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ABSTRACT 

 

One of the most effective methods used to prevent the migration of contaminants in aquifers 

at contaminated sites is their containment with vertical cutoff walls, which are often 

constructed using Soil-Bentonite Mixtures (SBMs) as barrier materials due to their extremely 

low hydraulic conductivity (k), high flexibility even after construction, and little surplus-soil 

discharge. Due to the lack of proper scientific knowledge on the performance of barrier 

materials, however, these containment techniques are not widely used in Japan, even though 

excavation and disposal of contaminated soils, the preferred method, should be avoided as 

much as possible for the preservation of the environment.  

To improve on the reliability of this containment technique, hydraulic barrier 

performance and seismic behavior of SBM cutoff walls were experimentally studied. First, 

factors affecting the hydraulic barrier performance of SBM cutoff walls were evaluated with a 

flexible-wall permeameter. From the obtained experimental results, it was found that the k 

values of SBMs can be reduced to values lower than 1.0 × 10-10 m/s after the addition of 100 

kg/m3 of bentonite-powder, regardless of the type of base soil. Once the bentonite in SBM has 

been sufficiently hydrated with soil pore water, its k value does not significantly increase by 

permeating fluids containing inorganic/organic chemicals. On the other hand, when the 

original ground contains a relatively high concentration of cations in its pore water, 

subsequent k values become higher than 1.0 × 10–9 m/s, which is the performance-based 

criterion in this research. Thus, the prehydration of the bentonite in SBM is absolutely vital 

for chemical compatibility of SBM. Nevertheless, even in the latter cases, the hydraulic 

barrier performance of SBM cutoff walls can be enhanced by increasing additive amounts of 

bentonite powder. Regarding their self-sealing capability, which is one of the most important 

characteristics of SBMs, high k values due to the presence of hydraulic defects can be reduced 

thanks to both the flexibility of SBM and the reswelling of the bentonite during permeation of 

distilled water. However, when the permeation is done with a CaCl2 solution, the self-sealing 

of penetrating circular holes cannot be expected. 

The k value of SBM has a strong correlation with some compatible factors such as 

maximum swelling pressure, plastic index of SBM, and others. Thus, changes in these factors 

can be useful indices of chemical effects on the k value of SBM. Because they can be easily 

measured within a couple of weeks or so, these compatible factors are expected to be 

employed as indicators to roughly estimate the k value at pre- and post-construction stages. 

Secondly, the feasibility of using a piezocone test (CPTU) for on-site Quality 

Control/Quality Assurance (QC/QA) was verified with a large-scale soil tank. From the 

results of CPTU, corrected cone resistances (qt) in a SBM layer with low content of bentonite 
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powder (lean-mixed SBM) were larger than those in a SBM layer with sufficient content of 

bentonite powder (well-mixed SBM). Although excess pore water pressure was generated in 

well-mixed SBM layers, pore water pressure (u) in lean-mixed SBM layer was smaller than 

hydrostatic pressure. However, these differences in qt and u values can be obtained only when 

strength characteristics of SBMs depend on the content of bentonite powder.  

Horizontal k values obtained from pore pressure dissipation tests during CPTU were 

almost equivalent regardless of the dissipation degree, being 1.4 - 1.6 times the k values 

obtained from hydraulic conductivity tests. Since the k values measured by the pore pressure 

dissipation test show a good correlation with those measured by hydraulic conductivity tests, 

it is concluded that the hydraulic barrier performance of SBM cutoff walls can be assessed by 

CPTU on-site with a certain level of accuracy. Besides, considering that boreholes produced 

by CPTU will self-seal after some time by the self-healing capability of SBM, it can be 

inferred that SBM cutoff walls can maintain their designed hydraulic barrier performance 

even after CPTU operation. Thus, CPTU is considered a valid QC/QA method at 

post-construction stage of SBM cutoff walls. A process of QC/QA using CPTU is also 

suggested based on the experimental results in a series of discussions. 

The seismic behavior of SBM cutoff walls was verified by centrifuge modeling test and 

cyclic undrained triaxial test. Results of both experiments confirm that the increase in pore 

water pressure by dynamic loading is relatively small, while large strain is accumulated due to 

degradation of stiffness. Considering that the acceptable acceleration, back calculated from 

the factor of liquefaction, FL, is smaller than 100 gal, SBM cutoff walls can be highly 

deformed due to seismic excitation, while excess pore water pressure will not increase as 

much. 

From a series of centrifugal modeling tests, although excess pore water pressure ratio in 

sand layers gradually increased with shaking, regardless of depth, and eventually attained 1.0, 

that in SBM cutoff wall only reached a maximum of 0.8. Since the predominant frequency of 

response acceleration corresponds to that of the input wave, SBM cutoff wall shakes together 

with the adjacent sand layers during seismic excitation. The ground surfaces of the sand layers 

settled down due to liquefaction; however, the ground surface settlement of the SBM cutoff 

wall was limited because it did not liquefy. A large deformation of SBM cutoff walls is likely 

to be produced in shallow zones although various deformation modes can be generated on the 

SBM cutoff walls even with identical input waves. Since significant damage, such as cracks 

or fractures, are not observed, we found that SBM cutoff walls could maintain their soundness 

against the seismic excitation used in this research. 

From the viewpoint of practical implications, the experimental results of hydraulic 

conductivity tests will make a great contribution to the design process for optimizing the 

mixing conditions in the field. For the QC/QA of constructed SBM cutoff walls, CPTU should 

be conducted to continuously evaluate vertical homogeneity and on-site k values. Horizontal 

deformation of SBM cutoff walls should be evaluated by a centrifuge modeling test 

simulating actual conditions, if necessary, in order to maintain the performance. 
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CHAPTER 1  

 

Introduction 

 

 

 

 

 

1.1 General remarks 
 

Industrialization and urbanization have caused many serious environmental problems not only 

in Japan but in the world. In particular, environmental pollution due to the generation and the 

management of waste materials, toxic chemicals, and other hazardous materials has become 

one of the most emergent problems to which society should find solutions. The disposal and 

dumping of such materials caused geoenvironmental problems, typified by contamination in 

subsurface soil and/or groundwater. Although contamination in soil and/or groundwater is one 

of the major pollution problems in Japan, countermeasures and legislations for it had been 

delayed compared with other pollutions (e.g. air pollution, water pollution, noise problem, 

etc.), because the occurrence of the former is not visible from the ground, and considered a 

localized problem. After the Japanese government enacted the first Soil Contamination 

Countermeasure Act (henceforth known as “the Japanese law” or “the law”) in 2003, the 

contamination and its significance started to be commonly recognized, and many researchers 

started focusing on the possible solutions. The Japanese law was revised in 2010 to enhance 

the obligation of investigation and to accelerate proper and reasonable countermeasures. 

Besides, the number of voluntary investigations associated with transactions in land and with 

the corporate social responsibility (CSR) dramatically increased in the last years. Thus, 

interest in the geoenvironment is increasing. 

Excavation of the contaminated soil and subsequent disposal to landfill sites is one of the 

conclusive methods in terms of complete removal of the contamination. However, with this 

method, the contaminants are just transferred to a different place and this is not a fundamental 

solution to the problem. Furthermore, this method has some environmental risks related to 

possible secondary contamination with delivery and nature destruction attributed to the 

extraction of clean soil for backfilling. Besides, in many cases, this method is basically more 

expensive than other methods. Given such a background, thus far, many kinds and types of 

techniques have been developed (e.g. Abumaizar and Smith 1999; Reddy 2010; Suhara et al. 
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2011). One of the techniques is an in-situ containment using vertical cutoff walls, which are 

used to prevent their migration in the aquifer. Especially, this technique is effective when the 

contaminants are located under existing structures because, in such cases, the active removal 

and degradation of contaminants are technically and economically difficult. Soil-Bentonite 

Mixture (SBM), which is a mixture of in-situ soil and bentonite, is one of the barrier materials 

used for the cutoff walls. The SBM cutoff walls have to exert high hydraulic barrier 

performance and high stability as geo-structures in order to completely contain the 

contaminants. 

In this research, hydraulic barrier performance of SBM cutoff wall is evaluated with 

several laboratory tests in association with physical properties of SBMs. Piezocone test 

(CPTU) is employed to establish an on-site Quality Control/Quality Assurance (QC/QA) on 

the SBM cutoff walls at post-construction. Moreover, seismic behavior and liquefaction 

potential of SBM cutoff walls is assessed using triaxial tests and centrifuge modeling tests.  

