real tire

Fig. 5 Cultivation of plants
inside real tire

simulation results show that a sea wall with tires placed behind it could withstand
the tsunami impact force better.

Furthermore, the Impact force reducing property of flexible material due to its
internal mechanism was also verified by conducting numerical analysis based on
Isakovitch theory where effects due to interactions between internal molecules of the
tire material are studied when it will be disturbed by some external energy. For this,
one study case had been selected, that is Thermal attenuation and dispersion of sound
in a periodic emulsion presented by Yasuhide Fukumoto et al. [2]. He investigated
the attenuation and dispersion of sound waves in suspensions and emulsions caused
by the thermal-transport process to constitute the effective compressibility of the
system.

The striking feature is that a drastic change in attenuation occurs when the thermal
conductivity of the particle is substantially larger than that of the ambient fluid. It
means that the flexible material like the tire has some property to absorb external
energy and transmit it to the other form of energy. The results obtained through this
numerical study explains the results obtained through laboratory testing. Because
according to the simulation analysis of the model tire experiment the impact wave
was found to be smoothed than the cases without using tire. Thus, the mechanism of
impact force reduction was clarified through this study.

In addition to the existing tire retaining wall, the effectiveness of greenery and
scenic beauty is also the main concern of this research. In order to preserve the
environment, field experiments were also performed in which various types of plants
were cultivated inside the soil-filled tires to see how the greening effect could be
maintained to preserve the environment as shown in Figs. 4 and 5.
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2 Water Falling Test (W.F.T.)

Model tires (85 mm outer diameter and 21 mm thickness) filled with Masado soil
compacting to dry density of 1.43 gm/cm3 as shown in Figs. 6 and 7 are used and the
tire samples are subjected by water impact force. Performance of the tire retaining
wall under the impact force of water was observed. Then reduction of water impact
force is calculated by connecting with data loader.

Several testing configurations have been conducted for different condition of tire
placement so that the performance could be easily evaluated and the results were
compared with the case of without using tire behind the sea wall. Following are the
different cases tire specimen for the experiment.

Case 1: Without tire, Case 2: 2 Layer of tires without soil Case 3: 3 Layer of tires
without soil, Case 4: 2 Layer of tires with soil, Case 5: 3 Layer of tires with soil,
Case 6: 3 Layer of stepped tires with soil (Fig. 8).

Fig. 6 Tire model (Hollow)

Fig. 7 Tire model (filled
with soil)

Fig. 8 Different condition
of tire placement for WFT
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Fig. 9 Maximum value of impact force for each case

Table 1 Result of drainage impact test in KN

Load cell Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

A 0.041 0.04 0.033 0.03 0.029 0.042

B 0.037 0.031 0.023 0.073 0.028 0.052

C 0.074 0.076 0.078 0.075 0.064 0.044

D 0.053 0.069 0.076 0.053 0.079 0.045

3 Test Result

Figure 9 shows water impact force recorded by each load cell A, B, C, and D for
each case. As seen from the figure, impact force was reduced gradually in Case 2
and Case 3 for load cell A and B in compare to Case 1 when the layer is increased
for hollow tire. Similarly impact force was reduced gradually in Case 4 and Case 5
for load cell A and B when the layer is increased for tire filled with soil. Likewise,
impact force was reduced significantly in case of 6 for Load cell C and D in compare
to Case 1 (Table 1).

4 Cultivation of Plants in the Tire Structure

Kirinsou and Dichondra salt-tolerant plant has been used which is considered to be
capable of withstanding the salinity condition. The plants were cultivated inside the
tires filled with soil maintaining dry density of 1.43 gm/cm3 to see how effectively
plants could maintain green and beautiful environment. Following cases of specimen
has been carried out for the vegetation experiment and observed the possible growth.
Case 2: Tire two-stage, Case 3: ire three-stage
Case 4: 3 gear tire (stepped) (Fig. 10).
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Fig. 10 Different condition of tire placement for cultivation

Both the plants were cultivated on July 2013 and monitored regularly until
September 2013. As per visual inspection both Decondra and kirinsou plants were
found to be growing satisfactorily from the month of July 2013 to September 2013.
Figures 11 and 12 are photos of Decondra and kirinsou plants for Cases 2, 3, and 4
taken at the end of July 2013, respectively. Similarly, Figs. 13 and 14 are photos for
Decondra and kirinsou plants for Cases 2, 3, and 4 taken at the end of September
2013, respectively. As seen photos from Figs. 11 and 13, Decondra plant is growing
satisfactorily from the month of July 2013 to September 2013. Similarly, as seen
photos in Figs. 12 and 14. Kirinsou plant is also found to be growing satisfactorily
from the month of July 2013 to September 2013.

Fig. 11 Decondra in
different cases at the end of
July 2013

2 layer                        3 layer                3 layer slope

Fig. 12 Kirinsou in different
cases at the end of July 2013

2 layer                        3 layer                3 layer slope

Fig. 13 Decondra in
different cases at the end of
Sept. 2013

2 layer                        3 layer                3 layer slope
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Fig. 14 Kirinsou in different
cases at the end of Sept. 2013

2 layer                       3 layer                 3 layer slope

5 Conclusion

Results from aforementioned experiments to reduce the tsunami impact force by
using flexible materials such as tires filled with soil, showed a better performance.
However, accuracy should be improved by increasing the number of load cells. Also,
field test shows that the greening effect could be maintained by planting trees inside
the tires and could be one of the effective methods for recycling of waste tire. Finally,
instead of thinking about rigid and heavy structure, developing and implementing
appropriatemeasures that can protect the infrastructures from such future devastating
earthquakes and tsunami is today’s environmentally sustainable technologies.
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Tip Shape Effect on Screw Pile
Installation and Ultimate Resistance

Adnan Anwar Malik , Yahya Ndoye, and Jiro Kuwano

Abstract In the field of deep foundations, the screw pile is one of the new ways of
construction that can support infrastructure against extreme weather events. More-
over, its eco-friendly installationmechanics that involve quick installation, minimum
noise and vibration; no wastage of material and reusability makes it more efficient
than conventional piling techniques such as concrete piles which involves noise,
consumption of natural resources, and wastage of materials. However, the use of
screw pile in the dense ground with large helix is still a concern as higher torque
and pushing force is required, which sometimes exceeds the limits of machinery.
In this regard, the present study focused on the effect of helix tip shape on the
installation torque and force under dense ground conditions. In addition to this, the
effect of tip shape on ultimate resistance also studied. To investigate these effects,
model-scale pile load tests are conducted. Three kinds of pile tip shapes, i.e., flat,
cone, and cutting-edge ends are considered in this study. Toyoura sand is used as a
model ground. Ground disturbance due to pile installation also monitored at various
distance from the edge of the pile. To check the effectiveness of the screw pile, its
results compared with the results of the straight pile having the same shaft diameter
under similar ground conditions. The test results indicated that the overall perfor-
mance of the screw pile with cutting-edge is better than other tip shape piles, and
also better than straight shaft pile in terms of installation force, torque, surrounding
ground disturbance, and ultimate resistance.

Keywords Screw pile · Tip shape · Straight shaft pile · Pile installation · Pile
ultimate resistance · Ground disturbance
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1 Introduction

The frequency of extreme weather events such as heavy downpours and floods, heat-
waves, and typhoons increasing every passing year and many scientists believe that
the reason behind is climate change.Climate change is closely related to industrializa-
tion, and it has serious impacts on existing and future infrastructure, including high
costs for adaptation, maintenance, and potential negative impacts on transit [11].
To protect the infrastructure from extreme weather events, researchers are inten-
sively working to find new ways of construction which should be sustainable and
environmentally friendly. In the field of deep foundations, the screw pile is one
of the new ways of construction that can support infrastructure against extreme
weather events. Its eco-friendly installation mechanism that involves quick instal-
lation, minimum noise and vibration, no wastage of material and reusability makes
it more efficient than conventional piling techniques such as concrete piles which
involve noise, consumption of natural resources and wastage of materials. It consists
of a circular or square shaft with one or more helices affixed to the shaft [5].

The installation of screw pile is done by a combination of pressing and torque.
To minimize the ground disturbance, it is better to install the screw pile with high
torque, low-speed torque motor [9]. The tip end of the central shaft can be opened or
closed. The installation of screw pile affects the ground density, and this effect is less
in cohesive soils but more in loose to medium dense sand [1]. The performance of
screw pile depends on soil type, pile dimension, screw geometry, soil strength, shaft
diameter, installation depth, load direction, installation torque, and installation force
[3–5, 10, 12]. The helix bending deflection/deformation also affects the performance
of the screw pile with a single helix if it is more than a critical value [6]. The helix
deformation that significantly affects the ultimate resistance of the screw pile can be
observed from the graphical method such as Decourt method [8].

Both screw pile and straight shaft pile (installed by pressing method) are environ-
mentally friendly driven piles. The screw pile having a close-end with single helix
perform better than straight shaft pile with close-end under similar shaft diameter
and ground conditions; however, to obtain the similar ground conditions, pile instal-
lation was not considered [7]. The effect of installation on the performance of driven
pile is very important because it disturbs the surrounding ground. This disturbance
might increase or decrease the density of the ground [2]. The use of screw pile in the
dense ground with large helix is still a concern as higher torque and pushing force
is required which sometimes exceeds the power limits of the machinery. Moreover,
the disturbance in the surrounding ground due to its installation is also a concern,
especially in urban areas, as no soil is removed. In the dense ground, the parameters
such as helix pitch, helix diameter, helix thickness, pile tip shape significantly affect
the applied torque and pushing force. In this regard, the present study focused on the
effect of helix tip shape on the installation torque, pressing force, and surrounding
ground disturbance. In addition to this, the screw pile ultimate resistance was also
investigated. To achieve the objectives, model scale pile load tests were conducted.
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In order to show the effectiveness of screw piles, its results were compared with a
straight shaft-driven piles (installed by pressing).

2 Testing Equipment

A steel container having a diameter of 1000 mm with a depth of 1100 mm was used
to prepare the model (see Fig. 1a). Dry Toyoura sand was used to develop the model
ground. Amodel pile having shaft diameter (DS) of 21.7mmwith a length of 600mm
was used (see Fig. 1b). The used model pile can be converted into a screw pile by
changing the toe-end with a helix (see Fig. 1b). In case of screw pile, helix diameter
(DH) of 43 mm with a pitch (PH) of 24 mm (measured from the center of the top
edge to center of the bottom edge of the helix) was used. Three different types of tip
shapes, i.e., flat end, cone end, and cutting-edge end were used (see Fig. 1c).

 (c) 

60
0m

m

Strain
Gauges

bottom

top

(a)  (b) 

Fig. 1 a Model container b Model pile c Model pile tips
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3 Testing Procedure

The model ground was prepared by compacting Toyoura sand in five layers, each
having a thickness of 200 mm after compaction. The relative density of each layer
was approximately 80%. After preparing the ground, the initial condition of the
model ground was checked by inserting a 3 mm thin steel needle with the help of
hand-held load cell. The penetration load (PL) was recorded during the insertion of
the needle. The needle was inserted up to 450 mm depth at distances of 1DH (1 times
helix diameter), 2DH, 3DH and 4DH from the edge of the pile. After that, the screw
pile was installed by pressing and rotation. The pressing and rotation were adjusted
in such a way that one pitch penetration (24 mm) achieved in one rotation of helix.
In case of straight shaft pile, only pressing was used to install the pile. All piles were
installed in the same manner. The pile was installed up to 400 mm depth. After the
installation of the pile, the ground condition was again checked by inserting a thin
steel needle at the same locations. Then, a pile load test was conducted.

4 Results and Discussions

4.1 Screw Pile Tip Shape Effect on Installation Effort

The screw piles with flat end, cone end, and cutting-edge end were installed by using
the followingparameters: Pressing rate=15mm/min,Rotation=0.625 rotation/min,
Penetration of pile per rotation = 24 mm/rotation (1 pitch/rotation).

In all the tests, the pressing rate and rotation were adjusted in such a way that one
pitch penetration (PH = 24mm) achieved in one rotation of helix. It is observed from
the test results that the installation load is more for flat-end pile than cone-end and
cutting-edge pile (see Fig. 2a). The installation load for cutting-edge and cone-end
screw piles are similar to each other (see Fig. 2a). The test results indicated that the
installation torque is more or less similar for the flat-end, cone-end, and cutting-edge
end screw piles up to installation depth of 150 mm (3 times helix diameter, 3DH)
(see Fig. 2b). After that, the cutting-edge screw pile showed higher installation torque
than the other two types (see Fig. 2b). It is presumed that the impact of cutting-edges
become more prominent at high depth that’s why the torque increased.

4.2 Effect of Tip Shape on Surrounding Ground Disturbance

The initial condition of themodel groundwas checked by inserting 3mm steel needle
at a distance of 1DH, 2DH, 3DH and 4DH from the edge of the pile. The load required
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Fig. 2 a Pressing load b Installation torque

to insert the thin steel needle into the model ground was recorded by using a hand-
held load cell. It observed that the penetration load after preparing the model ground
for all test scenarios is almost similar (see Fig. 3).

After the pile installation, the model ground condition was again checked by
inserting 3 mm steel needle at a distance of 1DH, 2DH, 3DH, and 4DH from the edge
of the pile. The comparison of penetration load before and after screw pile installation
for the three types of end shapes, i.e., flat end, cone end, and cutting-edge end is shown
in Fig. 3. The results indicated that in all test cases, the penetration load measured
after the installation of the screw pile reduced from the initial penetration load (see
Fig. 3). In all the cases, the reduction in penetration load (loosening of the ground)
after the installation of the pile is high between 200 mm and 400 mm of depth, i.e.,
4.6DH to 9.3DH. Whereas, the ground disturbance below the pile tip, i.e., below
400 mm is considerably less (see Fig. 3). The screw pile with cutting-edge produced
less ground disturbance than flat-end and cone-end screw piles up to 2DH distance
from the edge of the central shaft. Moreover, it showed more densification below
the pile tip than the other screw piles at 1DH distance. It is also observed that with
the increase in distance away from the pile shaft edge, i.e., 1DH to 4DH the ground
disturbance reduced.

4.3 Screw Pile Tip Shape Effect on Ultimate Resistance

The pile load tests were conducted on screw pile having a flat end, cone end, and
cutting-edge end. In the load tests, 2 mm/min of loading rate was used. The skin
resistancewas obtained by subtracting top strain gauge loadwith bottom strain gauge
load (refer, Fig. 1b). Whereas, end bearing resistance was obtained by subtracting
skin resistance from top gauge load. The test results indicated that the total pile
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Fig. 3 a Before and after penetration load for flat-end screw pile b For cone-end screw pile c For
cutting-edge end screw pile

resistance (end bearing resistance + skin resistance) of cutting-edge pile and cone
end pile is more than the flat-end pile but similar to each other (see Fig. 4a). The
skin resistance of cutting-edge pile is greater than cone-end pile and flat-end pile
(see Fig. 4b). The overall end bearing resistance of cone-end pile is more than the
flat-end and cutting-edge pile. However, at the initial loading stage, i.e., up to 2.5
kN, the end bearing resistance of cutting-edge pile and cone-end pile is similar (see
Fig. 4b).
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Fig. 4 a Ultimate load-settlement behavior b End bearing and skin resistances

4.4 Comparison Between Screw Pile and Straight Shaft Pile

Pile load tests were conducted to showcase the effectiveness of the screw pile over
straight shaft pile. The pressing method was used to install the straight shaft pile
having flat end and cone end. Whereas, straight shaft pile with cutting-edge was
installed by pressing and rotation. The pressing rate and rotation were similar for
both types of piles. The shaft diameter of screw pile and straight shaft pile was
similar, i.e., DS = 21.7 mm. In case of screw pile, the helix diameter (DH) was two
times the shaft diameter (DS), i.e., 2DS = 43 mm. The ground was compacted in a
dense state with a relative density of 80%.

Installation Effort. In the case of flat-end and cone-end screw pile and straight shaft
piles, the pressing load required to install the piles are similar although the helix
diameter of the screw pile is two times the shaft diameter of straight shaft pile (see
Fig. 5). These results indicated that less installation effort is needed to install a screw
pile with a larger effective tip area, and the larger effective tip area contributes to
bearing resistance.

In case of cutting-edge screw pile and straight shaft pile having similar shaft
diameter, the piles were installed by pressing and rotation. The test results indicated
that by including rotation with the cutting-edge end, the installation load required
to install the straight shaft pile is reduced by 30% in comparison with screw pile
at maximum installation depth (see Fig. 6a). Moreover, the installation torque is
reduced by 46% in comparison with the screw pile at maximum installation depth
(see Fig. 6b). These results showed that in the case of straight shaft pile with cutting
edge, the inclusion of rotation can reduce the installation load and torque.

Ground Disturbance. In this comparison, the ground penetration ratio (GPR) was
estimated by taking the ratio between penetration load (PLA) measured after the
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Fig. 5 a Comparison of installation load for flat-end piles b For cone-end piles

Fig. 6 aComparison of installation load for cutting-edge pilesb Installation torque for cutting-edge
piles

installation of the pile to the penetration load (PLB) measured before the installation
of the pile, i.e., GPR = PLA/PLB.

The surrounding ground disturbance due to pile installation at a distance of 1DH

= 2DS from the edge of pile shaft can be divided into three zones, i.e., near ground
surface (Z-I), the middle zone (Z-II), and below pile tip or helix (Z-III). In all the
cases, the screw pile showed lesser ground disturbance than straight shaft pile near
the ground surface, i.e., up to 100 mm depth although helix diameter is two times
straight shaft pile (see Fig. 7a). The ground disturbance below the pile tip or helix (at
depth 450 mm) is considerably small for both type of piles; however, the screw pile
showed densification in all the test cases (see Fig. 7a). The densification is highest
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Fig. 7 a Comparison of ground disturbance for cutting-edge screw and straight piles at a distance
of 1DH = 2DS b For cutting-edge piles at a distance of 2DH = 4DS

in case of cutting-edge screw pile. The surrounding ground disturbance due to pile
installation at a distance of 2DH = 4DS is more or less similar to each other for all the
test cases (see Fig. 7b). The results indicated that although screw pile helix diameter
is two times the shaft diameter of straight shaft pile, the ground disturbance is close
to straight shaft pile which clearly shows the benefit of using screw pile.

Ultimate Resistance. In all the test cases, i.e., flat end, cone end, and cutting-edge
end, ultimate resistance of screw pile is higher than straight shaft pile (see Fig. 8). It is
also observed that the ultimate resistance of the screw pile with cutting-edge and cone
ends is two times the ultimate resistance of straight shaft pile (ultimate resistance

Fig. 8 a Comparison of load-settlement response of screw and straight shaft pile with flat ends
b For cutting-edge ends
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considered at settlement equals to 10% of helix diameter). Moreover, in the case of
screw pile, cutting-edge, and cone-end piles showed higher ultimate resistance than
flat-end pile.

5 Conclusions

In this study, the effect of the pile tip shape on the installation effort and ultimate
resistance of screw pile was investigated under dense ground condition. The end
tip shapes used in this study are flat end, cone end, and cutting-edge end. Screw
pile having a shaft diameter of 21.7 mm with a helix diameter of 43 mm was used.
Straight shaft pile having a similar shaft diameter with screw pile was also used to
compare the performance of both types of piles. Following are the main outcomes
of this study;

• In case of screw piles, cutting-edge and cone end screw piles required less instal-
lation load to install the pile up to desired embedment depth than flat-end screw
pile. The installation torque was more or less similar for the flat-end, cone-end,
and cutting-edge end screw piles up to installation depth of 3DH. After that, the
cutting-edge screw pile showed higher installation torque than the other two types.

• The penetration resistance was reduced in all the cases of screw piles, i.e., flat
end, cone end, and cutting-edge end after the pile installation, which indicated the
loosening of the ground. The ground disturbance (loosening) below the pile tip
was considerably less than the ground disturbance along the pile shaft in all the tip
shape cases of screw pile. The screw pile with cutting-edge produced less ground
disturbance than flat-end and cone-end screw piles up to 2DH distance from the
edge of central shaft. Moreover, it showed more densification below the pile tip
than the other screw piles at 1DH distance away from the edge of the central shaft.

• The test results indicated that the ultimate resistance of cutting-edge screw pile
and cone-end screw pile was more than the flat-end screw pile but similar to each
other.

• In the comparison of the screw and straight shaft piles with flat and cone ends, the
pressing load required to install the piles were similar, although the helix diameter
of the screw pile was two times the shaft diameter of straight shaft pile. Moreover,
in comparison of the screw and straight shaft piles with cutting-edge ends, the
inclusion of rotation in straight shaft pile installation reduced the installation load
by 30% and torque by 46% from screw pile case.

• In all the tip shape cases at 1DH distance from the edge of pile shaft, the screw
pile showed lesser ground disturbance than straight shaft pile near the ground
surface, i.e., up to 100 mm depth, although helix diameter of screw pile was
two times straight shaft pile. The ground disturbance below the pile tip (at depth
450 mm) was considerably small for both types of piles. The surrounding ground
disturbance due to pile installation at a distance of 2DH = 4DS was more or less
similar to each other for all the test cases.
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• In all the test cases, i.e., flat end, cone end, and cutting-edge end, ultimate resis-
tance of screw pile was higher than straight shaft pile. Moreover, the highest
ultimate resistance observed for screw piles with cutting-edge and cone ends, i.e.,
two times the ultimate resistance of straight shaft pile.
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Application of Deep Mixing Method
for Mitigation of Potential Seismic
and Hurricane-Induced Hazards

Rakshya Shrestha, Nozomu Kotake, and David Yang

Abstract This paper describes the application of Deep Mixing Method (DMM) for
the mitigation of potential hazards induced by natural disasters such as hurricane-
induced ground flooding and seismic ground shaking for two projects in the USA.
The two projects completed in 2014 and 2016 are used as case examples to present
the design, construction, and quality control of the DMMwork for hazardmitigation.
DMM was installed in the first project called P-17A primarily to reinforce soft soils
within and below a levee to provide resistance against lateral loads that will be
induced from high flood generated by hurricane. The second project called Perris
Dam included the use of DMM to improve potentially liquefiable soils within the
foundation of an earthen dam primarily to limit the deformation of the dam during a
seismic event.

Keywords DMM · Seismic remediation · Hurricane protection · Dam · Levee

1 Introduction

Deep Mixing Method (DMM) is an in situ soil mixing method whereby soil is
improved by injecting cement grout through single or multiple augers that simul-
taneously mix the soil, forming in-place soil–cement columns, walls or panels that
reinforce soft or loose ground. DMM can produce soil-cement elements in versatile
configurations formitigation of potential liquefaction and lateral spreading, improve-
ment of bearing capacity and control of settlement for a wide variety of construction
projects including wharf, petroleum refinery, roadway, dam, and levee. For hazard
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mitigation, themain objective is to obtain a reinforced groundwith improved strength
and reduced compressibility compared to the native ground.

This paper presents two projects in theUSAwhereDMMwas installed to improve
soft and loose soils within and below the levee and dam foundation respectively: (1)
P-17 A Project and (2) Perris Dam Project. At P-17A, DMM panels were installed
through the levee and soft foundation soils and keyed into competent stratum to
provide shear resistance to the levee against lateral loads from high flood water
generated by hurricane and to transfer the vertical load of the raised levee to the
bearing stratum for long-term settlement control. At Perris Dam, DMMwas installed
to strengthen the loose and potentially liquefiable sandy soils to limit the seismic
deformation of the dam during an earthquake event and to support a new stabilization
berm at the downstream toe of the dam. This paper will review a brief background for
each of these projects, discuss the subsurface soil conditions and present the design,
construction, and quality control of the DMM work for these levee repair and dam
remediation projects.

2 Project Backgrounds and Design Approaches

2.1 P-17A Project, Louisiana

In August 2005, Hurricane Katrina caused major flooding of the Mississippi river
and damaged the flood protection system in southeast Louisiana causing $125 billion
(USD) in damage and over 1200 deaths. This damage was aggravated by Hurricane
Rita in September 2005 causing an additional 120 fatalities and a loss of $18 billion.
These storms created catastrophic damage along the coast of Louisiana leading to
one of the largest disaster-relatedmigration in theUS history. In an effort tominimize
further damage and to enhance the protection level, a number of levees located on the
west bank of the Mississippi river in Louisiana were incorporated into the Hurricane
Protection project by the United States Army Corps of Engineers (USACE). DMM
techniques were then utilized by the USACE in several of these levee repair projects.
The P-17A project which was executed in 2014 is one of such projects. This is one
of the largest DMM levee projects of the USACE. The largest DMM levee project in
the US is called LPV-111, which was completed in 2012 and where 8.9 km of levee
was treated by 1.3 million cu. m of DMM [5].

DMM ground improvement was installed to reinforce soft soils within and below
the levee for emergency repair of a 2.2 km long section of a levee along the west bank
of Mississippi River in Louisiana. The main purposes of DMM ground improvement
in this project were to provide shear resistance to the levee against lateral loads from
high flood water generated by hurricane and also to serve the function of supporting
additional vertical load created by the increased height of the levee for hurricane
protection. Consequently, to control the long-term settlement of the remediated levee,
which might otherwise occur due to the compression of soft foundation soils.
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Subsurface Conditions

Subsurface investigations performed along the P-17A levee identified three main soil
strata: soft to medium stiff lean clay (CL), fat clay (CH) and medium dense to dense
clayey/silty sand (SC-SM). Clay layers were present to approximately 7.5 m below
the ground surface while sandy layers were prevalent below the clay layers. Traces
of organic fat clay layers were encountered intermittently. Fortunately, these layers
were not abundant enough to cause concern.

DMM Design and Layout

DMMpanels, comprising of a series of overlapping soil–cement panelswere oriented
in transverse direction to the levee axis as shown in Fig. 1a. The panels were designed
to provide shear resistance to the levee against lateral loads from high flood water
generated by hurricane. These panels were installed through the levee and soft foun-
dation soils and keyed into competent stratum. Depth of these panels varied between
8.9 and 14 m below the working platform. A cross section is shown in Fig. 1b. DMM
panelwidth varied between 5.2m (narrow section) to 16.4m (wider section) as shown
in Fig. 1a. To satisfy the width requirement, DMM panels installed in the narrow
section included two overlapping elements (one element consisted of six columns)
where the three edge columns of each element fully overlapped at the center. The
wider section included up to five elements overlapped with the consecutive elements
installed. The center to center spacing between the panels was maintained at 3.0 m
and the total treatment ratio of DMMwas 21%. Treatment ratio is defined as the area
of the soil that is mixed divided by the total area of soil within the zone to be treated.
1822 elements were installed along the levee alignment amounting to approximately
41,000 cubic meters of DMM treatment.

2.2 Perris Dam Project, California

Perris Dam is an earth fill dam constructed between 1970 and 1974 with an embank-
ment length of 3.5 km, a maximum crest height of 38.4 m, and a capacity of 162
million cubic meters of water. It is located in Riverside County in California, 5 miles
from San Jacinto fault zone, which is capable of moment magnitude 7.5 earthquake.
The foundation at Perris Dam consists of up to 90 m of fine sandy alluvial soils. The
Perris Dam Foundation Study Report, prepared by California Department of Water
Resources [4] indicated that thin sandy layers and pockets in the dam foundation
were susceptible to potential liquefaction and severe loss of strength during a large
earthquake event. The liquefaction of these foundation soils could potentially result
in slope failure of the embankment dam and uncontrolled release of water from the
Lake Perris reservoir endangering the people living downstream of the dam. A reser-
voir water level restriction of 7.6 m below the maximum water surface elevation had
been in place since 2005 to maintain safe operation of Perris Dam and Lake until the
remediation is implemented to control the crest deformation between 0.9 and 1.5 m
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Fig. 1 a Layout of DMM at P-17A Project. b Cross section of DMM at P-17A Project

during the design earthquake event. DMM was selected as the most cost-effective
remediation alternative in conjunction with a new downstream berm to reinforce
these foundation soils and limit the seismic deformation of the dam.

DMM ground improvement was installed approximately 1.3 km along the down-
stream toe of the dam in a cellular pattern as shown in Fig. 2a. The purpose of
DMM was also to connect the new compacted downstream berm to the stronger
soils at depth as shown in Fig. 2b to reduce the deformation of the dam embankment
during earthquake. The overall purpose of the Perris Dam Project was to upgrade the
seismic safety of the dam to meet the new seismic standards and enhance public’s
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DMM

a

b

Fig. 2 a Typical DMM cell layout at Perris Dam b DMM remediated section at Perris Dam [2]

safety. Perris Dam is believed to be the largest application of DMM for dam remedi-
ation in the USA to date. In addition to the DMMwork performed to treat the alluvial
soils beneath the footprint of the berm, the remediation works included extension of
the existing blanket drain, construction of new drain line, new toe drain, and relief
well system as shown in Fig. 2b.

Subsurface Conditions

Perris Dam is founded predominantly on alluvial soils which primarily consists of
silty sands and clayey sands with occasional lenses of poorly graded sand, gravel and
sandy silt. This alluvium extends down to 90 m. Beneath the alluvium lies granitic
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bedrock. As mentioned earlier, the DWR 2005 report indicated the presence of thin
sandy layers and pockets in the dam foundation that were susceptible to potential
liquefaction and severe loss of strength during a large earthquake event. Most of the
liquefiable soils are located in the upper 8 meters of the foundation with isolated
liquefiable pockets at deeper depths of up to 18 m.

DMM Design and Layout

DMM cells, each 15 m wide in the longitudinal direction (parallel to the dam axis)
and 37–41 m wide in the transverse direction (perpendicular to the dam axis) were
installed. Each cell consisted of five transverse walls (T-walls) and three-longitudinal
walls (L-walls) as shown in Fig. 2a. DMM installed in cellular configuration are
proven to be effective for liquefaction prevention through the reduction of seismic
induced strain and excessive pore water pressure during and after the earthquake.
At some stations along the alignment, DMM cells were installed in an alternate
sequence of shallow and deep cells as seen in Fig. 2a. The shallow portion of the
cells were designed to reinforce the liquefiable sandy layers located within 12 m
below the ground surface while the portion extended to 20 m depths were designed
to reinforce the isolated liquefiable sandy pockets below 12 m depth. A total of 72
cells each spaced at 3.5 m from the adjacent cells were installed amounting to a total
volume of 246,000 cubic meters of DMM. The c/c spacing between the T-walls was
also 3.5 m.

T-walls were designed to resist the major seismic force along the perpendicular
direction of the dam and L-walls were designed to brace the T-walls and resist minor
seismic force along the longitudinal direction of the dam. The total treatment ratio of
the DMM cells was 42%, out of which the 38% was from the T-walls. FLACmodels
were developed for the DMM remediated dam sections and dynamic analysis was
performed to estimate the seismically induced deformation. It was assumed that the
untreated soilwithin theDMMcells contain liquefiable soils. Based on the analyses, it
was determined that under a seismic eventwithmomentmagnitude of 7.5, a treatment
ratio of 38% for the T-walls (major lateral force direction) and a design averageDMM
unconfined compressive strength (UCS) of 3.5MPawere required to limit the seismic
deformation of the dam to 0.8m and 1.0m. These deformationswere calculated using
the assumptions of elastic DMM strength and cracked DMM strength, respectively
[2]. The corresponding vertical crest settlements were calculated as 0.5 m and 0.7 m,
respectively. The maximum allowable seismic crest deformation required by DWR
was 0.9–1.5 m to release the reservoir water level restriction and to return dam to
normal operation.

3 DMM Acceptance Criteria

Design of the DMM panels, walls or cells used for the projects included both
geometric design and material design. The geometric design included treatment
layout and treatment depth as discussed in Sect. 2. The material design included



Application of Deep Mixing Method for Mitigation … 647

the required strength of the soil-cement product. Based on the geometric and mate-
rial designs, a set of acceptance criteria was established for the DMM construction.
These acceptance criteria were included in the project specifications and served as a
foundation for DMM construction and quality control.

For P-17 A project, DMM was designed to achieve a UCS of 0.7 MPa (100 psi)
at 28 days of installation of the element. It was required that 90% of the cored
samples tested from each DMM element had to be greater than 0.7 MPa at 28 days.
Perris Dam project was designed to achieve an average UCS of 3.5 MPa (500 psi) at
28 days. The average was determined from UCS results of cored samples obtained
from three consecutive DMM elements that were cored to full depth. It was also
required that 90% of the core samples tested from these three elements had to be
greater than 2.1 MPa (300 psi). Such strength acceptance criteria based on average
andpercentile strength requirements are selected to copewith the inherent variationof
the sub-surface soils and soil–cement product and to truncate these natural variations.
Although UCS of the core samples governed the acceptance criteria of the product,
criteria such as recovery of the core runs and uniformity of the soil-mixed product
such as the presence of unmixed soil lumps were also evaluated for both projects
before the product was finally accepted. To ensure that DMM elements were located
according to the plans, horizontal and vertical tolerances and overlaps between the
adjacent columns and elements were monitored and continuity of the elements for
the full depth was confirmed.

4 DMM Construction

4.1 Materials and Equipment

Materials used for the projects included cement and water. No additional admixtures
were used for both projects. Cement comprising of 25% Type II Portland cement
and 75% slag was used for the P-17A project and Portland cement Type II was used
for Perris Dam project. Fresh water was used to prepare the grout in both projects.
Equipment required for the projects included the grout plant and the mixing rig. The
grout plant consisted of cement silos, grout mixer, agitator, water tank, and high-
pressure pumps. Grout produced by the plant was pumped to the agitator tank from
which in turn grout was pumped to the mixing rig. Two sets of equipment were used
for the Perris Dam project and the mixing rigs were four-axis auger equipment as
shown in Fig. 3. Each axis was 1.52 m in diameter. The mixing rig used in P-17A
project was a six-axis auger equipment with each axis being 0.91 m in diameter.
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Fig. 3 DMM mixing equipment at Perris Dam Site

4.2 Quality Control Program

The quality control program included installation of field validation test elements,
real-time monitoring of mixing parameters during installation, and sampling and
testing of the completed DMM. Real-time monitoring of the mixing parameters
such as penetration and withdrawal speed of the mixing shaft, rotation speed of the
mixing blades, grout injection volume and average amperage of the mixing motors
was performed using a computer operated quality control system for every element
installed. These parameters were recorded at every 1-foot interval along the depth of
the element and daily quality control reports were prepared.

The quality of the product was verified by coring and testing a certain specified
percentage of the total DMM elements installed. Each core was logged, evaluated for
the uniformity of the soil–cement mix and selected representative specimens from
the recovered cores (Fig. 4a.) were prepared and sent to the laboratory for strength
testing. Figure 4b. shows DMM test elements installed during the field validation
phase at Perris Dam project. Soils surrounding these test elements were excavated to
expose the installed DMM to ensure that a smooth and intact DMM topwas obtained.
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Fig. 4 a DMM Core runs b Exposed DMM test panels at Perris Dam site
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Fig. 5 28-day UCS of the cored samples at P-17A Project

4.3 Strength Data

A total of 55 full-depth cores were retrieved and 557 cored samples were tested for
UCS at P-17A project. All 557 test results are plotted in Fig. 5. The average UCS
obtained per cored element is also plotted and connected by blue solid line. It can be
seen in Fig. 5 that the test results showed a wide range of distribution with few values
falling below 0.7 MPa (red horizontal dashed line). The design strength requirement
(as described in Sect. 3, DMM Acceptance Criteria) was to maintain 90% of the
UCS data to be above 0.7 MPa. The cumulative distribution curve of the UCS is
presented in Fig. 7a. for the entire project shows that, only 1% of all the UCS data
was less than 0.7 MPa (red vertical dashed line) or 99% of the UCS data was greater
than 0.7MPa, showing that the design strength requirement was adequately satisfied.
For Perris Dam project, 330 full-depth cores were obtained, and 2647 cored samples
were tested. Figure 6 plots the distribution of average 28-day UCS across the DMM
treatment zone along the dam profile. It can be seen from the figure that the average
28-day UCS attained the required average value of 3.5 MPa. The design strength
requirement was also to maintain 90% of the UCS data of the project to be above
2.1 MPa. The cumulative distribution curve of the UCS data presented in Fig. 7b.
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shows that only 0.1% of the total UCS tests was below 2.1 MPa (red vertical dashed
line) or 99.9% of the total tests was above 2.1 MPa. This UCS data obtained from
the field retrieved cored samples after 28-day of curing also showed that the actual
average UCS was about 1.3 times higher than the design average UCS of 3.5 MPa.

Some low strength elements were encountered; this occurred mainly in the areas
with high ground water level and high seepage. Although the specified strength
was adequately met, few low UCS values were still obtained, and the data showed
variation.

This can be attributed to the inherent variation in the properties of the in situ soils
and ground conditions, presence of small unmixed clay lumps during the mixing
process and perhaps due to the sample disturbance (invisible fissure cracks) induced
in the process of coring, preparing, transporting, and testing that induced further
material variability. The coefficient of variation of the UCS values obtained was
43% for P-17A and 27% (relatively less variation) for Perris Dam project.
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Fig. 7 a Cumulative frequency plots for 28-day UCS data at P-17A. b at Perris Dam
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5 Concluding Remarks

This paper is an illustration of important application of DMM for natural hazard
mitigation including flood control of levee and seismic mitigation of earthen dam.
DMM was used to increase the strength of soft and liquefiable soils in order to
provide foundation support, increase stability, and provide resistance toward vertical
and lateral loads that would be induced by the potential geotechnical hazards. Despite
some inevitable natural variability, careful monitoring of the quality control system
enabled maximum control over the DMM installation parameters and resulted in
highly quality soil–cement product. Strength values obtained from the core test results
showed that the specified strength requirements for both projects were successfully
attained, and the design purpose was met.
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Characteristics of Surficial Mass
Movements on Cut Slopes of the Prime
National Highway 1 (PNH-1) in Bhutan

Kiyoharu Hirota, Tomohiro Nishimura, Takeshi Kuwano,
and Tomoharu Iwasaki

Abstract This article presents characteristics of surficial mass movements after
cutting a slope through the Prime National Highway 1 (hereinafter abbreviated as
PNH-1) in Bhutan. The surficial massmovement, in the form of slope failures, affects
the ability of traffic to move along the PNH-1. The geology in the area of the PNH-1
consists of metamorphic rocks. There are several types of surficial mass movement
in slopes, for instance, rock/soil slide, debris flow, and rock falls. Slope failure has
occurred due to the geological discontinuities, the boundary of strata, joints, and so
on. From the observation of more than 100 slope failures along the PNH-1, we clas-
sified the surficial mass movements into three types: “Denudation,” “Erosional flow,”
and “Slide.” Among these three types, “Denudation” and “Erosional flow” destabi-
lize the surface layer of the slope after a while after cutting, while “Slide” tends to
collapse on the slope within a short time after cutting. According to Varnes’ landslide
classification, surficial mass movements such as “Denudation” and “Erosional flow”
are categorized as “Flows,” and “Slide” are categorized as “Slides.”

Keywords Surficial mass movement · Cut slope · Geological discontinuity

1 Introduction

This paper describes the characteristics of surficial mass movement as slope failures
observed on the Primary National Highway 1 (hereafter referred to as PNH-1) in
Bhutan. Surficial slope failures on the cut slope in Bhutan are mainly affected by the
widening of the PNH-1. The slope failures are more concentrated in the rainy season
between June and September. In Japan, over 70% of slope disasters are caused by
surficial mass movements [1]. During slope observations on the PNH-1, we consid-
ered that more than 80% of slope disasters were due to the surficial mass movement.
Therefore, they were not recognized as large-scale landslides during on-site obser-
vations. The ratio of the number of occurrences for the surficial mass movement is an
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Fig. 1 Observed route (Image Source Google Earth)

interesting issue both in Bhutan and in Japan. The issue of surficial mass movements
is a common problem and methods to prevent road disasters after cutting the slope
is the same in both countries. In this paper, for the initial research focusing on the
surficial mass movement, the typological classification of slope failures and the main
factors for elucidating the mechanism of the surficial mass movements are discussed.

2 Investigated Slopes on the PNH-1

2.1 Investigated Slopes on the National Highway

The observed route for the cut slope is on the part of the PNH-1 between Wangdue
and Trongsa heading east from the capital Thimphu (Fig. 1). The distance between
the two towns of Wangdue and Trongsa is around 100 km.

2.2 How to Select Cut Slopes for Observation

The section observed for this project is a part of the PNH-1 from Wangdue (the
Lobeysa Regional Office) to Trongsa (the Trongsa Regional Office) where two
regional offices of the Department of Road, Bhutan, are located. This section was
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selected as it contains newly cut slopes due to widening of the road. For the selection
of specific cut slopes, sites were selected using maps from the previous road works
project, Google Earth images, and on-site observations of each cut slope.

2.3 Basic Features of the Investigated Area

Geological Setting. The investigation route has five units. The GHlml (Lower
metasedimentary unit), the GHlo (Orthogneiss unit), the GHImu (Upper metasedi-
mentary unit) in the Greater Himalayan Zone, the Pzc (Chekha Formation), and the
Pzu (Maneting Formation) in the Tethyan Himalayan Zone from the lower level in
geologic time (Fig. 2). The Greater Himalayan Zone consists mainly of metamorphic
rocks originated in amphibole and granitic rocks, while the Tethyan Himalayan Zone
consists mainly of metamorphic rocks that originated from sedimentary rocks.

Mass movements as slides with geological discontinuity on cut slopes are particu-
larly likely to occur in granitic rocks of theGHlo and schist of theGHlmu distribution
areas.

Precipitation. Bhutan’s rainy season is from June to September. Data are shown
for two towns, Wangdue and Trongsa, from 2015 to 2017 (Fig. 3a, b). In the
four-month period from November to February of the following year, the monthly
precipitation is almost always below 30 mm at the two sites.

Comparing the annual precipitation data between Wangdue and Trongsa, it is
about 600 mm per year in Wangdue and 1500 mm per year in Trongsa. The annual
precipitation in Trongsa is more than double that inWangdue (Table 1). Moreover, in
Trongsa, the rainfall exceeds 100 mm beginning in May (or April depending on the
year) and continues until September. In Bhutan, the rainy season generally is from
June to September. Precipitation data is consistent with this rainy season.

Fig. 2 Geologic map of the investigated area (modified from Long [2])
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Fig. 3 a Precipitation graph for Wangdue, Bhutan (2015–2017). (Source Department of Roads in
Bhutan: hereafter referred to as DoR data). b Precipitation graph for Trongsa, Bhutan (2015–2017)
(Source DoR data)
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Table 1 Precipitation data for Wangdue and Trongsa (2015–2017)

Wangdue Precipitation (mm)

Month Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec Sum

2017 0.6 0.6 33.6 22.9 42 62.9 156 146.1 82.9 22 0 0 569.6

2016 14.2 0 7.2 32.3 38.4 64 229.1 – 149 8.9 1 1.9 546+

2015 4 0 28.6 48.8 71 230.7 170.5 139.1 71.1 10.7 0.1 0 774.6

Trongsa

2017 6.6 3.9 76.4 62.9 127.6 194 337.5 371.1 204.3 92.9 13.5 0 1490.7

2016 22.7 11.5 66.6 128.9 180.8 186.5 324.3 157.8 175.5 149.9 1.2 12.1 1418.9

2015 17.1 2.5 60.3 132.2 128.3 406.4 306.6 243.7 119.5 29.5 5.6 5.9 1457.9

Edited from the DoR source data

3 Results and Discussion

3.1 Classification of Surficial Mass Movement in Cut Slopes

Over 100 cut slopes have been observed in the observation section. For every
100 slopes observed, 26 sites will be classified as “Denudation,” 56 will be “Ero-
sional flow” sites, and the remaining 16 will be “Slide” sites. The following are the
three types of surficial mass movements in cut slopes based on the current PNH-1
observation results.

1. Denudation: Movement of surficial materials (Fig. 4a, b). There are three
denudation processes: erosion, weathering, and mass wasting.

2. Erosional flow: Collapse of different geological boundaries or portions with
different erosion resistance boundaries (Fig. 4c, d).

3. Slide: Sliding due to geological discontinuity such as joint, schistosity, and fault.
Collapse from a stable base rock boundary regardless of soils or rocks (Fig. 4e,
f). Slides are prominently observed in the granitic rocks and schist distribution
areas along the PNH-1 in the study area.

3.2 Main Causes for Each Type of Slope Failure

Surficial mass movements are almost always related to geological discontinuity
which becomes the boundary of sliding plane in Bhutan (Fig. 5). Of the kinds of
geological discontinuities, the most common structures are observed are “bedding
plane” and “schistosity” in Bhutan.

Denudation: Denudation occurs due to water from geological boundaries with
different susceptibility to weathering with an example of this being between coarse-
grained soils and fine-grained soils (Fig. 4a, b). As surface weathering progresses, it
can be observed as surficial erosion and gully erosion on the slope.
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Fig. 4 Examples of slope failures on cut slopes (a Denudation, b Denudation (enlarged view of
“a”), c Flow, d Erosional flow, e Slide (soils), f Slide (rocks))

Fig. 5 Geological discontinuity on cut slopes (a Slide (soils), b Slide (rocks); white arrows:
geological discontinuity)
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Erosional flow: This occurs when materials mainly weathered from gneissose
granite, deposit in the valley and flow down to the road due to precipitation (Fig. 4c).
Materials on the slope move after weathering at the geological boundary. Also,
materials weathered and/or deposited on the cut slope will move downward.

Slide: In the case of “Slide (soils),” we can find geological discontinuity between
soils and rocks (Fig. 5a). The slip surface as geological discontinuity at “Slide
(rocks)” slopes can be clearly seen (Fig. 5b). We found that geological disconti-
nuities greatly affected to the slope failure on the cut slope at the sites observed in
Bhutan.

Besides the classification of mass movement, it is important to define the relation-
ship between stable and unstable slopes. By defining both Denudation and Erosional
flow in the slope, it helps the government of Bhutan to plan which countermeasures
to use against unstable slopes.

Observed geological boundaries and joints consist of geological discontinuities;
however, it is not clear what the trigger point of slope failure is on geological discon-
tinuity. In order to know which boundaries where Rock Slides and/or Soil Slides
occur, it is necessary to recognize where the geological discontinuity is. Clarifying
the cause and mechanism of slope failure and predicting the extent of damage will
be important for future road maintenance and implementing slope countermeasures.

3.3 Correspondence with Varnes’ Landslide Classification

According to the typology of slope failures observed, “Denudation” and “Erosional
flow” are included in “FLOWS” as the type of movement in Varnes’ Landslide
Classification (Varnes 1978). Three types of surficial mass movements caused slope
failure are “Denudation,” “Erosional Flow,” and “Slide” which classified into the
two categories of “FLOWS” and “SLIDE” in the Varnes’ Landslide Classification
(Table 2).

Surficial mass movement is almost included in “TRANSLATIONAL SLIDES,”
on the contrary there are few “ROTATIONAL SLIDES” in cut slopes along the
PNH-1 in Bhutan.

4 Conclusion

The type of surficial mass movement is divided into three types, “Denudation,”
“Erosional flow,” and “Slide” which quickly causes instability due to cutting the
slope.

Denudation is surficial erosion on the cut slope where it consists of talus and/or
weathered soils. At first, the gully erosion occurs on slopes, and slope failure begins
in small blocks. Erosional flow occurs at the cut slope where talus/detritus deposits
on the slope and in the valley. A slide occurs in the rock slope with geological
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Table 2 Abbreviated version of Varnes’ Landslide Classification

surficial mass movements: yellow areas are modified from Jan Novotný [3]

discontinuities. Mainly, slides are prominently observed in the granitic rocks and
schist distribution areas along the PNH-1.

The factors causing surficial mass movements consist of three key factors: “Geo-
logical discontinuity” as an inner factor, “Precipitation” as an outer factor under
the natural force, and “Cut slope” as an outer factor due to road building (Fig. 6).
The outer factor “Precipitation” influences all other surficial mass movements. The
period affected by precipitation is during the rainy season from June to September.
Furthermore, the combination of “geological discontinuity” and “cut slope” causes
“Slide” in the short term, especially the rainy season.

Acknowledgements We conducted this investigation as a part of “The project for Capacity Devel-
opment on Countermeasures of Slope Disaster on Roads in Bhutan” in partnership with the Japan
International Cooperation Agency (JICA). We would like to express our gratitude to the members
of the JICA Headquarters and JICA Bhutan Office, our counterpart of the Department of Roads in
Bhutan, and many other people in Bhutan for their support during this project.

Fig. 6 Relationship between “surficial mass movement” and “factors for sliding”
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Estimation of Liquefaction Area Using
the Screw Driving Sounding Data
in Kumamoto

Kohei Tsuji, Naoaki Suemasa, and Tsuyoshi Tanaka

Abstract On April 2016, the Kumamoto earthquake occurred. The earthquake
caused serious liquefaction damage in the long and narrow area of about 5 km north
and south between the Shirakawa River and the Midori River that flow west through
Kumamoto City. In This area is called “Ekijyoka no obi (Liquefaction belt),” and
manyhouses have sunkor tilted.The screwdriving sounding test has someadvantages
including simpler test system and better cost efficiency for penetration in compar-
ison with standard penetration test (SPT) and cone penetration test (CPT). For these
reasons, the screw driving sounding test is often used in residential land surveys in
Japan, and there is a lot of existing data in this area. In this paper, the spatial informa-
tion on the Holocene geological situation of this neighborhood was generated made
in this area spatial information using the screw driving sounding test data, and the
phase change of the liquefied area, and the non-liquefied area was compared. As a
conclusion, the spatial extent of the liquefied soil layer was estimated.

Keywords Earthquake · Sounding · Liquefaction

1 SDS Machine and Method

The concept of the SDS test system using the plasticity theory analogy model was
proposed by Suemasa et al. (2005).

The plasticity theory analogy model was originally proposed for a shallow
foundation problem by Nova and Montrasio (1991).

Figure 1 shows an automatic machine for the SDS.
A monotonic loading system is used for the SDS, where the number of load steps

is increased to 6 while the rod is always rotated at a constant rate during the test.
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Fig. 1 SDS test machine

The step loads are 0.25, 0.38, 0.5, 0.63, 0.75, 0.88, and 1 kN in order, and the load is
increased every revolution of the rod. Measurement items in the test are maximum
torque (Max.T ), average torque (Av.T ), minimum torque of rod (Min.T ), penetration
amount (L), settlement rate (V ), and the number of rotations of the rod (N). The data
is measured every revolution of the rod. In the SDS, a set of the loading system is
conducted at every 25 cm of settlement of the rod, and immediately after the last
load, the rod is lifted up by 1 cm and then rotated to measure the rod friction.