 

 

 

1.2 Regulations and countermeasures for contaminations 
 

1.2.1 Regulation related to geoenvironment in various countries including Japan 

In Japan, the Soil Contamination Countermeasure Act was enacted in 2003 as described above. 

However, since the conditions to require an investigation for the site characterization were 

poorly regulated, numerous contaminated sites were outside of its jurisdiction. Besides, in 

terms of the countermeasures, excavation of contaminated soil had been commonly applied 

regardless of the types and distribution of the contaminants as shown in Figure 1.1. With such 

background, the Japanese law was amended in 2010 to enhance the obligation of investigation, 

and to accelerate proper and reasonable countermeasures. After the amendment of the law, the 

number of the contaminations under the supervision of public administrations is increasing 

gradually, and the public administrations specify the type of essential countermeasures to be 

applied. Figure 1.2 shows the changes in the number of investigations for soil contamination 

cases in Japan (MOE 2013). As can be seen from this figure, the number of investigations 

increased around 2002, when the law was promulgated, and then, the number decreased 

around 2009 under the influence of Lehman's fall and global depression. Currently it has 

increased again in 2010 as a result of the amendment of the law. According to the results of a 

survey on soil contamination assessment and countermeasures in the fiscal year 2012 

targeting the 120 members (Geo-Environmental Protection Center 2013), the business scale 

related to the soil contamination was about 88 billion yen in 2012 with total of approximately 

7,500 orders. 

Not only Japan but a number of advanced countries in Europe and North America have 

specific legislations to soil and land protection as shown in Table 1.1. In the United States, the 

Comprehensive Environmental Response, Compensation, and Liability Act (commonly called 
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“Superfund Act”) was enacted in 1980 to clean up sites contaminated with hazardous 

substances. It was in response to the numerous contaminated sites outside of the jurisdiction 

of the former Resource Conservation and Recovery Act (Adams and Reddy 2012). In the 

Netherlands, lots of regulations related to the soil contamination were established. The 

regulations are collectively called Dutch soil policy, and they address the long-term protection, 

management, and sustainable use of soil. The 1987 Soil Protection Act (revised in 2008) is 
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Figure 1.1  Number of countermeasures against soil contamination in Japan (MOE 2013). 
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Figure 1.2  Number of investigations on soil contamination in Japan (MOE 2013). 
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Table 1.1  Regulations in foreign countries 

Nations Regulations (Year of establishment) 

United States 
Comprehensive Environmental Response, Compensation, and 

Liability Act: Superfund Act (1980) 

Netherlands 

Soil Protection Act (1987) 

Environmental Protection Act (1993) 

Soil Remediation Circular (2006) 

United Kingdom 
Waste and Contaminated Land Order (1997) 

Contaminated Land Regulations (2000) 

Germany 
Federal Soil Protection Act (1998) 

Federal Soil Protection and Contaminated Sites Ordinance (1999) 

Denmark Contaminated Land Act (1999) 

Taiwan Soil and Water Conservation Law (1994) 

South Korea Soil Environment Conservation Act (1995) 

 

 

one of the most important laws that serve as the foundation of the Dutch soil policy, and it 

contains general rules to prevent soil contamination. The 1993 Environmental Protection Act 

establishes that permits must be obtained before certain activities may be performed, and the 

2006 Soil Remediation Circular establishes objectives of remediation and describes soil 

remediation requirements. There are 400,000 registered sites that are contaminated or 

potentially contaminated. In Germany, the 1998 Federal Soil Protection Act and the 1999 

Federal Soil Protection and Contaminated Sites Ordinance were enacted so as to unify the 

regulations in each state. The government conducts a preliminary investigation by itself on the 

land suspected of contamination, and compels the polluters, the owners, or the users to 

investigate particularly if the contamination levels exceed the criteria. About 275,000 sites are 

suspected of being contaminated in Germany. Other countries, such as United Kingdom, 

Denmark, etc., have legislations to regulate and prevent contamination. In Asian countries, 

Taiwan and Korea place regulations specializing in soil contamination. However, in most of 

developing countries, regulations in regard to contamination are not formulated yet. Even 

China lags behind in legislation because this country is industrializing rapidly and interested 

in economic growth in this decade without concern to environmental issues. These countries 

are struggling to formulate legal frameworks as to protect their land, and to remediate 

contaminated soils. It is said that the Chinese government will prepare relevant laws before 

2015 and, similarly, Thailand and Malaysia may legislate about contamination. 

As can be seen from the above, legislation about contamination was tightened in these 

several decades not only in Japan but in the world. Additionally, waste management including 

radioactive materials due to the 2011 East Japan Earthquake is one of other serious problems 

related to geoenvironmental issues in Japan. The solutions for such geoenvironmental 
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problems are significant for the preservation and conservation of the limited natural resources. 

 

1.2.2 Hazardous substances and countermeasures in Japan 

In the Japanese law, 24 substances (and their compounds) are designated as hazardous 

substances. Table 1.2 shows all designated hazardous substances in the law. Criteria for each 

substance are determined based on the human health with referring the environmental 

standards in the Basic Environment Law. These substances are categorized into three groups 

which are volatile organic compounds (VOCs), heavy metals, and agrichemicals (+PCB). 

VOCs have high mobility and low solubility in water. Heavy metals and agrichemicals have 

low mobility. Thus, the spreading behaviors of contamination are different by the types of 

contaminants as shown in Figure 1.3. Some VOCs are heavier than water and others are 

lighter than water. Hence, the former spread deeply in the aquifer and the latter float at the 

groundwater level. In any case, once VOCs reach the aquifer, they can spread widely with the 

flow of groundwater (Flores et al. 2011). Heavy metals and agrichemicals have low-mobility 

and can be trapped in the subsurface area, therefore, their spread are mostly smaller compared 

with VOCs. 

Figure 1.4 shows various countermeasures against contamination. In considering the 

spread of contamination, the main concern should be the dissolved contaminants in the 

groundwater because the mobility of the contaminants in the liquid phase is higher than that 

of the contaminants adsorbed on the solid surface. Basic concepts of the countermeasures are 

categorized into the removal of the contaminants or into the prevention of their migration in 

the aquifer. Biological decomposition, chemical decomposition, pumping techniques, etc. are 

applied as in-situ techniques with no excavation of the contaminated soils. Thermal treatments, 

washing techniques, decomposition, etc. can be applied to the excavated soils, and the cleaned 

soils through the treatments can be reused as geo-materials after proper quality verifications. 

 

 
Table 1.2  Designated hazardous substances in Japanese law. 

VOCs Heavy metals Agrichemicals 

Carbon tetrachloride Cadmium and compounds Simazine 

1,2-Dichloroethane Hexavalent chromium and compounds Thiuram 

1,1-Dichloroethylene Cyanogen and compounds Thiobencarb 

Cis-1,2-Dichloroethylene Total mercury and compounds Polychlorinated biphenyl 

Dichloromethane Selenium and compounds Organic phosphorus 

compounds Tetrachloroethylene Lead and compounds 

1,1,1-Trichloroethane Arsenic and compounds  

1,1,2-Trichloroethane Fluorine and compounds  

Trichloroethylene Boron and compounds  

Benzene   
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Figure 1.3  Spread of contamination in the ground 

 

 

 

Figure 1.4  Classification of various countermeasures 
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These techniques are particular solutions of the positive removal of contaminants from the 

soil. 

The containment technique is a typical technique to prevent the contamination from 

migrating in the aquifer. Mainly vertical cutoff walls and liner systems using clay materials, 

concrete pits and impermeable sheets are employed as containment techniques. The in-situ 

containment using cutoff walls can isolate the contaminants from the surrounding 

environment without any excavations. The containment facilities using liner systems are often 

placed inside of the contaminated site; and the contaminants can be managed without any 

transportation.  

 

1.2.3 In-situ containment technique using SBM cutoff walls 

As described in 1.1, in-situ containment technique using barrier materials with low hydraulic 

conductivity is a valid method to prevent the contaminants in subsurface from migrating in 

the aquifer as shown in Figure 1.5 (e.g. Evans 1993, Katsumi et al. 2009). This technique 

controls the horizontal groundwater flow and the lateral migration of the contaminants using 

vertical cutoff walls. In many cases, since the vertical cutoff walls are embedded into a 

low-permeability stratum, such as clay stratum, with lower hydraulic conductivity than 1.0 × 

10-7 m/s and with larger thickness than 5.0 m, the vertical seepage is controlled by the stratum. 

The vertical cutoff walls are also used in conjunction with some form of pump and/or treat 

remediation because control of seepage is required on the application of such kinds of 

remediation techniques (Evans 1995). 

In the amended Soil Contamination Countermeasure Act, the in-situ containment 

technique was positioned as an "Instructed Action", which is a principle of countermeasure 

required by the local government. However, the number of in-situ containment is not 

increasing due to lack of scientific knowledge on performance of barrier materials. Thus, 

improvement of reliability about the barrier materials is vital for acceleration of reasonable 

and cost-effective countermeasures in Japan. 

Until today, various materials are developed and applied for containment systems. They 

can be categorized into two by their base materials: the steel-base and soil-base materials. The 

typical materials made of steel include steel sheet piles and steel pipe sheet piles (e.g. Kimura 

et al. 2007; Watabe et al. 2007), which are also used for the containment at coastal landfill 

sites and for bracing for underground excavations. The typical materials made of soil include 

soil-cement mixture and SBM. Soil-cement mixture is a mixture of cement and in-situ soil, 

and has low hydraulic conductivity and high compression strength due to the hydration 

reaction of the cement. Therefore, this material is also widely used for the bracing of 

underground excavations to control the seepage of groundwater and to prevent the ground 

from being deformed. Furthermore, the constructed vertical cutoff walls can be used as 

foundations of buildings due to their high strength. 

SBM cutoff walls are constructed by blending powder bentonite with in-situ soil without 

uptake of excavated soil. Hydraulic barrier performance of SBM can be performed by the 
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swelling of bentonite in SBM as shown in Figure 1.6. SBM cutoff walls also have another 

distinctive characteristic that the softness can be maintained even after the completion. Even 

though the application of SBM for bracing is technically difficult because of low compression 

strength, SBM has some advantages when applied as barrier materials for soil and/or 

groundwater contaminations compared with other materials (Grube 1992); 

 SBM is not solidified and its high softness can lead the high resistance to cracking even 

during earthquakes. 

 Self-sealing capability can be performed by the swelling of bentonite in SBM, and the 

pores will be refilled even in the occurrence of cracks. 

 Bentonite is an inorganic and natural mineral. Hence, SBM has a long-term durability in 

terms of the corrosion, erosion and deterioration as compared with steel materials. 

 Since SBM cutoff walls are constructed with the addition and mixing of bentonite as 

powder directly to the in-situ soil, few surplus soils are discharged during its installation. 

 Since bentonite can swell immediately after its contact with a liquid, curing period for 

the designated performance is shorter than cement-base materials. 

In order to achieve high homogeneity of the constructed SBM walls, the Trench cutting 

and Re-mixing Deep wall (TRD) method is widely considered at construction (Katsumi et al. 

2008). The construction processes of SBM cutoff wall by TRD method is as follows (see 

Figure 1.7):  

1) Cutter chains placed at a base machine rotate and cut the trench with supplying bentonite 

slurry. Trench cutting and mixing of bentonite slurry are conducted at the same time.  

2) The cutter chains are drawn back to the initial position.  

3) Bentonite powder is added and re-mixed with the soil-slurry mixture while the cutter 

chains move horizontally again.  

4) The cutter chains used for TRD method are shown in Photo 1.1. During the trench 

cutting, bentonite slurry is initially placed to support the trench and improve the  

 

 

 

Figure 1.5  Schematic view of in-situ containment technique 
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Figure 1.6  Swelling behavior of bentonite in the bentonite-buffer material (Komine and Ogata 2003). 

 

 

1) Trench cutting with the addition
    of bentonite slurry

2) Re-mixing the bentonite powder
    in the trench

Advancing machine

Bentonite
slurry

Excavating
& mixing

Advancing machine

Remixing

Bentonite
powder

Cutter post

 

Figure 1.7  Construction processes of SBM cutoff wall by TRD method 

 

 

   
Photo 1.1  Cutter chains of TRD machine 

(Raito Kogyo Co., Ltd. HP). 

 

Photo 1.2  Appearance of SBM cutoff wall 

after construction. 
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workability of the excavated soil. Hence, bentonite powder can be mixed sufficiently with the 

help of the improved workability, even though mixing of bentonite powder is difficult in the 

case of direct addition to the in-situ soil without bentonite slurry addition. Photo 1.2 shows 

the appearance of SBM cutoff wall after construction. 

 

 

 

1.3 Objectives and contents of the thesis 

 

A main objective of this study is to quantify the effects of various factors on the hydraulic 

barrier performance of SBM cutoff walls. Quality Control/Quality Assurance (QC/QA) of the 

constructed SBM wall at the post-construction stage is also experimentally discussed. Seismic 

behavior of SBM walls installed at sand layer is evaluated in terms of liquefaction and 

deformation. 

The main concerns of in-situ containment barriers are the assurance of hydraulic barrier 

performance and its vertical homogeneity. Hydraulic barrier performance of SBM is attributed 

to various factors, such as the swelling of bentonite, bentonite powder content, confining 

pressure and the types of base sand. The mixing condition of SBM is designed based on 

laboratory tests using in-situ soil prior to the application and the construction. Therefore, the 

actual hydraulic barrier performance in the site and its vertical homogeneity should be assured 

properly because they play fundamental roles on the quality of containment barriers in terms 

of complete containment. Also, the seismic behavior is crucial to know if the cutoff walls can 

resist against earthquakes. In this study, the above points are discussed with some laboratory 

tests. The scientific knowledge obtained through this research can contribute not only to 

enhance the reliability of in-situ containment itself but to provide reasonable solutions for 

ground contamination cases instead of the usual excavation and disposal. Besides, such 

reasonable techniques can contribute to solve problems with brownfield sites which are left 

for long time due to great expenses for countermeasures. Thus, this research holds much 

potential to give a significant social impact. 

This thesis consists of 5 chapters. The constitution of the thesis is shown in Figure 1.8, 

and the experimental methodologies applied for this study are shown in Table 1.3.  

In this chapter (Chapter 1), the objectives and the contents of the thesis are clarified 

together with general information related to soil and/or groundwater contamination as a 

background of this research. Also, fundamental information about advantages and 

construction processes of SBM are described.  

Chapter 2 discusses hydraulic barrier performance of SBM cutoff walls. The hydraulic 

barrier performance is evaluated by hydraulic conductivity tests with specimens made with 

water and in permeant, content of bentonite powder, confining pressure and type of base soil 

are variously changed as parameters, which will influence on the hydraulic conductivity of  
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Chapter 1
Introduction

Chapter 6
Conclusions and Future Directions

Chapter 2
Hydraulic barrier 

performance of SBM

Chapter 3
QC/QA for constructed 

SBM cutoff walls

Chapter 4
Seismic behavior of 

SBM cutoff walls

Chapter 5
Practical implications

 

Figure 1.8  Contents of this thesis. 

 

 

SBMs. Consistency characteristics of SBMs and swelling characteristics of SBMs are also 

evaluated to verify correlations with the hydraulic conductivity values. 

In Chapter 3, establishment of a QC/QA method on the constructed SBM cutoff wall is 

tested with CPTU by using a large-scale soil tank. CPTU is one of the common techniques 

applied for ground surveys, and can obtain vertically continuous profiles attributed to a soil 

classification. Hence, since the values would be unstable if the constructed SBM cutoff walls 

contain heterogeneous parts, CPTU can be expected to be employed for QC/QA. In this 

chapter, a process of QC/QA using CPTU is also suggested based on the experimental results 

in a series of discussion. 

In Chapter 4, seismic behavior of SBM cutoff wall is evaluated by a centrifuge modeling 

test and a cyclic undrained triaxial test. As mentioned above, static/dynamic stability is also 

an important issue because the SBM is a rather soft material compared with other typical 

materials. By the centrifuge modeling test, seismic behavior of SBM cutoff wall installed in 

an underlying clay layer was evaluated by simulating a larger-scale field by loading a 

centrifugal force on a model cutoff wall. 
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Chapter 5 describes practical implications based on experimental results obtained in each 

chapter in terms of design considerations, post-construction verifications and seismic stability 

assessment. Furthermore, mutual relations among each consideration are discussed. 