The concept of estimating rod friction is shown in Fig. 2. The rod friction can be
separated into a vertical component (Wf ) and a horizontal component (Tf ) as the rod
penetrates into the ground while being rotated. A weighted load (Wa) and measured
torque (Ta) are defined as follows,

Wa = W f +W (1)

Ta = T f + T (2)

whereW andT are the load and torque at the screw point, respectively. Themaximum
shear stress acting on the rod surface is described as,

Fig. 2 Concept of a rods
friction
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τmax = Tm
2πr2 · L (3)

where Tm is torque against the rod friction measured at the end of a loading set,
r is the radius of the rod, and L is the total penetrated length. Supposing that the
combination rate (V ) between rotation speed (V θ ) and settlement speed (Vz) is equal
to the one between horizontal shear stress (τ θ ) and vertical shear stress (τ z) on the
surface of the rod, the formulas can be given as follows,

τθ = τmax · cos θ (4)

τz = τmax · sin θ (5)

By substituting Eqs. (4), (5) into (6) and (7), the vertical and the horizontal
components of the rod friction are obtained as follows,

T f = 2πr2 · L vθ√
v2

v + v2
θ

· Tm
2π2L

(6)

W f = 2πr · L vv√
v2

v + v2
θ

· Tm
2π2L

(7)

2 The Survey Site

The survey site is located in theKumamoto Plain. TheKumamoto Plain is bounded by
the outer rim of Aso on the east side and the Ariake Sea on the west side. Shirakawa
flows to the north of the plain, and Kase and Midorikawa flow west to the south.
The “liquefaction belt” where the survey site is located is an area extending from
the Shirakawa River to the south side, branching out from the Shirakawa River,
and continuing to the Kase River with a width of 50–100 m and a length of about
5 km. The “liquefaction belt” is the largest and most continuous in the Kumamoto
Plain, located in a slight elevation zone mainly composed of sandy soil. Liquefaction
damage was concentrated during the Kumamoto earthquake. Figures 3, 4, and 5
show the land condition map around the survey site. The survey site is a residential
area that suffered liquefaction damage in the “liquefaction belt.” Many structures
around the surveyed residential land deformed and subsided due to liquefaction, and
the houses in the residential land showed a relative settlement of the floor surface of
more than 10 cm and a slope of about 10/1000 depending on the location. Figure 6
shows a photograph of the settlement around the study area.
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Fig. 3 Survey location map

liquefaction belt

Fig. 4 Schematic of the survey site

3 Survey Boring and Screw Driving Sounding

The analysis parameters that are effective in preparing the soil classification and
estimated soil profile from the test results obtained by SDS are described below. The
penetration energy per revolution when the screw point penetrates into the ground is
expressed by the following equation.

dE = πT dnht +Wdst (8)

The total energy E is required to penetrate the screw point for a depth of 25 cm in
each test section of the SDS, E, which is expressed as: Here which is the summation
of the rotational energy due to torque ET and the penetration energy due to vertical
load are ET and EW.
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Fig. 5 Located in a slight elevation zone mainly composed of sandy soil (yellow zone)

Fig. 6 Damage situation

E = ET + EW (9)

The total energy E is an index that indicates the hardness and tightness of the
survey ground. ET/EW, which is the ratio of the rotational energy to the penetrating
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Fig. 7 Borehole survey and SDS results

energy, represents the torque contribution rate during the penetrating and is large in
sandy ground.

Figure 7 shows an example of a graph of the borehole survey results accompanied
with and a graph of the screw driving sounding (hereinafter called “SDS”) results.

The SDS results includes corrected torque, corrected load, and ET/EW. As shown
in the depth distribution of corrected torque and ET/EW, it is estimated that there is
a thin layer of cohesive soil between sandy layers at GL-5.0 m and GL-8.0 m. The
same stratum structure was observed in the result of boring. The depth distributions
of corrected torque and corrected load values in SDS tend to be almost the same as
that of the standard penetration test results. The SDS parameters including corrected
torque and ET/EW can indicate that layers shallower than 5 m from the surface tend
to liquefy.

4 Geological Section Estimated by the SDS

As shown in Fig. 8, there are about 150 sites that SDS was performed near the
liquefaction belt. These results were used to create the section view.

From previous research results, it was found that ET/EW have a good relationship
with FC, where Fc becomes less than 20% when ET/EW is larger than 10 as seen in
Fig. 9. Therefore, ET/EW is one of the useful parameters to predict that a layer may
liquefy. Figure 10 shows the resulting vertical cross sections to show the stratum
structure in the liquefaction belt area. From the cross sections of ET/EW distribution
shown in Fig. 10, it is found that there are multilayers of clay and sand depositing in
the area outside the liquefaction belt, and sand dominantly deposited in the shallower
part in the liquefaction belt.
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Fig. 10 Cross section

5 Conclusions

The conclusions obtained from the field investigation of the SDS are as follows

1. Accurate geological section can be created by comparison with SPT.
2. Alternate layers of sand and clay are distributed near the study area.
3. The soil layer in the vicinity of the survey site has a drastic vertical layer change

and poor horizontal layer continuity.
4. There are multilayers of clay and sand depositing in the area outside the lique-

faction belt, and sand is dominantly deposited in the shallower part in the
liquefaction belt.

Acknowledgements I would like to thank Prof. Hazarika Hemanta for useful discussions and
carefully proofreading the manuscript.

References

1. Murakami, S. (Fukuoka University): Geotechnical Society 2016Kumamoto Earthquake Ground
Disaster Investigation Team Liquefaction Group Report (24 June 2016)

2. Maeda, Y., Yamato, S., Sugano, Y., Sakai, G., Suemasa, N., Tanaka, T.: Evaluation of soil
liquefaction potential by screw driving sounding test in residential areas, 6ICEGE, Christchurch,
New Zealand (2015)



Estimation of Liquefaction Area Using the Screw Driving … 671

3. Tanaka, T., Suemasa, N., Yamato, S.: Assessment of Soil Characteristics by Screw Driving
Sounding (19SEAGC & 2AGSSEA), Kuala Lumpur (2016)

4. Tsuji, K., Suemasa, N., Tanaka, T., Sugano, Y., Maeda, Y.: Comparison of SDS data before and
after Kumamoto earthquake. In: 52nd Japan National Conference on Geotechnical Engineering
(2017)



Deterministic Seismic Hazard Analysis
of Ankleshwar City, Gujarat

Manali Patel , Chandresh Solanki , and Tejas Thaker

Abstract Earthquake disaster study as well as mitigation is important for the safe
and economic design of structures. Ankleshwar is the major industrial hub of India,
situated in Bharuch district, located at south-west coast of Gujarat and lies in seismic
zone III as per Indian seismic zonation. In present study, the seismic risk analysis of
Ankleshwar city is carried out considering the past earthquake records. Earthquake
catalogue consisting of all earthquake events from 1819 to 2019 is prepared within
400 km radius of the Bharuch district. After identifying the seismic sources and
declustering of earthquake catalogue, the shortest distances from each seismic source
responsible for the tectonic activity have been calculated. For theAnkleshwar city, the
peak ground acceleration values at rock level have been determined using predictive
relationships. The analysis reported that the PGA values are ranging from 0.18 to
0.38gwith respect tomaximumcredible earthquakeofmagnitude (Mw) 5.8 generated
from Son Narmada Fault. The basic design parameters arrived from the PGA model
can be used for the seismic design of structures in the Ankleshwar city.

Keywords Deterministic seismic hazard analysis · Foreshocks · Aftershocks ·
Maximum credible earthquake · Peak ground acceleration

1 Introduction

Earthquake disaster study aswell asmitigation is important for the safe and economic
design of structures. Worldwide, India is considered as seismically more active
country. Ankleshwar is the major industrial hub of India, situated in Bharuch district,
located at south-west coast ofGujarat and lies in seismic zone III as per Indian seismic
zonation (IS 1893:2016). In the present analysis, an area of 400 km radius around the
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Bharuch city has been taken and the damage caused due to Bhuj earthquake in 2001
has been considered. In the present study, an attempt has been made to carry out the
seismic risk analysis of Ankleshwar city considering the past earthquake records.
The purpose of deterministic seismic hazard analysis (DSHA) is to characterize the
different possible ground motions for a particular site by considering previous earth-
quake records. In present analysis, the sources which can generate earthquake ≥4
magnitude are considered.

2 Preparation of Earthquake Catalogue

Due to improper record of synthesized earthquake events, it is necessary to collect
the ancient earthquake data from the several sources with the aim to prepare the
suitable earthquake catalogue for the region. Earthquake catalogue consisting of all
earthquake events from1819 to 2019 is preparedwithin 400 km radius of theBharuch
city. The instrumental data were collected from the various sources such as United
States Geological Survey (USGS), Global Instrumental Earthquake Catalogue (ISC-
GEM), Institute of Seismological Research (ISR) and the historical data that were
collected from the various researchers like Oldham [1], Chandra [2] and Thaker [3].
In the obtained data, there were different magnitude scales with many repetitions;
however, to overcome this, enough attention is provided to decluster and convert the
magnitudes in one scale. The present catalogue comprises of 292 events from the
year 1819 to 2019 with various moment magnitudes (Mw) ranging from 2.0 to 7.8
from 1819 to 2019.

3 Completeness of Earthquake Catalogue

In the historical time (before 1958), due to unavailability of instruments, the earth-
quake events with lower magnitudes have not been detected, and hence, the complete
earthquake catalogues were not available frequently. In 1985, Tinti and Mulargia [4]
differentiated recorded seismicity with the real seismicity to find out the incom-
pleteness period in the catalogues. Therefore, it is necessary to have the complete
earthquake catalogue. The completeness period for various magnitude classes can
be determined by two methods, namely visual cumulative (CUVI) method [4] and
STEPP method [5], respectively. In the year 1973, Stepp [5] introduced a method to
find the completeness of earthquake data in which he used the statistical estimation
approach where the variance (σ) of the estimates of sample mean (λ) is inversely
proportional to the number of observations in the sample. In the CUVI method, the
cumulative number of events for each magnitude class is computed corresponding
to each year. The earthquake data considered to be complete when the trend of the
data is stabilized to approximate straight line.
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Fig. 1 Cumulative visual interpretation method

By using these two methods, the completeness period can be determined for
different magnitudes (Figs. 1 and 2). Table 1 provides the information about the
completeness period estimated by these two methods.

4 Regional Recurrence Relationship

The regional magnitude–frequency relationship is the key factor for the characteri-
zation of seismic activity.

For determining the seismicity parameters, usually Gutenberg and Richter
relationship [6] is taken. In this study, the following equation has been considered:

log10 N = a − bMw (1)

where N is cumulative number of earthquakes ≥ a particular magnitude Mw/year,
and ‘a’ and ‘b’ parameters define the seismicity of the area.

The obtained recurrence relationships from STEPP and CUVI methods (Fig. 3)
are as follows:

log10 N = −0.861Mw + 3.81, R2 = 0.993 (2)

log10 N = −0.932Mw + 4.15, R2 = 0.991 (3)

From the present comparative analysis, it is found that the obtained seismicity
parameters in both the methods are similar. Henceforth, the generalized equation for
the study region was developed as follows:
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Table 1 Completeness period by CUVI and STEPP methods

Magnitude class CUVI method STEPP (1973) method

Period Years Period Years

3.00–3.49 1956–2019 63 1959–2019 60

3.50–3.99 1970–2019 49 1969–2019 50

4.00–4.49 1968–2019 51 1969–2019 50

4.50–4.99 1962–2019 57 1959–2019 60

5.00–5.49 1950–2019 69 1949–2019 70

5.50–5.99 1900–2019 119 1899–2019 120

6.00–6.49 1845–2019 174 1839–2019 180

6.5 and above 1819–2019 200 ** **
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Fig. 3 Regional frequency–magnitude relationships

log10 N = (−0.896 ± 0.0356)Mw + (3.987 ± 0.172) (4)

For the computation of regional frequency-magnitude relationships, the CUVI
and STEPP methods have been adopted.

5 Seismotectonic Model

In the current study, generated earthquake catalogue can be beneficial for the entire
Peninsular India; however, damages occurred due to earthquakes are limited at partic-
ular distances. The generated earthquake catalogue lies between latitudes 19˚N to
25° N and longitudes 69° E to 76° E covering all the magnitudes ranges between 2
and 7.8.

The seismotectonic atlas [7] was used to plot the faults which are the prime
governing seismic sources. The SEISAT, 2000 [7] was developed by the Geological
Survey of India (GSI). The seismic events with different magnitudes were superim-
posed on these plots where the 13 major faults were considered which are capable
to generate peak ground acceleration greater or equal to 0.01 g. The seismotectonic
model of Bharuch region is represented in Fig. 4.

6 Seismic Hazard Analysis

The assessment of strong ground motion at a particular site can be predicted by
seismic hazard analysis. The advantage of seismic hazard analysis is to prepare the



678 M. Patel et al.

Fig. 4 Seismotectonic model for the study region

seismic zonation maps which can be useful for earthquake-resistant design of any
structure. The various ground-shaking parameters can be used to describe the seismic
severity of any specific site.

In comparison to peak velocity and displacement time histories, the use of peak
ground acceleration has been widely adopted as the ground motion measurements.
Majority of the codal provisions and the design procedures are based on PGA
and normalized response spectra. Generally, the peak ground acceleration can be
computed with two.

In general, the PGA of any specific site is computed using the probabilistic and
deterministic seismic hazard analysis. The probabilistic analysis used the lowest to
highest groundmotions,whereas the deterministic analysis only considers the highest
ground motions. Raghu Kanth and Iyengar have proposed attenuation relationship
for western-central region, southern region and Peninsular region of India [8, 9].

In present study, the following attenuation relationship for Ankleshwar region is
proposed:

ln Y = C1 + C2(M − 6) + C3(M − 6)2 − ln R − C4R + ln ε (5)

where C1 = 1.7236, C2 = 0.9453, C3 = −0.0725 and C4 = 0.0064 are the
constants provided by Raghu Kanth and Iyengar [9] for the western-central portion
of India, Y is associated with PGA or spectral acceleration at bed rock level in terms
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of g, M is the moment magnitude, R is refers to the hypo central distance and ε is
the error connected with regression taken as 0.3439.

7 Results and Discussion

For the rigorous seismic hazard analysis, the Ankleshwar city was divided into 65
number of grids (3 km × 3 km). The hazard maps have been developed for the
Ankleshwar city by considering the higher value of peak ground acceleration at 31
accessible locations (Fig. 5). The majority of the industries are situated in north-east
part of Ankleshwar city. As per the present analysis, the peak ground acceleration
values for this region varies between 0.29 and 0.38 g.However, it drops to 0.18–0.28 g
for the western part of the city.

Fig. 5 Seismic hazard maps for Ankleshwar region
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8 Conclusions

In present study, the deterministic seismic hazard analysis (DSHA) approach was
used to assess the peak ground acceleration of Ankleshwar city which falls under
moderate zone of earthquake, i.e., zone III (BIS 1893). To assess PGA values, the
maximum credible earthquake (MCE) and past seismicity parameters were used, and
the entire region was divided into grids of 3 km× 3 km. From the present analysis, it
can be stated that the eastern part of the city is more severe with PGA values >0.29 g
in comparison with western part of city where PGA values are ranging between 0.18
and 0.29 g. The BIS (1893:2016) has suggested generalized PGA value as 0.16 g for
entire seismic zone III. Thepresent analysis canbeuseful for the protection of existing
structures and designing the new structures. As it is the preliminary analysis, further
the probabilistic seismic hazard analysis, ground response analysis and liquefaction
studies are required for effective consideration.
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Large Strain Torsional Shear Tests
on the Mechanism of Long-Distance Flow
Slide in Palu, Central Sulawesi, Indonesia

Risqi Faris Hidayat , Takashi Kiyota , Muhammad Umar ,
and Hasbullah Nawir

Abstract The catastrophic flow slide in Palu city has proven that surface ground
could laterally deform in several kilometers due to the earthquakemotion even though
the ground inclination is very gentle (1–5%). This paper aimed to understand the
flow deformation behavior of Toyoura sand and flow sand samples collected from
Sibalaya trench No. 3 in the modified hollow cylindrical torsional shear apparatus
by using the water-inflow concept. Static liquefaction tests with constant shear stress
are employed to identify the possibility of the specimen to flow under small initial
static shear in drained conditions. In comparison, using the same field sand sample,
an undrained cyclic test followed by monotonic loading is conducted to observe
the specimen behavior under the undrained condition. It is observed that continuous
flow behavior can be observed under small initial static shear stress with water-inflow
concept. The continuous flow behavior of the sand specimen is defined by the initial
density, which also affects the volume expansion behavior. The static liquefaction test
using flow sand sample shows that this material could flow under the water-inflow
mechanism. As a comparison, this material shows non-flow behavior in the typical
undrained test, and even the specimen is liquefied.

Keywords Static liquefaction · Torsional shear test · Flow slides · Sulawesi
earthquake · Confined aquifer

1 Introduction

Long-distance flow slide disaster was observed in several places in Palu city; Petobo,
Balaroa, Jono Oge, Lolu, and Sibalaya after a 7.5 Mw intraplate earthquake hit
Central Sulawesi and the surrounding place on September 28, 2018. The United
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States Geological Survey [1] notified that the epicenter (0.256 S and 119.846 E) was
located 70 km from the northern part of Palu city at the shallowdepth of around20km.
This earthquake also triggered a tsunami in the coastal areas of Palu, Donggala, and
Mamuju.

A site investigation was conducted to reveal the mechanism of this long-distance
flow failure. This ground movement could flow, massively, at the very gently sloping
ground, ranging around 1–5% [2–4]. Hidayat et al. [2] discovered that sand ejecta, as
the evidence of soil liquefaction, has been found in several places around the affected
areas. They also reported that the freshwater pond inside the affected area could be
observed, even two weeks after the earthquake. Kiyota et al. [3] described that the
shallow groundwater in the affected areas was under pressure, based on the interview
with the residents. They considered that the cause of this long-distance flow slide
was a significant reduction in the effective stress and the shear strength of the surface
ground by a large amount of groundwater that probably supplied from the confined
aquifer layer or underground fault water.

Kokusho [5] reported, based on his experimental results, that when the water
interlayer is formed below the sloped less permeable layer, a large deformation could
be observed in the less permeable layer and its upper layers due to the gravity force
while maintaining their shape. Okamura et al. [4], who conducted several trench
surveys in the Sibalaya area, reported that in order to employ the water interlayer as
the only factor to promote this long-distance flow slide, the water interlayer should be
smooth and continuous all over the area, and this assumption is not always met with
the investigation results. Thus, this water interlayer concept could not fully explain
the occurrence of long-distance flow slides in Palu City.

In the typical laboratory undrained shear test, at the large strain, the strength and
stiffness of sandy soil are eventually recovered, even in very loose sand [6]. These
experimental results probably suggest that the long-distance flow slide is unlikely to
occur at the gently sloped ground under the undrained condition. However, consid-
ering the inflow of the groundwater from the confined aquifer or underground fault
water might supply abundant water to the liquefied layer, the significant positive dila-
tancy is allowed to occur. This condition reduces the shear resistance of the surface
ground significantly, resulting in a long-distance flow slide even in the gently sloped
ground.

This paper aims to understand the flow deformation behavior of clean sand
(Toyoura sand) as well as flow sand samples collected from Sibalaya trench No. 3
[4] in the modified hollow cylindrical torsional shear apparatus [7] using the water-
inflow concept. Static liquefaction tests with constant shear stress are employed to
identify the possibility of the sand specimen to flow under small initial static shear in
drained conditions. In comparison, using the same field sand sample, an undrained
cyclic test followed by monotonic loading is conducted to observe the specimen
behavior under the undrained condition.
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2 Large Strain Torsional Shear Tests

2.1 Apparatus and Sample Preparation

A fully automated torsional shear apparatus with a hollow cylindrical specimen,
developed in the Institute of Industrial Science, University of Tokyo [7], is employed
in this study (Fig. 1). The specimen has 100 mm of outer diameter, 60 mm of inner
diameter, and 200 mm of height. This apparatus could achieve double amplitude of
shear strain (γ -DA) levels exceeding 100% by using a belt-driven torsional loading
system that is connected to an AC servomotor through electromagnetic clutches
and a series of reduction gears. An external potentiometer with a wire and a pulley
is employed to measure the large deformation. Specified shear stress amplitude is
controlled by a data acquisition system connected to a computer, which monitors the
outputs from the load cell and calculates the shear stress. The measured shear stress
is corrected for the effects of the membrane force by utilizing an empirical equation
for the same specimen size from Umar [8].

Toyoura sand (Gs = 2.648, emax = 0.948, emin = 0.619) and field sand from
Sibalaya Trench No. 3 (Gs = 2.639, emax = 0.948, emin = 0.519) with 10% of fines
content (non-plastic) are used in this study. This field sand sample is extracted from
the trench investigation conducted by Okamura et al. [4] after the disaster. The grain
size distribution of both samples is shown in Fig. 2.

Fig. 1 Schematic diagram of hollow cylindrical torsional shear apparatus [8]
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Fig. 2 Particle size distribution of Toyoura sand and field sample obtained from Trench No. 3
Sibalaya area

2.2 Testing Procedures

Static liquefaction test with water inflow under constant shear stress. In this study,
a series of static liquefaction tests with constant shear stress is conducted in the
modified torsional shear apparatus. All specimens were prepared by air pluviation
method. The specimen was saturated by double vacuum method.

For Toyoura sand, the specimen was subjected to isotropic consolidation to mean
effective stress (p′) of 100 kPa with the back pressure of 200 kPa. After the consol-
idation, the initial static shear stress (τ static) of 7.5 kPa was applied to the specimen
under drained condition. For the field sample, it was consolidated to p′ = 50 kPa
and τ static of 4 kPa was applied. Both testing conditions on the Toyoura sand spec-
imen and field sample represent the ground inclination of 1.5–2%, according to the
formula provided by Chiaro et al. [9].

After applying the τ static, the p′ was gradually reduced by increasing the back
pressurewith the rate of 5kPa/minunder constant τ static. This reductionwas continued
until the specimen showed continuous flowbehavior under the constant τ static. During
the reduction of the p′, the height of specimen was not kept fixed. The test was
terminated when the shear strain (γ zq) reached more than 80%. The list of static
liquefaction tests in the torsional shear apparatus is shown in Table 1.

Undrained cyclic loading followed by amonotonic loading test. This testwas carried
on the field sample. At first, the specimen was consolidated to p’ini = 50 kPa and
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Table 1 List of experiments on modified torsional shear apparatus

Code test Relative
density, Dr
(%)

Static shear
stress, τ static
(kPa)

Mean effective
stress, p′ (kPa)

B value Material Test

TS 1 23.4 7.5 100 0.96 Toyoura Static
liquefaction

TS 2 44 7.5 100 0.96 Toyoura Static
liquefaction

TS 3 50 7.5 100 0.96 Toyoura Static
liquefaction

TS 4 58 7.5 100 0.97 Toyoura Static
liquefaction

TS 5 73 7.5 100 0.96 Toyoura Static
liquefaction

TS 6 84 7.5 100 0.96 Toyoura Static
liquefaction

NS 1 75 4 50 0.94 Sibalaya Static
liquefaction

NS 2 84 4 50 0.94 Sibalaya Undrained
cyclic loading
+ undrained
monotonic
loading

τ static of 4 kPa was also applied. After that, the specimen was subjected to undrained
cyclic loading (τ cyclic) of 20 kPa (double amplitude) until the specimen reached γ zq

more than 7.5% (double amplitude). From this state, the specimen was subjected to
undrained monotonic loading until the γ zq reached 90% of a single amplitude.

3 Experimental Results and Discussion

3.1 Flow Deformation Behavior Under Static Liquefaction
Test with a Constant Shear Stress of Toyoura Sand

Figure 3 shows the time series of stress–strain development of the loose specimen
(TS1). In this study, the reduction of mean effective stress (p′) was promoted by the
increase of the back pressure. As the p′ was reduced, the volumetric strain (εvol)
increased progressively. The progression of εvol induced the development of shear
strain (γ zq) in the specific increment. The γ zq development of this specimen can
mainly be classified into three failure states, notated as A, B, and C, that correspond
to the flow deformation behavior.
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Fig. 3 Stress–strain development of loose specimen (TS1) in time series

For specimen TS1, at state A, γ zq was remarkably developed from 1.6 to 6.4% at
p′ = 15 kPa. However, it gradually discontinued afterward. The subsequent reduction
of p′ induced the development of γ zq (state B) from 6.4 to 25%, and it continued
until γ zq reached 47%. The continuity of γ zq was suddenly followed by the sudden
drop of both p′ and τ (state C). After the sudden drop, both p′ and τ were recovered.

The same observation could be investigated at dense specimen (TS6), as shown
in Fig. 4. For specimen TS6, state A occurred at the p′ = 8 kPa, where γ zq developed

Fig. 4 Stress–strain development of loose specimen (TS6) in time series



Large Strain Torsional Shear Tests on the Mechanism of … 687

from 2.3 to 18%. State B happened at the p′ = 5 kPa, where the continuous devel-
opment of γ zq could be observed from 18 to 43%. After γ zq reached 43%, state C
could be observed where p′ and τ drop abruptly. In this case, the recovery of stress
in TS6 was faster than that of TS1.

The observed behavior of Toyoura sand at states A, B, and C corresponds to
the development of flow behavior due to the water inflow. At state A, the spec-
imen showed a primarily softening behavior which probably relates to the phase
transformation of the specimen. Further reduction of p′ resulted on a continuous
development of shear strain, which was observed at state B. This behavior represents
the flow behavior of the specimen under the constant shear stress. Finally, at state
C, the unique phenomenon of the sudden drop of stresses could be observed. This
stress drop might be interpreted as the sign of the loss of particle interlocking due to
the large deformation of the specimen under drained condition. This behavior was
followed by the stress recovery, representing the recovery of the soil strength. By
comparing the stress recovery of TS1 and TS6, it is clear that stresses in TS1 took
a longer time to recover than TS6, representing that loose specimen requires more
time to recover the soil strength in order to mobilize the same acting shear stress.

After the stress recovery, the shape of the specimen was altered and became non-
uniform. Figure 5 shows the change of the specimen shape during the experiment.
Figure 5a, b corresponds to the specimen shape before the stress drop. The shape
of the specimen was still uniform. Some membrane wrinkles were observed as the
shear strain was increasing. Figure 5c shows the shape after the stress drop. It could
be seen that the specimen was heavily distorted after the stress drop. Therefore, the
behavior of the specimen after state C could be unreliable and biased and would be
excluded in the results. Figure 5d presents the specimen shape at γ zq = 100%.

Figure 6 is the plot of the volumetric strain and shear strain of Toyoura sand. Sento
et al. [10] and Yoshimine et al. [11] reported that the volume expansion of clean sand
was dependent on the initial density of the specimen. The higher the initial density,
the higher development of volumetric strain would be developed. The same results
can be obtained in this study that specimen TS6, which is the densest specimen,

(a) γzq=5% (b) γzq=42% (c) γzq=65% (d) γzq=100% 

Fig. 5 Specimen shape change of TS1 during static liquefaction test in torsional shear
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Fig. 6 Relationship of volumetric strain and shear strain of Toyoura sand

shows more development of volumetric strain (εvol). This result also represents that
dense material needs more water to induce continuous flow states. The state A, B, C
can be observed at all specimens in this study, regardless of their initial densities.

3.2 Flow Deformation Behavior of in Situ Sandy Soil

A static liquefaction test under constant shear stress in the torsional shear apparatus
using a field sample was conducted to demonstrate whether the current flow disaster
can be explained by the water-inflowmechanism. The τ static was set to 4 kPa with the
p′ of 50 kPa, assuming that the ground inclination is around 1.5%. The field density
of this material was estimated from the undisturbed sample, which was 1.485 g/cm3.
The initial relative density is calculated as 75%, stating that the field sample was in
a dense state.

Figure 7 shows the stress and strain development of static liquefaction using this
field material in the torsional shear apparatus.

It is identified that the specimen showed the failure state A, B, and C under
this condition. The state A appeared at p′ = 6 kPa. The state B, as the starting of
continuous flow failure, was shown at p′ = 2 kPa with the εvol of −4.1%, while the
state C appeared when p′ reached 1 kPa. Comparing with the specimen TS5, whose
Drini = 73% and flow at the εvol = −3%, it can be inferred that this flow sample (Drini
= 75%) significantly requires more water to produce continuous flow behavior. This
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Fig. 7 Strains and stresses development in time series of static liquefaction with constant shear
stress of field sample

result roughly gives an idea that the materials having fine content (FC = 10%) might
need more water to produce flow behavior compared to the clean sand.

In order to investigate whether this phenomenon could occur under undrained
conditions, an experiment of undrained cyclic loading followed by the undrained
monotonic loading was conducted as a comparison to the abovementioned static
liquefaction test. In this experiment, the field sand specimen was prepared by air
pluviation method with a dry density of 1.56 g/cm3 (Dr = 84%).

As the specimen was subjected to the undrained cyclic loading after the consol-
idation, the shear strain (γ zq) of the specimen reached 10.2% (double amplitude),
stating that the specimen is already liquefied (γ zq > 7.5%). From this state, the lique-
fied specimen was directly subjected to the undrained monotonic loading until the
shear strain reached more than 80% (γ zq > 80%). The effective stress path and the
shear stress and shear strain relationship are shown in Figs. 8 and 9, respectively.

It is shown that during the monotonic loading, the shear stress kept increasing as
the shear strain increased, showing the non-flow behavior at the large strain state (γ zq

> 85%). This result indicates that the soil liquefaction cannot solely trigger the flow
failure in this field condition. However, it might be necessary to examine this concept
on the rheological experiment, such as using a ring shear apparatus, to investigate
the flow behavior of specimen under undrained conditions.

The static liquefaction test describes the flowbehavior of the specimen in the static
condition. Flow behavior observation under dynamic conditions might be necessary
to get a comprehensive interpretation to explain themechanismof the current disaster.
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Fig. 8 Effective stress path of sandy soil under undrained cyclic loading test followed bymonotonic
loading

Fig. 9 Shear stress and shear strain relationship of sandy soil under undrained cyclic loading until
shear strain (γzq ) reached 10.2% (DA) followed by undrained monotonic loading
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4 Conclusion

The flow behavior of Toyoura sand specimen can be observed in the torsional shear
test under constant small initial static shear stress. Preliminary softening, continuous
flow, and stress drop phenomena could be observed on each specimen, regardless
of their initial densities. It is found that the dense specimen requires more water to
produce the continue flow behavior. Furthermore, the static liquefaction test on flow
sand from Trench No. 3 Sibalaya showed that this material could flow under the
water-inflow mechanism. As a comparison, this material showed non-flow behavior
in the typical undrained test; even the specimen was liquefied.
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One-Dimensional Soil Column
Simulation on Water Film Formation
During Earthquake

Divyesh Rohit, Hemanta Hazarika, Chengjiong Qin, Tsubasa Maeda,
Takaji Kokusho, and Yuichi Yahiro

Abstract The 2018 Sulawesi earthquake of magnitude Mw 7.5 triggered large-
scale flow slides and ground liquefaction in the Palu Valley at multiple locations on
a ground of very gentle gradient. Findings of the post event forensic geotechnical
investigation conducted by the authors of this research highlighted the presence of
silty clay or sandy clay layers sandwiched between sandy or sandy gravel layers
at multiple locations in the flow slide zones. These sandwiched layers tend to have
low permeability as compared to overlying and underlying layers sandy strata. To
study the contribution of these sandwiched layers on the triggering of flow slides, a
preliminary research was conducted using 1D soil column with clay and non-plastic
fines sandwiched between sand layers. The findings highlighted that the excess pore
water pressure reached its peak value by an instant shock. A thin interlayer water
called water film is easily formed below the clay and non-plastic fines seam on
impact. The influence of water film on pore pressure dissipation and overall soil
settlement was studied. Water film formed beneath the clay and non-plastic seam
permits the soil layer above it to float, with continuous deformation in soil due to
change in equilibrium condition.

Keywords Flow slide · Liquefaction · Pore water pressure ·Water film

1 Introduction

The 2018 Sulawesi earthquake of magnitude (Mw) 7.5 triggered large-scale flow
slides in Balaroa, Petobo, Jono Oge and Sibalaya areas of Palu city in the Sulawesi
Island of the Indonesian archipelago. The extent of flow slides ranged from few
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meters to few kilometers. The locations where the flow slides occurred had a very
gentle ground slope of about 1–5% [1].

The authors along with other researchers conducted forensic geotechnical inves-
tigation at various flow slide sites in Palu city. The site in Jono Oge for example had
flowing water sources on three sides, which caused a shallow water table (Fig. 1a).
The presence of very loose soil layers at shallow depth of less than 5 m was high-
lighted in the results of portable dynamic cone penetration tests conducted during
the survey (Fig. 1b). Also, the presence of low-permeable silty clay as well as clayey
silt layers sandwiched between sand and sandy gravel layers was confirmed in Jono
Oge (Fig. 1c).

According to past research, long-distance flow slides or long run out landslides
are transformed from the metastable structure of a slope made of a large loose,
cohesionless mass which is triggered by external or internal disturbance, for instance
earthquake motion, blasting, collapse of cave, snowmelt or a landslide movement [2,
3]. Landslides when transformed into flow slides can have a run-up of long distance
even on a ground with gentle gradient [4]. During a slope failure, the metastable
structure of a slope gets damaged suddenly, which leads to rapid increase in pore
water pressure (PWP) thereby transforming the failing mass into a debris sheet with
considerably uniform thickness. And, if the underlying soil layer downhill is loose,

Fig. 1 Site investigation results of Jono Oge flow slide zone: a characteristics of failure zone
(modified from Google Earth) and location of PDCPT tests; b results of PDCPT tests and c soil
profile of the open trench near crown of the failure zone (modified from Hazarika et al. [1])
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saturated and of low permeability, it will react to the unanticipated undrained load
by causing structural collapse, resulting in the partial or whole liquefaction at the
bottom of the debris sheet thereby decreasing the resisting force [5].

Recent studies have highlighted the formation of a thin layer of interlayer trapped
water called water film below low-permeable clayey layers to be one of the probable
factors contributing to triggering of such large-scale flow slides [1]. Kokusho [6,
7] conducted multiple tests on one-dimensional (1D) soil models as well shaking
table (2D) tests to evaluate the phenomenon of void redistribution and water film
formation in stratified soil deposits with the presence of low-permeable silt seams
sandwiched between sandy layers. The studies revealed the formation of water film
during liquefaction in stratified sandy soils with low permeability sandwiched layers.
Also, the porewater pressure developed below the sandwiched layer is inhibited from
dissipation, which forms a thin interlayer water filmwhich is expulsed from the lower
layers. The current research focuses on a preliminary study of excess pore water
pressure inhibition using Toyoura sand as permeable loose sandy layer and pearl
clay and non-plastic fines as sandwiched seam using 1D soil model. The settlement
of soil layers at the surface and the interlayer interface is studied along with the pore
water pressure buildup and dissipation at different heights for different interlayer
conditions, as well as development and decay of water film.

2 1D Model Tests for Pore Water Pressure Development
and Dissipation

To study how the presence of low permeability interlayer seam affects the pore water
pressure dissipation in a soil layer and the development and decay of water film,
1D model tests were conducted in the laboratory by simulating the soil stratification
conditions in which a clay or silt seam is sandwiched between sand layers.

2.1 1D Soil Model Setup

In this test, a saturated loose one-dimensional (1D) sand layer was prepared by air
pluviation of Toyoura sand in a Lucite tube of 9.6 cm internal diameter and 100 cm
height. The relative density of the soil was maintained throughout at approximately
50% by calibrating the height of fall. The soil column was saturated with water from
bottom, which caused certain amount of settlement in the layer height. Pearl clay
and non-plastic fines (<0.075 mm) sieved from available sand were used for making
the sandwiched seams. The properties of the materials used are given in Fig. 2a. The
thickness of clay and silt layer was maintained at 2 cm across the tests with uniform
mass maintained for all the tests. The basic soil properties for pearl clay are sourced
from Sun et al. [8]. The 1D setup was imparted with a shock using a suspended
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Fig. 2 1D impact tests: a properties of materials used and b mechanism of impact

concrete cylinder of mass 3.777 kg, 10 cm diameter and 20 cm in length. The model
was imparted with two shocks, the second greater than the first one. The shock 2
was provided after the PWP completely dissipated post the shock 1. The amount of
energy transferred to the soil model for all the cases during shock 1 and shock 2 was
controlled by maintaining the distance and height of the hanging cylinder manually
(Fig. 2b). Four typical test cases were considered for evaluating the influence of
low-permeable interlayers seams between sand layers, which are as follows: Case I:
only sand layer; Case II: single clay seam in between sand layer; Case III: two clay
seams alternatively between sand layers; and Case IV: top clay seam and bottom
seam with non-plastic fines between the sand layers (Fig. 3a–d). The pore water
pressure transducers with nomenclature, A, B, C and D, are used to record the pore
water pressure.

Fig. 3 1D experimental setup for the test cases: a case I; b case II; c case III and d case IV
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3 Pore Water Pressure (PWP) Development
and Dissipation After Impact

The influence of low permeability interlayers on the variation in pore water pressure,
water film formation and the settlement in soil layer at different elevations is discussed
in this section.

3.1 Trend for Excess Pore Water Pressure (EPWP)

To evaluate the influence of single andmultiple low permeability seams on the overall
stability of the soil column and the EPWP dissipation after the impact, the PWP is
plotted against the elapsed time (secs) as a function of the overburden stress (Ru)
(Fig. 4a–d). The PWP reaches its peak point as soon as the shock is imparted to the
model. In Fig. 4a, the EPWP for all the transducers dissipates within 15 s. While
in Fig. 4b, the EPWP pressure dissipates slowly for the PWP transducers C and D,
which are below the clay seam due to the suppression of dissipation of EPWP by the
clay layer. In Fig. 4c, the EPWP for the transducers B, C and D which are placed
below the clay seams dissipates very slowly as compared to A for both shock 1 and
shock 2, while the EPWP developed at B which is just below the upper clay seam
dissipates in less time than at C and D, this can be attributed to the presence of
additional lower clay seam above C and D which create additional obstruction for
the migration of pore water from the bottom sand layer. Furthermore, in Fig. 4d, the
EPWP at B and C dissipates slowly with an identical trend while the EPWP for at D,
which is near the base of the column, shows a bit quicker dissipation as compared
to B and C. Moreover, the inset plots in Fig. 4a–d show the peak Ru values (Rumax),
and it can be observed from the plots that the Rumax values for Case II and IV show
a similar trend for shock 1 and shock 2. The discrepancy in the trend for other cases
may be attributed to the different degree of consolidation at different depths due to
shock 1 and shock 2.

3.2 Variation of Pore Water Pressure with Time Across Soil
Column Height

In Fig. 5, the vertical distribution of pore water pressure is across the soil column
with respect to elapsed time after the impact. From the figure, the PWP reaches its
peak immediately on impact, which later dissipates with respect to time. The PWP
normalizes quickly near the surface, due to the free passage of water available for all
the cases. Furthermore, the presence of clay and silt seam affects the development and
dissipation PWP for the underlying layers. Also, the values of PWP at the bottom
of the layer are higher in case of dual interlayer seams just after the impact. The
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Fig. 4 Dissipation of excess pore water pressure with elapsed time for different PWP transducers
as a function of overburden stress: a case I; b case II; c case III and d case IV
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Fig. 5 Distribution of PWP dissipation with elapsed time across the height of the soil column:
a Case I; b Case II; c Case III and d Case IV

presence of dual seams not only affects the development process of PWP but also the
dissipation process, as observed that even after t + 160 s, the PWP for lower layers
is higher for Case III and IV as compared to Case II. The permeability of interlayer
seams also affects the dissipation as in Case III, where the values of PWP are higher
after a time interval as compared to Case IV. As the mass hits the Lucite tube setup,
the soil layers settle due to rearrangement and densification of loose soil particles.
This re-arrangement of soil matrix affects the ability of the soil layer to permit the
migration of pore water to adjacent layers. Further, if layers of low permeability are
present in a soil stratum, the ability of the soil layers to migrate the excess pore water
in case of a sudden impact or shear force is significantly affected. Low permeability
soil can cause delay in the dissipation of EPWP pressure developed during dynamic
or impact loading in soil which disturbs the equilibrium condition in soil to reach
initial static shear stress after liquefaction, thereby further creating unstable condition
in the soil which may trigger flow slides due.
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4 Settlement of Soil Layer and Development and Decay
of Water Film

Images from specific time interval of the test after the impact were extracted from
the video acquisition of the tests to measure the thickness of the water film and
settlement of the soil layer. The measuring tape fixed on the equipment was used as a
reference thickness calculator. An open-source application [9] was used to measure
the thickness of water film at millimeter scale from the images. Figure 6a, b depict
the settlement of soil layer as well as development and decay of water film (read as
WF here after) with elapsed time in soil layers at the top and bottom seams, while
Fig. 6c represents the settlement in and surface layer. In Fig. 6a, the settlement trend
is identical for both Case III and IV, whereas the WF thickness for Case III increases
and then decreases in a more gradual manner. In Case IV, the thickness of WF is
higher for top seam, while the water film forms under the lower seam just for a short
period of time. Furthermore, in Fig. 6b, for Case I, there is no water film formation

Fig. 6 Water film (WF) thickness and soil settlement (STMNT) (mm) against elapsed time (secs):
a top seam; b bottom seam for cases (I–IV) and c at the surface of the soil column
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due to the absence of any inhibiting layer. Also, the settlement in here is sudden,
with the final settlement occurring within few seconds after the impact. For Case
II, the WF thickness sees a gradual increase and then decrease, while the settlement
also occurs gradually over a time period, similar to Case III. WF in Case III shows
the most gradual development and decay among all. For Case IV, the WF develops
and decays quickly as compared to other model cases due to presence of lower non-
plastic fines interlayer. The settlement in this case imitates the trend of Case I. In
Fig. 6c, the settlement at the surface of the soil column is shown for all the cases for
the shock 2. The figure highlights that the soil settlement occurs sudden for Case I
after the impact, while for Case II, the settlement is bit gradual and low like Case IV.
For Case III, the settlement occurs gradually over the time as the EPWP dissipates
with time and the WF decays.

The formations of water film for the Cases II, III and IV are shown in Fig. 7.
Gradient color mode is applied to the images to make the water filmmore distinctive.
Here, for Case II, the development of WF is simple due to presence of single clay
seam. For Case III, the water film first develops under lower clay seam with higher
thickness as compared to the upper seam, later when theWF below lower seam starts
decaying, the thickness ofWF below the upper seam increases. Furthermore, in Case
IV where the lower seam is of non-plastic fines, the WF film decays very quickly,
dissipating the PWP in the lower sand layer and migrating the pore water to the
middle sand layer. The migrated pore water results in increase in EPWP in middle
layer and thereby increase in WF thickness below the upper clay seam. In brief, the
formation of water film inhibits the passage of pore water from lower layers to upper
layers and leads to a slow dissipation of PWP resulting in delayed settlement of the
overall soil layer.

5 Conclusions

1D soil model tests were conducted to simulate the formation of water film under
low-permeable soil seams, which cause the delay in dissipation of pore water pres-
sure, resulting in overall instability and delayed failure in soil layer. Following key
inferences can be made from the test results:

1. The dissipation of excess pore water pressure developed due to impact loading
is influenced by the vertical soil heterogeneities like presence of finer soil inter-
layer seams or layers with low permeability. The presence of multiple low inter-
layer seams can further complicate the dynamic response of saturated stratified
soils by providing multiple inhibiting layers for dissipation of excess pore water
pressure.

2. The permeability of the seams also affects the dissipation process as seen from
the results of Case III and IV, and the non-plastic fines could dissipate excess
pore water pressure in a lower time period as compared to pearl clay seam.
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Fig. 7 Water film development and dissipation under the clay and non-plastic fines seam at different
time interval (t): a Case II; b Case III and c Case III

3. The settlement of the soil layer is delayed by the development of water film in
lower layers. Alternatively, the final settlement occurs after the water film has
decayed fully.

4. Water film can form in soil even without liquefaction as observed for Case II.

This research provides a preliminary exposition on the influence of low perme-
ability soil seams on the dissipation of excess porewater pressure and in turn dynamic
stability of the stratified soils, further evaluation of the effect of overburden pressure
on the development of water film is required.
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Risk Assessment of Landslide Disaster
for Detecting Isolated Communities
in Wakayama Prefecture After Nankai
Trough Earthquake

Katsuki Hozumi , Hisakazu Sakai , and Yoshio Kajitani

Abstract Isolated communities after earthquakes face severe problems, such as
rescue delays and a lack of daily necessities due to prolonged times required for
these to reach isolated areas. It is crucial, especially in mountainous regions, to
take countermeasures for slopes that would cause an isolation problem with high
probability. Therefore, we proposed an estimation methodology for detecting the
isolated communities in mountain region using the slope failure probabilities during
earthquakes. In this process, the slope failure probabilitywas calculated using disaster
prevention Karte and stability survey tables recorded by every road administration
in Japan as well as the peak ground velocity and slope angles. Subsequently, the
interruption probability for each roadwas estimated according to the calculated slope
failures. The validity of the proposed method was verified by comparing it with road
regulations that came into effect after the 2004 Niigata-ken Chuetsu earthquake. The
proposedmethodwas applied to the emergency route inWakayama Prefecture during
aNankai Troughmega scenario earthquake, and the road interruption probability was
subsequently calculated. Furthermore, we showed a case study of detecting slopes
that should be taken countermeasures with priority among the fragile slopes along
two major routes and demonstrated the effectiveness of the proposed methodology.
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1 Introduction

Isolating the damaged region after strong earthquakes causes severe problems, such
as rescue delays and a lack of daily necessities, owing to the prolonged time required
for accessing isolated areas. This is an ineluctable issue, particularly in mountainous
areas. Earthquake disaster mitigation measures for slopes with a high risk of road
blockage, inducing an isolation problem, have been promoted by administration offi-
cials. However, the budgets and labor power for slope failure countermeasures are
limited, which makes the implementation of measures impossible for all slopes and
becomes an obstacle to the implementation of isolation countermeasures. To deter-
mine the priority of mitigation measures, this study aimed to develop a methodology
of detecting high-risk isolated regions by assessing the probabilities of road blockage
and slope failure during an earthquake.

Although Ono and Hongo [1] evaluated the isolation risk using the slope and
peak ground acceleration (PGA)-based slope failure probability evaluation formula
proposed by Sakai et al. [2], they reported only the road blockage probability under
a uniform seismic strength condition in the target region. Ono and Hibi [3] applied
the methodology of Ono and Hongo to the 2004 Niigata-ken Chuetsu and the 2016
Kumamoto earthquakes and showed the utility of the method. Kondo et al. [4] evalu-
ated the isolation risk inWakayama Prefecture based on quite simple seismic damage
charts for bridge damage, landslide and tsunami disaster. Many isolation risk studies
regarding landslide have used approximate superficial slope features, such as the
elevation and curvature. However, a slope stability is strongly influenced by not only
slope configuration but also the ground condition of the slope, such as rock weath-
ering, spring water and surface ground material. Therefore, slope ground condition
should be introduced into more precise estimation of seismic slope stability. Konno
et al. [5] conducted the regression analysis of seismic damage probability for arti-
ficial and natural slopes based on the road disaster prevention data and the peak
ground velocity (PGV) as well as the slope topography data. The road prevention
data enumerates the slope ground conditions strongly relating to slope stability as
well as slope configuration. The authors also applied the regression results to the
road network in Nagano Prefecture and estimated the isolation risk. In this study, we
verified the availability of the regression method proposed by Konno et al. in case of
another earthquake.We also conducted isolation assessment against a future scenario
earthquake and attempted to detect fragile slopes to be effective countermeasures.

2 Methods

At first, we verified the availability applicability of the regression method proposed
by Konno et al. by applying it to the slope failure during the 2004 Niigata-ken
Chuetsu earthquake and the isolated region after the earthquake. Subsequently, we
estimated isolation risk in Wakayama Prefecture against a Nankai Trough mega
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scenario earthquake and attempted to give priority to fragile slopes along two road
routes in order not to yield an isolation region.

2.1 Evaluation of Slope Failure Probability

In this study, the slope failure probability assessment was performed based on the
method of Konno et al.’s research [5]. Konno et al. conducted logistic regression
analyses for the seismic slope failure probability of artificial and natural slopes
based on the damaged and undamaged slope data of the 2014 earthquake in the
northern Nagano Prefecture of Japan. The data include slope information listed in
disaster preventionKarte and stability survey tables (hereinafter referred to as disaster
prevention charts) as well as PGVs and slope angles. The accuracy of the disaster
prevention chart items in the equations was improved by removing the explanatory
variables with a confidence interval of 90% and p-values (significance probability)
of 0.1 or higher. The formulas for artificial and natural slopes are expressed by Eqs. 1
and 2. Therefore, the real slope failure can be calculated using these equations.

Slope failure formula for slope:

y = 1

1+ exp(−z1)

Z1 = 10.2+ 3.92β3 − 1.99β9 + 0.707β10

− 1.26β12 + 0.061β13 + 0.233β14 (1)

Slope failure formula for natural slope:

y = 1

1+ exp(−z2)

Z2 = −7.86+ 1.23β3 + 1.27β6 + 2.24β7 + 3.10β9

− 1.11β10 − 0.933β12 + 0.024β13 + 0.157β14 (2)

y: Slope failure probability.
β3: Clear knick line (convex); 0: No, 1: Yes.
β6: Overhang; 0: No, 1: Yes.
β7: Water collecting slope type; 0: No, 1: Yes.
β9: Convex slope such as ridge tip; 0: No, 1: Yes.
β10: Pumice stone or float stone (0: stable; 1: slightly unstable; 2: unstable).
β12: Surface coverage (1: mainly woody; 2: complex (bare/grass/woody); 3: bare

ground to grass).
β13: Slope angles (°).
β14: PGV (cm/s).
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2.2 Disruption Evaluation of Road Networks

Road disruption occurs even if only one of the road slopes fails. Accordingly, road
disruption does not occur only when all road slopes do not collapse. The disruption
probability between two points of a road path can be calculated using Eq. 3 with the
collapse probabilities of all slopes along the path.

In this paper, road disruption indicates a state wherein a road is impassable owing
to earthquake-induced slope failure.

Pr = 1−
n∏

i=1

(1− yi ) (3)

where Pr is the disruption probability for a road; yi is the slope failure probability
for each slope; n is the number of slopes between two points.

The validation was confirmed by estimating the recall, specificity and accuracy.
Recall is the ratio of the correctly road disruptions predicted to all real road disrup-
tions. Specificity is the ratio of the correctly road non-disruptions predicted to all
real road non-disruptions. Accuracy is the ratio of the correctly predicted roads to
the whole roads of subjects. With higher accuracy, the classification becomes better.
Each probability can be calculated using Table 1 and Eqs. 4–6. In this study, the
slope failure probability assessment predicted the probability. Next, we had to esti-
mate the road disruption probability border that occurred over a certain probability
and did not occur under a certain probability. We considered the following four
conditions: (1) the sum of the disruption probabilities and no disruption probabilities
are maximum; (2) minimum error discrimination (minimax method); (3) the proba-
bility of the drastic increase of road disruption frequency; (4) the average minimum
error discrimination with the receiver operating characteristic (ROC) curve. In this
study, the border was established based on the safest value of the four methods. The
border of (1) is the probability when the total hit ratio calculated by Eqs. 4, 5 and 7
is maximum. The border of (2) is the total minimum calculated by Eqs. 4, 5 and 8
which is minimum. The border of (3) is the probability of the disruption frequency
increasing with consideration to the estimated results. Moreover, (4) was estimated
by the ROC curve, which is a graph made by the true positive fraction (TPF) and the
false positive fraction (FPF). TPF is the fraction of positives predicted correctly and
corresponding to the vertical axis in Fig. 1. FPF is the fraction of negatives misclassi-
fied as positives and corresponding to the horizontal axis in Fig. 1. The ROC curve is
created by plotting these fractions. Additionally, area under the curve (AUC) stands
for the area under the ROC curve and represents the hit rate. The closer AUC is to 1,
the better the accuracy is. We calculated the balanced error rate (BER) that is simply
the average number of road predictions in error divided by the total number of road
predictions. The probability when BER is minimum is denoted as p-th, and p-th is
considered as the border (Table 1).
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Fig. 1 Concept of the ROC curve

Table 1 Prediction results for estimating recall, specificity and accuracy

Prediction

Disruption Non-disruption

Real Disruption TP FN

Non-disruption FP TN

TP Disruptions were predicted, and disruptions were actually confirmed.
FP Disruptions were predicted, but disruptions were not actually confirmed.
FN Disruptions were not predicted, but disruptions were actually confirmed.
TN Disruptions were not predicted, and disruptions were not actually confirmed.