Chapter 6 summarizes all results and discussions obtained in each chapter as conclusion of 

this dissertation; and future directions are mentioned. 

 

 

Table 1.3  Experimental methodologies applied in this study 

Chapter Experimental methodologies 

2 Hydraulic conductivity test 

 - Hydraulic conductivity 

Free swelling test 

 - Free swell index 

Swelling pressure test 

 - Swelling pressure 

Swelling deformation test 

 - Deformation characteristics by swelling 

Consistency test 

 - Consistency characteristics 

3 Piezocone test 

 - Vertical profile and homogeneity  

UU test 

 - UU strength 

4 Centrifuge modeling test 

 - Seismic behavior / Lateral deformation 

CU test 

 - CU strength 

Cyclic undrained triaxial test 

 - Cyclic strength 
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CHAPTER 2  

 

Hydraulic Barrier Performance of SBM 

 

 

 

 

 

2.1 General remarks 

 

A key characteristic governing the effectiveness of cutoff walls is the hydraulic barrier 

performance of the barrier materials (Britton et al. 2004). The hydraulic barrier performance 

of barrier materials mostly depends on hydraulic conductivity (k) value. The k values are 

affected by many factors such as chemical property of groundwater, bentonite powder content, 

stress state, saturation degree, and physical and chemical properties of original soil, etc. 

Therefore, effect of each factor on the k has to be systematically verified in order to optimize 

mixing conditions for practical implementation. 

 

2.1.1 Chemical factors 

It is well known that the hydraulic barrier performance of bentonite-based barrier materials 

strongly depends on the swelling characteristics of bentonite (e.g. Komine 2004, Katsumi et al. 

2008, Mishra et al. 2011). The swelling characteristics are affected by chemical species and 

their concentrations in solution, which will be in contact with bentonite. It is because of this 

that bentonite cannot swell sufficiently against solutions that have high concentration of 

inorganic chemicals or nonpolar liquids (Norrish and Quirk 1954). The basic mechanism of 

swelling of bentonite is attributed to “Osmotic swelling” and “Diffuse electrical double 

layer”. 

2.1.1.1 Osmotic swelling  

A surface of clay mineral is mostly negatively charged due to isomorphous substitution inside 

of plane crystals of montmorillonite. For electrical neutrality, cations, such as potassium, 

sodium, or calcium, exist between the plates as exchangeable cations. When the bentonite 

contacts with water or other polar liquids, negatively-charged side of molecules is attracted to 

the exchangeable cations to balance the charge. In the case of water, water molecules are 

attracted to the cations to hydrate one after another. Accordingly, layers of water molecules 

are electrically intercalated between the montmorillonite interlayer, and the distance between 
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each crystal sheet is expanded. Thus, bentonite macroscopically expands. This is the basic 

concept of osmotic swelling of bentonite. When the bentonite is in contact with a fluid, the 

exchangeable cations are attracted not only to the negative charge of the fluid molecules but 

with the clay minerals, which also have negative charge. Therefore, when the exchangeable 

cations are multivalent, the bond between the exchangeable cations and the minerals becomes 

comparatively strong, and the swell volume of bentonite becomes small as shown in Figure 

2.1 (Katsumi et al. 2009).  

2.1.1.2 Diffuse electrical double layer 

Cations in solution can be tightly adsorbed and held on surfaces of negatively charged clay 

particles. The adsorbed cations, because of their high concentration near the surfaces of 

particles, try to diffuse away in order to equalize concentrations throughout the pore fluid. The 

escaping tendency due to the diffusion and opposing electrostatic attraction lead to ion 

distributions adjacent to a clay particle in suspension that are often idealized as shown in 

Figure 2.2. The charged surface and the distributed charge in the adjacent phase are together 

termed the diffuse electrical double layer. When no or few cation exists in the solution, 

positively-charged sides of water molecules are adsorbed on the surface of clay particles. 

These adsorbed water molecules cannot contribute to water permeation through soil because 

the water molecules are tightly held. Therefore, the thicker diffuse electrical double layer 

reduces effective porosity. On the other hand, in the case of high cation concentration, those 

cations are preferentially adsorbed on the clay particles and the diffuse double layer becomes 

thin. Thus, the thickness of diffuse electrical double layer plays an important role on the 

hydraulic barrier performance of clay materials. 
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Figure 2.1  Schematic diagram of osmotic swelling. 
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Figure 2.2  Distributions of ions adjacent to a clay surface (modified from Mitchell & Soga 2005). 

 

 

2.1.2 Physical factors 

It is commonly known that hydraulic barrier performance of soils including SBM is affected 

also by physical factors, such as particle size, void ratio, saturation degree, and viscosity of 

permeant (Sivapullaiah et al. 2000). 

Generally, fine-grained soil has lower k than coarse-grained soil. Uniformity of soil 

particles also influences k. A soil with uniform particles has higher k because the void in the 

specimen becomes large in such soil. In a soil with larger void ratio, liquid can move more 

freely in the soil and the k increases. Also, saturation degree of soil is a key factor affecting on 

k (e.g. van Genuchten 1980, Durner 1994). The relative k of unsaturated soil is comparatively 

lower than that of saturated soil due to increase of tortuosity, surface tension, and decrease of 

cross-sectional area of water flow. From these viewpoints, the k of SBM should be discussed 

also in consideration of type of base material, i.e. ground conditions of concern. 

 

 

 

2.2 Current studies on hydraulic barrier performance of SBM 
 

2.2.1 First exposure effect 

Several studies have reported that the sequence in which permeant liquids are introduced to 

soils containing high swelling clay, such as betonite, can have a significant effect on the k of 

the soils (e.g. Gleason et al. 1997, Quaranta et at. 1997, Stern and Shackelford 1998, 

Shackelford et al. 2000, Naka et al. 2012). This effect has been referred to as the "first 

exposure effect" (Shackelford 1994). Application of multiswellable bentonite or prehydrated 

bentonite is considered an effective method of improving the chemical compatibility (Onikata 
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et al. 1996, Shackelford et al. 2000, Katsumi et al. 2004, Kolstad et al. 2004, Katsumi and 

Fukagawa 2005, Lee and Shackelford 2005, Malusis et al. 2013). Figure 2.3 is a schematic 

diagram of the effect of prehydration and non-prehydration on the k. 

Malusis et al. (2013) have studied about the first exposure effect on the k values of SBM 

with flexible-wall permeameters using tap water and calcium chloride (CaCl2) solutions as the 

permeant liquid. In this research, three different types of powder bentonite, which have 70-85 

montmorillonite content, were used and blended with sandy soil as 5% slurry and bentonite 

powder at 4.5 to 5.7% of total bentonite content (dry weight basis). The experimental results 

indicated that permeation with tap water before introducing the CaCl2 solutions had no 

significant effect on the k regardless of CaCl2 concentration, although a significant impact on 

other clay-based materials (GCL2, Compacted S-A-B) with permeation of 500 or 6700 mM 

CaCl2 solutions were observed as shown in Figure 2.4 (Stern and Shackelford 1998, 

Shackelford et al. 2000, Lee and Shackelford 2005). Here, the first exposure effect was 

assessed based on the first exposure ratio (FER), which represents the ratio of the k of a 

specimen permeated initially with a chemical solution relative to that of a separate specimen 

permeated with the same chemical solution after permeation with water. Based on these 

results, it was concluded that the SBM backfills were not susceptible to a first exposure effect 

in which k values to chemical solutions were influenced by prior permeation with water. 

However, the absence of a first exposure effect for SBM backfills were led on the basis that 

all specimens were fully prehydrated with tap water before permeation as mentioned in the 

conclusions. In this research, all specimens were prepared by mixing the dry sand-bentonite 

with bentonite slurry, therefore, the first liquid for powder bentonite was tap water in all cases. 

In the case that some chemicals exist in the pore water of original ground, swelling of 

bentonite should be restricted and subsequent hydraulic barrier performance of SBM can be  

 

 

 

Figure 2.3  Effect of prehydration and non-prehydration on k (Katsumi et al. 2004). 
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Figure 2.4  Comparison of first exposure effect for SB backfills with other bentonite-based materials 

(data for GCL1 from Lee and Shackelford 2005; data for GCL2 from Shackelford et al. 2000) and a 

compacted S-A-B mixture containing 10% attapulgite and 10% bentonite (data from Stern and 

Shackelford 1998) (Malusis et al. 2013). 