Recall = T P

T P + FN
(4)

Specificity = T N

FP + T N
(5)

Accuracy = T P + T N

T P + FP + FN + T N
(6)

The total hit rate = Recall + Specificity (7)

The total minimum = Disruption|Recall− Specificity| (8)
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3 Validity of Risk Assessment Methodology

3.1 Slope Failure Probability Evaluation

The availability of seismic assessments for slope failures was verified based on
the disaster data for the 2004 Niigata-ken Chuetsu earthquake. The slope failure
probability predictionswere performed forOjiyaCity, TokamachiCity,NagaokaCity
and a part of Uonuma City, where many landslides occurred during the earthquake.
The slope failure prediction results are presented in Figs. 2 and 3. The value of the

Fig. 2 Artificial slope estimation for Niigata Prefecture. This map is based on the Digital Map
200,000 (Map Image) published by the Geospatial Information Authority of Japan [6]

predicted slope failurewas particularly high forOjiyaCity and the formerYamakoshi
area in Nagaoka City.
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Fig. 3 Natural slope estimation for Niigata Prefecture. This map is based on the Digital Map
200,000 (Map Image) published by the Geospatial Information Authority of Japan [6]

3.2 Disruption Evaluation for Road Network and Fitting
to the Previous Disaster Data

The effectiveness of the isolation evaluation method was investigated for Nagaoka
City including the former Yamakoshi area, where isolation had occurred within a
large area. First, the road disruption probability was estimated based on the slope
failure probability. Comparing between the actual and estimated road disruption
probability, we calculated the hit rate of the road blockage. When the road disruption
probability border was set on the safest side of all predictions, the border value was
calculated as 56.4%. The hit rate is shown in Table 2. The table indicates that this
road disruption estimation process has a high accuracy of 79.2%.

Table 2 Hit rate of the estimated road disruption

Border 56.4% Prediction Results

Non-disruption Disruption Sum Hit rate

Actual Non-disruption 25 10 35 Specificity 71.4%

Disruption 6 36 42 Recall 85.7%

Results Sum 31 46 77 Accuracy 79.2%
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4 Detection of Isolated Region in Wakayama Prefecture

4.1 Prediction of Slope Failure Probability

The slope failure probability during theNankai Troughmega scenario earthquake and
the road network’s sustainability after the earthquake were evaluated in Wakayama
Prefecture, Japan. Herein, the detached territories were excluded. In this study, we
set the border of disruption probability as 56.4% (accuracy: 79.2%). Figures 4 and 5

Fig. 4 Artificial slope estimation in Wakayama Prefecture. This map is based on the Digital Map
200,000 (Map Image) published by the Geospatial Information Authority of Japan [6]

show the slope failure estimation for artificial and natural slopes, respectively. The
estimated slope failure at the inland of Wakayama Prefecture has a relatively low
value. In contrast, the slopes along the coast area may fail with higher probabilities.
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Fig. 5 Natural slope estimation in Wakayama Prefecture. This map is based on the Digital Map
200,000 (Map Image) published by the Geospatial Information Authority of Japan [6]

4.2 Disruption Evaluation of Road Network

Based on the above slope damage predictions, the road disruption probability was
calculated. The estimated probability is shown in Fig. 6. The high low in the
probability distribution is like the slope failure probability distribution.

4.3 Sample Priority Detection of Fragile Slopes
to Countermeasure.

In order to verify the utility of the abovementioned methodology, we attempted to
detect fragile slopes that have a high risk of a trigger of road blockage and should
be countermeasures. The verification sample is for the two routes connecting the
disaster rescue supply and the storage site, and the disaster prevention center of the
Ryujin Administration Bureau in Tanabe City as shown in Fig. 7. The isolation risk
results are shown in Table 3. From the table, the maximum slope failure probability
was estimated as 65.1% in Route 1 and as 51.1% in Route 2. The road disruption
probability was estimated as 94.5% in Route 1 and as 59.0% in Route 2. These prob-
abilities clearly indicate that slope failure and road disruption are likely to occur.
If the road disruption probabilities are greater than the border value (56.4%), road
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Fig. 6 Disruption probability in Wakayama Prefecture. This map is based on the Digital Map
200,000 (Map Image) published by the Geospatial Information Authority of Japan [6]

Fig. 7 Verification route. This map is based on the Digital Map 50,000 (Map Image) published by
the Geospatial Information Authority of Japan [7]
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Table 3 Isolation estimation results

Before countermeasures After countermeasures

Max slope failure
probability (%)

Disruption
probability (%)

Max slope failure
probability (%)

Disruption
probability (%)

Route 1 65.1 94.6 23.9 50.3

Route 2 51.1 59 12.6 29.6

disruption will likely occur with high probability. Subsequently, we verified whether
countermeasures reduce the slope failure and the road disruption. “The countermea-
sures were conducted,” which is defined as a “yes problem” in the disaster prevention
charts and turns into a “no problem.” In this case, the slope failure probability and
road disruption probability were calculated. The maximum slope failure probability
was reduced to 23.9% in Route 1 and reduced to 12.6% in Route 2. The road disrup-
tion probability also decreased to 50.3% in Route 1 and decreased to 29.6% in
Route 2. These probabilities remain under the border we set. Therefore, preferential
countermeasures should be implemented in Route 2.

5 Conclusions and Discussion

Isolated communities after earthquakes face severe problems, such as rescue delays
and a lack of daily necessities due to prolonged times required for these to reach
isolated areas. It is crucial, especially in mountainous regions, to take countermea-
sures for slopes that would cause an isolation problem with high probability. This
research provided the estimating procedure of isolation risk caused by earthquake-
induced slope failure. The procedure has consisted of the probabilities of slope failure
during earthquake and road blockage after the earthquake. The slope failure proba-
bility was calculated by Konno’s regression models for artificial and natural slopes.
The regression model was based on the data listed in disaster prevention charts as
well as slope configuration characteristics and PGV values.

At first, we applied the methodology to the 2004 Niigata-ken Chuetsu earthquake
and verified the validation of the process. As the results, when the border of the
road disruption rate was set as 56.4%, the predicted road disruption was very high
accuracy of 79.2%. We confirmed the availability of the method for predicting road
disruption after an earthquake.

Secondly, we estimated the slope failure probability during the Nankai Trough
mega earthquake and road disruption probability after the earthquake in Wakayama
Prefecture. The estimated slope failure probabilities can be utilized for predicting
the isolation risk of some communities after the scenario earthquake.

Finally, we attempted to detect slopes that had a high risk of route disruption
and should be countermeasures with priority. The result suggested the utility of the



716 K. Hozumi et al.

methodology of estimating road disruption to maintain the road networks efficiently
after an earthquake.
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DCM Columns and PVDs Hybrid
Ground Improvement for Embankment
Construction

Junfeng Ni and Jinchun Chai

Abstract A case history of embankment construction on soft clay deposit improved
by a combination of deep cement mixing (DCM) columns and prefabricated vertical
drain (PVDs) installation method was simulated and investigated by finite element
analysis (FEA). The function of the DCM columns is to control the settlement and
lateral displacement under the toe of the embankment, and the function of the PVDs
is to accelerate consolidation rate for a zone under the central of the embankment. For
this case, only the surface settlements were measured, and the simulations agree with
the measured data well, while the results of FEA give relative large lateral displace-
ments under the toe of the embankmentwith a value of about 370mm. Further numer-
ical investigation was carried out assuming part of the preloading load was vacuum
pressure, with which to result in the similar final surface settlement. The numerical
results indicate that with the vacuum pressure, the lateral displacement under the toe
of the embankment as well as the maximum compressive stress in the columns can
be reduced significantly. These results indicate that combination of DCM columns
and PVDs installation with vacuum pressure as part of preloading pressure can be an
effective and economic ground improvement method for embankment construction
on soft clay deposit.

Keywords Embankment · Deep cement mixing · PVD · FEA

1 Introduction

Deep cementmixing (DCM) andpreloadingwith installation of prefabricated vertical
drain (PVD) are two commonly used soft ground improvement methods. DCM
normally forms soil–cement columns in the ground. The columns can increase the
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strength and stiffness of the deposit in a relatively short time [1–3].On aDCMcolumn
improved deposit, the ground deformation can be substantially reduced/controlled.
However, DCM is a relative expensive ground improvement method comparing with
preloading method. While preloading with PVD installation needs a longer time and
will induce large ground deformation, it may affect the surrounding structures and
sometimes it is not suitable in urban areas [4–6].

Combination of DCM and preloading with PVDs can be an effective and
economic soft ground improvement technique for embankment construction. The
idea is improving the deposit under the toes and part of an embankment slopes by
DCM columns, which can limit/control the deformation of the adjacent areas, and
improving the middle zone under the embankment by preloading with PVD installa-
tion to reduce the total cost of the ground improvement. The load for preloading can
be embankment fill and/or vacuum pressure. Kajio reported a case history of a road
embankment construction on a soft clay deposit using combined DCM column and
preloading with PVD installation ground improvement technique [7]. To design this
kind of hybrid ground improvement, there are still issues need to be investigated,
such as the width to be improved by DCM, the area improvement ratio by DCM
columns, compressive as well as tensile strength requirement for the columns.

In this study, firstly the field case reported by Kajio was simulated by finite
element method (FEM), and the simulated surface settlements are compared with
fieldmeasured data. Then, further numerical investigationswere carried out assuming
using both embankment fill and vacuum pressure as preloading pressures. Finally,
discussions are made on the efficiency of the technique.

2 A Case History

2.1 Subsoil Profile

This case history was reported by Kajio [7]. The project was a section of Takeo
bypass, Saga, Japan. At the site, the thickness of a soft clay deposit is around 10 m.
From the ground surface, there is a sandy soil layer of 0.26 m thick underlain by a
thick clay soil layer with about 10.17 m in thickness. Below the clay layer, there is
stiff sand layer.

Some physical and mechanical properties of subsoils are summarized in 0 (data
from Kajio) [7]. The measured underground water level was 1.1 m from the ground
surface at the time of the site investigation (Fig. 1).
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Fig. 1 Soil profiles at the project site

2.2 DCM Column Construction and PVD Installation

0 shows the cross-sectional and plan views of DCM columns and PVDs. Since
L-type reinforced concrete retaining walls were constructed on both sides of the
embankment, the top of the columns was 1.4 m below the ground surface with a
length of 9.03m. The diameter of columns was 1.6 m. The columns were constructed
in a way that each time two connected columns were constructed simultaneously.
The spacing between other adjacent two columns was 2.0 m (center to center), which
results in an area improvement ratio, α = 55.7% (α = Ac/A, where Ac is the total
cross-sectional area of the columns and A is the total cross-sectional area of the zone
improved by the columns). The unconfined compressive strength (qu) of the columns
was 769 kPa.

The PVDs were installed from the ground surface and fully penetrated the soft
clay soil layer with a length of 10.43 m. The spacing between adjacent PVDs was
1.0 m with a square pattern.

2.3 Embankment Construction and Filed Monitoring

The design height of the road was 3.0 m above the ground surface. To reduce residual
settlement of the road, 2.0-m-thick additional fill was used during preloading period
(with a total elapsed time of 238 days). Before pavement construction, the fill above
the designed height of the road was removed. The cross section of the embankment is
shown in 0. The L-type retaining walls had a height of 4.4 m and base width of 3.0 m.
The fill material for the embankment is decomposed granite and after compaction,
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the unit weight was about 20 kN/m3. The top and bottomwidths of embankment were
18.2 m and 24.2 m, respectively. The slope of the embankment above the retaining
wall was 1:1.5 (V:H).

There is no detailed construction record at the section considered in this study,
and it was assumed that 5.0-m-thick fill material was constructed within 50 days
(0.1 m/day). The settlement was monitored at S1 (shown in 0) which was 0.5 m
above the original ground surface. The monitoring works begun after 0.5 m fill was
constructed (Fig. 2).

Fig. 2 Cross-sectional and plain view of the embankment
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2.4 Finite Simulation

(1) Modeling the effect of PVDs.

Chai et al. proposed a simple method for modeling PVD-improved soil zones[8].
In the method, an equivalent vertical hydraulic conductivity (kve) of PVD-improved
zone is calculated by the following equation:

kve =
(
1 + 2.5l2kh

μD2
e kv

)
kv (1)

where De is the diameter of a PVD unit cell; kv and kh are vertical and horizontal
hydraulic conductivities of the natural soil, respectively; and l is the drainage length
of PVDs. μ is a parameter considering the effects of spacing, smear and the well
resistance of PVDs, which can be expressed as follows [9]:

μ = ln
n

s
+ kh

ks
ln(s) − 3

4
+ π

2l2kh
3qw

(2)

where n = De/dw (dw is the equivalent diameter of a PVD), s = ds/dw (ds is the
diameter of the smear zone), ks is the hydraulic conductivity of the smear zone, and
qw is the discharge capacity of a PVD.

For this case history, De = 1.13 m (1.13 times spacing of square pattern), and
Dw = 0.06 m. qw of 100 m3/year and ds of 0.1 m were assumed. Besides, the value
of ks is assumed as kh/5 for PVDs-improved zone. The calculated values of kve for
corresponding soil layers are listed in Table 1.

(2) Mesh for finite element analysis.

Plain strain finite element analyses (FEA) were conducted to simulate this case
history. The finite element mesh adopted is shown in 0. Due to the symmetry, only
half of the embankment was simulated with the model cross-sectional area of 30 m
in depth and 60 m in the horizontal direction. Fifteen nodal triangular elements
were employed in the model. For deformation boundary condition, the bottom was
fully fixed in all directions but the top boundary was free. For both the left and
right boundaries, the horizontal displacement was fixed. For the drainage boundary
conditions, the left and right boundaries were impermeable, while the top and bottom
were permeable.

In the plain strain analysis, the columns were modeled under equal EI condition
(E is Young’s modulus and I is moment of inertia of cross section). The equivalent
plain strain column has a thickness of 1.11 m. At column and soils interface, joint
elements were used.

Considering large deformation phenomenon, updating nodal coordinates option
was adopted at the end of each phase. For establishing initial stress state in the
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deposit, the groundwater level of 1.0 m below the ground surface, at reset earth
pressure coefficient, K0 = 0.5 were assumed.

(3) Model parameters.

The clay soil layersweremodeled by soft soilmodel (SSM) [10], while all sand layers
were analyzed withMohr–Coulombmodel (MC). The adoptedmodel parameters are
given in Table 1. The void ratio (e), unit weight (yt ) and OCR are from Kajio [7].
The vertical hydraulic conductivity (kv) was estimated from the reported value of
coefficient of consolidation. In SSM, the value ofλ∗ is calculated byλ∗ = λ/(1 + e0)
and κ∗ equals κ/(1 + e0), where λ and κ are slopes of virgin compression line and
reloading/unloading line in e− ln p′ plot (p′ is consolidation pressure), respectively.
Poisson’s ratio (ν) was assumed to be 0.1 for sand and CDM columns and 0.15 for
clays. The effective cohesion (c′) was estimated based on the soil properties, and the
effective internal friction angle (φ′) was assumed as 30° for clays and 35° for sands.
Young’s modulus (E) for sand was assumed based on experience. The horizontal
hydraulic conductivity (kh)was assumed to be equal to vertical hydraulic conductivity
(kv) for sands but 1.5 times for clays [1]. The values of hydraulic conductivity in
Table 1 are initial ones. During consolidation process, hydraulic conductivity varied
with void ratio according to Taylor’s equation [11].

k = k0 × 10(e−e0)/Ck (3)

where e0 is initial void ratio, k0 is the initial hydraulic conductivity, and Ck is a
constant. The adopted Ck value was 0.5 e0 [12].

The void ratio, unit weight and hydraulic conductivity of the columns were
assumed to be the same as the surrounding soils. Young’s modulus (E) was eval-
uated to be 100 times qu [13], and the tensile strength σt was set as qu /10. The
effective cohesion (c′) was estimated to be 1/2 of qu , by assuming the effective stress
internal friction angle (φ′) of zero. For embankment, E was assumed to be 1000 kPa
and ν was assumed to be 0.45 [14]. The values of c′ and φ′ were assumed to be
10 kPa and 35°, respectively. For retaining wall, E was 2 × 106 kPa, and ν is 0.1.
The value of c′ is assumed as 10,000 kPa and φ′ of zero.

Fully coupled consolidation analyses were carried out using Plaxis 2D V2018.
Two cases were analyzed. Case 1 simulated the field case, and Case 2 is an assumed
case to investigate the effectiveness of using vacuum pressure as a preloading
pressure.

2.5 Results and Discussions

Only the surface settlements at S1 (see Fig. 3) were measured, and the measured and
simulated (Case-1) results are compared in Fig. 4. It can be seen that the simulations
have a good agreement with the measured data.
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Fig. 3 Meshed model and interested points

Fig. 4 Variation of settlement at S1 with elapsed time

Further, the surface settlement profile, excess pore water pressures at some
selected points, lateral deformation of the columns and effective vertical stresses
in the column were analyzed from the results of numerical analysis (Case-1).

The surface settlement profiles are shown in Fig. 5. It can be seen that larger
settlement occurred on the PVD-improved zone, which is about three times of that
on the DCM columns improved zone. It is also noted that heaving occurred in a zone
from the toe of the retaining wall (12 m from the center) to about 20 m from the
center. It is considered that the heaving is mainly caused by the outward deformation
of the retaining, which will be presented later.
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Fig. 5 Surface settlement with distance at 238th day

Fig. 6 Variation of excess pore water pressures with time

Figure 6 depicts the variation of excess porewater pressures, u, with time at P1, P2,
P3 (see 0). The simulated maximum u was about 60 kPa, and most u were dissipated
at the time of removing part of the fill.

Figure 7 presents the simulated lateral deformation profile at L1 (see 0) at 238 days
elapsed time. The simulated maximum lateral deformation was 370 mm (Case-1),
which occurred at the ground surface.

Figure 8 shows the effective vertical stresses at left (L) and right (R) sides of
columnA (see Fig. 3 for its location) under the embankment toe. There was no tensile
stress occurred, and the maximum compressive stress was below the corresponding
strength.
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Fig. 7 Final lateral deformation at toe of embankment

Fig. 8 Effective vertical stress with depth for column A
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3 Further Numerical Investigation

3.1 Assuming Using Vacuum Consolidation

As shown in Fig. 7, the simulated lateral displacement is relatively large (Case-
1). Since vacuum pressure is an isotropic consolidation pressure, which can reduce
the outward lateral displacement of the treated area, further numerical investigation
was carried out assuming a combined preloading pressure, a surcharge load plus a
vacuum pressure. For the field case, about 1.0-m-thick extra fill was removed before
the pavement construction. Therefore, it was assumed that instead of 2.0-m-thick
extra fill, only apply 1.0-m-thick extra fill, and the embankment construction time
was shortened to 40 days (filling rate of 0.1 m/day). The assumed vacuum pressure
was 80 kPa, and duration of vacuum pressure application was 150 days (to result in
the similar final settlement as the actual field case). Another modification of the test
condition is to shorten the PVD installation depth to 9.43 m (leave 1.0-m-thick clay
without PVD). The deposit was a double drainage one, and if PVDs fully penetrated
the deposit, vacuum pressure will be lost into the bottom sand layer [15, 16].

3.2 Results and Discussions

As shown in Fig. 4, the simulated final settlement was about the same as that of case
1. The simulated surface settlement profile under the embankment is about the same
as that of case 1, but no heaving away from the toe (Fig. 5). With vacuum pressure as
the part of preloading pressure, the lateral displacement under the toe of the retaining
wall reduced significantly (Fig. 7), and the simulated maximum vertical compressive
stress in column A reduced also (Fig. 8).

The simulated excess pore water pressures variations at P1, P2 and P3 of case 2
are shown in Fig. 9. The simulated maximum absolute vacuum pressure at P1 was
about 50 kPa at the time of stopping vacuum pump.

The above results indicate that using vacuum pressure as part of preloading
pressure can be an effective and economic ground improvement method.

4 Conclusions

A case history of embankment construction on soft clay deposit improved by a
combination of deep cement mixing (DCM) columns, and prefabricated vertical
drain (PVDs) installation method was simulated and investigated by finite element
analysis (FEA).DCMcolumnswere constructed under both sides of the embankment
slopes, and PVDs were installed in the center zone. At the site, the thickness of the
clay deposit was about 10 m, and the embankment fill thickness was 5.0 m. Based
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Fig. 9 Variation of excess pore water pressure with elapsed time in case 2

on the field measured settlements and the results of FEA, the following conclusions
can be drawn.

(1) For this case, only the surface settlements were measured and the simulations
agreewith themeasured datawell. The results of FEA indicate that the stresses in
the columns are lower than the corresponding strengths, and the designwas safe,
while the lateral displacement under the toe of the embankment was relatively
large with a value of about 370 mm.

(2) Assuming the part of the preloading load was vacuum pressure, with which
to result in the similar final surface settlement, the numerical results indicate
that the lateral displacement under the toe of the embankment as well as the
maximum compressive stress in the columns can be reduced significantly.

(3) It is suggested that combination of DCM columns and PVDs with vacuum
pressure as part of preloading pressure can be an effective and economic ground
improvement method for embankment construction on soft clay deposit.
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Abstract A 1 g shaking table testing program was conducted to assess the dynamic
performance of an innovative cost-effective countermeasure technique for new and
existing road embankment on a liquefiable foundation subjected to cyclic sinusoidal
loading. The model was shaken with a scaled earthquake motion having peak base
acceleration of 0.2 g and 0.3 g in the first and second events which simulate the
foreshock and mainshock of the 2016 Kumamoto earthquakes. In a series of four
different shaking table model tests, the dynamic response of the embankment was
investigated first without, and then considering three countermeasure techniques:
pile supported embankment, connected piles-geogrid system supported embank-
ment, and hybrid pile system supported embankment. The mechanism of remedi-
ation and performance of each proposed countermeasure techniques are discussed
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based on dynamic response of embankment. The effectiveness of each technique
on preventing the development of pore water pressure and limiting the deforma-
tion of embankment was studied in this research. The hybrid pile supported system
was found to be effective in maintaining the overall stability of embankment during
earthquake loadings.

Keywords Shaking table test · Pile supported embankment · Hybrid pile retrofit
technique · Vertical settlement · Liquefaction-induced lateral displacement

1 Introduction and Background of Study

A sequence of two strike-slip earthquakes of 6.5magnitude foreshock and 7.0magni-
tudemain shock struckKumamoto city of Japan onApril 14, 2016 andApril 16, 2016.
Many highway embankments were damaged in Kyushu Expressway at Kumamoto
Prefecture, Japan, due to the 2016 Kumamoto earthquakes [1]. The stratified cohe-
sionless soil layers of different permeabilities and shear strength, such as sand-silt
and volcanic soils systems, were evaluated thoroughly using field measurements
and laboratory experiments and found to be common cause of liquefaction and
formation of sand boils during the 2016 Kumamoto earthquakes [2]. Many road
embankments in this region are founded on liquefiable loose soils which raises the
need for development of innovative applicable and cost-effective deformation coun-
termeasure technique for new and existing highway embankments. A more recent
example of liquefaction-induced ground deformation is provided by [3] where severe
damage was sustained by a highway embankment in Mashiki machi due to the 2016
Kumamoto earthquake.

The failure of theMashikimachi embankment (Fig. 1) during the 2016Kumamoto
earthquake is an example of embankment failure caused by loss of foundation
strength due to liquefaction. Furthermore, highway embankments are very important
and strategic infrastructures which play a crucial role in resilience to natural disasters
and providing road transport services in disaster relief after an extreme event [4].

Fig. 1 Failure of road embankment during 2016 Kumamoto earthquake [4]



Title Suppressed Due to Excessive Length 735

In order to prevent liquefaction-induced damage to similar highway embankments
due to the future earthquakes, it is necessary to adopt appropriate deformation coun-
termeasures to protect new and existing highway embankments and remediate the
associate ground settlements. Therefore, developing deformation countermeasure
techniques for highway embankments will be discussed in this research.

2 Previous Studies

Previous numerical and experimental studies (e.g., 1 g shaking table tests and
centrifuge tests) have shown that liquefaction-induced failure of road embankments
occurred mainly due to the liquefaction of foundation, excessive settlements, lateral
spreading, and instabilities of slopes [5–7]. In most of reported cases of founda-
tion failure, excess pore water pressure and associated shear strains were developed
in liquified zones outside or below the embankment and extends inside the geo-
structures. The large settlements developed shear failure zones and lateral spreading
will eventually lead to localized failure or total collapse of embankments [8]. Among
the common preventive measures, piles foundation is often being used to prevent
plastic deformation in the ground, such as landslides, slope failure, or lateral flow.
With the development of pile foundation method, the successful use of this method
has been described by several investigators [9–12]. Previous numerical studies have
suggested the 2D theoretical analysis of the lateral force acting on stabilizing piles
considering plastic deformation in surrounding ground of piles [10, 11]. Poulos
proposed a simple approach to design the stabilizing piles which can be used for
reinforcing highway embankments. He reported that for safe design of piles (i) a
relatively large diameter piles are required to resist shear andmoment; (ii) the center-
to-center spacings required typically range between 2 and 4 diameters. However, it
was commonly acknowledged that 2D solutions were conservative to analysis the
lateral force of pile in comparison with 3D solutions. However, a new approach for
the displacement of the reinforced slope reinforced by a row of piles was developed
deeply in 3D condition by [12]. Furthermore, restraining pile head from rotation
was found to increase the maximum nominal shear strength and acting as mono-
lithic structure leading to uniform deformation of piles [13]. Previous studies on
beam-pile and anchor-pile supported embankments using 1-g shaking table tests
have shown that the anchor-pile systems can yield better performance in supporting
the embankment slopes than that of beam-piles [14].

3 New Deformation Countermeasure Technique

Despite many studies, some features of dynamic soil pressure are not yet fully under-
stood, and in somecases, the engineeringpractice for seismic design in reinforcing the
slope still largely relies on experience. However, it is necessary to develop stabilizing



736 C. J. Qin et al.

Fig. 2 Schematic view of model highway embankment (reinforced case)

structure for new and existing highway embankments to reduce large deformation
during strong earthquake and prevent liquefaction-induced damage. A new defor-
mation countermeasure technique of hybrid pile supported system is introduced as
shown in Fig. 2. The vertical piles increase the stability of embankment slopes and
foundation. In order to enhance the transmission of induced dynamic forces to vertical
piles during shaking, they were connected to each other laterally using geogrid. A
slanted pile was screwed to each vertical pile, to transfer load to the surrounding
soil through the friction between slanted pile and soil. Effectiveness of the proposed
technique against earthquake was evaluated through a series of 1 g shaking table
tests.

4 Test Conditions

The model of the foundation and embankment was constructed in a rigid box, made
of acrylic material, and confined by steel frames at the sides. The highway embank-
ment in Mashiki machi [3], which was damaged during Kumamoto earthquake, was
considered as prototype in the experiments. The prototype to model ratio was 50, and
similitude relationship suggested by [15] was used to determine various parameters
for the experiment, which is given in Table 1. Vertical piles were made of aluminum,

Table 1 Similitude for 1 g shaking table tests

Parameter Scaling factor Parameter Scaling factor

Length N Displacement N1.5

Density 1 Permeability N0.75

Stress N Axial stiffness N3.5

Pore water pressure N Bending stiffness N4.5

Acceleration 1 Friction 1
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and its dimension was determined according to scaling law and the axial stiffness
and bending stiffness of the prototype model. Slanted piles were made of steel.
The physical properties of the foundation materials are given in Table 2. Toyoura
sand was used as foundation soil in these tests. A dense layer of sand (Dr = 90%)
representing non-liquefiable ground was constructed using both dry deposition and
tamping techniques. The upper liquefiable layer (Dr = 60%) was constructed only
using dry deposition technique.

The frequency of input excitations for foreshocks and mainshocks was deter-
mined according to scaling laws and recorded acceleration data in KMMH16 station.
Features of input excitations are given in Table 3. A mainshock that followed a fore-
shock was imparted to the model. A minimum interval of 15 min was considered
between foreshock andmainshock tests to ensure full dissipation of developed excess
pore water pressure during shaking (Fig. 3).

1 g shaking table tests were conducted for four different configurations of highway
embankment and foundation as shown in Fig. 4: (Case 1) Unreinforced foundation of
embankment, (Case 2) only two rows of piles to support embankment, (Case 3) two
rows of combined piles and geogrid to support embankment, and (Case 4) hybrid
pile system to support embankment. In the reinforced foundations, the center-to-
center spacing is similar, as a 10/3 times pile diameter [9]. Instrumentations for the

Table 2 The properties of reinforcing materials

Parameter Unit Prototype Model (Propose) Model (Practice)

Steel pile Diameter mm 1500 30 30

Thickness mm 6 1.2 3

Length mm 15,000 300 300

Young’s modulus MN/m2 206,000 206,000 73,000

Bending stiffness MN/m2 3.2 ×103 3.67 ×10−3 3.43 ×10−3

Slanted Pile Diameter mm 90 1.8 3

Length mm 12,500 250 250

Young’s modulus MN/m2 206,000 206,000 206,000

Bending stiffness MN/m2 1.33 1.1 × 10−7 8.2 ×10−7

Geo-grid Tensile strength kN/m ≥ 120 3 3.9

Mass per unit area g/m2 720 720 700

Aperture size mm 50 × 50 1 × 1 2.5 × 2.5

Table 3 Characteristics of input motions

Input excitations Properties

Amplitude of acceleration (Gal) Frequency (Hz) Duration (s)

Foreshock 200 10 10

Mainshock 300 10 10
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(b) Case 1 (a) Case 2

(c) Case 4 (d) Case 3

Fig. 3 Layouts of models: a Case 1—Unreinforced foundation of embankment, b Case 2—only
two rows of steel piles reinforcement, c Case 3—two rows of combined geogrid and steel piles
reinforcement, and d Case 4—hybrid vertical piles and slanted piles system reinforcement

Fig. 4 Instrumentations for the shaking table tests

shaking table is shown in Fig. 5. Three displacement gauges were used to monitor
settlements of embankment. Five accelerometers were installed at different locations
within the soil profile to record acceleration responses. Eight pore water pressure
gauges were used to monitor excess pore water pressure at different locations of
saturated foundation.
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Fig. 5 Time histories of excess pore water pressure ratio (Ru = �u/σ ′
3): a Ru measured at P3

during foreshock, b Ru measured at P3 during mainshock, c Ru measured at P4 during foreshock,
and d Ru measured at P4 during mainshock

5 Results and Discussion

Time histories of excess pore water pressure ratio (Ru = �u/σ ′
v) measured at P3

and P4 below the embankment during foreshock and mainshock are shown in Fig. 5.
Vertical dashed lines define the boundarieswhere the excess porewater pressure starts
to generate and fully dissipates. P3, P4, and P5were installed at 50mm, 150mm, and
300 mm depth below the center of embankment, respectively. In the unreinforced
foundation (Fig. 5a–d), instruments installed at the center of loose sand layer (P3
and P4) measured larger excess pore water pressure ratio values (Ru = �u/σ ′

3) in
comparison with those of reinforced one during foreshock and mainshock. Ru value
of 1.0 is achieved under the embankment of unreinforced case which is an indication
of a state of full liquefaction. In contrast to the unreinforced embankment, the pile
supported embankment can reduce the development of Ru . In the case of connected
piles-geogrid supported embankment (Case 3) and hybrid pile system supported
embankment (Case 4), Ru recorded a value of 0.1 (P3, P4) at the foundation which
is significiantly lower than the value of 1.0 recorded in the Case 1 during foreshock.
However, Ru measured at P3 and P4 started to reach the peak at t = 7 s and t = 13 s
in Case 2 and Case 3, respectively; during mainshock, represented Case 3 can delay
the development of Ru . There was no significant peak of Ru on P3 and P4 at Case 4
during foreshock and mainshock (Fig. 5).

Time histories of vertical displacement measured at V1, V2, and V3 are plotted
in Fig. 6. In the cases which full state of liquefaction (Ru) is observed (Fig. 5),
vertical displacement increased rapidly until the ending of foreshock and mainshock
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Fig. 6 Timehistory of vertical displacement: a settlementmeasured atV1during foreshock b settle-
mentmeasured at V1 duringmainshock, c settlementmeasured at V2 during foreshock, d settlement
measured at V2 during mainshock, e settlement measured at V3 during foreshock, and f settlement
measured at V3 during mainshock

(Fig. 6). It was found that connected piles-geogrid system can only delay the accumu-
lation of settlement during foreshock. No significant excess pore water pressure ratio
and vertical displacement was recorded in Case 4 during foreshock and mainshock.
Maximum vertical displacement measured at V2 installed at the center of embank-
ment during foreshock and mainshock is shown in Fig. 7. The vertical displacement
in Case 3 increases significantly during mainshock than foreshock. Connected piles-
geogrid system can limit liquefaction-induced damage to earth-structure. Therefore,
embankment can be still operated with a minimum maintenance following an earth-
quake as strong as foreshock in this study. In the case of reinforced embankment,
vertical displacement decreased by 99% which indicates effectiveness of the hybrid
pile supported system in stabilizing embankment slopes. It is worth mentioning that
the slanted pile increase bearing capacity by increasing the friction between soil and
pile during seismic loadings.



Title Suppressed Due to Excessive Length 741

6.20 

23.53 

5.52 

18.46 

0.16 

13.68 

0.00 0.19 
0

5

10

15

20

25

30

Ve
rti

ca
l d

isp
la

ce
m

en
t (

m
m

)

Acceleration (Gal)

Case 1
Case 2
Case 3
Case 4

Foreshock (200) Mainshock (300)

Fig. 7 Peak vertical displacement measured at V2 during foreshock and mainshock

Fig. 8 Plan view of 1G shaking table test
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Fig. 9 Residual deformation of pile heads on left a and right b during foreshock

Residual deformation of the tips of the piles were measured at the end of each
loading for all cases and average values are plotted in Figs. 9 and 10. As shown in
Fig. 9, the average residual deformation of pile tips at the end of foreshock is less
than 10 mm in Case 2, Case 3, and Case 4. Case 3 has similar residual deformation
in comparison with Case 2 during foreshock. However, the residual deformation in
Case 2 and Case 3 showed more significantly than hybrid pile supported system
during mainshock (Fig. 10 ). Maximum values of residual deformation of tip of the
piles are 46, 26, and 5 mm for Case 2, Case 3, and Case 4, respectively. Slanted piles
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Fig. 10 Residual deformation of pile heads on left a and right b during mainshock

can increase the shear strength and restrict the horizontal deformation of pile heads
effectively in Case 4 during foreshock and mainshock.

6 Conclusions

Performance of a highway embankment on a liquefiable foundation layer subjected
to cyclic sinusoidal loading has been evaluated in this study. In addition, a new
reinforcing technique for foundation of highway embankment was developed that
can mitigate damage of embankment due to the failure of its foundation during the
earthquake. The following conclusions could be drawn based on the result of shaking
table tests:

1. In the case of embankment without any reinforcing technique, the excess pore
water pressure generated in the loose saturated soil layer of the foundation during
the earthquake reduces the soil strength. This led to excessive settlement and
lateral displacement and finally instability of embankment. Therefore, for a
sustainable and cost-effective solution against liquefaction-induced damage, a
new countermeasure should be developed.

2. Considering the region around Kumamoto province with a high risk of liquefac-
tion, several road embankments and foundationswere broken by the liquefaction-
induced damage. New countermeasure technique includes the connection by
geogrid and slanted pile strengthened each vertical pile. The connection by
geogrid can increase the maximum shear strength to limit the development of
excess pore water pressure. Slanted piles can increase the bearing capacity to
maintain the stability of road foundation and embankment. In addition, no signif-
icant Ru were evaluated to the effect of hybrid pile supported system during
foreshock and mainshock.

3. Lateral deformation of embankment foundation is one ofmain reason of embank-
ment failure during the earthquake. Time histories of vertical displacement and
residual deformation of tips of the piles show that no significant deformation
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during foreshock and mainshock. Hybrid pile supported system can prevent such
lateral deformation, resulting in more stable embankment.

In order to find an effective reinforcing technique for highway embankment, more
detail studies are needed.Research is also ongoing to evaluate the earthquake resistant
characteristics of the proposed technique through the effective stress analysis using
FEM.
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Evaluation and Short-Term Test
on Potential Utilization of Ground Source
Heat Pump for Space Cooling
in Southeast Asia

Arif Widiatmojo, Yutaro Shimada, Isao Takashima, Youhei Uchida,
Srilert Chotpantarat, Punya Charusiri, Juraluk Navephap,
and Trong Thang Tran

Abstract The demand for air conditioning in Southeast Asia has increased in recent
years owing to rapid economic growth in the region. On the other hand, power
generation still relies on fossil fuels. A ground source heat pump (GSHP) is an
alternative to reducing the energy required for cooling and heating inmany countries.
The use of a GSHP in a tropical climate like Southeast Asia is mainly for cooling
(i.e., heat rejection), and the temperature differences between soil background and
atmosphere are low throughout the year. This paper addresses the potential use of
GSHP in Southeast Asia based on short-term performance data. Four GSHP systems
have been installed in Thailand and Vietnam. Data gathered from the short-term
operations provides important insights on GSHP performance. A comparison with
an air source heat pump (ASHP) indicates that a GSHP installed at the Bangkok,
using two vertical ground heat exchangers (GHEs), achieves a maximum of 33%
electricity reduction. Similarly, GSHPs installed at the Saraburi site using horizontal
GHEs achieves a maximum of 18.5% and 40.3% less electricity during highest and
lowest temperature seasons, respectively, compared with an ASHP. The results also
show that parallel–series arrangement improves the thermal performance than those
of series–parallel arrangements. Considering the wide temperature climate range of
Hanoi, a GSHP can also be used for heating purposes during a short winter period.
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While the short-term results discussed in this paper suggest the potential use of
GSHP in Southeast Asia, further long-term analysis, cost evaluations and system
optimization are required.

Keywords Ground source heat pump (GSHP) · Space cooling · Tropical country ·
Southeast asia

1 Introduction

The population of Southeast Asia was almost 640 million in 2016 and is expected to
increase to 760million by 2040, assuming 0.7%annual population growth.Urbaniza-
tion is an important factor that affects total energy consumption [1–3]. The residential
sector accounts for the second highest electricity demand after the industrial sector,
growing by an average annual rate of 7.5% owing mainly the increasing number
of appliances. Introduction of energy-efficient products can restrain the household
energy demand. However, the market price of energy-efficient products, for instance,
five-star-rated energy-efficient air conditioners, are higher than those of regular prod-
ucts [4, 5]. Figure 1 shows the relationship between GDP growth of Southeast Asian
countries and the electricity demand. Strong correlation between rapid GDP growth
and per-capita electricity consumption growth can be clearly seen in this figure, in
comparison to OECD member countries and the rest of the world.

The Japan Refrigeration and Air Conditioning Industry Association (JRAIA)
reported that in 2016, Vietnam and Thailand were the second and third countries
with highest air conditioner demand in Southeast Asia, with a total of 1.98 million
and 1.56 million units per year, respectively. Indonesia ranked first with 2.3 million
units in the same year [6]. Annual regional air conditioner demand increased from
12.2 million units/year in 2011 to 16.4 million units/year in 2016, equivalent to an
average of 6.1% increase per year. Data provided by the Ministry of Energy of Thai-
land indicate that the residential sector consumes 20.4% of national electricity with

Fig. 1 Correlation between GDP per-capita growth and electricity demand growth of Southeast
Asian countries [14]
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Fig. 2 Annual air conditioner demand in Asia (except Japan and China) [6]

46% and 17% for air conditioning and refrigeration, respectively [7]. Houses and
residential areas account for 38% of electricity usage in Brunei Darussalam, repre-
senting 63% of total electricity customers, whereas cooling consumes 62% and 74%
of building energy for residential and commercial infrastructure, respectively [8, 9].
Figure 2 shows the growth of air conditioner demand in Asia, with the exception of
Japan and China.

Several studies have focused on climate change and the urban heat island (UHI)
phenomenon. Arifwidodo and Chandrasiri showed the relationship between energy
consumption and the cooling degree day (CDD) index, implying a significant influ-
ence of household energy consumption and UHI levels in Bangkok, Thailand [10].
They further reported that the UHI level in Bangkok is higher than other major
cities including San Francisco, San Diego, and Shanghai. Other studies have also
investigated the increasing UHI level in major Southeast Asian cities [11–13].

To counter this problem, the governments of Southeast Asian countries have
considered a wide range of policies and commitments [14]. The Thai government
began labeling the ratings of air conditioners in 1990. Thus, most air conditioner
users in Thailand are supposed to be aware of the labeling method. Likewise, the
government of Brunei Darussalam is currently developing energy labeling for air
conditioners [15]. Governments of Southeast Asian countries have worked together
to establish policy roadmaps to promote harmonization of energy performance
standards for air conditioners [16].

Many studies and approaches have been implemented to evaluate potential elec-
tricity and CO2 emission reduction [17–19], and others have pointed out limitations
that may hinder the use of ground source heat pump (GSHP) [20–22]. GSHP offers
an alternative for energy-efficient cooling and heating inmany four-season countries.
A GSHP system uses annually stable ground temperature as a heat source or sink,
instead of outdoor air. The coefficient of performance (COP) of a GSHP system
normally ranges from 3 to 5, whereas ASHP generally has COPs ranging from 2 to
4 [23].
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Permchart and Tanatvanit performed field experiments to investigate the possi-
bility of direct GSHP expansion and estimated a four-year payback period for the
system [24]. Khedari et al. also addressed potential applications of ground-coupled
direct expansion air conditioning in Thailand. The major disadvantage of this system
is the ground circulation loop. In their study, high-pressure refrigerant flows directly
through the ground loop without transfer to a secondary loop as in GSHP. The direct
expansion requires underground burial of copper coils, which are highly corrosive.
This reduces the ground loop lifetime, especially in a high-precipitation areas like
in Southeast Asia. Additionally, high-pressure loops have a higher probability of
leakage, which are difficult to maintain.

Bruelisauer et al. reviewed some alternatives to replace conventional ASHP in
Singapore. According to their study, the most commonly used ASHP provides the
worst thermal performance. The best-performing cooling alternatives are cooling
towers using wet-bulb temperature, followed by a heat sink using a water body
(e.g., river, lake and sea) and ground-based heat sink (i.e., GSHP) [25]. Giang et.
al. performed energy consumption analysis from five high-story building in Hanoi.
They found that during summer andwinter, air-conditioning systemof these buildings
consumed 38% and 78% of the total electricity use, respectively [26].

Yasukawa et al. investigated regional groundwater temperature variation by
measuring the vertical temperature variation of several observation wells in Thailand
and Vietnam [27]. Vertical groundwater temperature profiles were measured from
55 and 31 wells in Thailand and Vietnam, respectively, with depths varying from 35
to 240 m. The location of the observation wells in the Chao-Phraya plain, Thailand,
is concentrated in seven areas: Bangkok, East Bangkok, Kanchanaburi, Ayutthaya,
South Nakhon Sawan, North Nakhon Sawan, and Phitsanulok-Sukhotai. In Vietnam,
the location of the observation wells was focused in the vicinity of the Red River
delta around Hanoi city. They observed a regional variation of subsurface temper-
ature in Thailand and Vietnam of 3.4 and 2.0 °C, respectively. They also identified
that in Nakhon Sawan, Phitsanulok, Kanchaburi, and Hanoi, the subsurface temper-
ature was about 5 °C lower than the monthly mean maximum air temperature over a
four-month period. In Bangkok and Ayutthaya, the average subsurface temperature
was lower than the monthly mean maximum air temperature throughout the year.
These findings indicate the potential use of the subsurface as a heat sink for cooling
purposes. In their subsequent study, a GSHP systemwas installed in Kamphaengphet
district, north of the Nakhon Sawan district and southwest of Phitsanulok [28].

2 Challenges of GSHP Applications in Southeast Asia

GSHP is widely used in four-season countries, and the number of installed systems
and total capacities are increasing. However, there are barriers that limit the wide
spread of GSHP use. These barriers can be divided into four major classifications:
financial and market, technical, legislation and policy, and lastly, social acceptance
[20].
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In addition to commonbarriers, application ofGSHP in SoutheastAsia encounters
obstacles as described below.

Technical factors:

• The use ofGSHP ismainly for cooling. Imbalance between heat rejection and heat
extraction can lead to long-term thermal build-up surrounding the GHE, which
may decrease the thermal efficiency.

• Small temperature difference between background soil and atmosphere [27, 29]
• Lack of data on how GSHP performs under tropical climate conditions
• Lack of technical expertise on the proper sizing and installation of GSHP.

Financial and market factors are:

• High initial cost and considerably cheaper cost of ASHP
• Low regional electricity cost owing to government fuel subsidy
• No existing GSHP market

Legislation and Policy:

• No government incentives
• Government regulations on the use of renewable energy or energy-efficient

appliances remain limited

Social acceptance:

• Lack of knowledge about GSHP technologies
• Lack of awareness on energy savings.

Considering these barriers, the Renewable Research Center of National Institute
of Advanced Industrial Science and Technology (AIST) initiated collaboration with
Chulalongkorn University, the Department of Mineral Resources (DMR) of Thai-
land, and the Vietnam Institute of Geosciences and Mineral Resources (VIGMR) of
Vietnam to conduct research on potential applications of GSHP in tropical regions
of Southeast Asia. The main goals are as follows:

• Provide GSHP performance analysis under tropical climate conditions
• Introduce GSHP technology to local communities
• Evaluate the cost required to install a GSHP system in comparison with ASHP
• Develop system optimization framework to evaluate the long-term sustainability

and best possible scenario of GSHP application in Southeast Asia.

The aim of this paper is to present the initial results of GSHP test studies in
Thailand and Vietnam, focusing on the first and second main goals stated above. The
results presented here focus on the short-term data, while the medium-to-long-term
performance data are still being gathered andwill be published in another paper. From
the short-term performance evaluation, we emphasize several points as follows:

Potential electricity reduction in comparison to ASHP
Potential performance and cost reduction by using shallow horizontal heat

exchanger
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Effect of different heat exchange fluid flow configuration to the thermal perfor-
mance of GSHP

Potential application of GSHP for both cooling and heating during short winter
period (in Hanoi).

3 GSHP System Installation

To date, four systems have been installed in Southeast Asia. Two systems in Thai-
land were established in cooperation with Chulalongkorn University, at the Bangkok
campus and the Saraburi campus. Another system was installed in the Geological
Museum of Thailand under joint researchwith theDepartment ofMineral Resources,
Ministry of Natural Resources and Environment of Thailand. A GSHP system was
also installed in Hanoi under cooperation with the Vietnam Institute of Geosciences
and Mineral Resources. Several GSHP projects have been carried out in South-
east Asia in recent decade, excluding four projects discussed in this paper. The
temperature sensors used in all systems are listed in Table 2 (Table 1).

3.1 Thailand

The study area is located in the upper and lower plains of theChao Phraya Plain, Thai-
land. Seawater intrusion and some land subsidence were observed in the Bangkok
area owing to excessive groundwater extraction in the area. The lower plain ranges
~200 km from south to north and ~175 km from east to west. The Chao Phraya

Table 1 Other GSHP projects in Southeast Asia (from 2008 ~ )

No Location Date GHE type Current status Remarks

1 Kamphaengphet
(Thailand)

October 2006 1 × 57 m well
double u-tube

Finished First GSHP in
SE-Asia a

2 Chiang Mai
(Thailand)

March 2008 1 × 80 m well
single u-tube

N/A N/A

3 Katsertsart Univ.,
Bangkok
(Thailand)

July 2010 Horizontal
GHE

N/A N/A

4 Bandung Institute
of Technology,
Bandung
(Indonesia)

July 2013 Horizontal
GHE

Inactive Modified ASHP,
25% electricity
reduction

5 West Java Mineral
Resources Agency

March 2015 2 × 50 m
double u-tube

Inactive Modified ASHP

a Yasukawa et al.[28]
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Table 2 Specification of temperature sensors

Sensor location Sensor type Accuracy (ºC)

Indoor air temp T-type thermocouple +/−0.5

Atmospheric air temp T-type thermocouple +/−0.5

Heat transfer fluid inlet Pt-100 platinum resistance +/ −0.2

Heat transfer fluid outlet Pt-100 platinum resistance +/ −0.2

Ground temperatures NTC thermistor +/ −0.2

River extends from the Nakhon Sawan province to the Gulf of Thailand in the south.
Hydrogeological data suggest that the Bangkok area has eight aquifers within 600-m
depth, six of which extend to the north of the Pathum Thani and Ayuthaya provinces.
Sorted from the top, the main four upper aquifers are the Bangkok, Phra Pradaeng,
Nakhon Luang, and Nonthaburi aquifers. A detail about hydrogeological descrip-
tion is provided by Buapeng [30]. The location of three GSHP sites is shown in
Fig. 3. According to the Koppen climate classification, the upper region of Thai-
land has a tropical monsoon climate, whereas the lower region (southern Thailand)
has a wet climate/tropical savanna. The rainy season in the southwest area is from
mid-May to mid-October, and the winter period in northeast Thailand occurs from
mid-October to mid-February. In 2017, the annual precipitation in the Bangkok area
was 2670 mm/year, which is higher than other areas, such as Lopburi province
(1282 mm/year) and Pak Chong, Nakhon Ratchasima province (1400 mm/year).
Monthly average low temperature, high temperature, and relative humidity recorded
in Bangkok in a full year (2019) are presented in Fig. 4. The highest monthly temper-

Chulalongkorn
Univ. Bangkok 
Campus

Chulalongkorn
Univ. Saraburi
Campus

DMR 
Geological 
Museum

40 km

Fig. 3 Location of three GSHP sites in Thailand
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Fig. 4 Monthly average highest air temperature, lowest air temperatures, and relative humidity in
Bangkok and Hanoi

ature occurred in April–May, while the lowest temperature occurred in December.
On the other hand, highest and lowest relative humidity occurred in September and
December, respectively.

Chulalongkorn University Bangkok Campus. The GSHP system at Chula-
longkornUniversity, on the Bangkok campus, was installed inMay 2014. The system
has two vertical boreholes with a single U-tube arrangement. Both boreholes were
supposed to be 50 m in depth; however, only one borehole was installed as planned
and the other collapsed, leaving about 15m depth for heat exchanger installation. The
experimental room is located on the 2nd floor of the Parot Racha building, having a
dimensions of 3 × 4.75 × 3.5 m. The building was previously used as an office and
meeting place but is no longer used for regular official activities. For performance
comparison analysis, a newASHPwas installed to replace the broken old ASHP (see
Fig. 5). The cooling capacity of the ASHP is 3.42 kW with the rated cooling COP
of 3.3.