 

 

affected. It is quite possible that the cutoff walls are installed in a ground that contains 

chemicals in the pore water, because the land is limited in Japan and the country is surrounded 

by sea. Therefore, the effect of the actual first exposure effect should be studied. 

 

2.2.2 Effect of wet-dry cycles 

Variability in k at post-construction may occur due to changes in the wall induced by some 

environmental factors (Britton et al. 2005). Evans (1993) discussed potential changes in the k 

of a cutoff wall due to chemical interactions and cycles of wetting/drying and 

freezing/thawing. Other sources of variability are variations in the k with depth due to 

variations in effective stress with depth (Evans 1995, Filz et al. 2001) and high k defects due 

to cracking that may be caused by large deformations of a cutoff wall. 

In particular, the changes in k due to wet-dry cycling are triggered by the water level 

fluctuation over time due to natural and/or anthropogenic causes. As a result, some portion of 

an SBM barrier may be located within the zone of a fluctuating water table and may dry when 

the water table is depressed. If this portion of the barrier does not maintain a low k upon 

rewetting when the water table rises, the overall effectiveness of the barrier may be 

compromised. Malusis et al. (2011) evaluated the effect of wet-dry cycles on the hydraulic 

barrier performance of SBM backfills using leak-free pressure plate extractors (LFPPEs) 

shown in Figure 2.5 (Wang and Benson 2004). Two different mixture proportions of SBM at 

2.7 to 5.6% of total bentonite content by dry weight basis are used for the experiment. For 

drying cycles, the specimens were dried using compressed air by controlling matric suction 

under constant pore water pressure in the LEPPE system. The specimens were then 

resubmerged using tap water for wetting cycles after measurement of air-dried specimen size 
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and weight. The results in Figure 2.6 showed that significant increases in k occurred after 

cyclic drying under high matric suctions (≥ 150 kPa) that resulted in saturations lower than 

30% although the SBM initially had k of lower than 10-9 m/s. Both SBMs exhibited a 500 to 

10000-fold increase (≥ 10-8 m/s) in the geometric mean k after three or more drying cycles, 

and the specimens did not heal even after long periods of permeation. These findings illustrate 

the potential for increases in k for SBM backfills subjected to wet-dry cycling due to water 

level fluctuation. 

 

 

 

Figure 2.5  Schematic of LFPPE apparatus (redrawn after Wang and Benson 2004). 

 

 

 

Figure 2.6  Ratios of geometric mean k to initial geometric mean k for replicate specimens of two 

different bentonite content of SBM as a function of wet-dry cycles and matric suction applied during 

the drying phase (Malusis et al. 2011). 
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2.2.3 Effect of additive substances 

The effect of zeolite amendment to enhance sorption capacity on the k of a representative 

SBM backfill for vertical cutoff walls was evaluated by Hong et al. (2012). The k of 

specimens containing fine sand, 5.8% (dry weight) sodium bentonite, and 0, 2, 5, or 10% (dry 

weight) of one of three types of zeolite (clinoptilolite, chabazite-lower bed, or chabazite-upper 

bed) were measured using a fixed-ring oedometers and a flexible-wall permeameter as shown 

in Figure 2.7. The testing results indicated that amendment of zeolite had little impact on the k 

of the backfill, regardless of the amount or type of zeolite. The k for the unamended specimen 

based on flexible-wall tests was 2.4 × 10-10 m/s, whereas those for zeolite-amended specimens 

were in a range of 1.2 × 10-10 ≤ k ≤ 3.9 × 10-10 m/s.  

The k of SBM backfills amended with granular activated carbon (GAC) or powdered 

activated carbon (PAC) was evaluated to assess an enhancement of SBM backfill with 

improved attenuation capacity for greater longevity of barrier containment performance by 

Malusis et al. (2009). Specimens containing fine sand, 5.8% sodium bentonite, and GAC or 

PAC (0, 2, 5, and 10% by dry weight) were used for the hydraulic conductivity test using 

flexible-wall permeameter. The results in Figure 2.8 show that amendment with either the 

GAC or PAC causes no detrimental effects on k of SBM considered in this study. The k values 

for GAC-amended SBMs are similar to that of the unamended SBM, whereas the values for 

the PAC-amended SBMs are marginally lower than that of the control backfill due to smaller 

grain size of PAC. 

 

 

 

Figure 2.7  Correlation between geometric mean k measured by flexible-wall permeameters at an 

average effective stress of 34.5 kPa vs. that in fixed-ring oedometer at the average effective stress of 

24 and 48 kPa.  
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Figure 2.8  Average final k of SBM backfills as function of activated carbon content measured by 

flexible-wall permeameters (average effective stress = 34.5 kPa). 

 

 

 

2.3 Experimental methodologies for hydraulic barrier performance 
of SBM 

 

2.3.1 Materials 

2.3.1.1 Bentonite 

Bentonite is classified by the types of exchangeable cations existing in the minerals. In this 

study, sodium-bentonite (Kunigel V1; Kunimine Industry Co., Ltd.) was used for all 

experiments. Sodium-bentonite is well known for its swelling characteristics higher than 

calcium-bentonite or other types of bentonite as described in 2.1. The used bentonite is widely 

used in many researches of geoenvironmental engineering as typified by a buffer material for 

the repository of high-level radioactive waste (e.g. Komine and Ogata 1996, Komine et al. 

2009, Nakamura et al. 2009, Komine 2010, Cui et al. 2011, Suzuki et al. 2013) and by bottom 

liners in waste disposal facilities (Kochmanova and Tanaka 2011). Typical profile of used 

bentonite is summarized in Table 2.1. 

2.3.1.2 Soils as base material of SBM 

In this study, four different soils were used as base soil of SBM: 1) composite soil which is a 

mixture of volcanic cohesive soil and sandy gravel, 2) silty soil, 3) sandy soil, 4) silica sand 

#7 and 5) fine sand. All soils were sieved through a 4.75 mm-opening screen before a 

preparation of SBMs. Physical properties of base soils are shown in Table 2.2. 

 Volcanic cohesive soil and sandy gravel were collected at a pilot scale test site 

(Shimoishibashi, Shimotsuke-city, Tochigi, Japan). The composite soil was prepared 

by mixing the sandy gravel with water content of 27% and volcanic cohesive soil with 

that of 70%. These values correspond to the natural water content of each soil. A 

mixing ratio of 25:4 by dry mass was determined based on a boring log obtained at the 

sites as shown in Figure 2.9. In this study, Kanuma soil was not mixed because its 

thickness was negligible compared with other two layers. 
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 Silty soil collected at a construction site (Takakura, Neyagawa-city, Osaka, Japan) was 

used. Water content was adjusted to 23.6% to be equal to the natural water content. 

 Sandy soil collected at another pilot scale test site (Hanamigawa-ku, Chiba-city, Chiba, 

Japan) was used. Water content was adjusted to 24.0%. 

 Silica sand #7 used in this study was a commercially manufactured product by sieving 

into specific grain size (Takeori Kogyo Co., Ltd., collected in Tono district in Gifu 

Prefecture). Water content was adjusted to 26.0% to simulate general sandy layer. 

 Fine sand was also a commercial product collected at a site (Kita Kenzai, in Soraku 

district in Kyoto Prefecture). Water content was adjusted to 21.0%. 

Figure 2.10 shows grain size distribution curves of each base soil by JIS A 1204 (2009a). 

Composite soil, silty soil and fine sand are well graded soils, having fine particles of 23.6%, 

33.9% and 8.1%, respectively. Sandy soil and silica sand are uniform and poorly graded. 

Especially fine particle content of silica sand is only 3.5% and few of fine particles are 

contained. These soils used for SBM preparation for each laboratory test are summarized in 

Table 2.3. 

 

 
Table 2.1  Typical profile of sodium-bentonite used 
in this study (from Komine 2004). 

Particle density 2.79 Mg/m3 

Liquid limit 473.9 % 

Plastic limit 26.61 % 

Plastic index 447.3 

Activity 6.93 

Clay content [< 0.002 mm] 64.5 % 

Montmorillonite content 48.0 % 

Cation exchange capacity 0.732 meq/g 

Na+ Exchange capacity 0.405 meq/g 

Ca2+ Exchange capacity 0.287 meq/g 

K+ Exchange capacity 0.009 meq/g 

Mg2+ Exchange capacity 0.030 meq/g 
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Table 2.2  Physical properties of base soils and used soils for each laboratory test. 

  
Composite 

soil 
Silty 
soil 

Sandy 
soil 

Silica 
sand 

Fine 
sand 

Particle density 

Water content 

(Mg/m3)

(%) 

2.72

-

2.64

23.6

2.62

24.0

2.61 

26.0 

2.64

21.0

Liquid limit 

Plastic index 

(%) 

(%) 

NP

NP

NP

NP

NP

NP

NP 

NP 

NP

NP

Particle size distribution 

Gravel [2.00 mm ~ ] 

Sand [0.075 ~ 2.00 mm] 

Fine  [~ 0.075 mm]  

 

(%) 

(%) 

(%) 

5.6

70.8

23.6

0.9

65.2

33.9

0

87.9

12.1

 

0 

96.5 

3.5 

6.8

85.1

8.1

Max. grain size (< 4.75 mm) (mm) 4.75 4.75 2.00 0.425 4.75

Uniformity coefficient  42 250 2.64 2.3 9.3

Curvature coefficient  3.5 10 0.94 0.93 9.3

Specific surface (cm2/g) 1896 4200 1746 - -

Electric conductivity (mS/m) 39.8 2.4 4.0 - -

 

 

 

 

Table 2.3  Base soils used for each laboratory tests 

  
Composite 

soil 
Silty 
soil 

Sandy 
soil 

Silica 
sand 

Fine 
sand 

Chapter 2 

 - Hydraulic conductivity test 

 - Swelling pressure test 

 - Swelling deformation test 

 - Consistency test 

 - Consolidation test 

 



























 



 

 

 







Chapter 3 

 - Piezocone test 

 - UU test 

 

 











Chapter 4 

 - Centrifuge modeling test 

 - Cyclic undrained triaxial test 
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Figure 2.9  Cross-section of ground 

at a pilot test site. 

Figure 2.10  Grain size distribution curves of five 

different base soils. 

 

 

2.3.1.3 Organic/inorganic chemicals 

In order to simulate SBM cutoff wall installation at sites where chemicals originally exist in 

soil pore water, four different chemicals were used in this study: 1) calcium chloride, 2), 

ethanol, 3) artificial seawater and 4) heavy-fuel oil A. 

 Calcium chloride (CaCl2) was used to simulate a condition of inorganic chemical 

contained in groundwater. As described in 2.1.1, the hydraulic barrier performance of 

SBM strongly depends on the chemical compatibility of bentonite itself. Valency of 

cations also influences on the swelling characteristics. The effect of divalent cations 

like Ca2+ is larger than monovalent cations like Na+, and it has been verified that the 

impact by the difference of multivalent cations larger than divalent is not great (Jo et al. 

2001). Beside, Ca2+ is commonly found in natural aqueous system as well as in water 

discharged from industrial processes or leached from waste. Therefore, Ca2+ is a 

commonly used in many past researches. 

 Ethanol and heavy-fuel oil A were used to simulate a subsurface area contaminated 

with organic chemical and oil, respectively. These materials were selected because 

they are typical chemicals as organic chemical or oil. Table 2.4 shows basic properties 

of ethanol. 

 Artificial seawater was used to assess an applicability of SBM cutoff walls in a coastal 

area. The artificial seawater was prepared by solving powder of Aquamarine (Yashima 

Pure Chemicals Co., Ltd.). Chemical component of the artificial seawater is shown in 

Table 2.5. 
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Table 2.4  Basic properties of ethanol used. 

Molecular weight (g/mol) 46.07 
Density (g/cm3) 0.789 

Boiling point (°C) 78.37 
Melting point (°C) -114.3 

Viscosity (mPa·s) 1.200 

 

 
Table 2.5  Chemical composition of the artificial seawater (unit: g/L). 

MgCl2 CaCl2 SrCl2 KCl2 NaHCO3 
11.12 1.535 0.0425 0.695 0.201 

KBr H3BO3 NaF Na2SO4 NaCl 
0.101 0.027 0.003 4.094 24.50 

 

 

2.3.1.4 SBM preparation 

Flow of SBM preparation is schematically shown in Figure 2.11. First, water content of base 

soil was adjusted using the chemicals mentioned above. Basically distilled water (DW) 

deaerated for 24 hours was used for all SBM preparation (water content regulation and 

preparation of chemical solutions). Water content of base soils without chemicals in the pore 

water were regulated using DW. For SBM samples containing CaCl2 in the pore water, CaCl2 

solutions were added to achieve 0.01 - 0.1 M concentration. For the samples that simulate oil 

contamination, heavy fuel oil A was added to the base soils with a content of 5,000 or 10,000 

mg/kg by dry mass after the water content was adjusted to same level. In the case of seawater, 

the pore water was replaced by the artificial seawater mentioned above in the process of water 

content regulation. 

As explained in 1.2.3, in practical construction procedures of SBM cutoff walls using 

TRD method, first, the trench cutting is conducted supplying bentonite slurry to maintain the 

workability of the soil inside the trench. Then, bentonite powder is re-mixed in the trench 

after the base machine goes back to the initial position. To simulate these construction 

processes in the laboratory, SBM were prepared according to following steps: 

1) Bentonite-water slurry of 10% concentration was prepared by mixing powder bentonite 

with tap water for 10 minutes using soil mixer. The slurry was allowed to hydrate in 

constant temperature of 20°C for 24 hours. 

2) The slurry was added and blended with the base soil by a soil mixer for 2 minutes to 

homogenize the mixture. The additive content of the slurry was determined based on a 

flowability of soil-slurry mixture (150 mm flow value according to JIS R 5201 (1997)).  

3) Once a mixture of suitable flowability was achieved, given amount of bentonite powder 

was added to the soil-slurry mixture and sufficiently remixed using the soil mixer for 2 

minutes. 
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Figure 2.11  Flow chart of SBM preparation. 

 

 

2.3.2 Experimental procedures 

2.3.2.1 Free swelling test of bentonite 

Free swelling test is used to measure the swelling volume of bentonite in any solutions. The 

main purpose of this test is to estimate swelling characteristics of bentonite in SBMs for k 

reduction. The free swelling test was conducted for nine different liquids and according to 

ASTM D 5890 “Standard Test Method for Swell Index of Clay Mineral Component of 

Geosynthetic Clay Liners” (ASTM 2011). The liquids used for this test were DW, tap water, 

and 7 CaCl2 solutions (0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 1.0 M) and experimental procedure 

is shown below: 

1) Two grams of powder bentonite, which was preliminarily dried in an oven at 110 ± 5 °C 

and sieved by through a 75 μm-opening screen, was prepared. 

2) The bentonite was dusted into a 100 mL graduated cylinder filled with 90 mL of permeant 

solution in increments of 0.1 g after a prior bentonite aggregate was settled by the 

hydration. 

3) The cylinder was filled up to 100 mL with the same solution and left for 24 hours with a 

cover.  

4) The volume level (in milliliters) was recorded (see Photo 2.1).  

Base soil 

Water content regulation 
using DW 

Water content regulation 
using chemicals 

Bentonite-water slurry 
addition 

 Flow value of the 
mixture = 150 mm? 

 Chemicals in the 
pore (water)?

Powder bentonite 
addition 

SBM 

NO 

YES 

YES 

NO 
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Photo 2.1  Appearance after free swelling test. 

 

 

2.3.2.2 Hydraulic conductivity test 

Hydraulic conductivity test was conducted to evaluate the k of SBM made with various 

conditions against some types of influent liquids. The assessment of k at pre-construction 

plays an extremely important role on the hydraulic barrier performance of cutoff walls after 

its construction.  

All testing conditions for the hydraulic conductivity test is summarized in Table 2.6 and 

Table 2.7. The experimental conditions in this study can be categorized into 4 groups 

(Series-C, P, N and S):  

 Series-C: In this series, various confining pressures were applied during permeation 

with two different permeant liquids to assess the pressure dependency of k. Figure 2.12 

shows the vertical distribution of earth pressure inside the SBM wall (Kamon et al. 