Based on well temperature observation data gathered from 14 wells located in
the Bangkok and East Bangkok areas, the average ground temperature from surface
to 60-m depth ranges between 29.5 and 31.7 °C [28]. The geological data indicate
that the uppermost aquifer (Bangkok aquifer) is located ±25 m from the surface
with an average thickness of 10–15 m. The ground temperature at the GSHP site at
0–50 m depth ranges between 29 and 30.7 °C [31]. The geology within the Bangkok
metropolitan area consists mainly of basement complex and alluvial deposits.
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Fig. 5 Heat pump (left) and fan coil units (right). ASHP was installed for performance comparison
analysis at Chulalongkorn University, Bangkok

Chulalongkorn University Saraburi Campus. On the Saraburi site, two GSHPs
were connected in series with horizontal ground heat exchangers. An ASHPwas also
installed for performance comparison. The experiments were performed in an office
in main building 1 of the Center of Fuels and Energy Laboratory. The experimental
room had dimensions of 3 × 8 × 2 m and was used on a daily basis. The building
wall material is fiber cement board with thermal conductivity of λ = 0.14 Wm−1

K−1 and heat capacity C = 600 Jkg−1 K−1 [29]. The first work was performed in
June 2015 with the installation of 200-m high-density polyethylene (HDPE) pipes,
capillary mats, the main data acquisition system, and both GSHPs. The capillary mat
heat exchanger is a sheet-like heat exchanger with 117 small capillary pipes, which
enable a larger effective heat transfer area [32]. The final work was accomplished
in November 2016 with installation of background soil temperature sensors and an
additional 300-m HDPE pipe. In total, 500 m of HDPE piping in both slinky and
helical configurations and two capillary mats, each with dimension of 5.6 × 0.9 m,
were installed in a 73.7 m2 footprint. One of the GSHPs is a modified ASHP by
replacing the original heat exchanger with a plate heat exchanger, allowing heat
exchange between the heat pump’s refrigerant and ground loop circulation fluid.
Heat pump specifications in the Saraburi site are listed in Table 3. Figure 6 shows
the installation of capillary mat heat exchangers and slinky-configured HDPE pipes
for the GSHP system. The schematic figure of the heat pumps and the ground heat
exchanger arrangement can be seen in Fig. 7. For the detail of the installed system,
readers can refer to the previously published paper about this GSHP system [29].

National Geological Museum.
The Golden Jubilee National Geological Museum is the largest geological

museum in Thailand, located in Pathumthani province about 50 km north of
Bangkok. The area is situated in the lower Chao Phraya basin. The hydrogeology
of Pathumthani is formed by six main aquifers: Bangkok, Phra Pradaeng, Nakhon
Luang, Nonthaburi, Sam Khok, and Phaya Thai. The topography of the basin is
relatively flat with an elevation of 1–5 m above sea level. The regional slopes have
an average gradient of 4%–10%. Many tributaries originate from the Chao Phraya
River, most of which are perennial.
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Table 3 Specification of heat pumps used in Chulalongkorn University, Saraburi campus (after
Widiatmojo et al. [29])

Heat
pump

Cooling
capacity
(kW)

Heating
capacity
(kW)

Inverter Refrigerant Energy
rating1

Remarks

GSHP 1 4 5 Yes R410a - Imported from
Japan; equipped
with inverter
control

GSHP 2 N/A2 - No R410a N/A3 Replaced with
7.03 kW
Water-R410A
plate heat
exchanger; no
inverter control

ASHP 3.5 - Yes R410a 5 stars Equipped with
inverter control

1Certification standard issuedbyElectricityGeneratingAuthority ofThailand (EGAT); 2 the original
cooling capacity was 3.6 kW; 3 the original energy rating was five stars (2011 standard certification)

Fig. 6 Installation of capillary mat heat exchanger (left) and slinky-configured HDPE pipe (right)

The system was installed in the museum’s souvenir shop in March 2016, using a
2 × 50 m BHE with a double U-tube configuration. Figure 8 shows the installation
site, borehole heat exchangers, and the museum’s souvenir shop where the Fan Coil
Unit (FCU) is installed. The heat pump is identical to those installed at another GSHP
sites.
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Road

W
alk w

ay
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20m
1.3m 1.3m

3m

4

Depth=2m, vertical 
slinky Depth=0.8m

2x capillary mats and horizontal slinky coils

14m

2m

4m

2m

Depth=1.5m
2 layers (0.2m vertical separation), 
horizontal slinky

Depth=1.5m
2 layers (0.2m vertical separation), horizontal slinky 

Center of Fuels and Energy, 
Building #1

Center of Fuels and Energy, 
Building #2

Experimental 
roomGSHP 1

GSHP 2
(Modified ASHP)

ASHP

Outdoor Units

Fig. 7 Layout of shallow ground heat exchangers, pipe connection and heat pump arrangements
in Saraburi site

Fig. 8 Installation of GHE into the borehole (middle); museum’s souvenir shop (right)

3.2 Vietnam (Hanoi)

Hanoi is situated in the Red River delta in the northern region of Vietnam. The main
aquifers in Hanoi province can be classified into Holocene or Pleistocene aquifers.
The genesis of sedimentary deposits suggests that gravels and sands in channel struc-
tures are aquifers. On the other hand, alluvial ridge silts and clays form low perme-
ability layers. Depending on the spatial correlations, these features form confined
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Fig. 9 Stratigraphic description of the Hanoi GSHP site

and unconfined characteristics. As can be seen in stratigraphic description (Fig. 9),
a permeable layer is located at about 40–50 m depth.

The climate of Hanoi is categorized as humid subtropical with high amounts
of precipitation. The average total annual precipitation is 1600 mm, with heaviest
rainfall in June–September. The highest and lowest temperatures occurred in July and
January, respectively. Monthly average data, shown in Fig. 4, indicate that Hanoi has
lower average temperature compared to Bangkok. The annual pattern of temperature
is also similar to those in four-season countries located at northern hemisphere. It
also indicates that Hanoi has a wider temperature range compared with other regions
in Southeast Asia due to its higher latitude location.

The GSHP system is installed in the director’s room of the Vietnam Institute of
Geoscience and Mineral Resources (VIGMR). The room is located on the 3rd floor
with dimensions of 4.5 × 4.5 × 3 m. The heat pump is connected in series into two
vertical 50-m boreholes with a double U-tube configuration. The installation was
completed in October 2016. Figure 10 shows the insertion of a GHE (HDPE pipes)
into one of the boreholes from the director’s room and the heat pump. As a part of our
goal to introduce GSHP technology to local communities, a workshop was held in
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Fig. 10 GSHP installation at VIGMR, Hanoi, Vietnam

February 2017 at VIGMR, Hanoi focusing on an introduction and practical analysis
of GSHP data. The workshop was attended by university students, local enterprises,
and officials from government agencies.

4 Thermal Response Test

The thermal response test (TRT) is amethod todetermine the average thermal conduc-
tivity of the soil medium surrounding the ground heat exchanger. Determination of
the average thermal conductivity (also known as apparent thermal conductivity)
depends upon the assumption of ideal line-source heat transfer from the borehole to
the surrounding soil. To ensure the measured thermal conductivity adequately repre-
sents the average of value of grouting material, surrounding soil, and convective
heat transfer due to groundwater flow (apparent thermal conductivity), the constant
heating is typically applied for more than 1–2 days, depending on the soil conditions
and heating rate [33].

The thermal conductivity approximation is based on the slope of the mean fluid
temperature against logarithmic time, k (°C). According to line source theory, a slope
can be evaluated as a function of apparent thermal conductivity:

k = Q

4πLλ
(1)

where Q (W) is the heating rate and L (m) is the borehole depth.



758 A. Widiatmojo et al.

5 Discussion

5.1 Chulalongkorn University Bangkok Campus

Performance Evaluation. Several tests were performed to evaluate thermal perfor-
mance and compare electricity reduction with a normal ASHP [31]. Intermittent tests
for both GSHP andASHPwere carried out from June to September, duringwhich the
average room temperature was 24.9 and 24.5 °C for GSHP and ASHP, respectively.
The difference here is attributed to the position of the indoor units and the room
temperature sensor. Each test was completed in an average of 7 h daily (9am–4 pm).
Figure 11 shows the relationship between average power consumption with outside
temperature during operation. In general, GSHP consumes less electricity thanASHP
for a given temperature. Based on the linear regression for both HPs, the gap between
two lines increases along with the outdoor temperature, indicating that the GSHP can
provide higher electricity reduction even at a higher outdoor temperature. Further
calculation for low (28 °C) and high (33 °C) outdoor temperatures shows that the
percentage of power consumption reduction is 33.3% and 24%, respectively.

The COP is the ratio of heat removed from the room to the work required:

COPcooling = QT

WT
= QR − εWC

WT
, where

{
ε = 1(Cooling)

ε = −1(Heating)
(2)

where QR (W) is the rate of heat extraction or rejection from/into the ground, QT

(W) is the rate of heat added or removed from/into the building, and WT (in W) is
the total electrical power consumption, calculated as:

WT = WC +WF +WP (3)

Fig. 11 Relationship between power consumption and outside air temperature for both ASHP and
GSHP systems in Chulalongkorn University, Bangkok
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QR = ε(Tout − Tin)ρcVm, where

{
ε = 1(Cooling)

ε = −1(Heating)
(4)

whereWC ,WF , andWP are the electrical power for the compressor, fan, and circu-
lation pump, respectively, while ρ (kg/m3), c (J/(kgC), and Vm (m3/s) are the density,
specific heat capacity, and flow rate of the heat exchange fluid, respectively. Tout and
Tin are the GHE fluid temperature leaving and entering the heat pump. Figure 12
shows the COP of GSHP during daily operation with the evaluated value of COP
= 4.3. The observed COP fluctuations are attributed to daily outdoor temperature
fluctuations and also the data acquisition interval (1 h).

Thermal Response Test in Bangkok GSHP Site. For this purpose, the 50-m
borehole heat exchanger was temporarily disconnected from the heat pump to create
a connection with the TRT apparatus. To the best of authors’ knowledge, this TRT
measurement was the first test to be carried out in Southeast Asia. Figure 13 shows

Fig. 12 Average daily coefficient of performance (COP) of GSHP system installed at Chula-
longkorn University, Bangkok campus

Fig. 13 TRT measurement at the GSHP site at Chulalongkorn University, Bangkok Campus



760 A. Widiatmojo et al.

y = 1.73ln(x) + 40.778
R² = 0.98

30

32

34

36

38

40

42

44

0.001 0.01 0.1 1 10

muide
mta ehfo

erutarep
met.gvA

[O
C

]

Elapsed Time [days]

y=1.73ln(x)+40.77
R2=0.98

Fig. 14 Linear regression of mean fluid temperature and logarithmic elapsed time for the TRT
measurement at Chulalongkorn University, Bangkok campus

the preparation and arrangement of TRTmeasurements at Chulalongkorn University,
Bangkok campus. A constant heating rate was set to Q = 2000 W for 3 days, and
the flow rate was set to an average of 14.86 L/min. The fluid used for circulation
was mixture of propylene glycol water. Before applying the constant heat, the fluid
was pre-circulated for about 1.5 h. During the pre-circulation, the stable background
soil temperature was found to be 28.8 °C. This value is slightly below the average
groundwater temperature from observation well surveys in Bangkok area [27]. The
semi-log temperature showing fluid temperature against time with a slope of k =
1.73 is shown in Fig. 14. Substituting Q = 2000 W and L = 50 m into Eq. (2), the
apparent thermal conductivity is determined as λ = 1.82 Wm−1 K−1. This value is
relatively high for the current geological setting in the Bangkok area, likely owing to
the intense groundwater extraction (pumping) in the area, which generates artificial
groundwater flow [34].

5.2 Chulalongkorn University Saraburi Campus

The GSHP systems installed in Saraburi have two distinguished features compared
with the other installed systems. First, the horizontal heat exchanger is cheaper than
vertical ones because they do not require drilling for the borehole heat exchanger.
The horizontal heat exchanger can be installed in a relatively shallow trench that may
be excavated by manual (human) labor. Second, the Saraburi site has two GSHPs.
GSHP 1 is similar to those installed in other Southeast Asian GSHP sites, while the
other one, GSHP 2 is modification from an ASHP.

A comprehensive review on the short-term performance of both GSHPs during
highest temperature season can be found in [29], where a two-month intermittent
operationwas performed for bothGSHPs and a normalASHP. The recorded tempera-
ture data andpower consumptionwere then analyzed.GSHP1andGSHP2consumed
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17.1% and 18.4% less energy, respectively, than that required by the normal ASHP.
Intermittent test studies also have been carried out during the lowest temperature
season (December–January). During these periods, GSHP 1, GSHP 2 and normal
ASHP run, in total, 145.5 h, 170.83 h and 146.7 h, respectively. The GSHP 1 and
GSHP 2 consumed an average of 428.8 W and 609.4 W of electricity, respectively,
in contrast to 718.05 W for the ASHP. It corresponds to 40.3% and 15.1% electricity
reductions for both GSHPs. It is important to note that the GSHP 2, which originally
was an ASHP, provided less electricity reduction during low temperature season than
during the high temperature season. On the other hand, GSHP 1 indicated significant
electricity reduction during low-temperature season. This can be explained by the
use of inverter, which control the speed of compressor during low thermal load, such
as in low-temperature season. Figure 15 shows the comparison of average electricity
consumption during both temperature seasons.

Economic evaluation based on NPV analysis shows that the payback period for
the GSHP 2 (modified system) considering an annual electricity reduction of 18.4%
is 15 years. Further, assuming if 40% electricity reduction can be achieved annually,
the payback period reduces to 6.3 years [29].

The cost ratio for the ground heat exchanger installation to the cost for heat pump
modification to the ground heat exchanger cost and installation is 0.6 for the case
of GSHP 2. This cost ratio should be higher than 1 for the case of GSHP with the
vertical heat exchanger.

The results of this study also pointed out the possible thermal stabilizing effect of
rainwater infiltration into the ground. Ground temperature sensor installed in some
location around the ground heat exchanger show temperature decrease following the
rainfall period. This effect is expected to have significant role in thermal performance
of GSHP, considering high amount of precipitation in tropical region [29].
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5.3 National Geological Museum, Department of Mineral
Resources

The GSHP system in the National Geological Museum operates regularly during
the museum’s hours (8 am–4 pm). The gift shop’s staff is responsible to operate the
system.

Initially, the GHE was configured in ‘parallel–series’ arrangement. In this config-
uration, two boreholes were connected in parallel, whereas two sets of U-tubes in
each borehole were connected in series. The GHE configuration was modified in
March 2019. In the modified version, two boreholes were connected in series and
the U-tubes in each borehole were arranged in parallel, herein after ‘series–parallel’
arrangement. The purpose of this re-arrangement is to evaluate the best piping config-
uration suited to the system. To the best of author’s knowledge, studies focusing on
the evaluation of piping arrangement are scarce; furthermore, it strongly depends
on the various factors, such as fluid pump capacity, apparent thermal conductivity,
ground temperature, thermal load, borehole pipe arrangement and also depth and
number of boreholes. In parallel–series configuration, heat exchange fluid is split
into two flows, each of which only pass a single borehole heat exchanger twice (two
loop each borehole).While in series–parallel configuration, fluid pass both boreholes
once in parallel flows. Figure 16 illustrates both configurations from two different
years, before the modification 2018 and after the modification 2019.

Figure 17 compares the COP of the GSHPs and the recorded outside air tempera-
tures for both tests. Both testswere carried out in June 2018 and June 2019. In general,
the COPs in parallel–series configuration are higher than the series–parallel.

During an elapsed time of ±400 min where both outside air temperatures are
nearly similar, the parallel–series configuration provides higher COP. Likewise, over
an elapsed timeof±350min, the parallel–series configuration performsbetter despite
the higher outside air temperature. Figure 18 shows the relationship between outside
air temperature and COP over an elapsed time of ±400 min. It can be seen that the

BH-2BH-1

From HP

To HP

Parallel-Series Series-Parallel
BH-2BH-1

From HP

To HP

Fig. 16 GHE configurations in the National Geological Museum, Department of Mineral
Resources, Thailand
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Fig. 17 Comparison of GSHP COPs and outside air temperature during the test period

Fig. 18 Relationship between COP and outside air temperature for both configurations

parallel–series configuration provides better thermal performance. Linear regressions
for both data indicate the COP average difference of 0.3.

We found that the average COP in series–parallel configuration is 2.30, 9.4%
lower than the average COP using parallel–series (COP= 2.54). This corresponds to
a reduction of average temperature differences between HP’s fluid inlet–outlet and
flow rates. Average temperature differences using the series–parallel configuration
are 2.44 °C, 7.9% lower than the average value using the parallel–series configuration.
Moreover, the average flow rates of heat exchange fluid indicate a 1.4% reduction
from 24.17 Lt/min in ‘parallel–series’ to 23.84 Lt/min for ‘series–parallel’ configura-
tion. The flowrate reduction suggests the increasing hydraulic resistance of the GHE
after modification. Based on this short-term performance evaluation, parallel–series
is considered as the most suitable configuration for this GSHP system.
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Fig. 19 TRT measurement in the GSHP site at VIGMR, Hanoi

5.4 VIGMR (Hanoi) Site

Thermal Response Test (TRT). The TRT was carried out on August 19–21, 2018
using one of the 50-m boreholes. Because the GHEs in the Hanoi site use a double U-
tube, the double loop was temporarily bypassed into a single-loop arrangement. The
TRTmeasurement uses a similar apparatus to the one used in Bangkok site. Figure 19
shows the measurement and equipment used in TRT test at VIGMR, Hanoi.

The fluid was first circulated without applying heat. The background temperature
was 27.2 °C, lower than the Bangkok site. The heating rate was set to an average of
Q = 1950 W for 2 days, while the fluid circulation flow rate was set to 15 L/min.
Figure 20 shows the semi-log plot of average fluid temperature against time, from
which, using Eq. 1, the apparent thermal conductivity of λ = 1.42 Wm−1 K−1 was
evaluated for the Hanoi GSHP site. Note that this value is lower than Bangkok, likely
owing to the deeper aquifer, lower groundwater flow, and high portion of clay–silt
sediment in the upper 50 m.

GSHP Performance. The GSHP system at the Hanoi site is operated based on
the requirement of the room’s occupant (director of VIGMR). The data are recorded
continuously by the data logger and downloaded periodically by the staff. According
to the data records and personal communication, the system is not used on daily
basis and only if the outdoor temperatures are too hot. In the season with modest
temperatures, the occupant prefers opening the windows for passive air circulation
rather than using the GSHP.

To examine the GSHP performance during the hottest period in Hanoi, we carried
out continuous test for two consecutive days. During the test, the temperature was set
to 25 °C. The result presented in Fig. 21 shows that the highest outdoor temperature
reached 36.6 °C on July 3, while the lowest was 28.7 °C on July 5. The average
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Fig. 20 Linear regression of mean fluid temperature and logarithmic elapsed time for the TRT
measurement at VIGMR, Hanoi

Fig. 21 Continuous cooling using GSHP installed in VIGMR (Hanoi)

outdoor temperature during the 2-day was 31.9 °C and the average COP was 2.34.
During the test period, the COP declined in the beginning of the first day; however,
the data do not indicate a direct relationship between COP and outdoor temperature
variation.

As mentioned in Sect. 3.2, Hanoi has a unique climate with a wide temperature
range compared with other major cities in Southeast Asia. A continuous heating test
was also carried out by using the Hanoi GSHP. The test was completed from January
30 to February 1, 2018.During the test, theminimumandmaximum recorded outdoor
temperatures were 10.1 and 15.3 °C, respectively, with an average of 13.04 °C. The
results are shown in Fig. 22. The average COP during the continuous test was 3.64.
Fluctuations in room temperature and COP are clearly observed. Further examina-
tion into the power consumption data show that these fluctuations were likely due
to the heat pump’s inverter adjusting the compressor output. However, it must be
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Fig. 22 Continuous heating using GSHP installed in VIGMR (Hanoi)

noted that this value only reflects the GSHP performance during the hottest season,
while the annual performance evaluation must also be included during modest- and
low-temperature seasons. The data for the Hanoi GSHP are limited because the
system does not operate regularly, especially in the mild temperature other than
June–September.

Comparing the COP of the Hanoi and Bangkok systems, the Hanoi system has
lower COP, whereas the Bangkok site has favorable geological conditions for GSHP
installation, reflected by the higher thermal conductivity (λ = 1.82 Wm−1 K−1)
compared with the Hanoi site (λ = 1.42 Wm−1 K−1). The room at the Hanoi site
is larger with considerably more activities (e.g. meetings and receptions), compared
with the Bangkok site. On the other hand, the experimental room for the Bangkok
site is a smaller and almost no regular daily activity.

6 Future Works

The short-term test results have shown an early insight on potential utilization of
GSHP system in tropical climate of Southeast Asia. However, critical evaluations
related to the system sustainability and possible system improvement are currently
difficult due to the limited field test data. In order to perform such evaluations the
following points are crucial to be considered in the next studies:

Improvement of data acquisition system, including temperature sensorsmeasuring
the heat pump component (i.e., refrigerant temperatures and pressures, ground
temperature response, etc.).

Long-term data acquisition and analysis
Detailed economic–social analysis of GSHP utilization, combining the long-term

performance data, economic growth and social behavior on energy utilization.
Potential influence of regional groundwater flow on the GSHP performance
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Development of GSHP system model to evaluate the long-term performance and
possible optimization of heat exchanger capacity, size, length, including the potential
use of hybrid GSHP systems.

7 Conclusions

We performed operational tests of GSHPs in the tropical climate of Southeast Asia.
A total of four systems were installed: three in Thailand and one in Vietnam. One
of these systems uses shallow–horizontal heat exchangers, while the others using
vertical (boreholes) heat exchangers. Short-term operational data from all system
were obtained and evaluated. TRT tests were also carried out at the Bangkok and
Hanoi sites.

From the short-term tests, the main findings are summarized as follows:
GSHP system in Chulalongkorn University, Bangkok, utilizes two 50-m-vertical

heat exchangers in single U-tube configuration; however, one of the borehole has
only approximately 20 m depth due to the collapse of the borehole’s wall.

From the TRT measurement, the apparent thermal conductivity was found to be
1.82 Wm−1 K−1, while the background soil temperature was 28.8 °C

From the short-term operational tests, the GSHP system in Bangkok wsd found
to have 33.3% and 24% average electricity reduction compared to ASHP for the
outdoor temperature of 28 and 33 °C, respectively, with the average COP of 4.3

Two GSHPs and an ASHP were installed in Chulalongkorn University, Saraburi
campus. Both GSHPswere connected in series with horizontal (shallow) ground heat
exchangers.

Short-term operational tests during high-temperature season indicated that GSHP
1 and GSHP 2 provided 17.1% and 18.4% electricity reductions, respectively, in
comparison to the ASHP. On the other hand, during lowest temperature season,
GSHP 1 and GSHP 2 consumed 40.3% and 15.1% less electricity than the ASHP.

A GSHP in National Geological Museum, Department of Mineral Resources
(DMR), Thailand, has been installed, utilizing two 50-m-vertical heat exchangers in
double U-tube configuration.

The GSHP performances under two different piping configurations, namely
‘parallel–series’ and ‘series–parallel’ were tested in June 2018 and June 2019,
respectively.

The GSHP test in ‘series–parallel’ configuration was found to have 7.9% lower
temperature difference between HP’s fluid outlet–inlet, and 1.4% reduction GHE
fluid flow rate due to increasing hydraulic resistance.

The average COPs are 2.54 and 2.30 for ‘parallel–series and ‘series–parallel’,
respectively (9.4% of average COP reduction).

AGSHP system has been installed at Vietnam Institute ofGeoscience andMineral
Resources, Hanoi, Vietnam, utilizing two 50-m-vertical heat exchangers in double
U-tube configuration.
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From the TRT measurement conducted in this site, the apparent thermal conduc-
tivity was found to be 1.41 Wm−1 K−1, with the background soil temperature
27.2 °C.

Unlike other regions in Southeast Asia, GSHP heating can also be used during
the short winter period at in Hanoi, where the use of GSHP for heating is possible.

Two-day continuous tests for cooling and heating were carried out; the results
show average COP of 2.34 and 3.64 respectively.

Despite the limited short-term performance analysis, the comparison of electricity
consumptions against ASHP, such as in Saraburi and Bangkok site, suggests the
potential energy reduction by utilizing GSHP.

To perform more detailed analysis, future studies will focus on the improvement
of the data acquisition systems, long-term performance analysis, socio-economic
analysis, potential influence of regional groundwater flow, aswell as systemmodeling
and optimization.
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Experimental Study on Strengthening
Near-Surface of Slopes Using
Bio-grouting Technique

Sivakumar Gowthaman , Kazunori Nakashima , Hiromi Nakamura,
and Satoru Kawasaki

Abstract Near-surface instability due to incessant rainfall events poses challenges
to the maintenance of earth structures. Bio-grouting (also be referred to as micro-
bial induced carbonate precipitation (MICP)) is a recently emerged soil improve-
ment technique, revealing high potential for stabilizing near-surface of slopes. The
technique promotes the cementation of embedded soil using calcium carbonate that
precipitates biochemically. This paper presents a bench-scale experimental program,
and the objectives were (i) to understand how the treatment protocols impact the
strengthening of near-surface and (ii) to assess the profile of treated slope. For those,
a series of slope models was treated by various experimental protocols using surface
spraying technique. During the treatment, bacteria culture and cementation resources
were sprayed in two subsequent phases. The findings suggest that the bio-grouting
responses vary depending on volume of cementation solution supplied. High supply
of cementation solution developed a highly nonuniform-treated profile compared
with low supplies. Also, 1 mol/L concentration of cementation solution is found to
be the optimum for the treatment, providing strong intergranular bridging. The spatial
distribution of calcium carbonate showed the treated slope can be considered into
three layers: surface-crust layer, cemented soil layer and uncemented soil, suggesting
that the application technique may provide erosion protection via the crust formed
along the outer surface of the slope and cemented soil material formed on the interior.
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1 Introduction

Stability of embankment slopes is always a crucial concern in the field of construction
engineering, as the constancy of transportation structures are reliant on the stability
of the slopes. As indicated in Fig. 1, the potential causes for slope instability ranges
from deep-seated failures to sediment yield, suggesting that the stabilization needs
to be considered by the means of enhancing (i) structural conditions and (ii) cover
conditions [1]. Mass movements and failures occur along the weakest sub-surface,
when the driving forces of a collective slope material exceed the resistive forces,
without necessarily being influenced bywater [2]. Shallow failures are often triggered
during or immediately after prolonged rainfalls/ snow-melt, owing to the infiltration.
The excess infiltration is found to be diminishing the effective stress, reducing the
soil strength and may increase the failure potential in embankment slopes [3, 4].
As described in Fig. 1, mechanical methods are generally applied to enhance the
structural stability and performance of the slopes.

Enhancing the cover conditions, on the other hand, is another important require-
ment to both natural and engineered slopes. Sediment yield is often reported to be
a global threat [5, 6], occurring due to the complex interactions of sub-processes
between the detachment and transport of surface materials. Human activities always
have amajor influence in natural slope processes.During constructions, the slopes are
modified in a way to fit the construction requirements (e.g., clearance of vegetation
and changes in topography); as the result, near-surface substrates are significantly
disturbed [7]. Moreover, due to the direct impacts of climatic factors, near-surface
substrates are tended to be weakened more rapidly [8], attaining high erodibility risk.
Therefore, in terms of eliminating risks and saving economy, cover condition of the
slope needs to be enhanced immediately after the construction processes.

Structural condi on

Structurally stable

Structurally unstable
Deep seated failure 
poten al
Shallow failure poten al

Stabiliza on 
of slope

Excava on and filling
Retaining structures
Mechanical reinforcement
Deep/ shallow grou ng

Vegeta on cover (herbaceous/ grass 
species)
Mulch cover
Surface grou ng
Geotex le cover

Near-surface condi on

High yield of sediment
Erosion risk

Low yield of sediment

Vegeta on cover

(i) Enhancing structural condi on (ii) Enhancing cover condi on

Objec ve: Introducing bio-cementa on 
for enhancing cover condi on of slope

Fig. 1 Slope stabilization processes and objective of the research work
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The available methods for enhancing cover condition of the slope are diverse,
having both benefits and drawbacks. Seeding/ vegetation is the eco-friendliest
method; however, their growth and survival are reported to be limited in cold and arid
regions, and it generally takes quite a long time to effectively achieve the benefits
[7, 9]. Grouting is the most popular and widely used method, but from the sustain-
able perspective, the use of cement and other synthetic binders are reported to be
less preferred [10, 11], and there continues to be a need to explore new reliable
techniques.

Bio-grouting (also be referred to as microbial induced carbonate precipitation
(MICP)) is a potential bio-mediated soil improvement technique that relies on sustain-
able and environmentally friendly processes [10, 12–14]. Within the recent past,
number of studies have demonstrated that the technique could potentially be used
to solve many geotechnical challenges including liquefaction mitigation [15], slope
soil stabilization [16, 17], fugitive dust control [18] and erosion control [7, 19]. In
the bio-grouting process, the ureolytic bacteria hydrolyze the urea into ammonium
and carbonate ions (Eq. 1), and the calcium carbonate bio-cement is finally produced
within embedded soil while supplying calcium ions (Eq. 2), effectively enhancing
the physical and mechanical characteristics of soil.

CO(NH2)2 + 2H2O
ureolyticbacteria−→ CO2−

3 + 2NH+
4 (1)

Ca2+ + CO2−
3 → CaCO3 ↓ (2)

The objectives of this research work are to understand how the treatment proto-
cols impact the strengthening of near-surface and to assess the profile of treated
slope. To achieve the first objective, a series of slope models was treated by various
experimental protocols using surface spraying technique. Finally, the treatment
was advanced to bench-scale model slope to assess the profile of treated slope
and to demonstrate the feasibility of bio-grouting under open cold environmental
conditions.

2 Materials and Methods

2.1 Slope Soil

One of the erosion-prone expressway slopes located in Hokkaido, Japan (the north-
ernmost island of Japan, located in subarctic region, experiencing a cold climate),
has been chosen for the investigation as the representative. The particle size distri-
bution curve of the slope soil is presented in Fig. 2. Based on the Japanese Industrial
Standard (JIS), the slope soil can be categorized as fine sand with the mean particle
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Fig. 2 Grain size distribution of representative slope soil investigated

diameter of 0.23 mm. The intrinsic carbonate content of the soil was found to be
0.22% by weight.

2.2 Slope Models and Test Cases

Slope models used in this study were essentially chosen to be two different scales
(as shown in Fig. 3): small-scale and bench-scale. In the first set of experiments
(Part 1), small-scale slopes were used to optimize the treatment process considering
the effects of supply volume and resources concentration on treatment efficiency.
Table 1 presents the detail of the cases considered. The effects of supply volume
were studied by Cases 1–3. Cases 2 and 4 were used to evaluate the effects of
concentration of cementation solution on MICP improvement. In the second set of
experiment (Part 2, indicated as Case 5), a full bench-scale slope was given the

Fig. 3 Slope models used in this study: a small-scale and b bench-scale slopes
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Table 1 Test cases and treatment conditions

Case
No

Scale Initial
density
(g/cm3)

No. of
bacteria
sprays

No. of
cementation
sprays

Spray
volume
(per
spray)
(mL)

Concentration
of cementation
resources (
mol/L)

Treatment
duration
(days)

Case
1

Small 1.58 2 14 0.25 ×
Pv

1 14

Case
2

Small 1.52 2 14 0.5 × Pv 1 14

Case
3

Small 1.52 2 14 1 × Pv 1 14

Case
4

Small 1.51 2 14 0.5 × Pv 0.5 14

Case
5

Bench 1.51 2 14 0.5 × Pv 1 14

Pv: pore volume of the target near-surface zone

optimum treatments (based on the findings in Part 1) under an open environment,
followed by the assessment of treated slope profile.

2.3 Treatment Process

The ureolytic bacteria (Lysinibacillus xylanilyticus), isolated from native slope soil,
were used for to treat the slope models. The isolation process of the bacteria can be
found from our previous work [20]. The bacteria were cultured in NH4-YE (ATCC
1376) medium in shaking incubator at 25 °C and 160 rpm for 48 h until the growth
(OD600) achieved around 4.0 (48–72 h). The growth conditions were chosen based on
the optimal enzymatic performance of the bacteria [17]. NH4-YE medium consisted
of dissolved ammonium sulfate, yeast extract and tris buffer of 10 g/L, 15.7 g/L and
20 g/L, respectively. The cementation solution consisted of calcium chloride, urea
and nutrient broth at required concentration (in accordance with the test conditions,
refer Table 1). In this study, two potential concentrations were investigated: 0.5 and
1 mol/L (Cases 2 and 4, respectively, refer Table 1), using 1:1 chemical ratio of
CaCl2: urea.

During the treatment, a spraying device (as indicated in Fig. 3) was used to intro-
duce the bacteria and cementation solutions to the surface of the slopes in two subse-
quent phases. In the first-phase, the bacteria culture was sprayed, followed by the
spraying of cementation solution in second-phase. Between the two phases, a time
gap (1–2 h) was given for effectively immobilizing bacteria cells within the near-
surface soils, as suggested in previousworks [17, 21].Amoderate spray rate of around
45mL/minwas chosenherein,which is relatively in consistentwith previous spraying
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applications [22], and the sprayer was held vertically to the slope surface during
the spraying. Cementation spaying was performed every 24 h, whereas the bacteria
culture was sprayed at the beginning (day 1) andmid (day 7) of the 14 days treatment.
The additional information regarding the treatment conditions are presented in Table
1. As shown in Fig. 3b, the sheet flow solutions (i.e., the solutions flown over the
surface)were collected during the treatment to quantify the efficiency, and the outflow
solutions (i.e., the solutions which attained the outlet through infiltration) were used
to monitor the internal chemical conditions (i.e., pH and Ca2+ concentrations).

2.4 Evaluation Methods

After the treatment, the slopes were allowed to cure for 72 h under the same envi-
ronmental conditions. The assessment program consisted of needle penetration tests,
measurement of calciumcarbonate content and scanning electronmicroscopy (SEM).
The needle penetration tests (SH-70, Maruto Testing Machine Company, Tokyo,
Japan, see Fig. 4) were performed in accordance with JGS 3431–2012 [23], eval-
uating the unconfined compression strength (UCS) of treated near-surface. In each
point, tests were performed in triplicate, and the average value was used for the
representation.

For measuring the calcium carbonate content in cemented soil, a simplified device
(shown in Fig. 5a) was used to measure the pressure of CO2 (g) released when
the cemented specimen was reacted with HCl in a closed controlled system [24].
Using the calibration curve developed between calcium carbonate and gas pressure
(Fig. 5b), the carbonate content (%) was estimated as the ratio between mass of the
precipitated CaCO3 and mass of the soil before treatment. The SEM analysis was
performed by using Miniscope TM 3000 (Hitachi, Tokyo, Japan).

Fig. 4 Needle penetrometer (SH-70)
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Fig. 5 Figures of the a device used tomeasure theCaCO3 content and b calibration curve developed
between mass of CaCO3 and gas pressure
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Fig. 6 Near-surface UCS of the slopes treated using different supply volumes

3 Results and Discussion

3.1 Effect of Spray Volume

The MICP treatment was designed to target the topmost 30 mm near-surface of the
slope for enhancing the cover condition. Based on the pore volume of target near-
surface zone (Pv), three volumes of cementation solution (0.25 × Pv, 0.5 × Pv and 1
×Pv)were systematically chosen (Cases 1–3, seeTable 1). Figure 5 presents the near-
surface UCS of the slopes treated using different supply volumes. It should be noted
that the reference strength, i.e., the UCS of the untreated soil material was found to
be around 50 kPa. From Fig. 5, it can be seen that the MICP treatment could enhance
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the UCS significantly, up to around 3MPa. However, the uniformity of the treatment
appears to be influenced by the supply volume. For the slope treated by 0.25 × Pv,
UCS value slightly decreases toward the slope bottom, and that slightly increases
when the spray volume is 0.5 × Pv. However, in both the cases, an acceptable
uniformity could be seen in strengthening along the surface. On the other hand, the
near-surface treated by 1 × Pv of supply volume shows a heterogeneous distribution
in UCS, varying between 0.2 and 3 MPa. The UCS value at the bottom slope is
around 12 times higher than that of top slope. The similar tendency was observed in
repeated experiments as well. Overall, from the results, the effective spray volume
can therefore be suggested to be 0.5 × Pv.

Many previous studies have evidenced that the increase in number of cementation
treatments increased the precipitation content of calcium carbonate in soil columns,
hence enhanced the strength characteristics [25, 26]. Thus, before this work, it was
expected in a similar way that the increase in supply volume might contribute to
effective enhancement of near-surface. However, the observation has disproven the
hypothesis, revealing that spraying high volume of solutions (i.e., 1×Pv) results non-
uniformity in cementation. Basically, supply of high bacteria culture was reported
to have positive effect in MICP, which increases both the yield of calcium carbonate
and crystal nucleation sites [27]. In slopes, high supply of cementation solution
would tend to cause increased generation of sheet flow over the surface/ near-surface
(further explained in subsequent paragraphs), which is suspected to be stimulating
the transportation of bacteria cells toward bottom slope, leading to non-uniformity
in surface UCS. However, the available results are deficient to fully demonstrate the
above conclusion; therefore, further investigations need to be performed.

The inclined nature of slope naturally typically leads to the production of sheet
flow, and that highly depends on the soil type (i.e., gradation) and slope gradient. At
the beginning of every spraying, the generation of sheet flowwas low; when the near-
surfaces reach nearly the saturation stage, further spraying would partially turn into
sheet flow. In all the cases, it can also be observed that with the increase in number of
sprays, the generationof sheet flow increased, and the outflowdecreased (refer Fig. 7).
This could be explained by the occurrence of crystallization. The progression of
calcium carbonate crystals decreased the permeability of the near-surface, which led
to the reduction in infiltration, increasing the sheet flow generation. Nevertheless, the
quantity that infiltrated into the surface (measured in terms of outflow) is considered
to be contributing to the MICP, determining the efficiency of supply.

In the case of 0.25 × Pv, low quantity of cementation solution was sprayed every
24 h, which resulted less generation of sheet flow (Fig. 7a). On the other hand, in 1×
Pv case, high quantity was sprayed every 24 h, resulted the development of high sheet
flow during the treatment (Fig. 7c). For instance, on 14th spraying, the sheet flow
was around 120 mL among total effective supply of 180 mL. In fact, the generation
of sheet flow represents the leftover of non-utilized resources, which directly affects
the economy and efficiency of the treatment. In order to relate the supply quantity
and efficiency of the treatment, the “supply efficiency (SE)” is proposed herein as an
index parameter (Eq. 3). Simply, the SE can be defined as the effective supply that
contributes to the MICP among total supply. Herein, the infiltrated quantity (Eq. 4)
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is considered as contributor. Accordingly, at any (nth) number of supplies,

Supplyefficiency (SE) = Cumulativeofinfiltrationquantity

Cumulativeofsupplyquantity
× 100% (3)

Infiltrationquantity = Supplyquantity − sheetflow − loss (4)

The spray loss was found to be around 10% of the supply volume. The supply
efficiencies by the end of the treatmentwere around 71%, 52%and 42%, respectively,
for the cases of 0.25×Pv, 0.5×Pv and 1×Pv, suggesting that high supply lessens the
supply efficiency for the slope soil considered in this research work. The efficiency
might vary depending on the spray rate, position of spraying and gradation of the soil
as well; therefore, future studies should also consider other factors impacting SE.

3.2 Effect of Cementation Solution Concentration

Figure 8 presents the comparison of near-surface UCS of the slopes treated with two
different concentrations of cementation solution (0.5 and 1 mol/L). The observation
reveals that the treatments using both concentrations were able to improve the surface
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Fig. 8 Near-surface UCS of the slopes treated using 1 and 0.5 mol/L cementation solutions

conditions; however, the concentration of the cementation solutions significantly
governs theMICP improvement of near-surface. The near-surface treated by 1mol/L
shows theUCSvalues between1.8 and2.8MPa.On the other hand, 0.5mol/L resulted
relatively low strength, UCS between 200 kPa and 1 MPa.

The precipitation content of calcium carbonate governs the mechanical response
of the MICP soil [20, 21, 25, 26]. When the slope is treated using 0.5 mol/L, rela-
tively lower precipitation of calcium carbonate occurs, leading to the weaker particle
connections (see Fig. 9a), which is unlikely to be desirable for the stabilization of
slope near-surfaces. On the other hand, stronger intergranular bridging could be
observed in treatment using 1 mol/L (see Fig. 9b), which can be considered to be the
major contributor to erosion resistance.

Fig. 9 SEM images of soils treated by a 0.5 mol/L and b 1 mol/L cementation solutions
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3.3 Profile of Cemented Slope

Based on the outcomes of the series of small-scale slopemodel solidification tests, the
optimum treatment conditions were derived and implemented to a full bench-scale
slope model in an open (temperature uncontrolled) environment (Case 5, refer Table
1) in order to demonstrate the applicability in real-field, promoting the technique.

Considering the application in Hokkaido (located in cold subarctic region, expe-
riencing cold climate), the slope was subjected to cold climate for the treatment. The
temperature during the treatment was monitored in real time by the sensors attached
to the slope surface, and the measurements are plotted in Fig. 10. It can be seen
that the average temperature was around 15 °C within the first 192, but the temper-
ature dropped to the lowest value of 5 °C for the next 48 h, and then once again
that increased at latter periods. Overall, the treatment temperature ranged between 5
and 20 °C. Diurnal fluctuations also could be observed; in night times, the temper-
ature dropped by 5–6 °C. As per the biological response of the bacteria [17], the
bacteria could precipitate CaCO3 even at low temperatures; however, the effective
performance has been reported to be between 15 and 25 °C. Accordingly, it can be
understood that the bacteria were effectively performing during around 70% of the
treatment process.

It was also found that the pH of the outflow solutions was between 8.0 and 8.5
in most of the times, suggesting the occurrence of MICP reactions that turned the
solutions to alkaline condition. The Ca2+ values indicated that the resources were
utilized up to around 68%. Until the 11th number of treatments, the pH was found
to be between 8.0 and 8.5; however, afterward, a drop could be seen, led the pH
value to around 7.8. Similar tendency was also observed in Ca2+ measurements, i.e.,
rapid increase was observed in Ca2+ readings after 12th treatment. This could be
probably attributed to the low temperature effect. When the temperature decreased
below 10 °C, the MICP reactions were likely to be trivial within soil, resulted the
decrease in pH and increase in leached Ca2+.

Figure 11 presents the variation of near-surface UCS of the slope. It can be seen
that relatively a marked improvement was achieved, and that ranged between 1.6
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and 2.8 MPa. Similar to that observed in small-scale slope (Case 2), higher UCS
was observed at bottom slopes, which could probably be attributed to the flow lines
(i.e., sheet flow) and slight transportation of bacteria cells toward bottom slope.
Previous studies have suggested that the sand should be treated to a UCS value of
around 1.5MPa to prevent the dynamic and liquefaction damage [28]. Therefore, the
near-surface UCS achieved herein is considered to be sufficient enough to withstand
against the sediment yield and to provide a reliable cover condition to the expressway
slopes.

Subsequently, the mold was dismantled at vertical assembly, and the cementa-
tion was assessed along the vertical direction. To evaluate the spatial distribution of
calcium carbonate, sampleswere collected from different depth positions of the slope
and tested. Figure 12a presents the distribution of calcium carbonate with the depth
measured from the slope surface. It can be seen that high cementation was achieved
at surface zone, and the cementation decreased with the increasing depth. This could
be possibly due to the distribution of the bacteria cells; as the soil investigated herein
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Fig. 12 a Distribution of CaCO3 with the depth and b plot of UCS against CaCO3 measurements



Experimental Study on Strengthening Near-Surface … 783

Fig. 13 Cemented crust layer and categorization of treated slope profile

was fine sand, higher bacteria cells would be filtered at near-surface zone compared
to that of deeper zones. In Fig. 12b, themeasured calcium carbonate content is plotted
against the UCS values. The results indicate that the UCS was highly governed by
the precipitated CaCO3, exponentially increasing with the increase in CaCO3, and
the tendency reported herein is in a good agreement with the plot reported in previous
works [20].

The assessment also showed that the surface crust layer was formed to a thickness
ranging between 25 and 30 mm (see Fig. 13), and that primarily comprised of well-
developed calcium carbonate bonds, wherein the calcium carbonate was found to be
highly distributed, up to around 12%.

The assessment further demonstrated that the MICP-treated slope can be consid-
ered into three categories/ layers: (i) well-cemented surface crust, (ii) cemented soil
layer and (iii) uncemented soil (as illustrated in Fig. 13). The near-surface crust was
underlain by a cemented soil layer, and that was underlain by uncemented soils. The
cemented soil layer was not be able to withstand the existed shape, as the formed
calcium carbonate content was found to be low and was unable to facilitate strong
connections. From the SEM analysis, the calcium carbonate crystals were found to
be located on the surface of the grains. The thickness of this cemented soil layer was
unable to measure exactly; but the measurement of calcium carbonate content of the
soil sampled at various locations revealed that the thickness of cemented soil layer
could be nearly around 40–60 mm. Below that, no considerable calcium carbonate
deposits were found, remaining as same as untreated soil.

In the MICP treatment, the particle contacts are cemented by calcium carbonate,
which leads to the aggregation of soil particles, resulting the increase in mean size
of substrate. The surface crust layer achieved herein is a well-aggregated matrix and
is unlikely to be considered as soil grains; hence, the probable mean particle size
may be huge. Therefore, the crust formed on the surface can be expected to provide
a protection through sort of armoring/ shielding mechanism and can be primarily
responsible for surface erosion/ sediment yield resistance. The thicker the crust layer
enable the better the cover condition, preserving the slope near-surface against the
degradation processes. Moreover, the formation of calcium carbonate on the surface
of the soils located in cemented soil layer is likely to increase the mean particle
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diameter. This suggests that the cemented soil layer (even slight crystallization on
grain surface) can also be attributed to the increase in both internal and external
erosion resistances. Therefore, the cemented soil layer can be potentially considered
as secondary shield/ armor against erosion process.

Several studies witnessed that the MICP treatment responses are highly deter-
mined by the grain size distribution of the soil material [17, 27]. Coarse sands
consist of large pores and facilitate high infiltration of sprayed solutions. On the
other hand, the fine soils spaces pose limitations regarding the treatment depth. The
less void spaces affecting the transportation of bacteria calls onto the soil and infiltra-
tion volume. Although sufficient MICP resources are supplied, the absence/ limited
availability of the bacteria at depths leads to the formation of thin surface crust. As
demonstrated, for the fine sand studied herein, the near-surface cover appears to be
limited to the depth of around 30–60mm. To expand the understanding on applicable
range of MICP, similar works need to be performed in the future on different soil
materials, and the efficiency needs to be correlated with the grain size distribution in
terms of both resource utilization and effective treatment depth.

4 Conclusions

The bio-grouting responses have been found to be varying depending on volume of
cementation solution supplied. High supply of solution develops a highly nonuni-
form profile compared with low supplies. For the near-surface stabilization of slope
considered herein, 0.5 times the pore volume of target near-surface zonewas found to
be the optimum, and the corresponding supply efficiency appeared to be acceptable.

Treatment using 1 mol/L cementation solutions showed better response than that
of 0.5mol/L.When the slope is treated using 0.5mol/L, relatively lower precipitation
of CaCO3 occurred (led to 200 kPa–1 MPa) compared to that achieved in treatment
using 1 mol/L (led to 1.8–2.8 MPa). 1 mol/L treatment was found to provide strong
intergranular bridging between soil particles.

The bench-scale model results revealed that the MICP treatment in an open envi-
ronment, i.e., within 15–25 °C, insignificantly affected the microbial performance,
demonstrating the feasibility for the applications in cold regions. The near-surface
achieved the UCS of 1.6–2.8 MPa with acceptable uniformity. Measurement of
calcium carbonate and assessment demonstrated that the treated slope profile can be
considered into three layers: surface-crust layer, cemented soil layer and uncemented
soil, suggesting that the application technique may enhance the cover condition of
the slope via (i) the crust formed along the outer surface of the slope and (ii) cemented
soil material formed on the interior.
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Sustainable Improvement Technology
for Soft Grounds—The Geo Drain SPD
Method

Hironobu Iitsuka and Yoshiki Nara

Abstract We will introduce the effectiveness of Geo Drain SPD method, which is
an advanced vacuum consolidation method that reduces usage of the amount of finite
natural resource by using biodegradable materials, based on construction example
and laboratory tests.

Keywords Soft ground · Vertical drain · Vacuum method · Sand · Biomass plastic

1 Introduction

A typical method for improving soft grounds on a large scale and economically is the
vertical drain (VD) method. (the sand drain method and the PVD � prefabricated
vertical drain � method are generically called the VD method.) The VD method
is a method of reducing harmful residual settlement and uneven settlement after
construction, by accelerating consolidation of viscous ground and by settling ground
in advance.

The VDmethod has a long history, with the first achievement in Japan in the early
1950s. It spreads widely from now on and has become a reliable method which has
important achievements. However, the VDmethod has a problem in its sustainability,
as construction using the VD method requires natural resources—high-quality sand,
embankment surcharge or petroleum-derived plastic—which is limited. Besides,
petroleum plastic drain materials installed in the ground left indefinitely, and some
cases have been reported to cause problems later.

Therefore, we’d like to introduce The Geo Drain SPDmethod. This method is the
vacuum consolidation method, which is enabled to reduce consumption of natural
resources and to resolve the problem of drains left in the ground.
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2 The Transition of the Vertical Drain Method

2.1 From the SD Method to the PVD Method

The sand drain (SD) method, the packed drain method, and the PVDmethod (prefab-
ricated vertical drain) are mentioned as the representative examples of the VD
method. Each method is a method of accelerating consolidation and has the same
principle of improvement: Firstly, install vertical drainage layer with high drain-
ability in the viscous ground. Secondly, shorten the drainage distance of water in the
ground discharged by the load of embankment surcharge.

The SD method was mainly used before; however, it has been recently replaced
by the PVD method, and this shift is due to the depletion of sand resources and
economics. Compared with the SD method, the PVD method requires smaller
construction machines and shorter construction cycle; in short, it is more economical
for constructions on land.

2.2 The Horizontal Drain (PHD)

In the VD method, it is necessary to discharge water discharged vertically from the
ground in the horizontal direction.When this drainage doesn’tworkwell, it will cause
delay of consolidation. Smooth drainage is important for achieving the expected
consolidation effect. In recent years, procurement of high-quality sand, which was
used as sand mat in conventional method, has been difficult due to depletion caused
by large-scale projects. Therefore, the plastic horizontal drain materials have been
developed as a substitute for natural sand (Fig. 1; Table 1).

The PHD has the flexibility to follow settlement of ground, and they are dedi-
cated to horizontal use, which are different from the PVD. The improvement of
consolidation delay by horizontal drain is shown in the report of Fukuda et al. [1].

In addition, the report by Ikehata et al. shows the observation results of the
dissipation of excess pore water pressure by a horizontal drain [2].

Fig. 1 Pictures of PHD and PHD construction status
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Table 1 PHD specification

Item Unit SB drain specification

Material Core PVC

Filter Polyester nonwoven

Size Thickness mm 8.0

Width mm 305 ± 3.0

205 ± 3.0

Length m 50

Core compressive strength kN/m2 >200

Permeability m/s >5.0 × 10–2

Filter permeability m/s >1.0 × 10–4

Fig. 2 Soil profile in object region [2]

The following is an example of measurement during embankment construction. It
is a change with time of excess pore water pressure at the intersection of the vertical
drain with the horizontal drain (Figs. 2 and 3).

In some parts, an excess pore water pressure of about 20 kPa was observed at the
early stage of embankment. However, in other cases, generation of excess pore water
pressure was not observed even when the embankment height reached a maximum
of 19 m. Therefore, it is judged that the excess pore water pressure generated by the
embankment is drained by the horizontal drain, and its effectiveness is shown.

2.3 The Vacuum consolidation method

The vacuum consolidation method was introduced to Japan in the 1960s, and its
construction achievements have been increasing since the late 1980s. Its feature is to
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Fig. 3 Measured excess pore water pressure [2]

drain underground water by negative pressure instead of conventional surcharge and
to accelerate consolidation. The vacuum equipment instead of surcharge is used to
apply a load, and it is unnecessary to load and remove surcharge as a result, whole
construction period can be shortened.

The general construction procedure is 1. Cover ground surface of improvement
area with air-tight sheet, 2. Place PVD, PHD and drainage pipe under the sheet.
After vacuum equipment starting, measuring instruments gauge settlement and nega-
tive pressure. It will stop when achieving improvement goals (residual settlement,
consolidation density, etc.) set in advance.

Basically, the vacuum method is applicable where the PVD method could be
applied. Depending on conditions of soil layer and surrounding area, however,
auxiliary method might be required.

3 The Geo Drain SPD Method

3.1 Outline of the Method

The Geo Drain SPDmethod is an improved technology that is more eco-friendly and
sustainable while using principles of conventional vacuum consolidation method.

The feature of this method is that firstly, natural materials such as embankment
surcharge and sand for sandmat are not used, and secondly, biomass plastics products
are canbeused as drainagematerials (PVD.) PHD is used insteadof sand for sandmat.
From PVD to PHD, and from pipes to vacuum equipment are directly connected and
integrated by using PHD, which can be expected to reduce pressure loss. Perforated
pipes, which are used as collecting pipe so far, are no longer needed with appearance
of special jig connecting PHD and collecting pipes. Therefore, the risk of clogging
of pipes is eliminated, and high vacuum is achieved (Fig. 4).

One vacuum equipment covers approximately 3000 m2 of land. Vacuum equip-
ment is a unit of necessary equipment and is easy to transport, install and remove.
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Fig. 4 Geo Drain SPD method outline [3]

After starting, it monitors measuring basically on automatic operation, and we can
grasp settlement and pressure in real time.

Heavy equipment works such as excavation and transportation are disappeared,
which will lead to reducing CO2. In addition, use of biomass plastic products will
resolve the problem of drains left not degradable in the ground. The biomass plastics
will be introduced later.

3.2 Construction Example

One construction example of the Geo Drain SPD method is shown below. This case
is a construction of land formation. The Geo Drain SPD method was adopted to
resolve a lack of embankment surcharge and to shorten construction period. As for
the construction conditions, installation length of PVD is 12 m(L), and installation
interval is 1.5 m(d).

As for the ground condition, there is a humus layer approximately 5 m above and
an alluvial clay layer approximately 7 m below it (Fig. 5).

Fig. 5 Estimated soil layer cross section
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Fig. 6 Changes in vacuum pressure and settlement over time

Because of the presence of an intermediate sand layer, steel sheet piles were
installed at the boundary of improvement area as a water shielding measure. We
divided the improvement area into 13 lots(one lot is approximately 2500 m2,) and
one vacuum equipment covered one lot.

Settlement plates and vacuum gauges were installed in all lots in order to monitor
settlement by settlement plate and pressure under the sheet or the end of the drain
by vacuum gauge. The measurement was operated automatically, and multiple items
were measured and monitored simultaneously to grasp the progress of consolida-
tion. The final settlement was predicted by hyperbolic function based on the actual
settlement data, and vacuum operation was set to stop when the residual settlement
was 10 cm or less.

After vacuum operation was stopped, the moisture level was checked from the
end of the sheet and dealt as necessary. As a result, a pressure of 60–80 kPa was
acting under the sheet, and the settlement proceeded smoothly. The design pressure
under the sheet was 60 kpa, though (Fig. 6).

4 The biomass-base-biodegradable PVD

4.1 The Features

“Biomass plastic” is a kind of polymer which is synthesized chemically or biochem-
ically with raw material derived from organic resources. Sakai and Shirai proposed
Synthesis method of PLA from food waste, and they propose social system which
can reduce waste volume in city [4].
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Many kinds of biomass plastics such as polylactic acid (PLA), polyhydroxyalka-
noates (PHA), cellulose acetate (CA), Nylon11 (PA11), Nylon4 (PA4), bio-based-
polybutylene succinate (bio-PBS), bio-based polyethylene (bio-PE) are already
commercially produced and used in human life.

Biomass plastics are categorized “biodegradable” and “non-biodegradable.”
PLA, PHA, CA and bio-PBS are categorized as biodegradable, while PA4, PA11,

bio-PE are categorized as non-biodegradable.
Biodegradable plastics are catabolized by the action of microorganisms in the

nature under certain conditions. Eventually, they are catabolized into carbon dioxide
and water.

Biodegradable plastics have already been used in many application examples in
which taken advantage of their featureswhile they are still not popular in construction
industry (https://www.jbpaweb.net/bp/bp_product.htm).

“Nonal drain,” PVD for Geodrain SPD method, has same shape as conventional
PVD derived from petroleum, and its performance and mechanical properties are
also the same as conventional products.

We first tried to find suitable biomass plastic to develop biodegradable PVD. After
trials with some raw materials, we found a suitable combination of biodegradable
raw materials (data not shown).

Then we performed some test with actual clay soil in order to confirm Nonal
drain can satisfy standard of Japan at Geo Research Institute (Osaka, Japan) [5]. We
measured discharge capacity under similar condition with actual construction site
that Nonal drain bent in clay soil. Through these tests, we could confirm that Nonal
drain can be used as PVD (data not shown) (Fig. 7).

Table 2 shows specification of Nonal drain. These properties satisfy the require-
ments of public work in Japan.

After launch in 2005, Nonal drain was used for Tokyo port expansion, shopping
mall construction, residential zone development, etc.

Nonal drain is an eco-friendly material derived from plant that will return to the
nature after finish its role (Fig. 8). Nonal drain is decomposed after construction, and
plants will grow by using water and carbon dioxide catabolized from Nonal drain by
microorganisms. In short, Nonal drain is a sustainable PVD circulating in the nature.

Fig. 7 Picture of PVD:A:
Nonal drain, B: Geo drain
(conventional PVD)

A B

https://www.jbpaweb.net/bp/bp_product.htm
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Table 2 Nonal drain specification

Item Unit Specification

Nonal drain Geo drain

Material Core Biodegradable
resin

Polyolefin resin

Filter Biodegradable
nonwoven

Polyester nonwoven

Size Thickness mm 3.3 ± 0.5 3.5 ± 0.5

Width mm 98.5 ± 5.0

Length m 250

Tensile strength kN/width >2.0

Permeability m/s >5.0 × 10–2

Discharge capacity m3/year >500

Filter permeability m/s > ,0 × 10–4

Fig. 8 Circulation diagram

4.2 Reduction of Oil Consumption

For conventional PVD materials, a large amount of petroleum-based resins are
consumed for production. On the other hand, Nonal drain can reduce about 75%
(w/w) of consumption of petroleum material because its raw material is mainly
derived from plant. (Fig. 9) By using the Nonal drain, we can greatly reduce the
amount of oil consumption for ground improvement project.
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Fig. 9 Example of oil consumption reduction effect vertical axis shows rate of consumption of
petroleum rawmaterial (petroleum rawmaterial/PVD, w/w); convention: conventional PVD, NND:
Nonal drain

4.3 Countermeasure for Microplastics Issue

The problem of microplastics has become an important issue of the world in recent
years. The microplastics are defined as dumped plastics that have flowed into the
sea and rivers, have been subdivided by the effects of waves, ultraviolet rays, etc.,
and have become smaller than 5 mm. These plastic wastes are taken in by many
organisms through the food chain. Microplastics became concern that they will have
a harmful effect on wildlife and the human body.

3R (Reduce, Reuse, Recycle) is mentioned as a countermeasure for this problem.
In 3R, “Reduce,”whichwill reduce production and consumption, is themost effective
measure. But PVD is usually left in the soil and cannot be recycled because it cannot
be removed from soil after construction work. Therefore, biodegradable Nonal drain
can reduce environmental stress from microplastic.

4.4 Biodegradation in Construction Site

We installed Nonal drain into the soil of construction site for residence zone
development. Then we measured time course of biodegradation.

In order to measure rate of biodegradation, we used tensile strength as an indi-
cator because biodegradation of polymermeans reduction ofmolecular size resulting
in embrittlement. In case biodegradation proceeds, tensile strength shall reduce
accordingly.

As shown in Fig. 10, tensile strength gradually reduced and about 38% reduced at
28 months from installation. This result proved Nonal drain was degraded in the clay
soil. After 28th month, we could not pick up specimen because of embrittlement.

Based on approximate calculation, Nonal drain seemed to reach the final stage of
degradation about 72 months after installation.

Figure 11 shows the changes in coefficient of permeability after being left in
the indoor case for 3 months, 6 months, 12 months, 24 months, respectively. At
24 months, the coefficient of permeability meets the product standard value [6].
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Fig. 11 Nonal drain permeability test result vertical axis: permeability, horizontal axis: pressure
[6]

Although the rate of biodegradation is affected by some environmental factors,
we expect these results can be reference for following investigation in anticipation
of rate of biodegradation.

5 Problems

5.1 Surcharge

Currently, the vacuum pressure is about 60 to 70kpa. However, when the design load
is required more, the embankment combined construction method of embankment
on the sheet is used, and the embankment reduction by further increasing the vacuum
is an issue.
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5.2 Bioplastic

We have some subjects to improve about Nonal drain, e.g., control of degradation
rate. Degradation rate of Nonal drain is thought to be affected by several factors in the
nature because biomass plastic is derived from the nature. At this time, we cannot
anticipate the degradation rate in each soil because of lack of sufficient data. We
have to collect many data from many kind of soil conditions to solve this important
subject.

Additionally, the decomposition of Nonal drain is accelerated by UV, high
humidity, and high temperature, so it is necessary to take care about stock condition
at the construction site.

6 Prospects

6.1 Surcharge

To reduce the amount of embankment by further increasing the vacuum pressure,
measures to prevent air leakage and reduce pressure loss are necessary. We are
examining sheet end treatment to maintain airtightness ant piping methods to reduce
pressure loss and are proceeding with development for achieving high vacuum.

6.2 Bioplastic

We are trying to control degradation rate by modification of formula of Nonal drain.
Future technology to control the rate make Nonal drain to be used easier and allow
biomass plastic can be applied to several other purpose in construction industry.

Furthermore, when new technology which produces PLA from food waste will be
operated, Nonal drain will be able to contribute development of sustainable society
further.

7 Conclusion

In this report, we introduced Geo Drain SPDmethod which can reduce usage of sand
and soil when soft ground improvement. This means we can reduce environmental
stress from excavation and transportation. By using biomass-based-biodegradable
plastics for PVD, we can reduce environmental problems such as microplastic
problem and the crisis of oil depletion (Table 3).
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Table 3 Method comparison

Method Sand blanket Embankment Petroleum-derived plastic

Sand drain Use Use

PVD Use Use Use

Geo Drain Not use Use Reduction

Geo Drain SPD Not use Reduction Reduction

We propose with “Geo Drain SPD method” and “Nonal drain” a new sustainable
construction method contributing SDGs concept.
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Development of a Junior High School
ESD Program to Raise the Disaster
Prevention Awareness Based
on the Experience of Heavy Rainfall
in Lowland

Takashi Shimoyamada and Satoquo Seino

Abstract In this study, we developed a public junior high school ESD program to
increase awareness of disaster prevention from heavy rain experiences. The theme of
this program was “What is the phenomenon caused by heavy rain in our town?What
are the issues to be improved?”. In this program, we constructed an inquiry learning
consisting of production activities and presentation activities. By this program, we
taught to increase disaster prevention awareness of students. From the results of the
questionnaire survey, awareness of disaster prevention was raised, and motivation to
contribute to the community was recognized.

Keywords Disaster prevention education · Production · Presentation · Lowland

1 Introduction

In the lowlands covered by this study, water use and disaster risk were taken into
account in the context of sustainability in relation to Sustainable Development Goals
(Goal 11: Sustainable Cities and Communities) with recent climate change.Manage-
ment balance has become an important issue. The school district targeted for this
report (Kubota Town, Saga City, Saga Prefecture, Japan) is located in Kyushu and
is included in the Saga Plain consisting of low-lying land (Figs. 1 and 2). Since the
Holocene glacial retreat, the Saga Plain has continued to expand while heading south
toward the Ariake Sea due to natural land reclamation and reclamation. The Saga
Plain is a rich granary area, but it is difficult to secure agricultural water because the
ratio of mountainous area to paddy area is small. Therefore, water from the Kase
River and the Rokkaku River is being led by creeks that develop into every corner
of the plain so that water resources can be reused efficiently.
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Fig. 1 Location of Saga Prefecture

Fig. 2 The school district of the public school that conducted this study in the basin of a first-class
river “Kase River” (Saga city). This map was based on the GSI Maps published by the Geospatial
Information Authority of Japan
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Fig. 3 Irrigation canal “Creek” spreading innumerably in the Saga Plain including Kubota Town

Agricultural water stored in innumerable creeks is pumped to each paddy field
by agricultural pumps and returned to the creek (Figs. 3 and 4). The reduced water
can be pumped again. Most of the origins of the creeks are those with water route or
excavated for irrigation. After that, it was consolidated by the irrigation and drainage
project and the field improvement project, and the creek became linear and efficient
[1]. The water pumped from these creeks into the paddy fields continues to provide
a rich harvest. On the other hand, during heavy rains, a large amount of precipitation
temporarily gathers in the countless creeks, and thewater overflowing from the creeks
is eventually temporarily stored in the vast paddy fields, which may lead to roads and
houses. It is thought that the influence is suppressed. Even in the case of heavy rain,
the water of the creek that has lost its destination due to the closed gutter is drained
directly to the river leading to the Ariake Sea by drainage gutter and the pumps of
drainage pump stations in the area. However, the drainage from drainage gutter and
this pump is affected by the water level of the river and the tide level of the Ariake
Sea (the tide level at high tide exceeds 5 m and flows back through the river). This
difficulty in draining, along with flooding due to rising water levels in rivers and
floods due to levee breaks, poses a flood risk in the region.

Previous research [2–4] on disaster prevention education reported cooperation
with the government and schools, disaster drills, and disaster prevention volunteer
activities with the aim of improving disaster prevention resilience in the region. The
public junior high school, which was the subject of this study, provided guidance on
flood damage through evacuation drills and subject learning before the heavy rain in
Saga. However, those instructions needed further improvement to raise awareness of
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Fig. 4 Storage gate and pump for pumping installed in the irrigation channel “Creek”

disaster prevention in the school district. Therefore, in this study, for the presentation
at the 2019 school cultural festival, we developed and implemented an ESD program
related to SDGs Goal 11 from the disaster prevention side for all students who
experienced the damage caused by heavy rain in Saga Prefecture.

The purpose of this survey is to raise awareness of disaster prevention among
junior high school students whomay be affected by heavy rain in the future. Through
the ESD program we have developed, students can organize their experiences and
observations of heavy rainfall damage and broaden their values on the disaster
prevention aspects of Goal 11 of the SDGs. And it can increase students’ aware-
ness of disaster prevention. Students will characterize lowland areas with this ESD
program consisting of multiple inquiry learning. For this reason, students will carry
out production activities that utilize the experience of heavy rain damage of all school
students and the hydrological and scientific knowledge of the area (Kubota Town).
In addition, students will be able to make presentations summarizing the results of
all exploration and learning activities and will be able to propose them as junior
high school students’ problems for improvement of school districts, together with
local exchange activities. This study links the heavy rain disaster with domestic and
international schools, school districts, and lowlands. In addition, it is one of the basin
learnings that we have developed so far, which is a rare case of tackling the SDGs
goal 11 from the disaster prevention side through an ESD program that incorporates
production activities and presentation activities.
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2 August 2019 “Torrential Rain in Saga Prefecture”

During the heavy rain in Saga in August 2019, Takeo City and Omachi Town were
severely damaged by the inland water flood caused by the creeks in the Rokkaku
River and Kase River Basin. Regarding the heavy rain, the weather of conditions of
the Saga Local Meteorological Observatory “announces heavy rain special warning
at 05:50 on August 28, 2019, in the northern and southern parts of Saga Prefecture
(after that,KiyamaTownandTaraTownare added)”, “All heavy rain specialwarnings
were canceled at 14:55 on the 28th,” and “The 72-h rainfall was 461.0 mm in Saga,
which was the highest value in the history of observation”.

In Kubota Town, Saga City (Fig. 2), which is the school district where the author
used this study, the maximum rainfall per hour was 114.0 mm (Fukushoe Sanchoibi:
August 28, 4:00 a.m. to 5:00 a.m.), the creek overflowed due to heavy rainfall with a
cumulative rainfall of 471 mm on 8/26-8/31. Heavy rain on Saga and subsequent
Typhoon No. 17 (Sep. 21-Sep. 23) confirmed severe damage to paddy rice and
soybean and six underfloor floods. In addition, the main roads of the school district
leading to the evacuation centers were temporarily flooded at multiple locations,
which resulted in car breakdowns on closed roads and congestion on bypass roads.
The deepest water level observed by students around their homes was above the
knees, which was almost the same as the assumed water level (less than 0.5 m,
underfloor flood) in the school district in “Saga City Water Hazard Map ”. At our
school, the area near the school gate was flooded for several hours after 5 a.m. on
August 28. The road and parking lot in front of the main gate were flooded below
the knee. The cause was the flood of a creek that crossed the road leading to the
school gate from the intersection of the Saga Prefectural Outer Ring Road “Shisei
Elementary and Junior High School”. On the other hand, the gate on the opposite
side of the west school did not flood.

During this heavy rain in Saga, which lasted for several days, heavy rain special
alerts, flood alerts, lightning alerts, strong wind alerts, landslide disaster alerts, flood
alerts, evacuation orders, and river flood information were issued day and night. It is
probable that for several days, students and their families endured fears and anxieties,
paying attention to various media for disaster and weather information in order to
do their best to save lives. The water flooded near the main gate was discharged next
day.

3 “Basin Learning Field” in the Kase R. and Rokkaku R.
Basins

The Kase River basin (basin area 368 km2) and the Rokkaku River basin (341 km2),
which are the target of this study, are the targets of the basin learning, which is our
research activity. The junior high schools and school districts targeted by this survey
are located on the right bank of the Kase River basin and relatively far from the
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Rokkaku River (Fig. 3). The Saga Plain lies in the low plains extending southward
from the Sefuri Mountains in the northern part of Kyushu (800–1000 m above sea
level, about 50 km east–west, about 25 km north–south, Mt. Sefuri 1055 m) and
extending to the Ariake Sea. This Saga Plain is located on the Saga Prefecture side of
the Chikushi Plain. And the Saga Plain which consists of the basins of the Kase River
and the Rokkaku River. In the Kase River basin, rainfall in the mountains spread out
like a fan in the Saga Plain, many disasters occurred due to breakwaters and floods,
and flood control and water use projects have been continued for a long time. In river
basins, excavation and logging are required to improve drainage capacity in addition
to improvement of levees and soil. In addition, the Rokkaku River starts from around
Mt. Shinroku (447 m) in Takeo City, meanders the Shiroishi Plain including Takeo
City and Omachi Town, and joins the Ushizu River and pours into the Ariake Sea.
The Rokkaku River basin is a region heavily flooded by internal and external floods.
And, it is a lowland that was heavily damaged by the heavy rain in Saga in the summer
of 2019.

The area around the mouths of the Kase River and Rokkaku River has become
lowlands due to natural reclamation and reclamation. Due to the soft geology and
the tide of the Ariake Sea, it is lower than the sea level at high tide. For this reason,
the discharge of innumerable tributaries and irrigation waterways (creeks) tends to
deteriorate, and water damage is said to occur easily.

4 Setting and Verification of Research Hypotheses

Along with recent climate change, the balance between water use and disaster risk
management has becomean important issue not only for the school district but also for
sustainability in the lowlands of the world. ESD stands for Education for Sustainable
Development, and it is an education that starts from the problems facing the region
and develops into the problems facing the world such as the modern environment,
poverty, human rights, peace, and development. ESD is an interdisciplinary and
comprehensive learning and activity that aims to create new values and actions that
help solve problems and build a sustainable society. Furthermore, ESD is said to be
an education that fosters leaders who build a sustainable society.

The hypothesis of this study was that the ESD program we developed would
increase students’ awareness of disaster prevention. In this program, in order to raise
awareness of disaster prevention, we instructed public junior high school students in
Kubota Town about production activities based on disaster experiences and presen-
tation of learning results. And the theme of the program we developed was “What
is the phenomenon caused by the heavy rains in our town? What are the issues to
be improved?”. This theme was set up for the 2019 school culture festival. In this
ESD program, students learned the contents of Table 1 according to the plan shown
in Table 2. Finally, we conducted a questionnaire survey to confirm the increased
awareness of disaster prevention among students through this program.
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Table 1 Inquiry learning of ESD program

Learning outside the
school

Production Activities Exchange Activities

Inquiry learning Heavy rain experience at
home

Wall newspaper, hazard
map, and model research
poster

Exhibition
announcement oral
presentation

Table 2 Inquiry learning plan of ESD program

August 28, 2019 “Saga heavy rain disaster” observation of all students
in each home

August 29–November 29 “Saga heavy rain disaster Wall Newspaper” production

September 30 “First questionnaire survey” for all junior high school
students

October 15–25 Production for school cultural festival “Kubota Town
Inland Water Hazard Map”
“Kubota Town flood hazard map” model topographic
map, “research poster” panel

October 26 Exhibition of products produced at school cultural
festival

November 27 “Second questionnaire survey” for third-grade junior
high school students

November 31 to December 1 “Kyushu “River” workshop in saga” oral
presentation/exhibition announcement

February 1, 2020 “Saga City disaster prevention training” oral
presentation/exhibition announcement

5 Hazard Map Creation and Discovery Based on Heavy
Rain Experience

5.1 Discovered from the Plan “Kubota Town Inland Flood
Map” Created

The first questionnaire (total of 217 people (84 in first grade, 67 in second grade,
66 in third grade), 201 in total) investigated the flood area and its depth that each
student witnessed around their home. The inundation depth was recorded on a blank
map with easy-to-understand expressions such as ankles, knees, and waist height.
In addition, each student wrote down a closed road on a blank map. Then, the third
grader aggregated the survey results of all students and summarized them in the
“Kubota Town Inland Water Hazard Map” (Fig. 5, left).

At this time, the students and teachers looking down on the completed flat
hazard map (Fig. 5, left) remembered past flooded fields and closed roads. And they
discovered that there was an overlap between the past and present disaster areas.
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Fig. 5 “Kubota Town Inland Flood Map” (left) produced by students in the third year of a junior
high school and satellite images (right) regarding heavy rain in Saga on August 28, 2019

5.2 Solution by Three-Dimensional Topography Model
“Kubota Town Inland Water Hazard Map”

In order to solve the cause of the overlap between the past and present disaster areas
within the school district, we instructed the production of the three-dimensional
topographic model Fig. 6 “Kubota Town Inland Water Hazard Map (coloring every
0.5m above sea level: length 2.6m×width 1.6m)” by students. Figure 6was created
by superimposing Fig. 5 (left) and the school district contour map [5, 6]. Students
also created a pyramid of quadrangular pyramids that are color-coded according to
the depth of the flood (red is “knee depth”, yellow is “ankle depth”, and blue is
“closed road”). Students fixed them in the representative position in Fig. 6.

Finally, students and teachers confirmed this completed the three-dimensional
topographic model. And it turned out that the main cause of the overlap between past
and present “flooded areas and closed roads” was a slight difference in elevation in
the lowlands. The difference was visually between “2 m above sea level” and “more
than 2 m above sea level”.

5.3 Research Poster Production

We instructed third-year students to create a research poster outlining their research
and learning outcomes. At that time, the homes of all the students, who were the
observation points of heavy rain, were not evenly distributed in the school district,
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Fig. 6 Three-dimensional topography model “Kubota Town Inland Water Hazard Map”

and there were biased observation records such as floods and road closures. So we
got more accurate and scientific information about the district’s characteristic floods.
We instructed the students to add them to the study poster for comparison.

Therefore, we obtained the image taken by JAXA [7] at 12:11 on August 28 at
Daichi 2 PALSAR-2 (high resolution 3 m resolution, HH polarization mode). And
we instructed the students to utilize the image in their research posters. The orange
part in Fig. 5 (right) is estimated to have been flooded, but this is an estimated value
that includes changes in image brightness such as urban development and seasonal
changes in farmland and changes that are not related to disasters. It is reported that
this image is the result of analysis using past PALSAR-2 data of the Ministry of
Land, Infrastructure, Transport and Tourism and flood estimation data.

5.4 Presentation of the Heavy Rain Damage Survey
of the School District

The results of all the above work and surveys were widely reported by students at
the 2019 School Cultural Festival and at the presentation opportunities in Table 3
in exhibition and oral presentations. The students who made these presentations
were asked questions and advice from visitors such as cities and towns, government
officials, experts, and school district residents. In addition, students were able to
discuss with their attendees the impact of the slight difference in elevation in the
lowlands on the inundation position and inundation depth and the suggestions for
improvement from the junior high school students to the school district regarding the
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Table 3 Presentation opportunities through oral presentations and exhibition announcement

School cultural festival Public school in Kubota Town, Saga City

The 19th Kyushu “River” Workshop in
Saga

Organizer: The 19th Kyushu “River” Workshop in
Saga Executive Committee, Co-sponsor: Kyushu
River Association Group Liaison Conference,
Sponsor: Kyushu Regional Development Bureau,
Ministry of Land, Infrastructure, Transport and
Tourism

First Year of Reiwa Saga City Disaster
Prevention Drill

Ministry of Land, Infrastructure and Transport
Kyushu Regional Development Bureau Takeo
River Office, Saga City/Kubota Town, and related
organizations

disaster prevention aspect of SDGs Goal 11. These discussions provided valuable
educational opportunities for students.

In this way, disseminating the results learned by junior high school students to the
community can be considered as a form of social participation. As a citizen of the
school district, the opportunity to announce the results will be a valuable educational
opportunity to raise awareness of disaster prevention and foster positive humanity.

6 Questionnaire Survey and Results

The method of verifying the research hypothesis in this study was a questionnaire
survey. Each survey consisted of questions that included options and free explana-
tions.About amonth after the production and display of the SagaHeavyRainDisaster
Wall Newspaper started (September 30), we conducted the first questionnaire survey
to collect damage information and records from all students. 217 students: 84 in
first grade, 67 in second grade, 66 in third grade, total 201 respondents). In addi-
tion, we conducted a second questionnaire on November 27, after the end of the
school festival, for all the third-grade junior high school students (62 students) who
produced according to Tables 1 and 2.

From these results (Fig. 7 1,2,3), we were able to clarify the situation around the
student’s house during heavy rain in Saga Prefecture. And more, from Fig. 7 4,5, it
was found that students are interested in disaster volunteers in the event of a heavy
rain disaster, measures for the next disaster, support, and reconstruction. Also, from
the results of the first survey, it was found that about 47% of the students in the third
grade of junior high school want to participate in volunteer activities in case of a
disaster caused by heavy rain. In the second survey after the implementation of the
ESD program, the third-year middle school students’ volunteer activities motivation
to participate increased to 76%. In addition, 79% of all third graders predicted heavy
rain disasters in the school district in the future.

In addition, from the results of aggregating all student suggestions for open-ended
questions in the first survey, Table 4 shows the improvement tasks that each student
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Table 4 “Issues for improvement that can be done by me” based on the experience of heavy rain
in Saga

Table 5 Improvement problems that the third year of junior high school wants to propose to the
administration based on the experience of heavy rain in Saga

can perform based on their experience of heavy rain in Saga. In addition, Table 5
was able to show the improvement issues that students would like to suggest to
government agencies regarding disaster risk reduction (Fig. 7).

As mentioned above, junior high school students who experienced heavy rainfall
in Saga learned the importance of balancing the water use of the creek with the flood
crisis through this ESD program. Students were also able to think about the sustain-
able development of the school district toward SDGs Goal 11 from the perspective
of disaster risk reduction easily.

7 Conclusions

In this research, for the purpose of improving disaster prevention awareness, we
developed an ESD program consisting of 2D/3D hazardmap creation activities based
on experience and observation of heavy rain damage of junior high school students
and activities to announce learning results.
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Fig. 7 Results of the questionnaire surveys on disaster prevention awareness

Through the implementation of this ESD program, junior high school students
increased their interest in improving the area from a disaster prevention standpoint
and were aware of disaster risk reduction in order to create a sustainable city that
meets SDGs Goal 11. And, we were able to increase the students’ willingness to
participate in building a sustainable society with disaster risk reduction as one of the
issues and disaster awareness.

Developed ESD programs may lead to change junior high school students’ values
and behaviors for balancing water use and flood risk management to protect our lives
and societies living in the lowlands. This ESD program was also effective from the
perspective of linking flood damage and water use balance common to lowlands in
Japan and overseas with educational sites and regional development.

However, in the future, if the climate change becomes large, this ESD program
alone will not be enough to protect lives from flood damage and as education aimed
at building societies from the perspective of disaster prevention through sustain-
able development. It is necessary to incorporate various improvements for school
education.

For this reason, in Japan, where there are many natural disasters, it is necessary
to develop, accumulate, and update ESD programs for school education and social
education in school districts and administrative units that have experienced character-
istic disasters many times in the past. In order to raise disaster prevention awareness
and resilience to characteristic disasters in various regions, the history of disasters
in the region, disaster and archeological sites, hydrology, meteorology, earthquakes,
volcanoes, geology, civil engineering, and infrastructure.
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In addition to management, we think necessary to learn information and prepa-
rations such as hazard maps, timeline, various warnings, and evacuation methods.
And more, we think it is necessary to train evacuation shelter management support
experiences by junior and senior high school students, disaster volunteer experiences,
home stockpiling preparation, and for the elderly, infants and foreigners.
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River Education on Sustainability
and Disaster Prevention at Elementary
Schools in Island Regions

Hidefumi Hatashima and Satoquo Seino

Abstract The participation of elementary school students studying in the area is
important for the sustainability of the area. This paper is a practice of an elementary
school inTsushimaCity, an island regionof Japan.Twoyears ago, elementary schools
have been conducting river education through collaborative learning. Through river
education, elementary school students were able to understand that the river was
clean, the extent of the brackish water area was discovered, the river business was
understood, and salt damage was understood. We believe that river education will
lead to disaster education as a result. Also, elementary school children want the water
they use as drinking water to be clean forever, and they can imagine their future life
from the perspective of disaster prevention. It was revealed that such elementary
school students’ understanding contributes to regional sustainability.

Keywords River · Sustainability · Nita river · Farmland development

1 Introduction

Creating a sustainable society requires scientific understanding of rivers and wise
decision making. River education requires a comprehensive approach to science
and society. The introduction of river education in Japan’s primary education was
amendment of River Law in 1997. In addition to the conventional flood control and
utilization, improvement and conservation of river environment were stipulated in
the legal purpose. Understanding of local rivers can be concretely imagining disasters
in an emergency by environmental education during normal times.

In this paper, we discuss sustainability and disaster prevention education based on
case of river education at Tsushima Municipal Nita Elementary School in Tsushima
City, which has been struggling with water use and agriculture historically (see
Fig. 1).
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Fig. 1 Study site Nita District, Tsushima Island (From the National Geographic Institute)

2 Background of This Study

2.1 Previous Research

Since 2000, integrated studies have been newly established to promote cross-
sectional and comprehensive learning and exploratory learning in the elemen-
tary school curriculum. Environmental education was also illustrated as a learning
activity. In this learning, the place to learn expanded not only to the school but also
to the area outside the school, and the utilization of local human resources increased.
Children have more opportunities to learn knowledge from the community.

The importance of disaster prevention education has been pointed out since the
2011 Great East Japan Earthquake. The Ministry of Education, Culture, Sports,
Science and Technology pointed out that in promoting disaster prevention education
in schools, “By relating activities for learning the history and natural environment of
the region, children and students will benefit the region from various perspectives”
[1]. In addition, Teramoto stated in his geography report that disaster education
requires the development of geographical imagination [2]. Teramoto pointed out the
opportunity to walk experientially in the precincts to develop this ability.

From these previous studies, by setting opportunities for learning the history and
environment of the region during integrated studies, exploring bywalking and setting
collaborative learning with the region, all knowledge of the region can be acquired.
It is clear that it fosters geographical imagination and leads to disaster awareness.
Furthermore, if river education that leads to regional sustainability can be developed
at the time of integrated studies, it may be possible to develop disaster prevention
education.

In this practice, the sustainability of the area is promoted by the river education,
and the relation to the disaster prevention education is examined.
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2.2 Realities of the Area

In the Seta area, which is located on the north side of the school district, the Ministry
of Agriculture, Forestry and Fisheries has been engaged in a multi-functional agri-
cultural function countermeasure project since 2014. Through this project, people in
the Seta area have been able to cultivate abandoned land. They have also planted trees
on both banks of theNita River to improve the landscape of cultivated land and rivers.
Furthermore, they have turned their attention to developing human resources for the
next generation of agricultural engineers, as agriculture has supported regional and
Japanese food production. Therefore, starting in 2018, the aimwas to develop human
resources for agricultural engineers, and cooperation with elementary schools began
(see Figs. 2 and 3). At the beginning of April, two representatives from the Seta
area came to our school. Then, in May, we and local representatives confirmed the
program and the activities began. Hart discussed the participation of children and
these learnings and also participated in agricultural administration [3].

Now we will explain the river education and relationship with the area before
this learning began. River education teaches the function of water flowing in science
classes. There is a possibility that it may develop from science learning to conduct
research on aquatic life and water quality, but elementary school students did not
learned that.

At Nita Elementary School, upper elementary school students are working on
rice production. For more than 10 years, the Kaidokoro area has been cooperating
with the school. In addition, they were learning about regional food culture through

Fig. 2 Land in the Nita area (From the National Geographic Institute)
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Fig. 3 Elementary school students receiving guidance on farm work on abandoned arable land
[2019.5.25]

interaction with elderly care facilities in the Kashitaki area. In the lower grades of
elementary school, the elderly men in the area taught students old games.

In other words, it can be said that elementary school students at Nita Elementary
School learned about rivers in science lessons and had a lot of interaction with the
community.

3 Study Site and Methods

Nita Elementary School, Tsushima City, Nagasaki Prefecture, which conducted this
research, has 53 students and 9 teachers in 2018. It is located on a hill in the Nita
area of Kamiagata Town, Tsushima City. In front of the school is the Kaidokoro
River (stream extension 12.9 km, basin area 26.20 km), a tributary of the Nita River
(stream extension 14.2 km, basin area 106.09 km), and the road along the river is a
school route(see Fig. 2).

The Nita elementary school has been practicing river education since 2018.
Promoting practice outside the school in collaboration with the community. In 2019,
Tsushima City suffered flood disaster every 50 years, three times. In this area as well,
there was no human injury, but there was damage caused by the calves being raised.

The analysis target of the educational contents is the review notes of the students
and the lesson records of teachers during the practice in 2018 and 2019. In addi-
tion, knowledge of river life such as land use of the target river, agricultural land
development, migratory fish, etc. was obtained by interview survey with residents.



River Education on Sustainability and Disaster … 819

4 Surveys

We will describe the practice in the Nita River basin at Nita Elementary School, the
natural conditions there, and the development process. Tables 1, 2, 3, 4 and 5 show
the elementary school students’ awareness of the techniques of vegetable making
and water circulation. The authors categorized the awareness of elementary school
students.

4.1 Practice of Utilization of Abandoned Land

St.4 in Fig. 2 is a farmland developed jointly by the Seta area and elementary school
students. From Table 1, elementary school students learned how to grow vegetables,
such as erecting struts according to soil preparation and vegetable growth. From
Table 2, it was also understood that the Kashitaki area where the developed farmland
is located uses the water ofMeboro Dam. It was also found that the river construction
expanded the brackish water area and constructed a movable weir. The expansion
of the brackish water area is also apparent from the fact that the goby classified in
Table 3 lived in the brackish water area.

Elementary school students have learned not only the agricultural technique but
also the fact that the cultivated land is taken from the dam, the nearby well water

Table 1 Understanding elementary school students in vegetable cultivation

Categorization Students’ expression

Vegetable cultivation
skills

Preparation for
cultivation

Revitalization of
abandoned fields

Remove roots and stones
from abandoned fields

Agricultural action Loosen the hardened soil
in the field, sprinkle
fertilizer, and mix it with
a machine

Ridges of the fields
covered with vinyl
protection

Procedure Soften the soils, put the
seed, spray the water

Water and fertilizer for
harvest

Along the growth of
vegetables, band them to
pillars by eight shape
knot

Tools Utilization of bamboo as
the pillar
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Table 2 Understanding elementary school students in water awareness

Categorization Students’ expression

Awareness of water Old water use There was an old well in the area
of Nita

Wells become tide water and are
rarely used

The field is made near the pond

In the old days, farmers pumped
water from the river

The water supply was formed,
and the well water was not used

Effects of river civil engineering The water in the fields of the
Kashitaki area comes from the
Meboro Dam

The tide rose by the river
construction, and a movable weir
was formed

The water taken from the weir is
sent to the fields in the Shimoharu
area

Table 3 Understanding elementary school students in identification of goby

Categorization Students’ expression

Classification of goby Body morphology Overall
morphology

Striped pattern with 5 fins

Detail pattern of
parts

Some cheeks are red

Overall color The body is pale

The body is yellowish

Detail color of
parts

The belly is pale

The eyes are blue or green

There is no orange in the
tail as seen in other goby

Detail color with
morphology

The mouth is red, and
there is a bump

Habitat Overall Inhabits shallow places

Inhabits brackish waters

Detail Not on rocks, but on
pebbles
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Table 4 Understanding elementary school students in biotope making

Categorization Students’ expression

Biotope making Land height The land is low and not suitable for farmland

Relationship with dam The water of the biotope has disappeared

Natural environment I would like to add aquatic plants to the biotope, but I
am not growing up in the Nita River now

Frogs and the Japanese giant beetle lived in the
biotope

Relationship with dam The water of the biotope has disappeared

Table 5 Understanding elementary school students in water quality survey

Categorization Students’ expression

Water quality survey Understanding the meaning of
values

The COD values of the Nita and
Kaidokoro Rivers are different

The Kaidokoro River has a COD
value of 0, so it is clean because it
does not require oxygen to
decompose dirt

River cleanliness Kaidokoro River is cleaner than Nita
River

The COD values of the Nita and
Kaidokoro Rivers are low, so it’s
beautiful

Survey methodology We examined the results in three
groups and found no significant
differences in COD values

cannot be used due to salt damage, that is, the influence of civil engineering works
on the river rehabilitation water cycle.

A biotope was made next to the farmland shown at St4 in Fig. 2. As a practice
to learn the management of aquatic ecosystem, we have been working on biotope
making since June 2018. We investigated the aquatic plants that inhabited the Nita
River, and transplanted hornwort that grew naturally in the wetlands of the Tanohama
area of the school district to the biotope (see Fig. 4). As you can see from Table 4,
in the fall, we were able to observe the representative creature of the paddy field.
However, the biotope failed to retain water and was completely drained in December.

In 2019, we moved the cultivated land, which is a place for field activities of
agricultural practice, near the school. Biotope making was supported by an environ-
mental protection organization in 2019. The water retention capacity was improved,
and the goby that inhabit the Nita River was released. Water does not drip even now.
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Fig. 4 Elementary school students making biotopes on abandoned arable land [2019.6.21]

4.2 Survey of Aquatic Organism and Water Quality

We also worked on river environmental surveys. Surveys of river organisms were
done by our elementary school students in 2018 (see Fig. 5). Students surveyed
aquatic organisms at St. 1 in Fig. 2. Students were able to find goby, crab, and

Fig. 5 Elementary school students surveying aquatic organisms [2019.8.1]
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Fig. 6 Elementary school students collecting water for river water quality surveys [2019.8.3]

mollusks that live in brackish waters. In 2019, we began a water quality survey by
working on a pack test to measure COD values (see Fig. 6). They surveyed aquatic
organisms at St. 3 in Fig. 2. These activities were partnered with university research
institutes and water quality research experts.

In the August study, we captured and observed dobsonflies, which are indicator
organisms of the clear stream. In addition, COD values ranged from 0 to 2, and
elementary school students were able to recognize that the quality of the river in
the school district was good, together with the evaluation of experts. COD values
up to 2 indicate clean water because it indicates rainwater and upstream water from
rivers. COD values up to 2 indicate rainwater and upstream water of the river, 2 to
10 indicate downstream water of the river, and 20 indicates sewage and sewage. The
Nita River has a COD value of 2, so it is clean water. These learnings solve a trend
away from river mentioned by Nakamura [4].

4.3 Land Use and Farmland Development

The history of the Nita River basin was examined. The area is dotted with ruins
from more than 7000 years ago. Being able to see the entire area and to confirm
the residence by being a human being continuously through the times of hunting,
gathering, and farming means that sustainable living had been established in this
basin.

The Kashitaki area in the middle reaches was developed in Nitta in the 1700s. In
the 1970s, 1980s, and 2000s, the area was developed as agricultural land (see Fig. 7).
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Fig. 7 State of farmland development in Nita area

However, agricultural land that has been permanently developed over 300 years
is at a turning point. There was a shortage of successors due to the national reduction
policy and group employment during the high economic growth period. Since these
farmlands were originally floodplains of the alluvial plains that were deposited by
the flood of the Nita River, they have been hit by floods every time of heavy rain.

The reality is that some land is not suitable for cultivation. Despite many years of
farmland development, many are now abandoned.

4.4 Biota of Nita River Before River Civil Engineering
Business Development

Currently, to prevent floods, the Meboro and Nita dams have been constructed in
the Nita River, and the meandering estuary has been expanded with straightening the
flow and straightening the flow.According to interviewswith the residents, before the
construction of these rivers, both sides of migratory fish, ayu, were seen in the entire
Nita River, and Japanese eels andMokuzu crabs, which are organisms in the brackish
waters, were inhabited. It was clear that the Nita River was rich in nature, although
there was damage from the flood, such as water plants growing in the upper stream.
Even now, natural sweetfish inhabitants can be seen in the Nita and Kaidokoro rivers.
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5 Result

Figure 8 is a flowchart showing this practice. First, we will discuss what kind of river
education practices were connected from the actual conditions of the community and
schools.

In this area, we are promoting a multifaceted agricultural low-functionality coun-
termeasure project. River projects have been promoted in this area to prevent drought
and floods. The school had multiple classes because it was connected to researchers
and it is a small school. Therefore, I was able to study aquatic organism researches
and water quality surveys by having researchers. In addition, I was able to make
biotope and experience farming in abandoned cultivated land during the time of

Fig. 8 River education and disaster prevention education, flow diagram of local sustainability
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general studies and integrated studies shown in the curriculum guidelines. By partic-
ipating in the multi-functional agricultural function countermeasure project, I was
able to experience farming and know that farmland developed. Land development
was to supplement the opening of cultivated land, and it was necessary to develop
river infrastructure.

Next, we will discuss what kind of results were obtained by practicing river
education. In the river survey, it became clear from the water quality survey that
the river was a clear stream, and from the aquatic organism survey, the place that
was thought to be fresh water was brackish water. Elementary school students will
discover again that the river is clean because it takes advantage of the abandoned
farmland to pass along the riverbank, which is also a school road. And they also
understood that the water in the cultivated land came from distant dams, and that
the nearby wells and rivers were brackish and could not be used for agriculture.
They also understood that a dam was needed for agricultural use and a weir was
needed to secure freshwater. Examination of the history of landdevelopment revealed
that river works were necessary to prevent flood damage. However, due to the river
infrastructure construction, the brackish water area has expanded, causing well water
and salt damage to farmland.

We will summarize the results of river education. The extent of brackish water
is closely related to sea level rise due to global warming and storm surges. If we
can recognize how much brackish water is, we can think about where to live. It can
be understood that the flood countermeasures are taken by the river infrastructure
construction. However, wemust understand that we cannot say that we are protecting
everything by theseworks. The landwhere salt damage occurs is low in the first place.
In other words, it is necessary to understand that it is not suitable for farmland or
residential land. Through river education, the extent of brackish waters and the limits
of river civil engineering projects are known, and the ability to decide whether or not
to live can be developed, leading to disaster prevention education. It is this learning
that fosters the geographical imagination through the town walk described above.

In other words, by grasping the size of the brackish waters and the status of river
infrastructure development, it can be judged that land with salt damage is dangerous
for disaster prevention. This is the reasonwhy river education and disaster prevention
education are related. By promoting river education, we want to leave a beautiful
river that can be used as drinking water forever. Elementary school students can
understand the relationship between the river and people.

Through the practice of collaborating with local residents, elementary school
students found that river rehabilitation, land development and coordination with the
environment, and farmland that had been cultivated by ancestors’ hardships are being
abandoned due to disaster prevention and changes in social conditions. Elementary
school students learned the natural characteristics of local rivers and gained the
experience of thinking from a historical perspective. Such educational programs are
expected to develop human resources who can predict what will happen in the future
due to climate change and sea level rise, and to develop it into regional disaster
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prevention education. River education has expanded the framework for collabora-
tive learning through the cooperation of local human resources and the involve-
ment of various research institutions, experts, and organizations. Elementary school
students continue to the present by finding a viewpoint to explore the Nita River in a
multifaceted and multifaceted manner. By utilizing abandoned cultivated land, river
biological surveys, and water quality surveys, we were able to get a glimpse of the
benefits and negative aspects of river civil engineering projects.

6 Conclusion

In the practice of river education, I will mention the educational effects. The first is
that students have the ability to interact. Elementary school students had the oppor-
tunity to talk to people from various regions by utilizing abandoned farmland. I was
able to interact with the researchers I met for the first time. It can be said that the
ability to interact has improved by expanding the learning target. In other words, it
can be said that elementary school students have the power to classify living things.
Students were also able to add power to classify organisms by traits. It is a classifi-
cation of goby. At first, they were classified according to the overall shape, but they
were judged comprehensively based on the shape, color, habitat, etc. We believe that
such educational effects are close to the OECD’s key competency [5].

Tsushima, which is an island, has a mountainous area and an inlet, and has little
flat land, so the industry was live trade and fishing. Only by studying the area of
the elementary school ward, the development of farmland and the securing of water
have continued to be promoted since the early modern period, but however there
was a fight against flooding in lowlands, storm surge disaster, and salt runup. Even
under such conditions, it was found that the residences were able to sustainably live
on this island by devising their residences on hills and lowlands, industry for semi-
agriculture and semi-fishing, and agriculture for the right areas. This kind of learning
is UNESCO’s quality education [6].
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Instrumentation for Disaster-Affected
Reinforced Slopes in Uttarakhand, India

Minimol Korulla, K. S. Beena, and Pankaj Kr. Mourya

Abstract Landslide at Birahi in Chamoli district of the Lesser Himalayas in
India had affected traffic safety along National Highway NH-58. Geotechnical and
geophysical investigations were done to evaluate the causes of failures and to develop
remedial measures. A slide-zone area of overburden with boulders was identified
which matches with the borehole data for analyzing the probable causes of failure.
Remedial measures adopted for this unstable stretch including drainage network
implementation, erosion control measures, nailing on the hillside with facia, and
a very tall unique retaining structure, i.e., 25 m high reinforced soil system with
flexible facia on the valley side of slide area are briefed in this paper. However, the
focus of the paper is on the illustration of how displacement and pressure distribution
behavior of composite reinforced soil system of 25 m high installed is getting moni-
tored through field instrumentation. The maximum displacement values are calcu-
lated using the empirical formula suggested by FHWA-NHI-10-024 guidelines. The
paper also mentions about the numerical analysis of reinforced soil structure using
Plaxis software. The displacement values from the results of Plaxis software anal-
ysis are reported and compared with the values obtained from empirical formulas of
FHWA-NHI-10-024 guidelines.

Keywords Composite soil reinforcement system · Field instrumentation ·
Numerical analysis

1 Introduction

In June 2013, a cloud burst damaged the beauty of the Devabhoomi (Land of Gods),
Uttarakhand state in India with heavy floods in river Mandakini and its tributaries.
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This led to the development of around 2300 landslides along the river Mandakini,
making it the biggest disaster after the 2004 tsunami. After the natural disaster during
June 2013, the Ministry of Road Transport and Highway of India decided to under-
take the “Rehabilitation/Mitigation of landslide locations with slope protection and
drainage improvement at various stretches on NH-58 in Chamoli district in the state
of Uttarakhand.”

Birahi, a Village in Chamoli at the Uttarakhand State of India, is situated at an
altitude of 1200 m above sea level. It is situated on the riverbanks of Alaknanda and
Birahi Ganga on National Highway NH58.

2 Problem Description and Causative Forces of Two
Landslides at Birahi

The region of Birahi falls under seismic zone V. Presence of fault lines has made the
area highly vulnerable to landslides and slips. At Birahi, two landslides were iden-
tified, one was at the hillside and the other was in between the roads of hairpin bend
(refer Fig. 1). Construction operations during the widening of the road aggravated
major destabilizing forces in this specific stretch. Cutting of hillside slope disturbed

Fig. 1 Two-slided portions with hill side and valley side unstable patches at Birahi
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the equilibrium of the forces maintained in nature till then. Loss of vegetation cover
aggravated the destabilizing forces and reduced the effect of restoring forces. Accu-
mulation of colluviums on the valley side slope caused heavy slope and toe erosion,
when it is encountered with surface runoff due to high torrential rains. This erosion
disturbed the stability of the road considerably.

3 Geological, Hydrological and Geotechnical Investigations

Geological, hydrological, geotechnical and geo-morphological studies are essential
for cause analysis of a landslide affected area. Local specialists and international
experts are consulted during the analysis and solution framing of this project by
the consultants involved. The rocks in the region are identified as highly jointed,
weathered, and fractured quartzitic schist belonging to the Garhwal group. Surficial
material (topsoil) of slope in between the roads consists of soil boulder mix and is
prone to sliding. From the geotechnical investigation, it was observed that the slope
of the unstable zone is around 50° with 1 m surficial instability thickness having
cohesion of 3–5 kPa and an angle of internal friction of 30–32°.

4 Adopted Solution for Birahi Landslide

The solution adopted for the hillside and valley side is depicted in the drawing shown
as Fig. 2.