2006). This was monitored in an actually constructed vertical wall as a pilot test. 

Vertical stresses in the SBM wall was proved to be lower than the overburden 

pressures due to the arching effect (Evans et al. 1995, Filz 1996). When the k of SBM 

is tested in the laboratory, the stress conditions must be considered so as not to 

underestimate the k. 

 Series-P: This series was designed to assess the chemical compatibility of SBM 

attacked by solutions containing CaCl2, MgCl2, seawater, or 50%-ethanol. In this 

series, bentonite in SBM has been initially hydrated with pore water of original soil 

(adjusted using DW). 

 Series-N: In this series, the expected detrimental effect of the various chemicals in 

original soil on the k was verified. In this case, swelling of bentonite in SBM was 

impeded due to existence of chemicals in the soil and/or the groundwater at a site. The 

CaCl2 concentration range of 0 - 0.1 M was determined based on the data of actual 

leachate collected at some waste landfill sites shown in Table 2.8. Although the 

number of samples is limited, the maximum concentration converted to CaCl2 in terms 

CaCl2 solutions 
Tap water DW 
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of ionic strength was 0.07 M. In this series, the effect of the content of bentonite 

powder (CBP) was also studied. 

 Series-S: In this series, the effect of soil type used as the base soil on the k was studied 

with five different soil materials. Calcium chloride solution was applied for the pore 

water regulation and for the permeant with some concentrations. The content of 

bentonite powder was also differed by the testing cases. 

 

In this study, flexible-wall permeameters were used for all cases according to the ASTM 

D 5084 “Standard Test Methods for Measurement of Hydraulic Conductivity of Saturated 

Porous Materials Using a Flexible Wall Permeameter” (ASTM 2010). This equipment allows 

to apply any pressure via a latex membrane to confine the samples, and is widely used to 

estimate k of samples having low permeability (e.g. Katsumi et al. 2008, Naka et al. 2012). In 

order to minimize sidewall leakage, a falling head system was employed in this study. A 

schematic diagram of this system is presented in Figure 2.13. Specimens for the hydraulic 

conductivity test were prepared by the following procedure: 

1) Prepared SBM was carefully poured into an consolidation cell (60 mm in diameter and 20 

or 70 mm in height) to avoid the presence of air bubbles in the specimen and not to be 

overconsolidated with the wet density of 1.75 Mg/m3. 

2) After the specimen in the consolidation cell was saturated using a vacuum deaerator, the 

specimen was pre-consolidated in a consolidation test apparatus (JIS 2009c) with 

consolidation pressures listed in Table 2.9. For example, in the cases that confining 

pressure of 30 kPa would be applied during the hydraulic conductivity test, a 

pre-consolidation pressure of 20 kPa was applied on the specimen for 24 hours as a first 

loading. Then, 40 kPa was applied for one more 24 hours as a second loading.  

3) After the pre-consolidated SBM specimen was removed from the cell without disturbance, 

the specimen was shaped to 20-30 mm in height and 60 mm in diameter. The cylindrical 

specimen was placed between deaerated filter papers, geotextiles, and plastic caps (cap and 

pedestal) with holes to connect the tubes. 

4) A latex membrane was placed to cover the sides after silicone grease was spread around 

the lateral face of the specimen to minimize the sidewall leakage. After the same solutions 

as the pore water was supplied from a bottom hole to flush out trapped air between the 

membrane and specimen, O-rings were attached around the caps to infix the latex 

membrane. Then, all channels were saturated with the same solutions and connected. 

5) After an acrylic cylinder and a top was built up, tap water was supplied in the acrylic 

cylinder to completely soak the specimen. Air pressure was applied on the specimen via 

the membrane from an air compressor. 

6) A tube from a burette filled with a permeant was connected to the bottom hole, and 

permeation was started. The hydraulic gradient during permeation was approximately 

30-50. 
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Table 2.6  Testing conditions for hydraulic conductivity test (Series-C, P and N). 

Test 
No. 

Type of 
base soil 

Chemical concentration 
in original soil 

Type of 
permeant 

Bentonite 
powder content 
(kg/m3) 

Confining 
pressure 
(kPa) 

Wet 
density*

(Mg/m3)
C-1 

Composite 
soil 

0 

DW 

100 

15 1.74 

C-2 60 1.88 

C-3 90 1.81 

C-4 120 1.80 

C-5 150 1.79 

C-6 
0.1 M-CaCl2 

90 1.77 

C-7 150 1.87 

C-8 

1.0 M-CaCl2 

15 1.76 

C-9 60 1.82 

C-10 90 1.86 

C-11 120 1.89 

C-12 150 1.91 

C-13 0.1 M-MgCl2 90 1.82 

C-14 
1.0 M-MgCl2

90 1.88 

C-15 150 1.87 

C-16 
Seawater 

90 1.83 

C-17 150 1.90 

P-1 

Composite 
soil 

0 

DW 

100 30 

1.74 

P-2 0.1 M-CaCl2 1.78 

P-3 0.25 M-CaCl2 1.76 

P-4 1.0 M-CaCl2 1.76 

P-5 0.1 M-MgCl2 1.71 

P-6 1.0 M-MgCl2 1.80 

P-7 Seawater 1.84 

P-8 50%-ethanol 1.73 

N-1 

Composite 
soil 

0 0.1 M-CaCl2 50 

30 

1.88 

N-2 0.01 M-CaCl2 0.1 M-CaCl2 100 1.86 

N-3 

0.025 M-CaCl2 0.1 M-CaCl2 

50 1.74 

N-4 75 1.77 

N-5 100 1.86 

N-6 
0.05 M-CaCl2 0.1 M-CaCl2 

75 1.76 
N-7 100 1.80 
N-8 125 1.83 

N-9 
0.1 M-CaCl2 0.1 M-CaCl2 

100 1.82 
N-10 125 1.81 
N-11 150 1.86 

N-12 Sea water Sea water 100 1.78 
N-13 5 g/kg-heavy fuel oil A 0.1 M-CaCl2 100 1.75 
N-14 10 g/kg-heavy fuel oil A 0.1 M-CaCl2 100 1.83 

* After pre-consolidation before permeation 
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Table 2.7  Testing conditions for hydraulic conductivity test (Series-S). 

Test 
No. 

Type of 
base soil * 

Chemical concentration 
in  
original soil * 

Type of 
permeant 

Bentonite 
powder content 
(kg/m3) 

Confining 
pressure 
(kPa) 

Wet 
density*

(Mg/m3)

S-1 
Composite 
soil 

0.01 M-CaCl2 0.01 M-CaCl2

100 

30 

1.76 

S-2 

Silty clay 

0 DW 1.81 

S-3 0.01 M-CaCl2 0.01 M-CaCl2 1.82 

S-4 0.1 M-CaCl2 0.1 M-CaCl2 1.90 

S-5 

Sandy soil 

0 DW 1.85 

S-6 0.01 M-CaCl2 0.01 M-CaCl2 1.84 

S-7 0.1 M-CaCl2 0.1 M-CaCl2 1.87 

S-8 
Silica 
sand 

0 DW 

25 1.88 

S-9 50 1.86 

S-10 100 1.83 

S-11 

Fine sand 0 DW 

25 1.98 

S-12 50 1.94 

S-13 100 1.93 

* After pre-consolidation before permeation 

 

 
Table 2.8  Chemical composition of leachate collected at
waste landfill sites before treatment (unit: M). 

Ion Site A Site B Site C Site D 

Ca2+ 0.001067 0.004761 0.005856 0.024234  

Cl- 0.000100 0.007402 0.018625 0.309599  

Na+ 0.000681 0.003243 0.019096 0.116592  

SO4
2- 0.000201 0.000248 0.000142 0.000081  

K+ 0.000386 0.001716 0.005740 0.071960  

NO3
- 0.000103 0.000046 0.000046 0.000422  

 

 
Table 2.9  Pre-consolidation pressure and corresponding 
confining pressure. 

Pre-consolidation 
pressure (kPa) 

Confining pressure during 
hydraulic conductivity test 

(kPa) 

20 15 

40 30 

80 60 

120 90 

160 120 

200 150 
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Figure 2.12  Total stress distribution in SBM vertical wall versus  

overburden pressure (Katsumi et al. 2006). 
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Figure 2.13  Schematic diagram of a flexible-wall permeameter. 