On the hillside, the slope was left untreated after cutting during the construction of
the road where the slide has occurred. It was stabilized by providing a drapery steel
net system securedwith surface anchors. The drapery system usedwas supplemented
with a reinforced geosynthetic mat as a facia system along with self-drilling anchors
of 25mmdiameter at 3m spacing in the longitudinal and transverse direction. Here, a
drapery net with surface anchorswas used for surficial (topsoil) stabilization and self-
drilling anchors were recommended for deep stabilization. Reinforced geosynthetic
mat was used for surface erosion control as per the strength requirement in line with
Indian National Highway Guidelines [1, 2]. On the valley side, for retention of 12m
wide road, a composite reinforced soil system of 25m maximum height has been
provided [3, 4]. A proper drainage network was provided on the hill side as well as
valley side including edge drains and chute drains [5].
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Fig. 2 Adopted landslide mitigation solution for unstable patches at Birahi

4.1 Characteristics of Unique 25-m-High Composite
Reinforced Soil System for Road Retention in the Valley
Side

The slope angle more than the friction angle with low cohesion value indicates that
a geotechnical stabilization needs to be done as the first step before bringing back
vegetation through erosion control measures for this slide affected stretch. The area
where the rehabilitation measures were constructed is within first-degree seismic
zone, i.e., zone-V and with heavy rainfall during monsoon time. Therefore, a flexible
retention system that could withstand larger seismic activity (with a proven record)
and a free-draining facing were the essential components of the selection criteria
for the retaining system. The composite reinforced soil system technology for a
height of 25 m maximum provided an opportunity to fulfill both requirements. The
composite soil reinforcement systemadopted consists of two types of reinforcements,
a primary reinforcement with polymeric nature, i.e., a geogrid with high strength and
secondary reinforcement with woven steel wire mesh of medium strength. At Birahi
location which this paper is referring to, road retention is provided in the valley side
by a combination of a reinforced soil system and a gabion gravity wall. Here, the
bottom portion of the reinforced soil structure is made of gabion facing units with
an integrated tail, and the top portion is made of green facia with an integrated tail.
High-strength geogrids as primary reinforcement with higher spacing interacts with
soil and develop adequate resistance against large lateral and vertical forces. The
integrated tail of gabion/vegetated facia acts as secondary reinforcement and that
will impart stability to the facia system against local forces.
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5 Theoretical Deformation Predictions of Reinforced Soil
Structure Using Plaxis Software and Comparison
with Maximum Probable Values as Per
FHWA-NHI-10-024 [6]

Composite reinforced soil system with gabion facia and vegetated facia was selected
for road retention due to its flexibility, seismic performance, cost-effectiveness, speed
of construction, and suitability for use with the local materials. Other than these
merits, this systemalso has the following general and technical advantages in compar-
ison to the conventional retaining structures like rubble masonry, reinforced cement
concrete, etc. The flexibility of the system within acceptable limits helps to accom-
modate horizontal movements and differential ground settlement. The flexibility
also helps to redistribute stresses and strains without any compromise in structural
integrity when the wall is subjected to dynamic forces. To determine deformations
and to examine the soil–structure interaction effect for 25 m high composite rein-
forced soil system, numerical modeling using Plaxis software was performed (refer
Fig. 4). FHWA-NHI-10-024 [6] is defining a formula for determining the maximum
lateral displacements for reinforced soil structure having both extensible and inexten-
sible reinforcement (refer Fig. 3). The maximum lateral displacements for 25 m high
reinforced soil system having 14 m base width and with an extensible reinforcement
are shown below, and it comes out to be 466 mm in this case. The maximum defor-
mation which is the outcome of Plaxis analysis is 264.7 mm which is less than the
maximum probable horizontal movement defined by FHWA-NHI-10-024 guidelines
[6].

Calculation as per FHWA-NHI-10-024 [6] is as follows.

Maximum lateral displacement(δmax) = δR ∗ H

75
(1)

Fig. 3 Empirical curve for estimating lateral displacement for reinforced soil structures (refer-
ence—FHWA-NHI-10-024 [6])
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Fig. 4 Photograph showing lateral displacement output from Plaxis analysis for 25 m high
reinforced soil structure

L

H
= 14(m)

25(m)
= 0.56 (2)

δR from the graph for
L

H
value of 0.56 = 1.4 (3)

δmax = 1.4 ∗ 25(m)

75
= 0.466 m = 466 mm (4)

6 Actual Site Predictions Using Instrumentation
and Monitoring

It is important to understand the behavior of reinforced soil structure of this magni-
tude (25m) which is very much unique in nature via instrumentation andmonitoring.
Furthermore, due to the challenging site location of Birahi where the rainfall inten-
sity is high, and which falls in seismic zone V with the high vulnerability of surface
erosion and further landslides, makes instrumentation and monitoring work much
essential for the overall mitigation and stabilization scheme. Hence to observe and
safeguard the integrity of the structures adopted, suitable instruments for monitoring
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Fig. 5 Plan showing instrumentation details at Birahi location at Chainage 437+610

were proposed on the site during construction (Fig. 5). Major parameters that need
to be monitored are as follows: (1) drainage behavior of the ground, (2) forces on
polymeric reinforcement, (3) deterioration of facing and other elements, (4) perfor-
mance of any structure supported by reinforced valley slopes, and (5) horizontal and
vertical movements of slope surface and overall structure.

It was decided that field observations on local face deformations, horizontalmove-
ments, and vertical settlements of most critical structures shall be documented to
validate the results from numerical analysis and instrumentation. It was also decided
that post-construction behavior of critical structures needs to be monitored for a
minimum of four years from the date of completion as per the verified completion
certificate.

6.1 Different Types of Instruments Used for Monitoring
Reinforced Soil System Behavior at Birahi Site

To monitor the different influencing parameters of reinforced soil system behavior
and performance, the instruments, namely slope inclinometer, strain gauges, earth
pressure cells, piezometers, and reflectometers, were installed at various positions
(Fig. 6 and Table 1). Chainage 437+610 was selected for fixing the instruments.
Strain gauges were fixed on the primary reinforcements, i.e., polymeric geogrids
which are assumed as extensible reinforcements to observe the strains developed at
different layers in the reinforced soil structure (Fig. 7). Moreover, to detect the pore
water pressure, one piezometer is also located in a PVC pipe of diameter 4 in. which
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Fig. 6 Instrumentation scheme for Birahi site

Table 1 Different types of instruments installed and their general functions

Instrument Function

Reflectometer Deflection of facia elements in all three directions

Strain gauge Strain developed in primary reinforcement

Slope inclinometer Wall deformation

Earth pressure cells Total pressure in earth fills and embankments

Piezometers Pore water pressure measurement

Fig. 7 Fixing the strain gauges with plates on primary reinforcement (geogrid) at the site for valley
side reinforced soil system
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Fig. 8 Installation of inclinometer in the borehole (left-aligned) and reflectometer (right-aligned)

reached till the bottom layer of the valley side retention system. Earth pressure cells
at the bottom-most retention systems at the backside of the facia were positioned to
monitor the variation of the stresses where the shear failure is most anticipated. Apart
from these, six reflectometers were also placed at the valley side retention system
to observe the tilt of the structure with time (Fig. 8). Moreover, two inclinometers
were put at the valley side to check the overall deformation i.e., both horizontal and
vertical movements/displacements (Fig. 8). Figure 6 is showing the instrumentation
scheme for reinforced soil structure at CH 437+610.

6.2 Monitoring Status

The instruments were installed during the initial phase of construction of the
composite reinforced soil structure itself, i.e., in October 2017, and it continued
till the construction was completed during April 2018. The process of monitoring is
continuing at the site, and it is expected to continue.

7 Summary of Results and Conclusions

The maximum lateral displacements for 25 m high reinforced soil system having
14 m base width came out to be 466 mm as per the suggested calculation from
FHWA-NHI-10-024 guidelines [6] for critical loading conditions and the maximum
deformationwhich has come fromPlaxis analysis is 264.7mm. The inclinometer and
reflectometer readings so far show that the structure has not shown any significant
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or noticeable deformations or lateral movements. Earth pressure readings for the
bottom-most layer vary from223 to 241 kPawhich are quite less than the theoretically
predicted maximum analytical values. The piezometer readings in the monsoon and
non-monsoon months range between 11 and 35 kPa, which shows the structural
backfill and the gabion facia due to the free-draining nature do not carry significant
pore water pressure. The strain values recorded are negligibly small so far. Recording
of data and reviewing shall be continued for a fewmore years to arrive at conclusions.
The present trend in the data shows the structure is performing as per the intended use
and as per the assumptions carried out during analysis and design. The small values
of field observation figures and instrumentation results indicate that the mobilization
of forces at the site has not reached near to critical load combination at any stage of
construction or post-construction stage.
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Proactive Conservation of Main Tower
of Bayon, Angkor, Against Global
Warming

Yoshinori Iwasaki, Mitsuharu Fukuda, Mitsumasa Ishizuka,
and Takeshi Nakagawa

Abstract This paper describes the special characteristics of the ancient temples in
Angkor in terms of geotechnical points of view, which have never been mentioned in
the past because simply the soils and foundations have never been studied. Japanese
Government Team for Safeguarding Angkor (JSA) introduced the study of soil and
foundation. The heritage structure of Bayon in Angkor stands upon shallow direct
foundation. The high main tower stands upon manmade fill of 14 m in thickness
without special supporting such elements as piles. The amazingly strong strength of
the manmade fill that had made to support heavy stone structure is the one of the
character-defining elements of the authenticity of the foundation of Bayon in Angkor
Thom. If the sand fill shows the shear strength of the common sandy, the fill could not
keep standing safely under the rainy season in the south Asian region of the squall
with heavy rain for the last 700 years since thirteenth century. To preserve the main
stone tower, the paper proposes a simple method to cover the surface of the fill of the
mound with impermeable layer to prevent the failure of the sand filled mound from
the anticipated long and heavy rain in the coming global warming.

Keywords Bayon · Sand fill mound · Direct foundation · Global warming

Y. Iwasaki (B)
Geo Research Institute, 2-1-2 Otemae, Osaka 540-0008, Japan
e-mail: yoshi-iw@geor.or.jp

M. Fukuda
Taisei Geotech, Kurume, Fukuoka, Japan

M. Ishizuka
JSA/JASA Site Office, Angkor, Siem Reap, Cambodia

T. Nakagawa
JSA, Waseda University, Tokyo, Japan

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Hazarika et al. (eds.), Advances in Sustainable Construction and Resource
Management, Lecture Notes in Civil Engineering 144,
https://doi.org/10.1007/978-981-16-0077-7_69

839

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0077-7_69&domain=pdf
mailto:yoshi-iw@geor.or.jp
https://doi.org/10.1007/978-981-16-0077-7_69


840 Y. Iwasaki et al.

1 Introduction

Geotechnical engineering plays one of the important roles to safeguarding cultural
heritages and has made such key contribution as in restoration work for the inclined
Pisa Tower. When the restoration of the Pisa Tower was discussed, only the incli-
nation of the tower itself was considered as to be preserved. However, since the
foundation is considered as one of the important elements of the heritage structure,
the direct foundation of the Pisa Tower, which was the major reason to have caused
the inclination, is considered as the character-defining elements of the authenticity
as well as soft soil conditions.

In the past, foundations are generally considered as simply nothing but an element
to support the heritage structures and not considered as a part of the heritage.

However, the recent trend of conservation of heritage indicates that a foundation
system has become to be considered as one of the basic components of the heritage
structure. In 2010, the international standard of ISO13822on assessment of structural
safety was renewed and added an Annex “Heritage Structures” and stressed the
importance of the foundation [3].

In this paper, the new concept of “authenticity of foundation” is discussed as
well as the character-defining elements of authenticity that should be evaluated and
restored.

2 Authenticity

2.1 Authenticity of Cultural Heritage

Authenticity was defined in the Venice Charter of 1964 as heritage composed from
original material, original position, original design as well as original procedure
(Venice Charter 1964) [1]. The concept of the Venice Chapter is called “anastylosis
(Greek),” which means “take column back to original position.” Anastylosis implies
that original stone columns spread over a historical ruin shall be rebuilt at their
original positions.

The principle of anastylosis was developed based on conservation of stone struc-
ture in Europe and does not give any values of heritage to such repaired materials as
often seen in wooden structures in Japan.

Later in 1994, the concept of the authenticitywas expanded by theNaraDocument
on Authenticity to cover various methods characterized by the region to which the
heritage belongs. Region specific methods that were developed in some area are also
accepted as the characteristic of authenticity [2].

Character-defining elements are defined as historic materials, forms, locations,
spatial configurations, morphology, concept and details, structural design, uses, and
cultural associations that contribute to the heritage value of a structure that shall be
retained in order to preserve its heritage value.
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2.2 Authenticity of Cultural Heritage

In 2005, ISO 13822 (Bases for design of structures—Assessment of existing struc-
tures) was reviewed for renewal. ISCARSAH (International Scientific Committee on
theAnalysis andRestoration of Structures ofArchitecturalHeritage under ICOMOS)
had proposed to include heritage structures in the standard and worked together for
five years to develop. The ISO 13822 has been updated in 2010 and added an Annex-
I (informative) Heritage Structure, which has expanded the heritage structure to
include foundation as a part of the structures.

The Annex-I clearly states as in paragraph of I.5.3 Authenticity of foundation that
“From the point of view of conservation, foundations are not different from the rest
of the structure and should be assessed and rehabilitated taking into consideration
their heritage value. This involves the requirement to identify their authenticity and
character-defining elements.” [3].

3 Bayon Temple in Angkor Thom

Bayon, as shown in Fig. 1, is the central temple of Angkor Thom constructed around
in late twelfth to early thirteenth century.

Figure 2 shows section and plan view of the Bayon Temple. Japanese Government
of Safeguarding Angkor Team (JSA) performed archaeological trenching study at
the northeastern corner as “long trench” as shown in Fig. 2.

Fig. 1 Bayon temple
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Fig. 2 Plan view and section

3.1 Trenched Foundation

The result of the long trench has revealed the following facts as shown in Fig. 3 [4].

1. The surface of the first terrace was covered with sandstone and laterite block,
beneath which densely compacted sandy filled layer was identified.

2. Compacted sandy filled layer continued with and additional laterite block layer
to the level of the original ground surface.

3. It was identified that the compacted sandyfilled layer continues from the original
ground level to 2–3 m in thickness.

Fig. 3 Long trench of archaeological study
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Fig. 4 Trenched foundation

4. The compacted sandy filled layer below the original surface was found to
continue horizontally to about 10 m outside of the outer gallery.

The archaeological study suggests that the foundation work for the Bayon is
“trenched foundation” and was systematically constructed by excavating the original
ground 2–3 m vertically as well as about 10 m outside of the temple boundary of
the outer gallery as shown in Fig. 4. The stone masonry structures were constructed
upon terraces with three different levels of 2.95, 6.95, and 12.40 m.

4 Platform Foundation of Main Tower of Bayon Temple
in Angkor Thom

At the center of the base of the main tower of Bayon, a vertical shaft was excavated
in 1933 by French as shown in Fig. 5.

Stonemasonrymain tower of 31m in height stands upon the platform ofmanmade
fill of 14 m in thickness by direct shallow base stone as shown in Fig. 5. It is amazing
that the tower has been standing for 800 years since the late twelfth early thirteenth
century upon the manmade fill [5].

Several borings were carried out to study the platform foundation. The results of
two borings are shown in Fig. 5 BYV-2009 at the vertical shaft and BYV-2010 at
the edge of the foundation of the tower on the third terrace. Boring BYV-2009 at the
vertical shaft shows very loose sand layer of SPT, N < 4, which shows no compaction
efforts were paid by French conservator. Boring BYV-2010 shows laterite block of
6 m in thickness beneath the pave stone followed by densely compacted sandy fills.

The manmade filled layer showed very large SPT, N-values larger than 100–250
as shown in Fig. 6 with water contents. The sampled soil, when dry, is just like soft
rock rather than sand.

A sample of the sandy fill was put into water as shown in Fig. 7. The stiff sandy
fill collapsed in the water within 10 min (Iwasaki 2018).
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Fig. 5 Boring results at the platform foundation of central tower of Bayon

Fig. 6 SPT N-value
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Fig. 7 Collapse of stiff sandy filled soil in water

4.1 Characteristics of Filled Soils in Bayon Temple

Grain size distributions of the samples of filled soils by the vertical boring within the
platform foundation are plotted in Fig. 8 including additional horizontal boring in the
platform,Northern andSouthernLibraries,N1Prasat Suor Prat andBaphuonTemple.
Surprisingly, two kinds of clayey and sandy fills are clearly separately grouped with
uniformity.

Fig. 8 Grain size distribution
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Fig. 9 X-ray diffraction analyses

Fig. 10 Micrograph of sandy fill soil

X-ray diffraction analysis was performed to study the mineral component of the
filled soil. Figure 9 shows the results of X-ray diffraction analysis. Themajor mineral
is quartz with clay mineral of halloysite of kaolin group.
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Fig. 11 Trenched foundation structure and laterite ring block in foundation

The micrograph sample of the sandy fill is also shown in Fig. 10. The rounded
particles of sand of quartz are gathered filled with kaolin clay [5].

Based upon several borings, ring-shaped laterite body has been identified in the
filled mound as shown in Fig. 11.

5 Proactive Countermeasures Against Failure
of the Mound

In the history of Angkor, heavy rains had caused failures of filled mound and
embankments.

One of the examples of such failure was the failure of northern east slope of
Baphuon Temple (Figs. 12 and 13), constructed in 1060, near Bayon in the same
Angkor Thom site during a heavy rain in June 1943 as shown in Fig. 14.

The characteristic of grain size distribution of the mound of Baphuon is shown in
Fig. 8, which shows the distribution shape is the same as those of Bayon Temple.

This implies the original mound of the Baphuon has very high strength and had
been stable for 900 years. The stability of highmound of 40m in height with the steep
angle of 45° of the manmade filled structure (shown in Fig. 13b) is never realized by
the present common knowledge of the geotechnical engineering.

In 1960, EFEO (Ecole Francaise d’Extreme-Orient), French governmental orga-
nization had tried to reconstruct the failed mound by the compaction of the original
soil. However, the fill height was reached at 5 m in height, the filled mound had failed
for three times.

The clear mechanism of stability of the high mounds for several hundred years
from tenth -thirteenth century to twenty-first century for such high mound of Bayon
Temple and Angkor Wat in Angkor are not known and shall be studied step by step
gradually with the restoration works.
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Fig. 12 Baphuon temple in Angkor Thom

Fig. 13 Vertical section of Baphuon (east side)

5.1 Safety Mechanism of High Rise Filled High Mound
of Bayon for 700 years

The effects of rainfall to the sandy filled mound were evaluated by monitoring the
moisture change of mound. Moisture sensors were installed at the surface of the top
third terrace at several depths as shown in Fig. 15.
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Fig. 14 Failure northeastern corner of the Baphuon temple by a heavy rain

Fig.15 Installation of moisture sensors in the filled mound

An example of monitored results duringMay 27 to 28 in 2017 is shown in Fig. 16.
The rainfall intensity was about 10–15 mm/10 min for about one and half hours of
80 mm in total. The rain was very heavy intensity associate with squall in monsoon
area.
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Fig. 16 Monitored results of water contents at several depths under the top surface

5.2 Preparing to Cover Mound Surface with Impervious Soil
Layer

The common conventional way to protect the cultural heritage has been some reac-
tion after failure. However, since the heavy and continuous rainfall is anticipated in
Angkor region, which shall be inevitable to keep the sandy filled mound in the safe
condition. The 10 to 20 cm of the top surface of the soil mound id being planned to
be replaced with slake lime mixed soil, which keeps its strong strength under water
and suitable to protect the sandy mound of the platform. Geotextile may be used for
stabilizing the slaked lime mixed soil against tension cracks as shown in Fig. 17.

Observational procedure shall be applied for the restoration work. However, the
observational method in geotechnical engineering is to compare the monitored data
with some predicted calculation. In the restoration work for the cultural heritage, the
monitored results shall be evaluated by engineering senses than numerical bases. If
the water shielding is found not enough, additional steps to improve are to be applied.
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Fig. 17 Impervious layer and sheet with monitoring system

The conservation of cultural heritage is different from the conventional repair-
ments of common structures. The major key difference is to improve the safety
or to keep the authenticity as well as possible. The principles countermeasures for
the heritage structures are based upon (1) Minimum intervention, (2) Use the same
material and the method, and (3). Apply reversible method to be able to change if
the results are not appropriate. The step-by-step procedures of try and confirm shall
be applied to keep the character of the authenticity as well as possible to keep the
integrity as the historical heritage to be retained.

6 Conclusions

The manmade disaster of the heavy rainfall by global warming shall bring manmade
sandy filled foundation platform in Angkor. The recent activity of Japanese Govern-
ment Team for Safeguarding Angkor has been successfully introduced geotechnical
study on the monuments.

The results of the filled soil as very strong in dry but very weak in wet condition
was identified as the unique character of the Angkor monuments as the characteristic
elements of the authenticity to be preserved.

It is now being planned not only to preserve the authenticity of the amazing
techniques of the ancient Khmer engineer but also to protect the great monuments
of the human being based by proactive geotechnical engineering.
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Groundwater Level Changes
in the Coastal Construction Site
of Coal-Fired Power Plant, Cilacap,
Indonesia; Natural or Construction
Effect?

Doni Prakasa Eka Putra, Rilo Restu Surya Atmaja, Fania An Nisaa,
Kurnianto Dwi Setyawan, and Pramono Hadi

Abstract The construction of power plant with the capacity of 1000 MW in the
coastal area of Cilacap, Central Java, Indonesia, started from October 2017 until
2019. The construction is started by excavating the area at least 8 m of depth to build
the foundation and underground cooling tunnel. During the dry season in 2018,
community who live around the construction site reported groundwater level deple-
tion in their wells. The power plant authority argued that groundwater extraction
for shrimp ponds along the beach is also responsible for the groundwater level
depletion in the region. This study aims to determine whether groundwater level
declining in this area caused by natural conditions or due to construction activities.
Field observations were carried out both in the rainy and dry seasons in 2019. It
consisted of groundwater level measurement, resistivity measurement, and invento-
rying the utilization of groundwater. Groundwater modelling used to simulate the
impact of groundwater extraction and construction of the power plant towards the
groundwater flow around the construction site. The results suggested that seasonal
difference within a year affects to the declining of groundwater level of 1.06 m by
average at the community’s wells and the whole research area, while the dewatering
practices by the power plant authority around the construction site of foundation and
underground cooling tunnel were responsible to the declining of groundwater level
of 1–2 m limited 500–700 m from the construction site.

Keywords Power plant · Dewatering · Coastal aquifer · Groundwater modelling
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1 Introduction

Coal-fired power plant in Cilacap, Indonesia, increased its capacity by building a
new power plant next to the existing power plant with the capacity of 1000 MW.
The construction began in October 2017. The initial stage of construction started by
building the foundation, basement, underground tunnel, and the power plant. The
depth of excavation was carried out more than 8 m of depth. Raft foundation type
was applied. Underground tunnel were built to drain sea water as cooling water to
the power plant.

Because the location of power plant is close to the sea, the groundwater level in the
area was very shallow, below 1m. Therefore, during the excavation and construction,
the contractor applied dewatering to avoid the water in the construction site.

Eventually, in the middle of 2018, problems occurred. Society who lives in the
surrounding of power plant area complained about the depletion of their wells and the
emergence of salt water in their wells. However, the power plant company argued that
the pumping of seawater and groundwater for shrimp ponds by community industry
is also responsible for the groundwater level declining and seawater intrusion.

Therefore, this study is important to identify the main cause of the problems
using scientific analysis. This study aims to identify the cause of groundwater level
depletion which was caused whether by natural phenomenon (seasonal difference)
or purely due to construction activities.

Numerous research investigated the climatic and seasonal effect to the ground-
water level depletion and resources [1–5], while other researches identify the influ-
encing factors on groundwater drought and depletion by investigating the effect of
climatic and anthropogenic factors [6].

Groundwater numerical modelling is widely used to understand the dynamics
of an aquifer system, to characterize the underground water flow, and to simulate
impacts of different management scenarios [7]. Groundwater models are adopted as
tools to address salt intrusion problems in coastal aquifers [8–10], while groundwater
head simulation using numerical modelling is also applied in archaeological deposits
and tunnel construction [11]. Groundwater models are utilized to simulate over-
extraction of groundwater [12, 13]. In this study, numerical groundwater models are
used to understand the groundwater flow and the effects of construction and over-
extraction of groundwater, coupled by seasonal measurement of groundwater level
to understand to natural condition.

2 Study Area

The coal-fired power plant is located in the south coast of Cilacap, Central Java,
Indonesia. Next to the power plant is Indian Ocean. Cilacap area is consisted of
Basalt, Gabon Breccia Formation, Jampang Breccia Formation, Nusakambangan
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Fig. 1 Study area is located in the Cilacap regency, Central Java, Indonesia. Coal-fired power plant
area is presented as purple hatch pattern next to Indian Ocean

Tuff Formation, Pamutuan Sandstone Formation, Kalipucang Limestone Formation,
Halang Sandstone Formation, Coastal Deposits, and Alluvium [14–16].

The coal-fired power plant is located on coastal deposits comprised of sand and
iron sand deposit. The study area is presented in Fig. 1. Study area is limited by river
in the east and west. Kesugihan river in the east, Tanjung river in the west, and then
Indian Ocean in the south. Settlement area is located at the north and east of power
plant area.

3 Methodology

The methodology in this research is consisted of groundwater level measurement,
resistivity measurement, inventorying the utilization of groundwater around the
construction site, and groundwater flow modelling.

Groundwater level measurement conducted in the wet and dry seasons of 2019.
The measurement in the wet season is carried on April 2019, while measurement
in the dry season is carried on August 2019. The groundwater level measurement is
conducted by measuring 125 dug wells and six bore wells in the settlements around
the coal-fired power plant area. In addition, observation and flow ratemeasurement of
river in 30 locations are conducted. The observation andmeasurement of groundwater
level and river level are shown in Fig. 2.
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Fig. 2 Map of measurement of groundwater level, river, water body and resistivity

The resistivity measurement is conducted using 1D Schlumberger method in nine
locations (see Fig. 2). The length of each measurement is 250 m. This length is
assigned to provide subsurface interpretation up to 100 m of depth. The result of
each points is correlated to understand the subsurface lithology and its distribution.

Observation and inventory of groundwater utilization by power plant and society
are conducted to understand the estimation of groundwater pumping rate in the
power plant area and its vicinity. Measurement of groundwater pumping discharge
is conducted at five shrimp ponds and two channels.

Secondary data such as rainfall and temperature from BPS-Statistics Agency of
Cilacap is collected to calculate the evapotranspiration and infiltration [17].

Groundwater modelling is carried out to simulate the impact of groundwater
extraction and power plant construction practice towards the groundwater flow and
groundwater level around the construction site. For the numerical model, Visual
MODFLOW 3.1 applied to simulate groundwater flow and pumping activities.

Identification of seasonal effect and construction effect is conducted by compre-
hensively comparing groundwater level depth on two seasons and the result of
groundwater modelling from different scenarios.
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Fig. 3 Fence diagram of subsurface lithology. This diagram is generated by correlating nine
locations of Schlumberger resistivity measurement

4 Results

4.1 Geology

Based on resistivity measurement on nine locations, the deposits in the research area
are consisted of clayey sand, sand, and silt deposits (see Fig. 3). Loose deposits are
distributed on the surface. Lenses of silt deposit layer are located in the southeast of
study area. Lenses of sand deposit layer are getting thicker in the west part of study
area. These two sand layers sandwich the clayey sand layer. The upper sand layer is
getting thinner to the south, while clayey sand layer is comprised of dominantly the
whole research area.

While surface geology map of study area is comprised of sand and silty sand
deposit. Most of research area is covered by silty sand, while the coal-fired power
plant is located on sand deposits (see Fig. 4). There are three aquifer layers in the
research area represented by upper sand layer, clayey sand layer as middle layer, and
lower sand layer. Those three aquifers are categorized as coastal aquifers due to its
location.

4.2 Groundwater Utilization

The observation and inventorying of groundwater utilization discovered that daily
need of water by each house is ranging between 200–1500 l/day, while each shrimp
ponds by average utilize groundwater discharge of 225 m3/day. Pumping rate of
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Fig. 4 Surface geology map of study area

groundwater during the construction of power plant is 100 l/s, while pumping rate
of groundwater (dewatering) from excavation and underground tunnel construction
is 1300 l/s.

4.3 Model Input

The top sand layer and surficial layer aquifer (K1) have the hydraulic conductivity
of 4.9× 10–4 m/s. The K value of clayey sand aquifer is 5.0× 10−5 m/s (K2), while
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hydraulic conductivity of silt aquitard is 2.94 × 10−8 m/s (K3). Lastly, sand layer
aquifer at the lower depth hasthe hydraulic conductivity of 4.9× 10−4 m/s (K4) [18].

Based on rainfall data from 2009 to 2019 by BPS-Statistics Agency of Cilacap
Regency, the average of annual precipitation in Cilacap Regency of 2746 mm/year
[17]. This figure is resulted from rainfall monitoring data from year of 2009 until
2017. Calculation of evapotranspiration using Thornwaite (1948) method results in
1751mm/year, while run-off resulted by calculation using Soil Conservation Service
(1964) and CN number by Hudson (1993) is 787 mm/year. Finally, the infiltration
value in the research area of 294 mm/year.

4.4 Groundwater Level

Groundwater level depth map of dry season of 2019 is shown in Fig. 5. Groundwater
level depth in the west part is shallower than the east part. Groundwater level depth
is ranging between 1.2–3.95 m even in dry wells, while groundwater level depth map
of rain season of 2019 is presented in Fig. 6. Groundwater level depth in rainy season
is ranging between 0.28–3.3 m. Mostly, groundwater level depth in rainy season is
below 2 m. It can be concluded by comparing both map that groundwater level depth
in dry season depleted in thewhole research area including settlement area and power
plant area. The average gap of groundwater level depth in two seasons is of 1.06 m.

Fig. 5 Map of groundwater level depth in dry season 2019
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Fig. 6 Map of groundwater level depth in rainy season 2019

The depth of groundwater level in the construction site is ranging between 2 and
3m, while settlement area in the east of power plant area has groundwater level depth
of more than 3 m. The depletion of groundwater level depth significantly occurred in
the centre east settlement and coastal area including power plant area and settlement
in the east of power plant area.

4.5 Groundwater Flow Direction

Groundwater flow direction map of actual condition is generated by interpolating
groundwater level elevation fromwells and riverwater level (seeFig. 7).Groundwater
flows from northwest to the southeast.

Groundwater level elevation in the research area ranging from−2 below sea level
to 7 m above sea level. In the east part, groundwater flow sto the Kesugihan river
as gaining stream type. However, in the downstream, Kesugihan river apparently
supplies the aquifer, while in the west part, Tanjung river acts as losing stream and
groundwater divider.
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Fig. 7 Groundwater level elevation and flow direction map

4.6 Groundwater Simulation

4.6.1 Conceptual Model

According to hydrogeological unit and subsurface layers, study area is classified into
four units including aquifer 1 (upper sand layer), aquifer 2 (clayey sand layer), and
aquitard (silt layer), and aquifer 3 (lower sand layer). Aquifer 1 assigned to sand layer
at the upper depth. Thickness of aquifer 1 is ranging from 20 to 50 m. Aquifer 2 of
clayey sand is sandwiched by aquifer 1 (upper sand layer) and aquifer 3 (lower sand
layer) with thickness of 40 m, while aquifer 2 is assigned to silt layer with thickness
of 30 m.

4.6.2 Model Discretization

VisualMODFLOWworks usingblock-centredfinite differencemethod.The research
area covers area of 16.17 km2. Discretization of model area divided model area into
13,140 grids with the grid size of 50 × 50 m2.
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Fig. 8 Boundary condition for groundwater modelling

4.6.3 Boundary Condition

Tanjung river acts as groundwater divider then assigned as no-flow boundary, while
Kesugihan river acts as gaining stream type assigned as river boundary. The constant
head boundary assigned to the north and south. Constant head boundary in the north
part assigned fromobserved value of groundwater level elevation,while IndianOcean
in the south is assigned as constant head boundary (see Fig. 8). Yasa river in the south
part is assigned as drain boundary.

4.6.4 Calibration and Sensitivity Analysis

Calibration and parameter adjustment are required in modelling; thus, the calculated
value of groundwater head is as close as possible with actual condition or observed
value [19]. Manual calibration strongly connects with the sensitivity analysis, which
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Fig. 9 Calibration graph

put into evidence the variation of themodel response as result of variation of uncertain
parameters [20].

The parameter adjusted during calibration was only hydraulic conductivity (K).
The modified K is as follows: The K1 sand layer and surficial layer aquifer is 9.0 ×
10−4 m/s. The K2 clayey sand aquifer is 4.96 × 10−4 m/s, while the K3 silt aquitard
is 5.88 × 10−7 m/s. Lastly, K4 sand layer aquifer at the lower depth is 9.0 × 10−4

m/s.
The result of calibration graph is presented in Fig. 9. The result of calibration is

“good”, where coefficient correlation is 0.936 and the Standard Error of Estimate is
0.086 m.

4.6.5 Scenario 1: Actual Condition

Groundwater modelling is carried out on four simulation scenarios. The first scenario
is the current condition representing the actual condition of the construction site and
surrounding area. This means that the result of this model represents condition after
all construction just finished. Therefore, underground cooling tunnel as impervious
construction is assigned as no-flow boundary/inactive cells. Tunnel construction is
located at the depth of 8 m from surface.

Groundwater head is ranging from 2 m below sea level in the beach until 7 m
above sea level in the north. Groundwater head in the power plant area is ranging
from 2 to 0 m (see Fig. 10).
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Fig. 10 Scenario 1. Simulation of actual condition

4.6.6 Scenario 2: Before Construction

The second scenario simulates the condition before the construction of basement and
underground tunnel is carried out. This scenario is used as the basis of the next two
dewatering scenarios.

Groundwater head is ranging between 0–7 m above sea level (see Fig. 11).
Groundwater head in the power plant area is ranging from 0–1 m above sea level.

4.6.7 Scenario 3: Dewatering for Power Plant Construction

The third scenario simulates the dewatering practiceswhen the basement of the power
plant was constructed. The total pumping rate is 100 l/s. Groundwater head ranging
from 2m to 7 m above sea level (see Fig. 12). It is clearly seen that groundwater level
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Fig. 11 Scenario 2. Simulation before construction

declined at the power plant area where dewatering practice occurred. The dewatering
affected the declining of groundwater level up to 2 m and drew seawater to the
construction area.

The results showed that the settlement area in the radius of 500 m from construc-
tion site had undergone a declining groundwater level up to 2 m, while the ground-
water level in the area of settlement located in the far north from construction site
not affected significantly by dewatering.

4.6.8 Scenario 4: Dewatering for Underground Cooling Tunnel
Construction

The fourth scenario simulates the dewatering practice when the underground tunnel
was constructed. The total pumping rate of 1300 l/s is distributed by 13 pumps (10 l/s
for each well). Outside the power plant area, groundwater head is ranging between
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Fig. 12 Scenario 3. Dewatering simulation for foundation construction

0–7 m above sea level. Groundwater head in the settlement area is not affected by
dewatering and visually not experienced any significant changing.

The result showed that the affected area of dewatering around power plant area
is larger than the previous scenario (see Fig. 13). The declining of groundwater
level occurred in the radius of 700 m from construction site up to more than metres.
Dewatering practices drew seawater to the construction area.

5 Discussion

Identification of the cause of groundwater level changes is conducted by examining
the difference of groundwater head at the wet and dry seasons and the difference
of groundwater level before, during, and after (actual condition) the construction of
power plant and underground tunnel.
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Fig. 13 Scenario 4. Dewatering simulation for underground cooling tunnel construction

The comparison of groundwater level in the dry season and wet season at the
settlement area located in the north of construction site showed that the groundwater
level depleted 0.05–2.2 m in the dry season. Themaximum declining could be higher
due to the dry condition of the wells. Thus, the groundwater level in the dry wells is
not measured. The average of the groundwater level declining is 1.06 m. In the dry
season, the declining of groundwater level occurred in almost whole research area.



870 D. P. E. Putra et al.

Influence of anthropogenic factors to the changes of groundwater level is inves-
tigated by examining the difference of groundwater modelling result from various
scenarios. Based on comparison of scenario model 1 (simulation after construc-
tion/actual condition) with scenario model 2 (simulation before construction), the
groundwater level in the southern part and power plant area declined of 2m.However,
groundwater level in the middle and the northern part (settlement area) are constant
or only very slight changes.

Based on dewatering scenarios, the affected radius of groundwater level declining
is ranging from 500 to 700 m from the construction site. Groundwater level declined
1–2 m. Settlement area in the east of power plant area is affected by the dewa-
tering. The results of dewatering scenarios showed that the groundwater level in the
middle and northern part of research area (settlement area) is constant to very slight
changes. It showed that dewatering practice did not affect the groundwater level in
the settlement area in the middle and northern part of research area.

Based on discussion above, groundwater level changes in the settlement area
in the middle and northern part of research area caused by natural effect specifi-
cally seasonal difference, while groundwater level declining in the power plant area,
southern part of research area, and settlement in the southeastern part of research
area is caused by dewatering and construction factors by power plant authority.

6 Conclusions

Based on groundwater modelling and comparison of groundwater level in the wet
and dry season, the results suggested that seasonal difference affects the depletion
of groundwater level of 0.05–2.2 m or 1.06 m by average at the community’s wells
and the whole research area.

While the dewatering practices by the power plant authority around the construc-
tion site of foundation and underground cooling tunnel were responsible to the
declining of groundwater level of 1–2mat the radius of 500–700m from the construc-
tion site, the settlement in the east of power plant area is affected by the dewatering
practices.

Lesson learned that natural factors specifically seasonal difference affect
massively the groundwater level changes, while dewatering or construction factors
affect locally or limited area.
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Landslide Susceptibility Assessment
in Trenggalek, East Java, Indonesia:
A Geological Overview

Wahyu Wilopo, Egy Erzagian, Diyaning Ratri, and Teuku Faisal Fathani

Abstract The number of landslide occurrences in Trenggalek tends to increase
every year, and it represents a significant constraint on development, causing high
levels of economic loss and substantial numbers of fatalities. A complete under-
standing of geological conditions is essential needed for spatial planning and to
reduce the risk of lost lives and infrastructure damage. Surface mapping at regional
scale comprised of lithology, geomorphology, geological structures, and land-use
conditions was conducted in an area of 1261 km2 to develop a detailed landslide
susceptibility map. The surface mapping showed that landslides commonly occurred
on steep slopes of the fault-controlled hills that having inclination ranging from 16°
to 28°, in the areas covered by residual soils of Mandalika Breccia unit, with high
geological structure density in the settlement areas. The high susceptibility zone
covered 46,75% of the research area and was characterized by having slope incli-
nation ranging from 8° to 45°, geological units of Mandalika Breccia and Arjosari
Sandstone, and land uses of settlement, dry fields, and plantation. Undisturbed soil
samples collected from the high susceptibility area exemplify the clay–silt material,
and XRD analysis showed the dominant clay mineral composition of halloysite and
smectite.Major ion components from precipitation water, seepage, and surface water
samples were used to determine hydraulic connectivity in high susceptibility zone.
Both seepage and surface water indicate sodium bicarbonate-type water similar to
the chemical composition of the precipitation water. The landslide mechanism in the
research area is mainly controlled by lithological conditions and triggered by high
rainfall.
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1 Introduction

Landslides are natural disasters that are controlled by geological conditions,
including slopes, soil or rock types, geological structures, slope hydrology, and land
use [1]. Landslides can be triggered by human activities and/or natural processes,
including cutting slopes, changing slope use, vibrations/earthquakes, and rain [2].
Global climate change has increased in the intensity of rain, which has resulted
in many landslides with many casualties [3]. Therefore, many researchers carry
out landslide mapping with various approaches, including landslide inventory-based
probabilistic approach, heuristic approach, statistical approach, and deterministic
approach [4]. Some researchers also use geomorphological approaches to map land-
slide susceptibility [5]. Utilization of all geological parameters in landslide suscepti-
bility mapping will give better results than using only one parameter [6]. Geograph-
ical information system (GIS) applications are widely used to support landslide
susceptibility analysis using various parameters and various approach methods [7–
9]. The accuracy of the landslide vulnerability map is greatly influenced by the map
scale, mapping units, and mapping methods [10].

The research area is located inTrenggalekRegency, East JavaProvince, Indonesia,
as shown in Fig. 1. Based on Regional Geological Map of Pacitan, Tulungagung, and

Fig. 1 Research area of Trenggalek Regency, East Java, Indonesia
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Fig. 2 Typical landslides along road cut slopes in Trenggalek

Madiun Scale 1:100,000, the Trenggalek area mostly consists of Oligocene–Quater-
nary rocks [11]. The lithology is mostly weathered with low strength properties. The
geomorphology of the Trenggalek area is the result of volcanism and is strongly
affected by the geological structure, such as Puger Fault and Kambengan Fault.
Land use in Trenggalek has been used for rice and dry fields (73.18%) and settle-
ments (9.28%). Considering the relatively low population density, the development
of public facilities in Trenggalek is quite feasible. However, many landslides have
occurred and threatened the communities in the area, as shown in Fig. 2. Landslides
have occurred in the past few years and are mostly triggered by the high rainfall,
especially during the annual rainy season from October to April. Most of the Treng-
galek Regency area is located on the steep slopes that were prone to a landslide.
On the other hand, many residents living in disaster-prone areas of the landslide do
not have sufficient knowledge regarding disaster mitigation because of the low level
of education [12]. Therefore, to anticipate the impact of more significant losses and
fatalities, it is necessary to research the geological conditions of TrenggalekRegency,
including the landslide susceptibility.

This paper presents the result of surface geologicalmapping in theTrenggalek area
at a regional scale comprised of lithology, geomorphology, geological structures, and
land-use condition to develop a detailed landslide susceptibility map. Henceforward,
this vulnerability map can be used for spatial planning purposes and to identify the
main controlling factor of landslides. Lithological, geomorphological, geological
structures, and land-use maps will be presented in this paper, and in the end, the
main controlling factor of landslides will be highlighted.
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2 Methodology

The methods used for this assessment are divided into two, namely field and labora-
tory investigations. Field investigations including investigations of lithology condi-
tions, geomorphology, geological structure, precipitation and seepages water, land
use, and susceptibility of the research area to landslidewere conducted during surface
engineering geological mapping at a regional scale.

Topographical maps analysis was conducted before fieldwork using a geograph-
ical information system (GIS) tool to support the field investigations. It combined
with field observation of surface topography and active geomorphological processes
to produce a geomorphological map. The research area was classified into several
geomorphological units based on morphography, morphogenesis, and morphometry
[13, 14].

Investigation of rock properties and geological structures was implemented, and
the results were presented in a geological map and structural density map. The rocks
classification genetic used were based on the classification in the regional geological
map of Pacitan, Ponorogo, and Madiun area [11]. A structural density map was
established upon lineaments and interpretation of geological structures found during
field investigation. Field observation and interpretations of the satellite images of the
existing land uses were conducted to develop a land-use map.

Slope inclination, lithology, structural density, and land-use data were used
as parameters in the landslide susceptibility zonation. Each of the parameters
is processed using weights of evidence method. The criteria used for landslide
susceptibility zonation are shown in Table 1.

Table 1 Criteria of landslide susceptibility zonation

Parameter Classification Value Weight (%)

Lithology Mandalika breccia, Arjosari sandstone 3 52

Mandalika lava, alluvial 2

Intrusion, Campurdarat limestone, Jaten conglomerate,
Wuni volcanic breccia, Oyo calcareous sandstone,
Wonosari limestone, Argokalangan volcanic breccia

1

Slope inclinations >25° 3 20

15°–25° 2

<8°–15° 1

Structural density >1.5 km/km2 3 20

1–1.5 km/km2 2

<1 km/km2 1

Land use Settlement 3 8

Rice and dry fields 2

Forest 1
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The lithological unit, slope inclination, structural density, and land-use intensity
are given 52%, 20%, 20%, and 8% weights, respectively. Each parameter was then
divided into several sub-parameters that were assigned a value from 1 to 3. The
highest value represents the most susceptible parameter to cause a landslide, while
the lower value represents the less susceptible parameter to cause a landslide. Then
the score of each classification is obtained by multiplying the value by the weight.
Based on the results of the calculation, the research area is then divided into three
zones of low, intermediate, and high landslide susceptibilities.

As the presence of water on a slope is considered as one of triggering factors
in landslides, field observation of water seepage, surface water, and precipitation
water was also conducted, upon which major ion components from these water
samples were used to determine hydraulic connectivity in high susceptibility zone.
Soil sampling weathered rock was also carried out for XRD analysis, which aims to
determine the presence of clay minerals that hold the potential to cause landslides.

3 Results and Discussion

3.1 Geological Condition

The research area consists of 11 lithological units and is divided into four geomor-
phological units. During the surface mapping, 62 landslides were identified. Most
of the landslides were relatively small, having approximately a size of 3 m wide by
3 m high, although slightly more massive landslides that have approximately a size
of 8 m wide by 8 m high were also observed.

Lithology. The lithology sequences from the oldest to the youngest unit are Manda-
lika lava, Mandalika breccia, intrusion, Arjosari sandstone, Campurdarat limestone,
Jaten conglomerate, Wuni volcanic breccia, Oyo calcareous sandstone, Wonosari
limestone, Argokalangan volcanic breccia, and alluvial. Most of the rocks in the
field already weathered from slightly to completely decomposed. XRD analysis
from weathered Mandalika breccia showed the dominant clay mineral composition
of halloysite and smectite. Besides, minor clay minerals, such as kaolinite, plagio-
clase, and mica are also can be found. Halloysite is quite susceptible to changes in
geotechnical characteristics. Smectite is expansive and high plasticity; therefore, it
is easy to swell when infiltrated by water.

Landslides commonly occurred in theMandalika breccia unit, which extends from
the south to the north due to the absence of smectite mineral. Mandalika breccia has
the widest coverage in Trenggalek, as shown in Table 2. Mandalika lava had several
landslides more than Arjosari sandstone. However, Arjosari is more vulnerable due
to its intense weathering and its numerous discontinuities.

Geological map of the research area is shown in Fig. 3a. Although the alluvial
had no landslides occurrence, it still holds potential movement due to its loose mate-
rial compositions. As the result of considerably different engineering characteristics
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Table 2 Lithological unit of the research area

Unit Area (%) Number of landslides observed

Mandalika Lava 11.96 10

Mandalika Breccia 39.16 31

Arjosari Sandstone 9.93 6

Intrusion 1.69 0

Campurdarat Limestone 7.66 4

Jaten Conglomerate 2.37 2

Wuni Volcanic Breccia 1.77 3

Oyo Calcareous Sandstone 0.51 0

Wonosari Limestone 2 4

Argokalangan Volcanic breccia 2.08 2

Alluvial 20.81 0

(a) (b)

(c) (d)

Fig. 3 a Geological map of the research area; b Slope inclination map of the research area;
c Structural density map of the research area and d Land-use map of the research area
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Table 3 Characteristics of the geomorphological unit

Unit Area (%) Slope inclination Elevation (m)

Gentle slopes of the strong-eroded plain 15.19 2°–8° 0–120

Intermediate slopes of the fault-controlled hills 29.34 8°–19° 6–677

Steep slopes of the fault-controlled hills 40.16 16°–28° 60–1002

Steep slopes of the lava flow ridge 15.31 17°–26° 116–1164

of the geological units, the residual soils of the intrusion, Campurdarat limestone,
Jaten conglomerate, Wuni volcanic breccia, Oyo calcareous sandstone, Wonosari
limestone, and Argokalangan volcanic breccia have a relatively thin bed (around
0.5–1 m) and had relatively small landslides dimension.

Geomorphology. The geomorphological condition of the research area is divided
into four units, as shown in Table 3.

The slope inclination map can be shown in Fig. 3b. The active surface geological
processes in the steep slopes of the lava flow ridge and the fault-controlled hills were
mainly erosion, while the active processes in the intermediate slopes of the fault-
controlled hills and gentle slopes of the strong-eroded plain were mainly erosion and
deposition.

During the field observation, 35 landslides were found in steep slope inclinations
(>25°) of steep slopes of the fault-controlled hills and steep slopes of the lava flow
ridge landforms, 25 were found in moderate slope inclinations (15°–25°), and two
were found in gentle slope inclinations (<8°–15°) of intermediate slopes of the fault-
controlled hills landform.

Geological Structures. Unlike other regions, the geological structure in Trenggalek
had a significant role in the occurrence of landslides. The geological structure of
either joints or faults could easily become a pathway for rainwater to weaken the
rocks. The structural density map of the research area is shown in Fig. 3c.

Land-Use Condition. Land use in the study area consists of forest, bushes, planta-
tion, dryfield, paddyfield, and settlement, as shown inFig. 3d,which are thengrouped
into three categories, i.e., forest, rice and dry fields, and settlement. Rice and dry fields
were the primary land use in the research area (73.18%), while the settlement area
was only a small part of the research area (9.28%). Road cut slopes consisting of
low strength soils and rocks in the research area were commonly unprotected and,
therefore, prone to failure, particularly during rainy seasons.

3.2 Landslide Susceptibility

The result of the research is shown in the map of landslide susceptibility in Fig. 4.
The high susceptibility zone covered approximately of 46.75% the research area and
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Fig. 4 Landslide susceptibility map of the Trenggalek Regency

characterized by having slope inclination ranging from 8° to 45°, having geological
unit consists of breccia and sandstone, having high-density geological structures, and
having land use in the form of settlement, dry fields, and plantation. The moderate
susceptibility zone consisted of 36.71% of the research area and characterized by
having slope inclinations ranging from 8° to 45°, having geological units of alluvial,
breccia, sandstone and lava, having moderate to high-density geological structures
and having land use in the form of plantation and settlement. The low susceptibility
zone occupied 16.54%of the research area and characterized by having slope inclina-
tion ranging from 8° to 45°, having a geological unit of alluvial, limestone, intrusion,
lava, and calcareous sandstone, having low-density geological structures and having
land use in the form of forest and plantation.

The result of the study shown that landslides could have occurred in the slopes
from 8° to 45° and mainly located in the fault-controlled hills landform. From the
wide ranges of inclinations, it is known that the slopes inclinations were not the main
controlling factor of landslides in the research area. The main controlling factors
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of landslides in the research area are lithological conditions in which weathered
intensively and formed a reasonably thick soil, dominantly composed of clay–silt
material. Dominant clay mineral composition of halloysite and smectite indicates
young clay minerals that quite susceptible to the change of geotechnical properties
[15].

Major ion components from precipitation water, seepage, and surface water
samples are collected to determine hydraulic connectivity in the hydrological system
in high susceptibility zone. There are six water samples taken from several villages
to be analyzed with the results, as shown in Table 4.

Both seepage and surface water indicate sodium bicarbonate type water, which
is similar to the chemical composition of the precipitation water. The enrichment
of calcium and chloride elements on the surface water is a result of the interaction
of rainwater with rock and soil. Nglinggis and Prambon areas consist of carbonate
rocks, which are members of Wonosari Limestone. It shows that precipitation water
mainly seeped through the joints and other discontinuities, making the rock prone
to the weathering process. The presence of discontinuity planes also acts as a weak
plane that facilitates the occurrence of the soil movement.

4 Conclusion

Surface mapping at 1:25,000 scale comprised of lithology, geomorphology, geolog-
ical structures, and land-use condition was conducted in an area of 1261 km2 to
develop a detailed landslide susceptibility map. Landslides commonly occurred on
steep slopes of the fault-controlled hills that having inclination ranging from 16°
to 28°, in the areas covered by residual soils of Mandalika Breccia unit, with high
geological structure density in the settlement areas. The high susceptibility zone
covered 46.75% of the research area and characterized by having slope inclination
ranging from 8° to 45°, having geological units of Mandalika Breccia and Arjosari
Sandstone, and having land uses in the form of settlement, dry fields, and plantation.
The rainfall water was confirmed as a source of groundwater in the slope that trig-
gers a landslide according to their chemical composition. Therefore, it is necessary
to control both surface and subsurface drainage on the slope.
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Riverbed Fluctuation Analysis of Small
Rivers Equipped with Stream Barb
Groins

Mizuki Sakai, Yugo Hashimoto, and Eiji Matsushita

Abstract Streambed degradation significantly affects riverbanks, causing various
problems such as unstable flood control. Stream barbs are therefore, used for stream-
bank stabilization; they are low-height masonry groins placed from the riverbank
to the upstream side and are intended to mitigate riverbed degradation as a form of
river flow control. In this study, the effect of stream barbs installed in 2018 in the
Tagawa River in Nagano Prefecture, Japan, was investigated via riverbed fluctuation
analysis using International River Interface Cooperative software. A terrain model
for simulation was created using a computer-aided design river section view, and a
hydrograph for May to December of 2018 was calculated from the stage discharge
curve (H-Q curve). The Tagawa River was assumed to have a four-stage peak flow
rate (maximum of 160 m3/s), with a design discharge of 410 m3/s. The analysis
confirmed that regardless of the peak discharge scale, sedimentation of soil occurs
at under 30–20 m3/s corresponding to the gradual decrease curve of discharge. The
fluctuation analysis results were comparedwith drone-captured images from January
2019, whereby the flow meandering conditions of watercourse formation, sedimen-
tation of soil, and scouring sites were determined. Overall, the simulation results
were confirmed to agree closely with the images. It was also confirmed that the new
side bar generated via the barb construction is effective in maintaining the sediment
and preventing the decline of the riverbank against flooding at the scale at which the
sidebar was generated, although the scouring becomes deep during flooding.

Keywords Fluctuation analysis · Stream barb · Riverbed degradation

1 Introduction

Riverbed degradation has significant effects on riverbanks and causes various prob-
lems such as unstable flood control [1]. To address this issue, stream barbs, which are
low-height masonry groins, are used for streambank stabilization and placed from
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the riverbank to the upstream side; they are designed tomitigate riverbed degradation
as a form of river flow control [2, 3]. A barb does not inhibit the flow of floods but
gathers soil and sediment along the bank revetment, making a side bar. If the barb
work is made lower from the riverbank to the tip with a side slope, then the side
bar forms easily. Additionally, it is more effective to install the barb at an angle of
20°–30° from the riverbank to the upstream side [4, 5]. Many small- and medium-
sized rivers are susceptible to more intense disasters with recent climate change. One
effective mitigation measure is maintaining the riverbed height and stabilizing the
riverbank by installing barbs.

Nagano Prefecture is one of Japan’s leading alpine areas, with many rapid small-
andmedium-sized rivers that flow into larger rivers. The TagawaRiver is a small river
that flows from Shiojiri to Matsumoto city, Nagano Prefecture. It is located 626 m
above sea level at lat. 36°10′15′′ N, long. 137°57′58′′ E, with a length of 18.4 km
(Fig. 1). The middle basin of the Tagawa River has experienced problems related to
riverbed degradation. River improvement projects were carried out in the analysis
area in 2018. Three wooden mattress stream barbs on the left bank and two riprap
works were constructed.

In this study, the effect of stream barbs installed in April 2018 at Tagawa River
were investigated using the International River Interface Cooperative (iRIC) riverbed
fluctuation analysis.

Fig. 1 Outline map of Tagawa River showing geographical location and construction drawing for
the analysis area
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2 Materials and Methods

2.1 Fluctuation Analysis Using iRIC

Fluctuation analysis was carried out using the iRIC software (ver. 2.3) with the
Nays2DH solver. The iRIC analysis software for river flow and riverbed variation
combines the Multi-dimensional Surface-Water Modeling System (MD_SWMS),
developed by US Geological Survey (USGS), and River Interface Corporative
(RIC Nays), developed by the Foundation of the Hokkaido River Disaster Preven-
tion Research Center. In this application, Nays2DH was developed from Nays2D.
Nays2DH is a planar two-dimensional solver developed to calculate river flow,
riverbed change, and riverbank erosion.

TerrainModel ConstructionMethod. The general steps of performing a simulation
are creating a grid for calculation using river survey data and/or digital elevation
model (DEM) data; setting simulation discharge, boundary conditions, roughness,
and other parameters; and then finally running the simulation. However, the study
area was a section of the river that consisted of completed construction works. Thus,
the terrain model for simulation was created by five river section views of computer-
aided design (CAD) drawings obtained from surveying andmapping for construction
works. Terrain data were created using the cross-sectional view and the plane figure
at the completion of the river improvement construction in the analysis section.
Although the cross-sectional view shows five cross sections at 50-m intervals (total
construction section length: 200m), the terrain data had seven cross sections (analysis
target area: 300 m) because the analysis section was extended by 50 m from the
upstream and downstream ends of the construction section for stable analysis.

To import the terrain data into iRIC, it is necessary to create a.riv file that holds
the coordinate values at points (obtained by dividing each cross section into 76
points, including changed gradient points) and the elevation values. These values
were calculated using CAD software (JW_CAD). The analysis grid is used by the
solver to performcalculations.Oneof the iRICgrid generation functions uses the river
surveying data (.riv file) to generate the grid. In this analysis, the number of cross-grid
divisions on the moving bed was 12, the cross-grid on the fixed bed was divided into
six cross sections, and the division interval between cross sections was 1.3 m. The
elevation on grid points was calculated by linear interpolation (using distance along
the grid line) based on the.riv file. This interpolation method is appropriate because
it was confirmed from the construction drawing that the bed slope was constant.

Survey Methodology of Riverbed Material. The grain size accumulation curve
was obtained from an experiment using onsite soil samples taken in 2019. Five
samples were collected from the analysis field. Though the grain size distribution
of the riverbed material is generally examined via image analysis techniques, sieve
analysis was used in this case to achieve an accurate grain size distribution abiding by
the Japan Geotechnical Society standard [6]. The sample collected from a location
between the upper andmiddle barbs of the left bankon the sitewas used for fluctuation
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analysis by iRIC. For this site, it was confirmed that 89.5% of the sample was under
75 mm in grain size. The resulting D50 was 30.2 mm.

Analytical Condition of Model and Hydraulic Parameters. The following three
aspects were examined prior to this analysis: (1) whether to use single or mixed
particle sizes for the bedmaterial in the analysis, (2) whether to consider only the bed
load or the bed load and suspended sand in the condition of sediment transportation,
and (3) whether the particle size is less than 0.85 mm. The analysis conditions
determined based on the examinations were (1) the bed material was to contain
mixed particle sizes, (2) the particle size used was to be 0.85 mm or more, and
(3) sediment transportation was to consider only the bed load. Additionally, the
coefficient of roughness was set to 0.05 for the fixed bed and 0.03 for the moving
bed, from the characteristics of the river in line with the practical guidemanual issued
by the Ministry of Construction. Two types of fluctuation analyses were performed
under the following conditions.

Examination of Riverbed Fluctuation via Long-Term Runoff Analysis. The hydro-
graph for analysis was created from the hydrograph in the analysis section, obtained
from the stage discharge curve (H-Q curve) for sevenmonths, fromMay toDecember
2018. The average daily discharge of 0.45 m3/s or more was extracted; this value
(0.45 m3/s) is the 275-day discharge confirmed by the discharge curve in the analysis
section. This result was obtained on the assumption that the bed does not fluctuate
below the 275-day discharge. Additionally, because large floods were confirmed two
times (in July and October 2018), the average hourly discharge was extracted from
those events. All the extracted data were arranged in the order of the time axis,
and one flow was discharged every hour in the analysis. We compared the results
obtained from the analysis of the model with the elevation data obtained from aerial
images from a drone flight in January 2019. As a comparison method, two types of
deposit amounts from the time of completion were obtained from the aerial images
and analysis results, and the accuracy was confirmed from the difference between the
two types of deposit amounts. Additionally, we confirmed the change of the particle
size and the bed height during the floods from the analysis results. The amount of
deposition was obtained bymultiplying the area value of the analysis grid (calculated
by Heron’s formula) and the change in elevation from the time of completion.

Examination of Riverbed Fluctuation with Change in Discharge Scale. To clear the
effects on sedimentation condition by discharge volume, four-stage peak flow rates
(maximum150m3/s)were assumed for the TagawaRiver, where the design discharge
was 410 m3/s. The hydrograph for this analysis was created by adding two larger
floods to the previous analysis. The gradual decrease curves and peak discharges of
these floods were adjusted on the basis of the October hydrograph (peak discharge
of approximately 60 m3/s). We considered the situation of riverbed fluctuation in
each flood from the viewpoints of the scale of peak discharges and the deposition
tendency of the gradual decrease curves.
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2.2 Aerial Photography by Drone and Image Analysis
Method

After the completion of the river improvements in May 2018, two flood events
occurred in the investigation area in July and October 2018. An aerial image was
captured by a drone (DJI Phantom4) in January 2019 to confirmwhether the riverbed
movement was associated with the sediment movement due to the floods. The images
were captured with a 75% overlapping rate in the direction of the air route and
60% overlapping rate between air routes. From a height of 40 m, 87 images were
captured by automatic flight. One imagewas developed from these photographs using
AgiSoft MetaShape. AgiSoft MetaShape software is used for automatic close-range
photogrammetry data processing. This image contains the altitude data from the GPS
function of the drone. Additionally, three-dimensional data were obtained by using
survey coordinates. The image data were used as measured data to compare with the
results of the model analysis.

3 Results and Discussion

3.1 Results of Model Analysis and Aerial Images

Comparison of Model and Image. The aerial photograph taken by the drone in
January 2019 and the simulation results of the fluctuation analysis are shown in
Fig. 2.

It was observed that sedimentation occurred between the upper and the middle
barb at the left riverbank, and the riverbed was deepened by scour at the tip of the
barb. Comparing the model results with drone images confirmed the close agreement
in the sedimentary parts and scouring sites. However, the flowmeandering condition
of the watercourse formation of the model was stronger than that shown in the aerial
image. Therefore, the lower sedimentary area of the second barb of the left bank
in the model became smaller than that in the aerial image. The barbs on the left
bank are permeable because they have wooden mattress groins. Although the aerial
image shows the scour and sedimentation reflecting the characteristics of the actual
permeability of the barbs, it is considered that the model result was different because
of the impermeable groins setting. For the riprap groins on the right bank, a large
particle size (e.g., 500 mm) was given and was analyzed as a moving bed. However,
because the particle size distribution was set to be uniform, the particle movement
due to the flood was not accurately reflected. Additionally, these groins were set
with a large-size riprap with permeability; however, water flow on ripraps could not
be reflected, and it was considered that the meandering condition became stronger.
Although it was confirmed that the trend of riverbed elevation change could be
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Elevation (m) 

Fig. 2 Aerial image of analysis area taken in January 2019 and results of fluctuation analysis of
riverbed

estimated, it is necessary to further modify the model conditions to accurately reflect
the soil sedimentation volume as a revetment protection effect by the barbs.

Accuracy Check of the Model. We calculated the amount of soil sedimentation
after completion for both the aerial image and the model. The result of the model
was subtracted from the result of the aerial image, assuming the result of the aerial
image as the true value. The positive and negative errors of the model result are
shown in the occurrence frequency distribution graph on the left side of Fig. 3. In
the right side of Fig. 3, the difference in sedimentation volume between the aerial
image and the model simulation is shown for each mesh. Although the mesh size is

Fig. 3 Accuracy check from the viewpoint of difference in sediment volume between aerial image
and model
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Fig. 4 Sedimentation and scouring trends of the aerial image and the model

different at each point, the analysis section is shown as a rectangle. The positive and
negative errors are shown by color bars; and the error is smaller at the blue points and
larger toward the red points. A total of 2614 mesh data were analyzed, of which 1567
results were in the range from −0.3 to +0.3. The accuracy of this data is confirmed
by the prevalence of the blue color in the right figure; however, it was confirmed that
the error was large in two places, the sedimentary areas between the riprap groins on
the right bank and upstream of the first barb on the left bank.

In Fig. 4, the error distribution due to changes in riverbed elevation is shown for
both the sedimentary part and the scouring part. The gray gradation part is the part
where accumulation and scour were confirmed by the aerial image, but it was not
captured by the model. In the color bar, the error is smallest at the yellow points. The
areaswhere themodel underestimated the elevation change are shown in blue (e.g. the
scour is shallow in the scour part, and less deposition is in the sedimentation part), and
areas of model overestimation are shown in red. In the sedimentary area, upstream
sedimentation and sedimentation between the barb works are underestimated by
the model, and downstream sedimentation near the water route is overestimated. In
contrast, it was confirmed that although the scouring part showed a relatively close
agreement between the aerial image and the model, the model underestimated the
areas from the barb tips. It was suggested that one of the reasons for the errors in
both the sedimentation area and the scour area was the meandering of the water
route in the model. Although it was confirmed that the trend of riverbed elevation
change could be estimated, it is necessary to further modify the model conditions to
accurately reflect the soil sedimentation volume as a revetment protection effect by
barbs. In particular, it should consider the permeability setting, the confirmation of
the upstream and downstream bed slopes, and the sediment supply conditions.
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3.2 Riverbed Deformation During the Flood

Time trends of riverbed deformation by the flood and mean diameter of riverbed
materials before the flood (I), during peak discharge (II), and after the flood (III) are
shown in Fig. 5. The left and right sides show the results of cross sections A and B,
respectively. Cross sections A and B have both sedimentation and scouring areas,
with a transition zone between these areas. The riverbed materials were composed
of small- to medium-sized sediments (under 40 mm). In the transition zone of cross
section A, the riverbed elevation decreased during the peak discharge of the flood.
Simultaneously, the transition zone that forms the side bar near the scouring disap-
peared; the riverbed elevation of the scouring areas increased, and the grain size
became smaller. After the flood, the side bar at the transition zone was expanded

Fig. 5 Results of riverbeddeformationbyfloodat cross sectionsAandB in the numerical simulation
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mainly by small-diameter sand; it returned to a riverbed topography similar to that
before the flood occurred. The grain size proportion also recovered to that before
the flood. Sedimentary parts between barbs were composed of small-sized soils with
an average grain size of 20–30 mm. During the floods, streams overflowed above
the new sedimentary parts generated by previous floods; small- and medium-sized
sand was re-deposited by the current flood. At a point 18.1 m from the left bank, the
elevation decreased from 626.3 to 625.8 m due to the flood. However, re-deposition
occurred at the same point, and the elevation recovered gradually to 626.1 m. The
sedimentation areas remained during the floods, although their positions changed
closer to the bankside. In cross section B, however, the transition zone generated by
the previous flood was eliminated by the larger-scale flood and did not recover. The
elevation of the sedimentation area reduced. The Shields number is a dimensionless
number that explains the attractive force at a riverbed. The critical Shields number
for D50 was calculated using an equation developed by Iwagaki [7]. That number
for this analysis area is 0.05, which is the value at which the sediment will start to
move. In cross section B, the Shields number always exceeds 0.05 during a flood. It
was suggested that sedimentation did not occur during the gradual decrease curve.
In cross section A, the Shields number became less than 0.05 at the discharge used
for analysis. Therefore, it was considered that the movement of the sediment was
small, and sedimentation was also promoted at the transition zone, as in the water
route, by the sediment supply from the upstream cross section B. It was confirmed
that the scouring depth and position of the sedimentation area were changed by the
flood scale, but the composition of the mean diameter at both A and B before the
flood shows a similar tendency to that after the flood.

Regardless of the discharge peak, it was suggested that the deposition tendency
was repeated during the gradual decrease curve. To promote the sedimentation of
soil near the bank revetment and re-deposit, it after flooding on the side bar, it is
necessary to carefully consider the position of the barbs, the change in the Shields
number depending on the flow velocity, and the condition of the upstream soil supply.

3.3 Riverbed Fluctuation by Discharge Intensity

A hydrograph of the four-stage peak discharge used for fluctuation analysis and the
results of riverbed deformation with the elevation of the scouring areas (A, B, and
C) and sedimentation areas (D and E) are shown in Fig. 6. Large scouring occurred
at a peak discharge of 50 m3/s near the tips of the barbs A and B. The riverbed was
rendered the lowest at site B, with a decrease of approximately 1.5 m. In subse-
quent floods, the riverbed elevation temporarily decreased during the flood; then,
re-deposition occurred at the time of the gradual decrease curve, and the riverbed
did not decrease further. The lower elevation limit was approximately 625 m. The
degradation tendency of site C is different from that of sites A and B; the large
reduction in the riverbed due to one flood did not occur, and the riverbed gradually
decreased as the flow rate increased. Temporary and rapid elevation changes were
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Fig. 6 Riverbed fluctuation of four-stage discharge intensity. The left axis shows the four-stage
discharge used for numerical simulation, and the right axis shows the riverbed elevation of each
point

confirmed to occur at the peak discharge at any site, which were suggested to be
related to the change in stream velocity and bedload with an increase in discharge.
Regardless of peak discharge, re-deposition of soil occurred below 30–20 m3/s in
the gradual decrease curve. In the sedimentary area, i.e., the first barb on the left
bank at site D, the riverbed rose gradually as the discharge increased and temporarily
decreased during floods; however, it tended to rise while redepositing during the
gradual decrease curve. This result suggests that sedimentation beneath the barb is
directly caused by repeated floods. At site E, far from the barb, a large amount of sedi-
mentation occurred until the second peak (less 70 m3/s), but the riverbed gradually
decreased at the peak thereafter. It is necessary to investigate the effective distance
and area from barbs and the tendency of flooding on a larger scale to determine
whether sedimentation can be maintained.

4 Conclusions

Simulations using barbs agreed closely with aerial photographs taken by a drone
showing actual flow and riverbed conditions. The new side bar generated by the
construction of the barb was effective at maintaining the sediment and preventing
the decline of the riverbank against a flood of the scale at which the side bar was
generated, although the scouring became deep during flooding. However, the barb
installed at the site where the riverbed was degraded had a higher Shields number
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and a lower sedimentation effect than the downstream barb. Thus, placing barbs on
the upstream side of the problematic site is effective in revetment protection. Further
research is required for greater-scale flooding and long-term effects from barbs.
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The Mechanism of Riverbank Erosion
Caused by Ship-Generated Waves Along
Hau River’s Entrance Navigation
Channel, Southern Vietnam

Son Huu Nguyen, Tin Trung Huynh, Vinh Trong Bui, and Ngo Van Dau

Abstract From the past, earning living of the people in the lower of Mekong River
has been acquainted with the ships and boats in the density river system. Gradually,
waterway has become the key factor for area developing, intensity of commercial,
and recreational navigation. Inland movement of the cargo ship brings a significant
efficient on cargo shipping which impulses the regional economic development.
However, impacts from inland movement should be considered seriously. The drawn
followed by shipmovement put a pressure on the riverbanks which causes turbulence
and erosion potentially. This paper carried out several field measurements on bank
structures and ship movements to assess the potential impacts of ship-induced wave
onHauRiver’s entrance navigation.As results, the riverbanks could resist the external
shear stress by maximum wave height from 40 to 60 cm.

Keywords Artificial channel · Ship-induced wave · Turbulence · Bank erosion

1 Introduction

Because of the high economic importance of the waterway traffic, Hau’s River has
become the key channel, which allows the large cargo ship to enter the inland ports.
Due to the high sedimentation rate of Dinh An estuary, a new artificial route, which
is shown in Fig. 1, has been provided nearby the existing route to ensure the safe
movement of the vessels. Natural erosion occurs by many factors which are natural
properties and human-being factors [2]. These natural properties are wind-wave,
current, tidal, geological structure of the riverbank. Human activities contribute a
significant impact on the bank loss including buildings along the riverbank, ship
movement, dredging, etc.

Wind generated wave is the natural properties, which requires a long distance
of surface water to affect the bank and have limited chances to cause erosion. In
this paper, the authors have carried out several field measurements to determine the
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Fig. 1 Maps of studied area

eroding resistant of the riverbanks of the navigation channel of Hau’s River. The
main reason of this paper is to determine the potential impacts of the ship movement
to the bank’s stability.

The navigation profoundly impacts on aquatic ecosystems, bank erosion, and
deposition [1]. During the movement on the surface water, they create the hydrody-
namic impacts, lead the pressure, and generate the front wave to the riverbank [3].
Ship-generated wave has been the most topic which took considerations of many
researcher around the word. Relationship of ship movement and water disturbance
has been developed by Havelock (1908). During the movement in unrestricted water
body, the primary wave system is rather small, as transport of water to the sides is
possible. Nowadays, it has experimentally determined the maximum wave height
which is resisted by bank sediment from eroding [6]. The primary wave system is
here depicted more accurately than the idealized state described earlier, with the
crests displaced some distance from the ship bow and stern.

Thewave system created by a vessel is distinctively different depending on several
factors. First, the characteristics of ship-induced waves differ greatly depending on
whether they are formed in deep or shallow and unrestricted or restricted waters
[4]. Other factors which affect the wave system are ship dimensions and hull design
[5]; movement velocity, and shallow water depth [5]. Depending on the river profile,
water flows have different transport patterns, regarding for example the mean flow
rate. In addition, the location of the shipping lane has also significantly affect on the
ship-induced.
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2 Methodology

2.1 Field Investigation and Measurement

The authors have carried out several field trips to measure the wave characteristics,
sample the bank material composition. The borehole samples were picked up and
experimental analysis in the laboratory. The analytical results from borehole sample
allows the author to determine the resistance of the riverbank from external forces
causing eroding. Location of site investigation is given in Table 1.

Meanwhile, to evaluate the potential impacts of the ship-generated waves, the
on-site wave measurement using the AWH-Infinity Wave Height Meter has been
conducted. The purpose of site monitoring is to measure the wind-wave and ship-
generated wave at the project area. Chosen location for monitoring is (01) at the
SK-01 (in the artificial estuary) and QCB-01 in Quan Chanh Bo channel (Table 1).

Table 1 Location of site investigation

No. Sample ID Position Parameters measured

Latitude (m) Longitude (m)

1 KT01L 666,152.15 1,058,543.58 Geological sample

2 KT01R 666,552.00 1,058,782.54 Geological sample

3 KT02L 664,959.66 1,059,654.87 Geological sample

4 KT02R 665,172.13 1,060,035.63 Geological sample

5 KT03L 662,805.12 1,061,624.06 Geological sample

6 KT03R 663,192.92 1,061,754.08 Geological sample

7 KT05L 660,985.96 1,063,402.70 Geological sample

8 KT05R 661,301.16 1,063,716.40 Geological sample

9 QCB01L 659,824.60 1,064,031.00 Geological sample

10 QCB01R 660,231.14 1,064,440.25 Geological sample

11 M1-2 658,145.00 1,064,558.00 Geological sample

12 M1-3 653,379.81 1,065,148.94 Geological sample

13 M1-4 653,854.96 1,064,870.03 Geological sample

14 HK1-1 649,795.53 1,064,424.92 Geological sample

15 HKT16-1 643,496.31 1,063,193.90 Geological sample

16 HKT26-1 650,294.24 1,064,241.05 Geological sample

17 HKT28-1 647,118.32 1,063,619.96 Geological sample

18 HKT23-1 645,748.05 1,063,663.12 Geological sample

19 QCB-01 643,872.50 1,063,038.77 Wave measurement

20 QCB-02 643,552.94 1,063,193.90 Wave measurement

21 SK-01 667,101.01 1,058,292.07 Wave measurement

22 SK-02 666,664.53 1,058,216.49 Wave measurement
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Fig. 2 Borehole sample of riverbank material (left) and setting of site wave measurement using
AWH-Infinity equipment (right)

2.2 Determine the Ship-Generated Wave

During the later nineteenth century, the first ship wave theory was developed by
Kevin using Bernoulli equation [4]. The primary theory of ship-generated wave is
given as Eq. 1.

(
U 2

2
+ gz + p

ρ

)
1

=
(
U 2

2
+ gz + p

ρ

)
2

= constant (1)

where U = ship velocity relative to water velocity (m/s); g = acceleration due to
gravity (m/s2); z=distance from reference level (m);p=pressure (Pa); andρ =water
density (kg/m3). The maximum wave height created by a ship is the relationship of
ship velocity (U) and the overall ship dimensionswhich can theoretically be estimated
as:

H = U 2

g
β(F∗ − 0.1)2

(
y

Ls

)−1/3

(2)

The bed shear stress followed by ship movement is dependent by orbital velocity
(Uorb, m/s) and wave friction factor ( fw). The orbital velocity of the linear wave is
defined by:

Uorb = πH

T ∗ sinh(2πh/L)
(3)

where Uorb = wave orbital velocity near the bed (m/s); H = wave height (m); T =
wave period (s); L = wave length (m); and h = SWL depth (m). The wave friction
factor is defined by the relationship of length scale A = (Uorb * T )/2π (m) and
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roughness z0 (m) as fw = 1.39
(

A
z0

)−0.52
. The bed shear stress from oscillatory flow

alone is defined by, among others, Voulgaris et al. (1995),modified bySoulsby (1997)
and Althage (2010) [7] define the wave orbital velocity as:

τw = 1

2
ρ fwU

2
orb (4)

3 Results

3.1 Bank Material Composition

Littoral material plays a very important role in the bank stability. It is one of the
most important things on bank stability. Based upon the grain size distribution and
moisture, riverbanks have their own resistance fromeroding [3]. Figure 3 summarizes
the grain size varying the navigation channel which records the predominant of silk
and clay material (>60%). Regarding the cohesive soils, the eroding resistance is
defined by the percentage of clay in the bank material [9], certainly, the critical shear
stress of the bank materials at navigation channel is given in Fig. 4 [8].
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Fig. 3 Grain size distribution along the navigation channel
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Fig. 4 Relationship of clay contribution and critical shear stress on the littoral material samples

3.2 Ship-Induced Wave Measurement

There were total four measurements conducted at two location separately. As inten-
tion, the monitoring measurement has focus on the wind-wave and ship-generated
waves. Figures 5 and 6 illustrate the recorded data from the wave characteristics. It
was found that, the wind-wave at the starting point in the Tat channel (SK01) higher
than in QCB channel. The normal wave (wind-wave) in the SK01 varies from 0.2 to
0.65 m [10] while the wave height in QCB is 0.1–0.3 m. Wave height is one of the
most important generating the pressure on the river bank.

Table 2 determines shear stress generated by waves recorded in navigation
channel. It was seen that, the pressure of >0.6 m wave height on the riverbank is
approximately 20 N/m2.

Ship-generated 
wave 

Fig. 5 Ship-generated wave measured at SK01 station
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Ship-generated 
wave 

Fig. 6 Ship-generated wave measured at QCB02 station

Table 2 Calculated orbital velocity and shear stress created by ship-generated wave

Wave No. Height (m) Period (s) Orbital velocity (m/s) Shear stress (N/m2)

1 1.406 7.308 0.691 336.342

2 0.813 9.322 0.935 87.554

3 1.108 14.895 0.563 145.048

4 0.600 22.627 0.730 30.029

5 0.400 9.762 1.629 16.444

6 0.715 9.903 1.002 63.740

7 0.026 4.241 222.799 0.000

8 1.226 14.768 0.628 108.507

9 0.149 14.902 3.590 0.745

10 0.149 14.895 3.592 0.744

11 0.149 14.908 3.588 0.745

12 0.573 6.943 1.915 20.518

13 0.133 8.975 6.421 0.392

14 0.224 12.830 2.795 2.047

15 1.390 14.877 0.566 143.661

The purpose of bold is to emphasize the highlight the value compared with resistance value in Fig. 4

4 Discussions

Soil materials and moisture play an important role in the bank stability. Contribution
of the clay material has significant effect on the eroding resistance from external
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impacts including current, wave, and other impacts. Assuming that other impacts are
beyond from this study, the bank erosion rate could be determined by the subtraction
of the shear stress generated from ship movement and the critical shear stress of the
bank material.

Comparing the calculated external shear stress from the ship movement, soil
material along navigation channel could resist the external stress of under 0.4 m
height wave generated.

5 Conclusion

High percentage of clay component plays an important role in the eroding resistance
of the bank material. According the field survey boreholes data, the soft layer on the
riverbanks could resist the external stress of 12–20 kN/m2. As results, soil material
alongHau’s navigation channel could resist the external stress of 12–20 kN/m2 which
could be generated by the 0.4–0.6 m ship wave in respective.
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Abstract In Japan, the construction of extensive infrastructure such as roads, rail-
ways, airports, energy plants, and so on, became popular from the 1960s when the
period of high economic growth began, and high-level investments continued for
about 40 years. Recently, infrastructure serious accidents have occurred, which is
caused by aging or lack of inspection are of significant social concern. Therefore,
as the population declines in the future, infrastructure monitoring using wireless
sensor networks (IoT, Internet of things) is an urgent issue. On the other hand, the
power supply is indispensable for driving the sensor device and transferring data.
In this research, focusing on microwaves (electromagnetic waves) radiated from
broadcasting and/or telecommunication that have been rarely reused, a battery-less
infrastructuremonitoring sensor platform that uses electromagneticwaves as a power
source is realized. The proposed system is composed of a circularly polarized wide-
band planar antenna, rectifier circuit with impedancematching circuit, sensormodule
and Bluetooth low energy (BLE) module. For the feasibility study, the temperature
and humidity sensors are attached on the surface of a concrete block, which is the
model of the infrastructure. The 920 MHz RF signal is injected into the receiving
antenna as a power source. The data of the temperature and humidity are trans-
mitted to the smartphone or laptop computer at every 2-s interval. We can obtain the
battery-less infrastructure monitoring sensor platform.
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1 Introduction

The construction of extensive infrastructure such as roads, railways, airports, energy
plants, and so on, became popular from the 1960s when the period of high economic
growth began, and high-level investments continued for about 40 years in Japan.
Recently, infrastructure serious accidents have occurred, such as the fall of the ceiling
of the Sasago Tunnel in Chuo Expressway in 2012, which is caused by aging or lack
of inspection. And there is a sizable social concern [1]. Therefore, as the population
declines in the future, infrastructure monitoring using wireless sensor networks (IoT,
Internet of things) is an urgent issue [2].

On the other hand, the power supply is indispensable for driving the sensor device
and transferring data. “Energy harvesting” also called “environmental power gener-
ation” means a power generation technology that harvests various types of environ-
mental energy such as light, heat, and vibration, including solar power, and converts
it into electrical energy [3–5].

In this research, focusing on microwaves (electromagnetic waves) radiated from
broadcasting and/or telecommunication that have been rarely reused, a battery-less
infrastructuremonitoring sensor platform that uses electromagneticwaves as a power
source is realized. The 920 MHz RF signal, which used as radio frequency identifier
(RFID) tag system, is injected into the receiving antenna as a power source. The
proposed system is composed of a circularly polarized wideband planar antenna,
rectifier circuit with impedance matching circuit, sensor module, and Bluetooth
low energy (BLE) module. For the feasibility study, the temperature and humidity
sensors are attached on the surface of a concrete block, which is the model of the
infrastructure.

2 Rectifier and Antenna Designs

In this section, the rectifier and the antenna are designed and fabricated. Rectifier
and antenna designs are validated using circuit and 2D electromagnetic field (EM)
simulator (ADS,Keysight), and 3DEMsimulator (HFSS,Ansys), respectively [6–9].

Figure 1a shows the circuit model of the voltage doubler, which is composed of
the diodes and capacitors. In this design, the SPICE model of the diode (SMS7621-
079LF, Skyworks) was used for simulation. In this figure, Z inR means the input
impedance of the proposed voltage doubler. Figure 1b shows the circuit model of
the rectifier. The equivalent circuit of the voltage doubler represents CL and RL

parallel circuit, which is indicated with Z inR, as shown in Fig. 1a. To realize the
wideband impedancematching characteristic, the transmission line and two inductors
(impedance: Za) are inserted before the voltage doubler. The electrodes and metal
lines are modeled by using the EM simulator and co-simulated with the SPICE
simulation.
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(a)                                                                 (b) 

Fig. 1 Circuit model of the voltage doubler (a) and proposed rectifier with impedance matching
circuit (b)

Figure 2a shows the layout of the proposed log-periodic dipole antenna (LPDA).
This antenna is based on the half-wavelength dipole antenna. There are two metal
lines: one is the upper metal (red), and another is the bottom metal (green). To
enhance the bandwidth, both metal planes are tapered. To reduce the antenna size,
we adopted the spiral structure. RF signal is injected at the center of the spiral
structure with coaxial cable. The signal line of the coaxial cable is connected to
the upper spiral metal and the GND line is connected to the bottom spiral metal.
The dielectric constant of the substrate is 4.2. The size is 60 × 83 × 15 mm with
a reflector. Figure 2b shows the simulated 3D radiation pattern of the antenna. The
simulated maximum gain is 8.89 dB in the +Z-direction as shown in Fig. 2b.

3 Measurement Results

3.1 Rectifier Measurement

Figure 3 shows the layout and photograph of the proposed antenna. A black area
shows the metal area (See Fig. 3a). A coplanar waveguide (CPW) structure, which
has aGND-signal-GND(G-S-G) line on the topmetal, is utilized. It is easy to optimize
the characteristic impedance of the CPW by changing the width of the signal line or
each gap size. In this configuration, the width of the center conductor is 4.7 mm and
both gaps are 0.4 mm. As shown in Fig. 3b, RF signal is injected from the left side
in the photograph and a coaxial connecter that has 50 � characteristic impedance is
connected. The DC output is obtained from the right side. The size of the rectifier
(Fig. 3b) is 31 × 22.5 mm.

Figure 4 shows themeasurement setup and setup photograph. The signal generator
and voltmeter are connected to the input and output port of the proposed rectifier.
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(a) 

(b)

Fig. 2 Layout of the spiral LPDA (a) and simulated radiation pattern of the LPDA (b)

Fig. 3 Layout of the proposed rectifier (a) and the photograph of the rectifier (b)
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Fig. 4 Efficiency measurement setup and setup photograph

The efficiency (η) is calculated by the following equation:

Pdc = V 2
out

RL
(1)

η = Pdc
Prf

= Vdc

V 2
L × Prf

(2)

where Pdc is the output DC power at RL, Prf is the RF input power, and V dc is the
output DC voltage. Figure 5 shows the input power dependence of the measured η

at 0.8 GHz.

Fig. 5 Input power dependence of the measured η at 0.8 GHz
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Fig. 6 Photograph of the proposed antenna

3.2 Antenna Measurement

Figure 6 shows the photograph of the proposed antenna. In the figure, the coaxial
cable, which has 50 � input impedance, is connected from the backside. The
measured antenna gain is calculated by the following Friis transmission equation
[10]:

G t =
(
4πr2

λ

)
Pr

PtGr
(3)

where Pt and Pr are the transmitting and receiving power, Gt and Gr are the antenna
gain, r is the distance between the antenna, and λ is the wavelength, respectively.

Figure 7 shows the measured antenna gain at a different frequency. The proposed
antenna has 7.6 dBi gain in the measurement.

3.3 Battery-Less Sensor Measurement

Figure 8a shows the experimental setup for temperature and humidity measurements
on the concrete block with a battery-less sensor system. The transmitted signal is a
license-free band (920 MHz and 20 dBm). The BLE module, and temperature and
humidity sensor device are in Fig. 8b. Tx (transmitter) and Rx (receiver) antenna
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Fig. 7 Frequency dependence of the antenna gain

Fig. 8 Photographs of the measured setup (a) and rectifier and sensor section (b)

are the same as that in Fig. 6. The data of the temperature and humidity on the
concrete block are transmitted to the laptop computer every 2 s as shown in Fig. 9.
If the sensor is changed, for example, a strain sensor, stress sensor, accelerometer or
moisture sensor, we can realize the real-time monitoring platform for infrastructure.



914 H. Kanaya et al.

Fig. 9 Photograph of the measured result (temperature vs. time)

4 Conclusions

The battery-less infrastructure monitoring sensor platform that uses electromagnetic
waves as a power source is realized. The 920 MHz RF signal is injected into the
receiving antenna as a power source. The data of the temperature and humidity on the
concrete block are transmitted to the laptop computer as well as the smartphone every
2 s by using BLE module. We can obtain the battery-less infrastructure monitoring
sensor platform.
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Developing a Sustainable System
for Early Warning Against Landslides
During Rainfall

Yan Liu, Hemanta Hazarika, Osamu Takiguchi, and Haruichi Kanaya

Abstract Landslides have beenoccurring frequently because of rainfall,which leads
to serious consequences, often plugging rivers, disrupting transportation, commu-
nication, and other lifeline projects and posing a serious threat to people’s life and
property. Therefore, effective early warning system for rainfall-induced landslide is
particularly important. This research presented the development of early warning
system that includes soil moisture sensor, temperature sensor, and data transmis-
sion system. Some tests were carried out to evaluate the feasibility of the developed
system under different water contents. Test with different sample depths under the
same water content was also used to verify the accuracy of this system. The results
show that, the sensitivity of the sensor is affected by the initial state, and it takes about
10–20 min to reach the stable measurement state. With the increase of water content
in soil samples, the resistance value obtained by the system decreases accordingly,
which is consistent with theoretical results. The tests of early warning system also
worked well under different depths of the same soil sample. The development of the
current warning system is the basis for predicting landslides in the future, and lower
development costs and accurate test results make it possible to be widely adopted to
both the developed and developing nations.

Keywords Landslide · Early warning system · Low cost ·Water content · Sensors

1 Introduction

In recent years, landslides have been occurring frequently because of rainfall. For
example, a series of landslide disasters occurred in Kumamoto Prefecture, Japan,
in July 2003 due to continuous heavy rains. Among them, the landslide formed a
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mudslide that hit villages under the action of flash floods, causing immeasurable
property losses and casualties [1]. In June 2010, a landslide occurred in Gangwu
Town, Guanling County in China, leading the death of 99 and burying 37 houses by
the damage of heavy rain [2]. In July 2017, localized and torrential rainfall has caused
a massive landslide, debris flows, and flooding of rivers resulting in devastating
damage to several areas of the Fukuoka and Oita prefectures of Kyushu, Japan [3].
On October 11, 2018, a number of landslide disasters occurred in West Sumatra and
North Sumatra provinces of Indonesia due to rainfall. Many houses collapsed and
the death toll reached more than 27. The global landslide database recorded a total
of 2,620 landslides, causing 32,322 deaths within 6 years [4]. Therefore, the early
warning system for rainfall-induced landslide is particularly important in saving
human lives and protecting property.

Many scholars have continued to study the stability of rainfall-induced landslide
for a long time [5, 6]. In previous studies, GlobalNavigation Satellite System (GNSS)
is one of themain technicalmeans to continuously obtain real-time three-dimensional
vector deformation of landslide surface. It has become a common system for high-
precision monitoring of landslides in complex areas [7, 8]. However, professional
GNSS monitoring equipment is expensive, both in terms of the equipment and in
terms of its installation, meaning that their application is limited to well-funded
projects. The problem of high cost makes it impossible to deploy large-scale profes-
sional GNSS monitoring equipment [9], especially in developing countries where
geotechnical disasters occur frequently. And, therefore, it is crucial to build an inex-
pensive and sustainable landslide warning system. Recent research showed that the
early warning system based on different sensors and IoT technology is practically
versatile and effective; thus, it was widely used in landslide monitoring and early
warning, and generated considerable related research interest. In general, a whole
early warning system includes temperature sensor, soil moisture sensor, and wireless
data transmit. Many scholars have conducted research on sensors to screen out more
suitable and low-cost devices [10–12].

In this study, a real-time landslide early warning system consisting of temperature
sensor, soil moisture sensor, and wireless communication system was developed.
Tests were used to verify the feasibility of the sensor based on soil samples with
different water content. The accuracy of this system was also tested with different
sample depths under the same water content. The newly developed transmission
system with micro-module and A-term allows us to receive sensor data in real time,
whether it is on a mobile phone or a PC. Solar battery will be used in running the
sensors and transferring data. The purpose of this study is to evaluate the effectiveness
of this system,which is the basis for landslidemodel tests in the future and large-scale
launch in the rainfall areas.
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2 Scheme of the System

2.1 Temperature Sensor and Soil Moisture Sensor

In this research, the M5STACK-EARTH-UNIT sensor was used to test the temper-
ature, humidity, and resistance. The sensor has the adjustable threshold (including
adjustable 10 k� resistor), and grove interface equipped with two mounting holes.
It also has the function of analog and digital output. The sensor unit is small in size
(7.0 * 2.5 cm) and easy to install. The weight of the sensor is only 100 g, so that the
proposed system can be used extensively in hard-reached places in a landslide-prone
area. The total cost of the sensor is very cheap, making it very easy to install and use
on a large scale.

2.2 Micro-Module and Mobile Router

ESP32-PICO-D4, a System-in-Package (SiP) module, which is based on ESP32, is
providing complete Wi-Fi and Bluetooth functionalities. The module has a size as
small as (7.00± 0.10) mm× (7.00± 0.10) mm× (0.94± 0.10) mm, thus requiring
minimal PCB area. The module integrates a 4-MB SPI flash.

At the core of this module is the ESP32 chip, which is a single 2.4 GHzWi-Fi and
Bluetooth combo chip designed with TSMC’s 40 nm ultra-low power technology.
With its ultra-small size, robust performance, and low-energy consumption, ESP32-
PICO-D4 is well suited for the early warning system.

Awireless LTEmobile router was used to connect to the computer. In the research,
the mobile phone (or computer) can be used together with the built-in wireless LAN
withWi-Fi connection, and it can be communicated through awired connection using
a USB cable. LTE can switch between the 2.4 GHz band and the 5 GHz band. In
order to use the functions of LTE, a nano-SIM card must be installed in this product.
Therefore, the connection between sensors and other devices is shown in Fig. 1,
real-time monitoring can be carried out through a computer or mobile phone, and
the monitoring process is shown in Fig. 2. When the device is connected, we can
monitor it in real time through PC and mobile phone, and the monitoring screen is
shown in Fig. 3. The current device can choose to update the data every minute or
every five minutes.

Detailed information of early warning system is shown in Table 1. In order to
increase the sustainability of the early warning system, solar battery will be used in
running the sensors and transferring data. Figure 4 shows solar cell system containing
energy absorbing panel and large mobile power sources that we have installed in the
outdoor measurement. For this case, the size of the solar cell can be reduced to the
suitable situation and mobile battery is also needed for night measure. Solar cell
will save energy in the daytime and provide energy to the mobile battery so that the
system will keep working at night.
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Fig. 1 Early warning system during the test

Fig. 2 Sensor test and early warning process

3 Sample Tests to Check the System

This sensor has a 12-bit digital-to-analog converter. Therefore, the test for the cali-
bration from 100% wet to 0% dry condition showed that the output changed from
1767 to 4095. The output of 4095 means the whole system is in the air or freshly
dried sandy soil, while the reading of 1767 means the sensor in the cup filled by the
water. The specific change trend is shown in Fig. 5.

3.1 Analysis of the System Under Different Water Content

Rainfall-induced landslides often happen due to the rapid increase in water content in
the soil. Therefore, testing the resistance at different levels of water content is the key
to the early warning system. In this research, four different water contents, including
0%, 10%, 15%, and 20% were considered under the same failure condition. Toyoura
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Fig. 3 Real-time monitoring

Table 1 Device information of early warning system

Device Type Size

Soil moisture Sensor M5STACK-EARTH-UNIT 70 * 25 * 5 mm

SiP module ESP32-PICO-D4 45 * 23 * 13 mm

Mobile router PA-MP01LN 45 * 90 * 10 mm

sand was chosen in the research, and density ratio Dr= 60% in experiments. A cup,
with the size of 2.5 L, was chosen in the research. The result of dry soil in case 1 is
shown in Fig. 6, and the output is 4095, which is equivalent to putting the sensor in
the air. While considering the influence of water content, it showed that the initial
value recorded by the sensor was affected by the previous state and gave around
10–20 min to arrive a relatively stable state. With the increase of the water content
(w), the resistance kept falling, 3455 for w = 10%, 3175 for w = 15%, while 2131
for w = 20%. The trend was in line with expectations; that is, bigger water content
leads to lower resistance, which also confirms the feasibility of the system.
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Fig. 4 Solar cell system

Fig. 5 Relationship between binary output value and soil moisture
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Fig. 6 Analog number under different water contents
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Fig. 7 Diagram of the test showing location of all sensors

3.2 Analysis of the System at Different Depths
from the Ground

In order to increase the applicability of the system, it is necessary to monitor the
response of the sensor in the soil samples under different depths. This research
selected three depths for analysis: 5 cm, 10 cm, and 15 cm, the diagram of the test
in shown in Fig. 7. The result shows that there are some differences in the resistance
value at different depths, but the gap is not large, the result from lower depth (5 cm) is
about 4% bigger than deeper depth (15 cm), the detailed results are shown in Fig. 8.
When the test time continues to increase, the water content at the bottom gradually
increases relative to the top area, which leads to a greater water content and results in
a lower resistance value. In order to verify the rationality of this conjecture, the water
content near the test soil was measured at the end of each experiment. The result in
Table 2 found that the water content in the area near the deeper depth (15 cm) was
slightly lower than the water content in the upper part (5 cm), which differed by
about 3%. Therefore, this experiment verified the effectiveness of the sensor and the
feasibility of the whole early warning system.

4 Conclusions and Future Scope

In this research, a low-cost and portable real-time landslide early warning sensor
systemhas been developed. In order to validate the system’s effectiveness, the sensors
were tested under different water content and embedment depth in the soil sample.
The results from the monitoring tests concluded that:
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Fig. 8 Resistance under different depths

Table 2 Change of water content

Case Depth (cm) Initial water content (%) Water content after experiment (%)

1 5 0 0

2 5 10 8.75

3 5 15 13.6

4 5 20 16.7

5 10 20 17.2

15 20 17.89

(1) The sensitivity of the sensor is affected by its initial state, and it takes about 10–
20 min to reach the stable measurement state. Therefore, an initial stabilizing
time period is required before each test.

(2) With the increase of water content in the soil sample, the resistance value
decreases, but the decrease is disproportionate with respect to water content.
For example, the resistance value in dry soil is 4095, while the resistance value
decreases to 2123 when the water content is 20%.

(3) There is no significant effect on the resistance value of sensors at different
embedment depths. The variation observed on influence of depth is less than
4%. With elapsed time, the water percolates through the pores to lower depths,
which results in a higher water content at the bottom of the soil sample, thereby
influencing the results to some extent.
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Furthermore, the development cost of the whole early warning system is low and
affordable by countries with economies of all scale, and that is very suitable for large-
scale launch. Further research needs to be done to fine tune the sensor’s sensitivity
and response time along with providing an alternate power source like solar power
to improve its sustainability. In addition, actual field conditions of rainfall and slope
stability are required to be performed for a scientific validation of the system, in
order to be applicable in field.
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Evaluation of Slope Failure
and Driftwood Disaster Susceptibility
Zone Using Geo-spatial Information

Lu Tian, Yasuhiro Mitani, Yuki Okajima, Hisatoshi Taniguchi,
and Taiga Tabuchi

Abstract From July 5 to 6, 2017, the heavy rain in the northern Kyushu causes
flooding and landslide. It also severely damages the surrounding forests, farmland,
and even urban area after falling trees from hillside flowed into the rivers. Therefore,
this paper selected the river area with lots of driftwood in Asakura City and Toho
village in Fukuoka as the research area. Slope failure, one of the causes of driftwood,
was obtained through analysis. The susceptibility zone was evaluated by using the
SVMmodel, and the characteristics distribution of influencing factors was described
using GIS. The aim is to provide useful basic information for the prevention and
mitigation of driftwood disasters and forest maintenance in the future.

Keywords GIS · Driftwood · Slope failure · Support vector machine

1 Introduction

From July 5 to 6, 2017, the Northern Kyushu area suffered the strongest rainfall on
record, forming a linear precipitation zone due to the stagnation of the Meiyu front
near the Tsushima Strait into warm and humid air. According to the meteorological
agency data, AsakuraCity in Fukuoka prefecture hadmaximumdaily precipitation of
545.5 mm [1]. The forest was severely damaged. Many driftwoods flowed into plain
rivers with debris flow, resulting in the expansion of the inundation area, promoting
the accumulation of sediment, and blocking the part under the bridge. Even into
the plains downstream, into the surrounding roads, farmland, or destroy residential
areas. Therefore, the driftwood disaster has become one of the major disasters of this
heavy rain in Kyushu. There are two main reasons for a large number of driftwoods.
First, the reforested forests and secondary forests cover the hillsides. In excessively
dense forests, the dense crowns, insufficient light, slender trunks, and shallow roots
cause the trees to fall more easily [2]. Second, the impact of global warming brings
increased rainfall. According to the meteorological agency data, we collected the
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Fig. 1 Total monthly rainfall in Asakura region. Source Japan Meteorological Agency

monthly precipitation during the rainy season (May–July) in the Asakura area over
the past 40 years, as shown in Fig. 1. As a result, the scale of the rainfall increased
further, causing slope failure on the hillside.

A report on heavy rain inNorthernKyushu in July 2017was released byMLIT [3].
In this report, the upstream of the right bank in the middle reach of the Chikugo River
experienced a large number of slope failures, which resulted in driftwood outflow. By
calculating the driftwoods production, they come from four forest types. The largest
one derives from the hillside forest, accounting for 63% of the total, about 130,000
m3, followed by the valley forests, riparian forest, and others, as shown in Fig. 2.
Some reports have mentioned that driftwoods come from the outflow of unremoved
offal timber after logging. But in TakehikoOota’s article [4], it is said that in any case,
it cannot be considered that sufficient water depth will be generated on the hillside
to flush these woods into the valley plain or be involved with mudslides. Even if it
exists, it is small. Therefore, in this article, we do not consider that driftwoods come
from logging.

In summary, we know that one of the important relationships with the driftwood
disaster is slope failure in hillsides. Based on the concentrated area of slope failure
and the river regions with a large amount of driftwood production on the hillside,
namely Akaya River, Kita River, Ohi River, Sozu River, Sada River, and Shirakidani
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Fig. 2 Production of driftwood. Source MLIT
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Fig. 3 Study area

River as the study area, as shown in Fig. 3. Using the support vector machine model
to identify the susceptibility area of slope failure is driftwood’s main source area
and analyzing the influencing factors of each failure. In the future, effective basic
informationwill be provided to enhance forest conservation and add newor improved
old forest protection facilities.

2 Data

Slope failure is the result of the interaction between internal influencing factors and
external factors. The selection of influencing factors and the establishment of corre-
sponding thematic data layers are the keys to identify susceptibility areas [5]. Internal
factors are internal characteristics of the material conditions, structural conditions,
and spatial conditions of the hillside, while external factors are composed of natural
factors and human factors. There are two principles for selecting factors: First, the
factor should be closely related to the occurrence of failure; second, the factor should
be able to obtain and quantify expression through an effective path. According to
the statistics of Paola Reichenbach’s research [6], the influencing factors can be
divided into five major classes: morphological, geological, land cover, hydrological,
and others. Therefore, these five classes will also be used in this research area. Each
class includes a variety of subclasses, as shown in Table 1.

Inmorphological, elevation affects the distribution of vegetation, gradient, aspect,
and plan curvature, directly affecting the slope’s stability and failure probability.
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Table 1 Slope failure influencing factors

Class Factor Scale Source

Morphological Elevation 10 m (DEM) Geo-spatial Information
Authority of JapanGradient

Aspect

Curvature (Plan, Profile)

Topographic Wetness Index

Landform 1:200,000 Ministry of Land,
Infrastructure, and Transport
(MLIT)

Geological Geo-lithological

Land cover Soil

Land use 100 m (GRID)

Distance to Road 1: 25,000

Vegetation Biodiversity Center of Japan

Hydrological Distance to Stream (MLIT)

Others Precipitation 250 m(GRID) Japan Meteorological Agency

Profile curvature is reflected in the thickness and composition of the soil. Topographic
wetness index (TWI) is used to describe basin terrain changes and its effect on soil
runoff. It is commonlyused to quantify topographic control onhydrological processes
[10]. The factors are calculated byDEMwith a resolution of 10m.Geological factors
include stratum lithology and geological structure. Different rock and soil corrosion
resistance and mechanical strength are not the same. When the weight and external
conditions change, it is easy to make the slope unstable. There are not many existing
fault zones (geological structures) in our study area, so we do not consider this factor.
Land use and roads are important factors influencing the occurrence of a failure in
human activities. River and soil properties also restrict the hillside change. Finally,
rainfall is the induced cause of this disaster, so we have to know the precipitation
within 48 h.

Using SAR data to extract the slope failure sites on the hillside [7], the correctly
extracted failure number is 2930, while the incorrect number (no failure) is 2313.
Since the scale of each influencing factor obtained above is different, we need to
unify them. Convert the thematic map of all factors in Table 1 to a 10 m× 10 m grid
format. Therefore, the study area’s grid scale is 1001 columns and 1001 rows, with
1002,001 grids.
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3 Methodology

3.1 Research Process

In this study, the workflow of evaluating the slope failure susceptibility area is shown
in Fig. 4. The 2930 slope failure sites and 2313 non-slope failure sites [7] were
randomly divided into two parts: 50% for the training set and the remaining 50%
for the testing set. The data of five major classes (14 subclasses) were used to make
thematic maps. Especially in morphological factors, excluding the landform factor,
the other six factors are calculated using the ArcGIS tool based on DEM data. When
all the thematic maps are got, we will reclassify different levels or types according
to each factor’s features, such as soil, vegetation, and landform types, high or low
elevation, and land-use categories. Then, combined with the slope failure sites, the
distribution characteristics of damaged areas are summarized. After that, regarding
the susceptibility zone, firstly, we stack 14 pieces of thematic maps for one layer.
Secondly, the training set as the region of interest for image classification using the
SVM model in ENVI software. Thirdly, using the testing set evaluated the result of
classification and extracted the ROC curve as an accurate indicator of the model.
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3.2 Support Vector Machine (SVM) and Accuracy
Assessment Indicator

Support vector machine is a machine learning method based on traditional learning
theory, where the limited sample information seeks the optimal compromise between
the complexity of model and learning ability, thus obtaining the best generalization
capability [8]. The core of SVM is to construct the optimal hyperplane, which sepa-
rates the two kinds of data as accurately as possible and at the furthest margin. In
reality, most of the data are nonlinear classification problems. The input variable is
mapped to a high-dimensional space through the predetermined nonlinear mapping
function, and then linear regression is carried out here. Finally, the nonlinear regres-
sion in the original space is achieved. So, this mapping function is called the kernel
function, which is the function that makes a low-dimensional linearly inseparable
sample map to high-dimensional space and becomes linearly separable. In this study,
we used ENVI 5.3 software for image visualization environment, in which support
vector machine classifier provides four basic kernel functions:

Linear kernel function K
(
xi , x j

) = xTI x j .

Polynomial kernel function K
(
xi , x j

) = (
γ xTi x j + r

)d
, γ > 0.

Sigmoid kernel function K
(
xi , x j

) = tan h
(
γ xTi x j + r

)
.

Radial basis kernel function K
(
xi , x j

) = exp
(
−γ

∥∥∥xi − x2j

∥∥∥
)
, γ > 0.

Here, γ , r, and d are kernel parameters.
By summarizing the research related toSVMatdomestic andoverseas, researchers

often choose different kernel functions for different study contents and purposes in
order to get good results. According to Yu Xiaoyu’s research proved that the linear
kernel function is a special case of the radial basis kernel function, and the sigmoid
kernel function has the work-energy approximate to RBF on some parameters [11].
Hence, the usual method is to take the radial basis kernel function as the first choice.

The prediction model’s evaluation indicators are usually described from three
aspects: the suitability, robustness, and accuracy. The ultimate goal is to judge the
match between the predicted result and the actual condition [9]. In this research,
we used the ROC curve to verify the results. ROC curve is a useful visualization
tool, which used the area under the roc curve (AUC) as the standard to measure
the accuracy of the model prediction. It accurately reflects the relationship between
specificity and sensitivity of an analytical method and a comprehensive test accuracy
representative—the larger AUC, the higher precision. On the contrary, the smaller
of AUC, the lower of accuracy.
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4 Results

4.1 Thematic Influencing Factor Map

The factors were reclassified to obtain the thematic maps, as shown in Fig. 5; the
proportion of slope failure in each classification was calculated, respectively.

Elevation                        Gradient                         Aspect                     Plan Curvature 

Profile Curvature                  TWI                             Landform                 Distance to Road 

Distance to Stream Vegetation                           Soil                             Land use

Geo-lithological                 Precipitation 

Fig. 5 Thematic influencing factor maps
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4.2 Evaluation of Slope Failure Susceptibility Area
and Accuracy Assessment

The trained SVM model was used to evaluate the slope failure susceptibility area’s
results, as shown in Fig. 6. This study chooses the natural breaks (Jenks) method
for the susceptibility area level as the classification method in this study area: very
high, high, medium, low, very low. The result of the success rate (training set) and
prediction rate (testing set) of the slope failure susceptibility evaluation in the SVM
model is represented by the ROC curve, as known in Fig. 7. The area under the curve
(AUC) of 0.8656 and 0.8406 is reliable and accurate.

Fig. 6 Slope failure susceptibility map
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Fig. 7 Success rate and prediction rate curve (AUC: Area under the curve)

5 Discussions

5.1 Relationship Between Slope Failure and Slope Failure
Influencing Factors

Based on the morphological results of the study area, we statistically analyzed the
spatial distribution characteristics of slope failure on the gradient, aspect, elevation,
and curvature. The slope failure was mainly concentrated on the gradient of 10°–45°,
especially the steep hill of 30°–45°, with the highest slope failure density reached
27.3% (801 sites). The effect of aspect on the slope failure is not apparent, but there
is a tendency for more slope failure in the southern aspect and less distribution in the
northwest aspect. Due to the south direction being a sunny slope, there are usually
more sunshine, strong weathering of the rocks, and the loose layer’s thickness, prone
to slope failure. We know from the distribution on the elevation that less than 400 m
accounts for 87.5% of the total number of slope failures. The higher the altitude, the
more the slope failure shows a decreasing trend. At the same time, combining with
the landform, it is known that the slope failure is mainly small and medium small
relief mountains, which is the same as the result of elevation. The larger the TWI
value, the catchment area increases, and the gradient decreases from the top of the
slope to the riverbank. In this study area, the TWI is between 1 and 21. It can be
found that the larger TWI, the less the slope failure. 62.7% of them occur between
1 and 5. It is also determined that the smaller TWI, the easier it is to form a slope
failure. The proportion difference between the concave slope and convex slope is
not too big from the curvature, but the convex’s slope failure is more than concave.
When the crust is strongly uplifted, and the river’s down-cut speed is greater than the
slope’s erosion, a convex shape will appear, and the slope stability will decrease. The
spatial distribution of distances to streams and roads shows that most slope failures
are very close to them. There are 1358 sites within 225 m of the stream, accounting
for 46.3% of the total, and 1,722 sites within 60 m of roads, accounting for 58.8%.



936 L. Tian et al.

Table 2 Proportion of slope failure in the susceptibility classes

Susceptibility class No. of slope failure Proportion (%)

Very high 779 26.59

High 1138 38.84

Medium 762 26.01

Low 215 7.34

Very low 36 1.23

Total 2930 100.01

Therefore, the impact and destruction of the slope failure on the human activity area
are more serious. In the rock–soil composition, the pelitopsammite and granodiorite
are the most serious. The rainfall makes the sandy and muddy rock layer easy to
be washed away and moved. Granodiorite is composed of a strong weathering layer
and residual soil, with a loose structure and low cohesive force. Heavy rain will seep
into the slope, which will soften the soil, reduce the soil adhesion, and easily induce
failure. According to the report released by the MLIT [3], Cryptomeria japonica,
Chamaecyparis obtusa, Chamaecyparis pisifera are the main driftwood flowing from
the hillside. The results that 60% of the slope failure occurred in this plant area.
Simultaneously, the brown forest soil covered 75% of the study area, so it is also a
susceptible soil type of slope failure.

5.2 The Effect of the SVM Model on Disasters in the Study
Area

From the susceptibility map that we have produced, we can conclude that 65.4%
of the slope failure sites fall into “very high” and “high” susceptible areas, and the
proportion of “low” and “very low” is only 8.6% in Table 2. It shows that the SVM
model well evaluates the susceptibility of slope failure in the study area. Then, the
rivers with driftwoods in the hillside: Akaya River, Kita River, Ohi River (middle and
downstream), Sozu River, Sada River (upstream), and Shirakidani River are included
in the very high/high susceptibility area for slope failure that we have identified
(Fig. 8). Therefore, it also indicates that the SVM model is better evaluated.

5.3 Maintenance of Hillside Forest

Firstly, we must give priority to areas with high and very high susceptibility.
After removing the remaining driftwood and dumped trees, the chaotically growing
secondary forests must also be removed to improve the trees’ problem, not fully due
to the dense canopy. Then, forests in susceptibility areas near roads and streams need
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Fig. 8 Rivers in a very high/high susceptibility area

to be re-maintained to ensure people’s safety and property in the plains. Based on
morphology, geology, land cover, and hydrology, and other important features related
to slope stability, protectivemeasures havebeen formulated to prevent driftwood from
flowing into the river to cause severe disasters again.

Secondly, the susceptibility is medium and low. We need to establish a sound
forest management standard. In forests, human activities’ impact is greater, human
disturbance is relatively strong, and the damage to ecosystems is also more serious.
For forests with a single stand structure dominated by commercial forests, they
are more vulnerable. We should gradually adjust the stand structure in accordance
with the changes in climate and ecology, and rationally plant ecological forests
while maintaining commercial forests to ensure environmental stability and reduce
vulnerability. In thisway, there is a certain suppression effect on the driftwooddisaster
caused by slope failure.

6 Conclusion

In this paper, an SVMmodel was proposed to evaluate the susceptibility of the slope
failure area of many driftwoods generated by Asakura City and Toho Village, and
the accurate susceptibility zoning map was obtained. Therefore, the SVM model is
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a simple, efficient, and high-precision evaluation model. Its result, combined with
the characteristics of various influencing factors, will become extremely useful basic
information in future disaster prevention and forest maintenance work.
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Change in Shear Wave Velocity During
Consolidation and Undrained Cyclic
Loading on Cemented Sand

Masataka Shiga and Takashi Kiyota

Abstract Concerns have been raised that future intense earthquakes in Japan will
cause liquefaction in Pleistocene deposits beneath critical infrastructure facilities
such as nuclear power plants or highways, which have not been examined by the
current liquefaction assessment. In order to assess accurately in-situ liquefaction
characteristic of Pleistocene deposits, shearwave velocity,Vs was introduced to quan-
tify the effect of cementation on liquefaction characteristics. In this study, consolida-
tion and undrained cyclic loading was applied to lightly cemented specimens while
Vs is continuously measured to verify whether strengthened soil fabric degrades
or not. From the results during consolidation, although the specimens with cement
addiction rate, C = 1% has a higher value of stress dependency, the ones with C =
3 and 5% have a value lower than that of the non-cemented specimens. After simple
nonlinear regression was conducted, the result revealed that higher cemented speci-
mens could become hard to deteriorate soil fabric during undrained cyclic loading,
although non-cemented specimens maintained its soil fabric and lower cemented
specimens declines it.

Keywords Pleistocene sand · Liquefaction · Shear wave velocity · Cementation

1 Introduction

In general, Pleistocene deposits are subjected to a diagenetic effect. The effect can
be divided into two categories: physical stabilization and chemical stabilization. The
microstructure stabilization can be described as an enhancement of the soil particle
structure due to stress histories. The chemical stabilization can be described as an
increase in adherence between soil particles due to cementation. When considering
liquefaction of Pleistocene deposits, it is required to study the effects of cementation
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and soil fabric on liquefaction properties in a manner consistent with in-situ condi-
tions. This paper discusses the impact of cementation on liquefaction properties and
shear wave velocities, Vs .

Many papers discussed the liquefaction characteristics of artificially cemented
soils and Pleistocene soils collected from natural grounds. Koseki and Ohta [1]
investigated the effect of different consolidation conditions on the liquefaction char-
acteristics of a specimen mixed with Toyoura sand and bentonite clay. Amoly [2]
conducted undrained cyclic loading test by using new and old deposits and concluded
that older depositswould yield larger values ofVs as compared to newer ones. Porcino
[3] showed the relationship between normalized number of cycle, Nc/Nc−end and
excess pore water pressure ratio, ru and stated that the generation of ru of cemented
specimen is faster than that of uncemented sands. Another example of how lique-
faction properties are affected by artificial or natural aging effects was provided by
Tokimatsu and Hosaka [4] and Teachaborasinskun et al. [5].

Although laboratory testing is essential for accurate liquefaction determination,
it is difficult to collect in-situ samples without disturbing soil fabric and cementation
effects. Yoshimi et al. [6, 7] and Hatanaka et al. [8], for example, stated that the
liquefaction strength of samples collected by tube sampling was smaller than that
of samples collected by frozen sampling because freezing sampling was a method
suitable for preservation of in-situ conditions. However, the freezing sampling is
quite expensive and is not yet widely used. Therefore, it is desirable to develop a
method that can assess in-situ liquefaction resistance of disturbed soil sample.

Among several existing methods, it was found that small-strain stiffness or Vs has
been useful for evaluating soil fabric. Tokimatsu et al. [9] and Goto [10] measured
changes in small-strain shear moduli during undrained cyclic loading. Koseki and
Ohta [1] statically measured the small-strain characteristics of Toyoura sand during
isotropic consolidation and undrained cyclic shear. They concluded that the small-
strain stiffness in undrained cyclic shear became lower than that in isotropic consol-
idation as soil fabric deteriorates. Kiyota et al. [11] also investigated the effects
of aging on liquefaction properties and small-strain stiffness using frozen samples
from Pleistocene and Holocene deposits. They concluded that an increase in lique-
faction resistance was observed with an increase in initial shear-strain stiffness, and
degradation of aging effect was confirmed during undrained cyclic loading.

In this study, the effect of aging onVs and liquefaction characteristics are discussed
using lightly cemented sand made by adding early strength Portland cement to silica
sand No. 7. The values of Vs is also continuously measured during consolidation and
undrained cyclic loading, and the degree of degradation of Vs is investigated on the
cemented sand.
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2 Methodology

The samples used in this study is silica sand No. 7 (D50 = 0.153 mm, Gs = 2.617,
emin = 0.671 and emax = 1.145) and early strength Portland cement, which is used
as the cementing agent. Cement addition ratio, C to silica sand is 0, 1, 2, 3, and 5%
by mass. The relative density, Dr of the specimens without cement are 40, 50, and
60%, and Dr of the specimens with cement are 65%.

The specimen is prepared by wet tamping method. A plastic bag with pre-
measured silica sand, cement, and water are shaken for 1 min. The mixture is thrown
into a plastic mold using a funnel, and it is pounded with a hammer to a desired
height. The tamping is repeated four times to create a specimen 200 mm in height
and 100 mm in diameter, which is cured in water for 7 days. After curing, the plastic
mold is dismantled, the specimen is covered with a membrane, and is placed in
strain-controlled triaxial apparatus. For the non-cemented specimen, sand and water
mixed in a plastic bag is put into the mold, and the specimen is placed in the test
apparatus immediately after it is shaped.

The specimen is initially consolidated at effective confinement pressure, σ
′
c of

30 kPa. While maintaining σ
′
c back pressure is reduced to −100 kPa and double

vacuuming is applied to remove the air from the specimen, the back pressure is
gradually increased to 200 kPa after finishing saturation. B-value of Skempton is
confirmed to be above 0.95. Then, isotropic consolidation is performed and σ

′
c is

increased to 100 kPa.
A trigger and accelerometer system, originally developed by AnhDan et al. [12],

is used to measure Vs transmitted through the specimens. The shear wave, in the
form of a single sinusoidal wave with a frequency of 1 kHz, is generated by a pair of
wave sources (actuators) attached on the top cap that are simultaneously excited in
the torsional direction. A pair of accelerometers is employed to measure the arrival
time of the shear wave at two different heights of specimen.

After the measurement of Vs during consolidation, undrained cyclic loading are
applied with a constant amplitude of cyclic deviator stress until double amplitude of
axial strain, εDA reached 5% at constant rate of 0.1%/min. The specification of all
the tests is shown in Table 1.

3 Results and Discussion

3.1 Shear Wave Velocity Measured During Isotropic
Consolidation

Figure 1a shows relationship between the stress parameter,
√

σ
′
1σ

′
3 and Vs . For the

non-cemented specimens, which are represented in blue-colored lines in Fig. 1a,
the values of Vs increased with increasing Dr for all the specimens. The results of
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(a) (b)

Beginning of 
consolidation

Fig. 1 a Relationship between
√

σ
′
1σ

′
3 and Vs , b Relationship between e and Vs

the non-cemented specimens are almost parallel. The values of Vs increases with
increasing cement addiction rate.

Generally,Vs or dynamic shear moduli, Gd are expressed as a function of e and
stress. Many previous studies used the same type of functions (Eq. (1)) for the
relationship between Gd , e, and σ

′
c of various soils.

Gd = A f (e)σ ′n
c (1)

where A is constant, n is stress dependency and f (e) is void ratio function. Specific
forms of the void ratio function was proposed for sand [13], such as

f (e) = (2.17 − e)2/(1 + e) (2)

Using the fundamental properties of elastic mechanics, the relationship between
Vs and Gd can be expressed as Eq. (3).

Gd = ρV 2
s (3)

whereρ is amass density. From the combination ofEqs. (1), (2), and (3), the following
equation can be derived.

Vs = A′(B − e)/(1 + e)σ
′n
c (4)

where A′ and B are constants.
In this study, we use Eq. (4) to perform nonlinear regression of the results for the

uncemented specimens. The resulting constants A′, B, and n are found to be 214.3,
1.60, and 0.191, respectively.



946 M. Shiga and T. Kiyota

(a) (b)
Eq. (4) for 

 = 39.9% 

Eq. (4) for  
 = 60.1% 

Eq. (4) for 
σ σ  =30kPa

Eq. (4) for 
σ σ  =100kPa 

Fig. 2 a Relationship between
√

σ
′
1σ

′
3 and Vs with referenced curve for the result of uncemented

specimen, b Relationship between e and Vs with referenced curve for the result of uncemented
specimen

The value of stress dependency for all the specimens are shown in the legend
box of Fig. 1b. Kohata et al. [14] reported that the value of stress dependency for
cemented specimens became smaller than that for uncemented soils. Although the
specimens with C = 1% has higher value of stress dependency, the ones with C = 3
and 5% has value lower than that of non-cemented specimen. This result means that
the trend of increasing in the values of Vs during consolidation depends on cement
addiction rate. This also infers that if the cement addition rate is less than a certain
threshold, stress dependency is greater than one of the non-cemented specimens.

Figure 1b shows the relationship between void ratio, e, and Vs during isotropic
consolidation. The points located at the right lower of each test dataset are the begin-
ning of consolidation. For the specimen without cement, Vs decreased as the initial
e increased.

The regression curves of the model are shown in Fig. 2a, b. Although the Vs

of WT_C00_1 increases gradually even after
√

σ
′
1σ

′
3 reaches to 100 kPa, the curve

fitting is generally consistent with the experimental result.

3.2 Shear Wave Velocity Measured During Undrained Cyclic
Loading

Figure 3a–c show the results of typical undrained cyclic loading tests for specimens
withC=0, 1, and 5%, respectively. Thewhite circles in the stress–strain relationships
and stress paths indicate the points at which Vs is measured during the test. Common
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(a) Stress-strain (C=0%) (a) Stress Path (C=0%) 

(b) Stress-strain (C=1%) 

(b) Stress Path 
(C=1%) 

(c) Stress-strain 
(C=5%) 

(c) Stress Path
(C=5%) 

Fig. 3 Stress–strain relationship and stress path of aWT_C00_5, bWT_C01_3, and cWT_C05_1
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Fig. 4 Relationship between
√

σ
′
1σ

′
3 and Vs with referenced curve for the result of uncemented

specimen: a WT_C00_5, b WT_C01_3 and c WT_C05_1

to both specimens is that the axial strain slowly increases on the extension side after
the excess pore pressure becomes equal to the initial effective confining pressure.

Comparing Fig. 3b, c under the same CSR, the axial strain develops on both
compression and extension side, whereas, for C = 5% (Fig. 3c), the axial strain
develops only in the extension side. Considering that the liquefaction process can be
roughly divided into two phases: one is the phase of increase in excess pore pressure
and the other is the phase of development of strain, it can be said that the number
of cycles for the former phase increases due to the increase in the cement addiction
rate. In other words, it might be said that the strengthening of soil fabric associated
with the addition of cement makes the rate of effective stress slower while it does
not have a significant effect on the subsequent strain development.
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Figures 4a–c show the change in the value of Vs during undrained cyclic loading.
The white circles represent the measured data, and the lines show the relationship
calculated by Eq. (4) whose parameter of A′ changes to fit the value of Vs at the
beginning of undrained cyclic loading while the parameters of B, n are maintained
and e is referred as the void ratio of each specimen just after consolidation. Note

that the calculated line represents the change in Vs with respect to
√

σ
′
1σ

′
3 for a non-

cemented specimen during isotropic consolidation; hereafter, this calculated line is
called the reference curve.

For the results of the non-cemented specimen shown in Fig. 4a, the values of Vs is

equal to or lower than the reference curve in the range of
√

σ
′
1σ

′
3 from 20 to 100 kPa.

The specimens with C = 1% shown in Fig. 4b, the values of Vs are smaller than

the reference curve when the
√

σ
′
1σ

′
3 is below 80 kPa. The trend of the specimens

with C = 5% is different from the above two specimens. When
√

σ
′
1σ

′
3 fell below

70 kPa, the values of Vs are plotted at a much larger position than the reference curve.
These results indicate that the soil fabric liquefaction is degraded compared to that
before liquefaction. In addition, the soil fabric of lightly cemented specimen during
liquefaction is weaker than that of non-cemented specimen during consolidation.

Figure 5 illustrates the relationship between normalized shear wave velocity,

Vs/Vs(ref) and
√

σ
′
1σ

′
3. Vs/Vs(ref) is themeasured Vs divided by the shearwave velocity

estimated by the reference curve at the same stress state. The figure means that if
Vs/Vs(ref) is above one, it indicates that soil fabric is strengthened comparing with
that at the initiation of the loading.

As
√

σ
′
1σ

′
3 approaches zero effective stress, Vs/Vs(ref) become scattered. This can

be due to the weakening of the connection between the soil particles as a result
of excess pore water pressure generation. This weakening reduces the transmitted
energy of the propagated wave in the specimen. Further studies might be required
because the decreasing of amplitude makes it difficult to detect the arrival of waves
with high accuracy by means of the conventional accelerometers.

From the results, for the specimens with C = 0% and 1%, the Vs/Vs(ref) is below

one at lower
√

σ
′
1σ

′
3. On the other hand, the values of Vs/Vs(re f ) of the specimens

with C = 3 and 5% exceed one in proportion to the increase in the cementing ratio,

and this tendency is noticeable at low
√

σ
′
1σ

′
3. It may be suggested that the degree

of liquefaction-induced degradation of the soil fabric of the specimens with strong
cementation effect is exceedingly small.

4 Conclusion

In this study, a mock-up soil test with consolidation and undrained cyclic loading
is prepared using silica sand and early strength Portland cement in order to clarify
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Fig. 5 Relationship between
√

σ
′
1σ

′
3 and Vs/Vs(ref)

the liquefaction characteristics of lightly cemented sand. Vs and some parameters of
stress and strain are measured during consolidation and undrained cyclic loading,
and the effects of cement addiction rate on soil fabric and liquefaction characteristics
are discussed. Conclusions are presented below.

1. Good correlations are observed between Vs ,
√

σ
′
1σ

′
3 and e for the specimens with

0% addition of cement. On the other hand, although Vs increases with increasing
the addition rate of cement, the rate of increase and the incremental trend vary
among cementation addition ratios.

2. The empirical model of Vs obtained from the specimens with 0% addition of
cement is in agreement with the experimental results.

3. The increase in the cement addition ratemay influence slowing down the effective
stress reduction and have little effect on strain development

4. Higher cemented specimen can become hard to deteriorate soil fabric during
undrained cyclic loading.
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Contribution of Geotechnical Engineers
in Restoration After Large-Scale
Earthquake Disaster—Example of Aso
Ohashi Bridge Replacement Project

Koji Yamashita, Shingo Tanaka, and Takefumi Yamaguchi

Abstract For the plan and design of a bridge crossing an active fault, the design
including alignment change or consideration of the fault displacement can be possible
by knowing the fault location with a certain accuracy by the soil investigation. This
paper presents ➀ detection of the active fault zone, ➁ evaluation method for the fault
activity based on ground conditions,➂ evaluationmethod for the excavation stability
behind the bridge pier, and shows the technical knowledges obtained by a series of
soil investigations for the restoration of Kumamoto Earthquake disaster.

Keywords Surface earthquake fault · Active fault · Geomorphological geological
event · Direct shear test · Shear stiffness coefficient

1 Introduction

The Aso Ohashi Bridge was located in the band where the active fault was inferred
below ground, and the cause of the bridge collapse may have been related to this fault
displacement. Hereafter, this band is called the “inferred active fault” in this paper. At
the Technical Committee set up after the earthquake, the study of bridge replacement
routes, active fault surveys, and the design of new bridge were conducted in order for
early restoration of the road. The authors who belong to a geotechnical consultancy
firm were requested by the government for an urgent measure in cooperation with
the design firm, and the following studies were carried out from the geotechnical
engineer point of views.

First, a wide range of surface reconnaissancewas carried out immediately after the
earthquake, and the location, direction, and displacement (horizontal and vertical)
were measured for cracks, steps, slope failures, etc.; and the inferred active fault
locations where a large displacement would occur in the future were extracted taking
account the literature survey results. Next, we examined the cause and possible
future activity of the discontinuity confirmed on the cut slope shortly after starting
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the bridge replacement work based on its distribution structure, shape, properties,
displacement, geological structural relationship, dating of the sandwiched material
between the discontinuities, X-ray diffraction analysis and microscope observation
results. Furthermore, the mechanical properties of the rock discontinuities such as
columnar joints at the excavated rock behind the bridge piers were estimated by the
laboratory tests. Numerical analysis stability evaluation was carried out using the
ground model with the obtained the discontinuities properties.

2 Selection of Safe New Bridge Replacement Route

2.1 Basic Concept of Route Selection

In the new bridge replacement route selection, the following basic priorities were
established: (1) To ensure the route is safe in consideration of Kumamoto Earthquake
damages, (2) Recovery as soon as possible, (3) Function as the gateway to Aso
tourism, (4) Early resolution of the separation in Minami-Aso Village.

As one of the conditions of the above priority item (1) safe route, the new bridge
substructure shall avoid the inferred active fault location. Thus, it was necessary to
reveal the inferred active fault distribution.

2.2 Distribution, Direction, and Displacement of Cracks
on the Ground Surface

Ground movement caused by the Kumamoto Earthquake is generally distributed
linearly in the ENE–WSW direction independently from the topography, on the
flat to gentle slopes northeast of the former Aso Bridge. Many of the displacements
showed0.5mormore, anddamage to buildingswas also observed. In particular, in the
direction of the east-northeast from the former Aso Bridge, highly continuous cracks
and displacements are observed in the cultivated land. They have the characteristics
of right lateral displacement north side uplifting with horizontal slickensides (Fig. 1).

Generally, EW direction cracks and steps occurred linearly, in the golf course and
developed residential land on the south side of the Nigori River on the southeast side
from the former Aso Bridge. Graben of width of about 10–20 m is also confirmed.
Some show a large vertical displacement of 1.0 m or more.

In addition, on the southwest side of the former Aso Bridge, cracks and slope
failures occurred along the cliff slope along the Kurokawa River on the flat to gentle
cultivated land; and cracks and steps are distributed in generally NE–SW direction
independent from the terrain.
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right lateral displacement slickenside 

a) Lateral Displacement of 1.2m             b ) Slickenside of Crack 

Fig. 1 Lateral displacement and slickenside of crack at cultivated land ENE of Former Aso Bridge

2.3 In Inferred Active Fault Detection

Using surface cracks distribution, horizontal displace directions, displacement
amount as indexes, the inferred active fault is detected by zoning surface earth-
quake fault characteristics such as (a) continuously distribution independently from
the terrain, (b) a series of cracks and steps with same displacement direction, (c)
concentration of structure damage and slope failures in the continuous direction of
cracks and steps, and (d) the distribution of the faults reconciling to the existing
literature faults [1].

The inferred active fault extends the north side of Mt. Saikaku in the northeast
direction almost on the extension line of the literature fault as shown in Fig. 2.
While the literature fault converges in the southeast side of the Kurokawa River, the
inferred active fault found by the reconnaissance extends further northeast across the
Kurokawa River. Displacement direction and displacement amount of up to 1.2 m
are characteristics of the inferred active fault.

Since the new bridge will be connected to the existing roads at the longitudinal
section, it was not evitable, but the new bridge was planned to cross the inferred
active fault.

3 Investigation of Active Fault Found During New Bridge
Replacement Construction

3.1 Investigation and Analysis

Shortly after the start of the slope cut work associated with the new replacement
bridge, the discontinuity of the strata was confirmed at the slope which was different
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Fig. 2 Distribution of inferred active fault

from the inferred active fault location. The geological structural positional relation-
ship, distribution form, shape, properties, displacement, etc., were investigated and
examined the origin and possibility of the future activity of the discontinuity. Since
it is important to conduct rational evaluation from the viewpoint of micro and macro,
we conducted surveys and analyses such as literature survey, topographic geolog-
ical reconnaissance, slope observation sketches during cut slope excavation, X-ray
diffraction analysis of sandwiched material in the discontinuity, and microscopic
observation.

3.2 General Topography and Geology

In the surrounding area, active fault groups extending in the southwest direction
from Tateno Barranco are prominent. The graben activity at the north of the Tateno
Barranco and the right lateral displacement movement of the Futagawa Fault in the
southwest direction occur, and as a result, it is considered that the left echelon grabens
were formed as tensile cracks [2]. In terms of the geology of the area, Tateno Lava
is overlain by Akase Lava, and volcanic ash overlays Akase Lava at the cut slope on
the right bank. Volcanic ash layer and rock mixed sediment are sandwiched thinly
between Tateno Lava and Akase Lava.
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3.3 Properties of Discontinuities

In Tateno Lava, V-shape discontinuities with large opening was confirmed at four
locations (Fig. 3). Figure 4 shows the sketch of the large opening discontinuity closest
to the pier.

This discontinuity is continuous in the N65E–N78E direction, accompanied by
a clayey zone with a width of 2 m or less consisting of volcanic ash clayey soil
and fine gravels of Tateno Lava of which diameter of ϕ5 mm–several cm. It is
solidified throughout, and there is no significant difference in themineral composition
of the clay band and the Tateno Lava on both sides of the discontinuity based on X-
ray diffraction (total rock analysis). In addition, in the X-ray diffraction (oriented
method), although the peak of halloysite is observed in the clay zone, it is not observed
in the Tateno Lava mass portion. Furthermore, in the microscopic observation, the

Fig. 3 Discontinuity
observed at cut slope of right
bank

Discontinuity

Width of 170cm

Tateno Lava

Tateno Lava

Discontinuity（Clayey）

Fig. 4 Sketch of discontinuity at excavation base
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a) Volcanic Ash Clayey Soil: b) Fine Gravel Part with Many Cracks
 Fracturing Structure is not found. 〔Clayey Zone〕

Fig. 5 Microscopic photographs

fractured texture is not observed except a part of fine gravels where fractured cracks
are observed (Fig. 5).

3.4 Geomorphological Geological Events

From the active fault survey, this discontinuity is considered to be an open cleavage
caused by the settlement of the Tateno Barranco. However, since some fracturing
structures were observed by the microscopic observation, it is also conceivable that
it was formed passively in association with the fault movement. It is also possible
that it is an alteration zone caused by low-temperature alteration due to hot spring
because it is mainly composed of the halloysite and there is a hot spring in the
vicinity. As mentioned above, it was concluded that the fault displacement is not
likely to appear in the future, from the fact that hardly any features of fault fracture
zone was observed.

3.5 Bridge Design with Safety Improvement Measures

On theother hand, in the newbridgedesign,we considered the possibility still remains
that displacement may occur in the future even though the displacement was not
taken place at Kumamoto Earthquake based on our evaluation. Therefore, the design
includesmeasures to improve safety of the bridge against assumed fault displacement
of more than 1.4 m, the displacement of the fault by Kumamoto Earthquake, by
designing the anchor bolt of the bearing so as to take over the damage to improve
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the resilience of the bridge, as well as widen the top end of the pier and extend the
girder seating length so as not to collapse easily [3].

4 Slope Stability Analysis Considering Unusual Soil
Property

4.1 Background of Analysis

Angle cut cylinder retaining wall was considered as the environmental protection
measures. However, it was found that the ring beam could not be constructed due to
the ground conditions. Thus, design method such as cut slope reinforcing had to be
considered. Therefore, numerical analysis which had previously performed as rock
slope stability evaluation was conducted, and the analysis result was adopted into
the retaining wall design. In the analysis, the stability of the cut slope is governed
by the deformation and strength characteristics of the columnar joints developed
in the rock slope. Therefore, a discontinuous model specifically considering the
discontinuity such as columnar joints in the rockwas adopted for the analysis. Further,
it is important to grasp the geometric distribution characteristics of the discontinuities
as much as to correctly evaluate the mechanical behavior characteristics of a single
discontinuity surface. Two-dimensional key block analysis of the columnar joint was
carried out prior to numerical analysis, and the result was used to determine the extent
of the collapse of the excavation for the pier.

4.2 Key Block Analysis

In the analysis, a columnar block which contacts three or less faces of the other
blocks is defined as a key block that may slide off. A block which contacts four or
more contact surfaces is assumed to be stable due to the engagement effect of the
columnar blocks each other. Furthermore, secondary to fifth blocks are defined as
secondary block is destabilized after the key block primary falls, tertiary block is
destabilized after the secondary falls, fourth block is destabilized after the tertiary
falls, the fifth block is destabilized after the fourth falls.

Figure 6 shows a two-dimensional key block analysis result diagram. From
the geometric distribution form of the columnar joint, bedrock thickness that may
collapse is estimated to be t = about 90 cm. Considering columnar joints developed
in Tateno Lava, if 90 cm thick block slide occurs at the bottom of the excavation, the
upper bedrock destabilization spreading in a shape along the columnar joints can be
considered.
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Excavation Diameter
18.0m

Columnar Joint Spacing
About 60cm

Columnar Joints

Thickness of Possible Failed 
Block t = 90cm

Fig. 6 Two-dimensional key block analysis diagram

4.3 Physical Properties of Columnar Joint

The relation between shear stiffness coefficient Ks and vertical stiffness coefficient
Kn, is generally expressed by Formula (1) [4]. In this analysis, Ks of the columnar
joint is obtained from direct shear test, and Kn is determined using Formula (1).

Kn = Ks × 10 (1)

The core with the size of 10 cm in diameter and less than 100 cm in length
including the columnar joint crack was collected from the site as the direct shear
test sample, followed by trimming into 10 cm length in order to fit in the tester as
shown in Fig. 7. The test quantity was 3 samples 9 specimens (3 specimens per
sample). The specimen joint surfaces were observed in detail, and classified in two
types, i.e., smooth and rough, as shown in Fig. 8. The test is carried out at a shear
rate of 0.1 mm/min under constant confined pressure. Three stage confined pressures
(vertical stresses) of 500 kN/m2, 1,500 kN/m2, and 3,000 kN/m2 were applied based
on FEM analysis results, in consideration of the stress state acting on joints near the
ground with rock bolt before and after excavation.

Shear ForceShear Force

Confining Pressure

Confining Pressure

Mould

Near Vertical sample was used

Specimen

Plaster

Fig. 7 Overview of direct shear test
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Fig. 8 Conditions of columnar joint surface (Left: Smooth, Right: Rough)

Table 1 Direct shear test results

No Joint
classification

Shear stiffness coefficient Ks (kN/m3) Angle of
shear
resistance
ϕ (°)

Vertical
stress
200 kN/m2

Vertical
stress
500 kN/m2

Vertical
stress
1,500
kN/m2

Vertical stress
3,000 kN/m2

1 Smooth – 445,000 4,297,000 5,420,000 40

2 Smooth – 795,000 890,000 11,428,000 51

3 Rough – 1,125,000 2,714,300 4,833,300 70

Adopted value 512,600 2,593,500 40

Table 1 shows the direct shear test results. Shear stiffness coefficient, Ks, of
rough surface joint is larger than that of smooth surface joint under the vertical
stress σ n = 500 kN/m2. However, Ks of smooth surface joint becomes higher as σ n

becomes higher. This indicates that engagement effect due to projections of jagged
irregularities is large when a vertical stress is small, and the effect disappears when
the vertical stress increases. In order to perform a study (analysis) in consideration
of a change in the orthogonal stress in the ground, the joint properties for numerical
analysis are set as the values corresponding to the vertical stress of σ n = 200 kN/m2

and 1,500 kN/m2 based on the test results.

4.4 Slope Stability Analysis

The analysis was carried out, while performing sensitivity analysis of the joint model
physical properties and apparent cohesive strength, c, described above, with the
following order: (1) existing slope analysis (normal and seismic conditions) → (2)
analysis for excavationwithout countermeasure to understand the range of separation
block→ (3) reinforcing ground analysis for the validity of the reinforcementmaterial
distribution. The following shows the numerical analysis results of each process.

• The existing slope analysis with normal and seismic conditions shows stable result
with 60% of joint properties or more (Ks = test value, c ≥ design value × 60%).
It agrees with the actual site conditions.
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• In the analysis for excavation without countermeasure, analysis shows unstable
results when Ks is employed as the test value Ks with a vertical stress σ n =
1,500 kN/m2, and 80% of the joint properties (Ks = test value, c = design value
× 80%); and when Ks is employed as the test value with a vertical stress of σ n =
200 kN/m2 and 100% of the joint properties (Ks = test value, c = design value ×
100%). Figure 9 shows the collapse location cumulative diagram created based on
the analysis results with the test value Ks at the vertical stress σ n = 1,500 kN/m2.
By comparing the collapse range of Fig. 9 and the collapse mechanism assumed
from the geometric distribution form of the columnar joint described above (slip
surface), the 70% of the joint properties is too small, 50% of those is too much,
and 60% of those agree with each other.

• In the reinforcing ground analysis, block separation is not found in reinforced
ground surface with the 60% of joint physical properties (Ks test value is adopted
when vertical stress σ n = 1,500 kN/m2). Although shear failure is observed in the
member excavation area, the failure does not appear on the excavation surface and
ground, area with Fs < 1.0 is not observed in the element safety factor diagram.
Further, in the maximum shear strain diagram, although a slight strain increase is
observed in the excavation corner portion, strain increase is not observed in the
other areas, and the results show the final reinforced excavation surface is stable.

5 Summary

The technical findings obtained through these tasks are summarized below.
The inferred active fault extracted by the surface reconnaissance of the possible

bridge route, when focusing on the topography, displacement direction, and the
continuous direction of the crack and step, extends the north side of Mt. Saikaku
in the northeast direction as the almost extension line of the literature fault. The
inferred active fault is also considered to be extended further northeast across the
Kurokawa River. It is right lateral fault with the maximum displacement of 1.2 m.

Discontinuities confirmed in the active fault survey are considered to be the
opening gap caused by the settlement of the Tateno Barranco. However, the frac-
ture structure was observed in microscopic observation, and there is a possibility
that it was formed passively in conjunction with the fault motion. On the other hand,
a lot of halloysite is detected by X-ray diffraction analysis. Since there is a hot
spring in the vicinity, there is a possibility that it is a low-temperature alteration zone
associated with the hot spring flowing along the fissures from the underground.

In direct shear tests with vertical stress of σ n = 500 kN/m2, 1,500 kN/m2, and
3,000 kN/m2 carried out for the stability evaluation of the excavation behind the pier,
shear stiffness coefficient, Ks, of rough surface joint is larger than that of smooth
surface joint under the vertical stress σ n = 500 kN/m2. However, Ks becomes equal
or higher when vertical stress, σ n, becomes higher. This indicates that engagement
effect due to projections of jagged irregularities is large when a vertical stress is
small, and the effect disappears when the vertical stress increases.
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Liquefaction Evaluation of Residential
Land Using Geophysical Survey

Shotaro Higuchi, Atsushi Yashima, Yoshinobu Murata, Keizo Kariya,
and Hiroshi Yokawa

Abstract Damage such as settlement and tilting of detached houses due to ground
liquefaction has often been observed during recent earthquakes. In order to achieve
the safe and sustainable residential environment, ground surveys are necessary to
predict the damagedue toground liquefaction.However, it takes a long timeandneeds
hard work to conduct conventional survey works. Alternative quick and accurate
survey techniques are therefore required. In this study,we focusedon the surfacewave
and passive linear array surveys, which are common geophysical survey methods.
The surfacewave survey can tell us the ground stiffness over thewide range. The latter
one can give us the information from the ground surface down to a substantial depth.
These survey techniques can give us the ground conditionsmore extensively andmore
quickly than conventional ones. From this background, we carried out geophysical
explorations in Christchurch, New Zealand, where the earthquake on February 22,
2011 caused a lot of damage to detached houses due to ground liquefaction. The risk
of liquefaction was then evaluated based on survey results. The evaluation methods
using the FL and PL values were used for judging the liquefaction risk. As a result,
the high liquefaction risk in severely damaged areas was reproduced in a short time
by the results of surface wave and passive linear array explorations.

Keywords Liquefaction · Geophysical survey · Surface wave exploration · Passive
linear array · Detached house
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1 Introduction

Damages such as settlement and tilting of detached houses due to ground liquefaction
have often been observed during recent earthquakes [1]. Ground surveys are neces-
sary to predict the damage due to ground liquefaction. Therefore, drilling surveys
or weight sounding tests have been widely used to capture the ground condition in
Japan. Because these survey techniques can measure the ground condition directly,
the information obtained by these surveys guarantees a certain degree of accuracy.
However, it takes long time and needs hard working to conduct these survey works.
Therefore, quick and accurate survey techniques have been desired for many years.

In this study, we focused on the surface wave survey and the microtremor array
measurement which are ones of conventional geophysical survey methods. The
surface wave survey can tell us the shear wave velocity (ground stiffness) over the
wide range. On the other hand, the microtremor array measurement can give us
the information from the ground surface down to a substantial depth. These survey
techniques can provide important information for liquefaction risk assessment more
extensively and more quickly than the conventional ones. Based on the obtained
ground information, the risk of ground liquefaction can be easily evaluated. The
survey area targeted in this study is Christchurch, New Zealand, where the 2011
Christchurch earthquake caused severe liquefaction damage [2].

2 Surface Wave and Passive Linear Array Explorations

Active surface wave exploration using wooden hammer as source as well as passive
surface wave exploration using microtremors and vehicle vibration as source were
conducted.

In the active surface wave survey of this study, a new system that can calculate the
shear wave velocity distribution immediately after data acquisition was developed
and applied. In the microtremor array measurement, seismometers are generally
arranged in a circle, equilateral triangle, or L-shape. In this study, the straight-line
arrangementmethod of seismographs recently proposed byKita et al. [3]was applied.
Since the survey site is a regulated area after the 2011 Christchurch earthquake, there
is always no vibration in the surrounding area. Therefore, along with the survey
sideline, we made fast back and forth movement all times by running the survey
vehicle.

The surface wave survey using velocity seismometers with a natural frequency of
4.5 Hz was carried out. At three survey areas, velocity seismometers were installed
at intervals of 2 m, and surface waves were measured. The passive linear array
exploration was conducted using a velocity type seismometer installed at intervals
of 5 m with natural frequency of 2 Hz.
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Fig. 1 Survey site

3 Target Area

We conducted active surface wave and passive linear array explorations in
Christchurch, NewZealand, severely damaged by the 2011 Christchurch earthquake.
The survey areas are shown in Fig. 1. In these areas, extensive house damages were
observed such as tilting and settlement by ground liquefaction. Presently, these areas
are designated as the red zones, and no one is not allowed to live there.

The active surface wave explorations gave us the two-dimensional shear wave
velocity structure with a total extension of about 400 m within 3 h. On the other
hand, the microtremor array measurement gave the shear wave velocity distribution
with a total depth of 350 m within 3 h.

4 Survey Results

Through geophysical explorations in Christchurch, it is found that we can understand
the two-dimensional distribution of shear wave velocity of the ground in wide area
by two-dimensional surface wave explorations and the one-dimensional distribution
of shear wave velocity from the ground surface down to 30 m in depth by passive
linear array exploration.

The results of surface wave surveys at survey areas 1, 2, and 3 are shown in Figs. 2,
3, and 4. The results of microtremor array exploration at survey areas 1, 2, and 3 are
also shown in Figs. 5, 6, and 7. From the survey results, it was found that there is
a ground with a slightly lower shear wave velocity than the upper and lower layers
in the vicinity of 2–4 m from the ground surface. The shear wave velocity tends to
increase as the depth increases. A slight inclination of the ground formation was also
understood based on the shear wave velocity distribution.
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Fig. 2 Shear wave velocity at area 1

Fig. 3 Shear wave velocity at area 2

Fig. 4 Shear wave velocity at area 3

Fig. 5 Result of microtremor array exploration at area 1

5 Evaluation of Liquefaction Risk

The evaluation of liquefaction risk was performed by the FL and PL values based on
the survey results. The evaluation equations [4] are shown in Eqs. (1) and (2),
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Fig. 6 Result of microtremor array exploration at area 2

Fig. 7 Result of microtremor array exploration at area 3

FL = R

L
(1)

PL =
20∫

0

(1.0 − FL)(10.0 − 0.5Z)�Zdz (2)

where R is the liquefaction strength ratio, L is the cyclic shear strength ratio, Z is
the depth from the ground surface, and �Z is the soil layer thickness. There is no
risk of liquefaction if the FL value is 1.0, or more and liquefaction takes place if the
FL value is less than 1.0.

The calculation formula of R in Eq. (1) is shown in Eqs. (3) and (4).

R = CwRL (3)

RL = 0.0882

√
Na

1.7
(Na < 14)

RL = 0.0882

√
Na

1.7
+ 1.6 × 10−6 × (Na − 14)4.5 (Na ≥ 14) (4)
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where Cw is a correction coefficient based on the seismic motion characteristics and
calculated by Eqs. (5) and (6). RL is the repeated triaxial strength ratio and Na is the
N value that considers the effect of grain size.

In case of subduction-zone earthquake,

Cw = 1.0 (5)

In case of inland earthquake,

Cw = 1 (1.0 ≤ RL)

Cw = 2.0 (0.4 ≤ RL)

Cw = 3.3RL + 0.67 (1.0 < RL ≤ 0.4) (6)

Next, the calculation formula of Na is shown in Eqs. (7), (8), (9), and (10).

Na = C1N1 + C2 (7)

N1 = 1.7N

σ
′
v + 0.7

(8)

C1 = 1 (0% ≤ FC < 10%)

C1 = FC + 40

50
(10% ≤ FC < 60%)

C1 = FC

20
− 1 (60% ≤ FC) (9)

C2 = 0 (0% ≤ FC < 10%)

C2 = FC − 10

18
(10% ≤ FC) (10)

whereC1 andC2 are the correction coefficients based on the content of fine particles,
N is the blow account obtained from the standard penetration test, N1 is the N value
converted to an effective stress of 98 kPa, σ

′
v is the effective stress, and FC is the

fine content ratio of soil particles with a particle size of 75 µm or less.
The calculation formula of L is shown in Eq. (11).

L = a

g

σv

σ
′
v

γd (11)

where a is the maximum acceleration on the ground (gal), g is the gravitational
acceleration (gal), σv is the total stress and γd is the reduction factor calculated by
Eq. (12).

γd = 1.0 − 0.015�Z (12)



Liquefaction Evaluation of Residential Land … 971

In this study, we did not carry out the standard penetration tests. Therefore, the N
value should be calculated based on the following empirical equation [5].

Vs = 80N
1
3 (13)

The maximum accelerations used for the liquefaction strength ratio shown in
Eq. (11) were 220 gal and 350 gal in order to investigate the effect of the seismic
intensity. The results of FL value at survey areas 1, 2, and 3 with an acceleration of
220 gal are shown in Figs. 8, 9, and 10. The results of FL value at survey areas 1, 2,
and 3 with an acceleration of 350 gal are also shown in Figs. 11, 12, and 13. From
the evaluation result based on the FL value, it is found that the lower the shear wave
velocity is, the higher the liquefaction risk is.

The PL value was also calculated based on Eq. (2). The evaluation of PL value was
based on Iwasaki’s formula [4]. The PL value indicates the degree of liquefaction
damage. The degree of liquefaction damage is judged to be high when the PL value

Fig. 8 Liquefaction evaluation result at survey area 1 with acceleration 220 gal

Fig. 9 Liquefaction evaluation result at survey area 2 with acceleration 220 gal

Fig. 10 Liquefaction evaluation result at survey area 3 with acceleration 220 gal
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Fig. 11 Liquefaction evaluation result at survey area 1 with acceleration 350 gal

Fig. 12 Liquefaction evaluation result at survey area 2 with acceleration 350 gal

Fig. 13 Liquefaction evaluation result at survey area 3 with acceleration 350 gal

is more than 15. On the other hand, it is low when the PL value is less than 5.The
results of PL value at survey areas 1, 2, and 3 with an acceleration of 220 gal are
shown in Figs. 14, 15, and 16. The results of PL value at survey areas 1, 2, and 3
with an acceleration of 350 gal are also shown in Figs. 17, 18, and 19. The red lines
in all figures from Figs. 14, 15, 16, 17, 18 and 19 indicate the PL value of 15, the

Fig. 14 PL value at survey area 1 with acceleration 220 gal
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Fig. 15 PL value at survey area 2 with acceleration 220 gal

Fig. 16 PL value at survey area 3 with acceleration 220 gal

Fig. 17 PL value at survey area 1 with acceleration 350 gal

Fig. 18 PL value at survey area 2 with acceleration 350 gal

green lines indicate the PL value of 5, and the black line indicates the PL value at
each area. From the results of the PL value, it is found that the degree of liquefaction
risk becomes higher as the shear wave velocity becomes lower.
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Fig. 19 PL value at survey area 3 with acceleration 350 gal

Based on the comparison among the result of each survey area, it is found that the
low degree of liquefaction risk area is widespread at area 3 shown in Figs. 10 and
13. This is due to the high shear wave velocity near the ground surface at area 3. It
is understood that the liquefaction risk is greatly affected by the near-surface shear
wave velocity. In order to evaluate the liquefaction risk with much higher accuracy,
detailed measurements must be carried out near the ground surface. For example,
the surface wave survey with the combination of simple survey technique such as
Swedish weight sounding, small dynamic cone penetration test [6], or screw driver
sounding [7] will give us more accurate judgment of liquefaction risk.

6 Conclusion

We evaluated the risk of ground liquefaction based on the fast and convenient
geophysical survey results. From these results, the risk of ground liquefaction is found
to be easily understood extensively and quickly at three survey areas in Christchurch,
New Zealand.

In addition, based on the comparison among the result of each survey area, it is
found that the liquefaction risk is greatly affected by the near-surface shear wave
velocity. Therefore, the combination of simple survey technique such as Swedish
weight sounding, small dynamic cone penetration test, or screw driver sounding
with the proposed geophysical survey method will give us more accurate judgment.
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