 

 

Self-sealing capability of SBMs with regard to its hydraulic barrier performance was also 

evaluated using the same apparatus. To assess the self-sealing capability, two different types 

of specimens (25 mm height × 60 mm diameter), having a hydraulic defect, were subjected to 

the hydraulic conductivity test. One specimen has a vertical interface along the diameter of 

the specimen by cutting into two pieces as shown in Figure 2.14, and another has a circular 

hole with 2 mm in diameter penetrating the center of the specimen. Testing procedure was 

according to the flexible-wall hydraulic conductivity test. The hydraulic gradient was 50-60 

for the specimen (a) and approximately 5 for the specimen (b). 

The permeation was continued until the following requirements were confirmed: 1) the  
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Figure 2.14  Preparation of SBM specimen, having a vertical interface along a diameter. 

 

 

          
Photo 2.2  Specimen for the self-recovery test with (a) a vertical interface along its diameter and (b) a 

circular hole ( = 2 mm) penetrating its center. 

 

 

volume of the effluent and the influent were almost equal, 2) the change in k values with time 

was negligible, 3) pore volumes of flow (PVF) were greater than 2, and 4) the electrical 

conductivity (EC) of the effluent was almost equal to that of the influent in the P and N-series 

(e.g. Shackelford et al. 1999). In some cases, the pore volumes of flow did not reach 2 due to 

their extremely low k values. The EC values of the effluent were measured after some 

quantity of the effluent was accumulated in a bottle. 

The k values were measured by the following equation (2.1), which is generally used in 

the falling head hydraulic conductivity test. The k values of SBMs having hydraulic defects 

were also calculated by the same equation as an apparent hydraulic conductivity. 

100

1
)ln(

)(
)( 21

12
15 




 hh
ttA

La
ηηk T  (2.1) 

where, k = hydraulic conductivity (m/s); a = section area of burette (cm2); L = height of 

specimen (cm); A = section area of specimen (cm2); t1 = start time of measurement (s); t2 = 

finish time of measurement (s); h1 = initial water head level (cm); h2 = final water head level 

(cm); ηT, η15 = viscosity coefficient of permeant at T °C or 15 °C. 

In this study, the performance-based criterion of k value was set to 1.0 × 10-9 m/s. In 

SBM Divide in half Attach again 

(a) (b) 
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Japan, hydraulic barrier performance of bottom layer for the containment is established to 

satisfy both the hydraulic conductivity criterion, k ≤ 1.0 × 10-7 m/s and the thickness criterion, 

L ≥ 5.0 m, according to the Enforcement Regulations of Soil Contamination Countermeasure 

Law. The value of 1.0 × 10-9 m/s was determined by considering travel time of contaminants 

through the cutoff wall. The travel time with same groundwater level difference inside/outside 

the cutoff wall are equivalent with the conditions of “k = 1.0 × 10-7 m/s with L = 5.0 m” and 

“k = 1.0 × 10-9 m/s with L = 0.5 m”. Therefore, the value of 1.0 × 10-9 m/s can satisfy the 

regulation in terms of transportation of contaminant with considering that the typical 

thickness of SBM cutoff walls constructed by TRD method is 55 cm. 

2.3.2.3 Consolidation test 

Separated SBM specimen in the consolidation cell was saturated by using a vacuum deaerator 

for 24 hours, and subjected to the standard consolidation test. In this research, consolidation 

test was conducted using incremental loading according to JIS A 1217 (JIS 2009c), and 

loading steps were set as five. In the process of data analysis, k value was also calculated by 

the following equation (2.2). 

81064.8 


 WVV γmc
k  (2.2) 

where, k = hydraulic conductivity (m/s); cV = coefficient of consolidation (cm2/d); mV = 

coefficient of volume compressibility (m2/kN); γW = unit weight of water (= 9.81 kN/m3). 

2.3.2.4 Swelling-pressure test 

Swelling pressure test was implemented to verify the swelling pressure characteristics of 

SBMs made with various conditions. In this test, increment of vertical pressure associated 

with the swelling of bentonite was measured. Swelling pressure of SBM can be expected to 

behave as that of bentonite itself due to montmorillonite mineral expansion by absorbing 

water into interlayers as shown in Figure 2.15. (Komine and Ogata 2004, Komine et al. 2009, 

Wang et al. 2012). Swelling pressure of SBM in a fixed-volume condition should be differed 

by the mixing conditions as k value because the swelling behavior is sensitive to the chemical 

agent. This test was conducted on the testing cases of S-1, P-1 and N-1, 9, 11~14 in Table 2.6 

and Table 2.7. In this study, only SBMs made from composite soil were subjected to this test 

to assess the swelling pressure characteristics in association with chemical compatibility. The 

measurement of swelling pressure should be measured from the moment dry bentonite contact 

with solutions because the solution quickly begins to infiltrate into interlayers. However, since 

sufficient mixing is absolutely essential to ensure the homogeneity, an elapsed time from 

bentonite addition in SBM preparation processes to starting measurement was controlled to be 

same in all cases in this study. The experimental procedure of the swelling-pressure test is 

explained below: 

1) SBM was filled in an consolidation cell (60 mm in diameter and 20 mm in height), on 

which a saturated filter paper was placed, with filling carefully not to contain air bubbles 

in the specimen and not to be overconsolidated with a wet density of approximately 1.80  
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Figure 2.15  Process of swelling behavior in sand-bentonite mixture under  

constant-volume condition (Komine and Ogata 2004). 
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Figure 2.16  Schematic view of apparatus for swelling pressure test. 

 

 

 Mg/m3. 

2) After the surface of specimen was uniformly fixed, an acrylic loading cap with holes was 

placed onto the specimen with a guide ring. Then, the solution was poured in an 

immersion solution reservoir to completely submerge the specimen. The chemical 

concentration of the solution was corresponded to those of the permeant in the hydraulic 

conductivity test. 

3) In a consolidation test apparatus, a vertical consolidation pressure of 40 kPa was applied 

on the specimen for 24 hours. At this moment, 60 minutes was elapsed in all cases after the 

bentonite slurry addition. Silicon oil was put on the immersion solution to avoid 

evaporation during the test. This pre-consolidation step was implemented to improve the 
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uniformity of the soil surface to minimize the error and to unify the stress state in the 

specimen. 

4) After the pre-consolidation, the specimen was removed from the consolidation test 

apparatus and placed on an apparatus for swelling pressure test shown in Figure 2.16. This 

is a modified apparatus for one-dimensional compression test (JIS 2009d). The load cell 

was replaced to a non-deformable one (Compact Tension/Compression Load Cells; 

LUR-A-100NSA1, Kyowa Electronic Instruments Co., Ltd.), which was firmly connected 

to the outer frame with screws. The test was started after 25 hours elapsed from the 

bentonite slurry addition in SBM preparation. 

5) The vertical force was logged at 10 seconds intervals in the first 24 hours and at 1 hour 

intervals after that. The swelling pressure was evaluated with a maximum value in 168 

hours (7 days).  

2.3.2.5 Swelling-deformation test 

Swelling-deformation characteristics of SBMs also should be differed according to the mixing 

conditions as the swelling-pressure characteristics mentioned in 2.3.2.4. Swelling-deformation 

test was conducted to evaluate the swelling deformation characteristics under 

constant-pressure condition as shown in Figure 2.17 using a consolidation test apparatus 

(Komine and Ogata 2004, JIS 2009c). In this test, vertical strain change was measured by 

time. This test was conducted on the testing cases of S-1~7, P-1, and N-9 in Table 2.6 and 

Table 2.7. In this study, the effects of chemicals in pore water and of base soil on the 

swelling-deformation characteristics were evaluated. The experimental procedure of the 

swelling-deformation test is described below: 

1) SBM was filled in an consolidation cell (60 mm in diameter and 70 mm in height), on 

which a saturated filter paper was placed, with filling carefully not to contain air bubbles 

in the specimen and not to be overconsolidated with the wet density of approximately 1.80 

Mg/m3. 

2) After the surface of specimen was uniformly fixed, a stainless loading cap was placed onto 

the specimen with a guide ring. Then, solution was poured in an immersion reservoir to 

completely submerge the specimen. The CaCl2 concentration of solution was corresponded 

to those of the permeant in the hydraulic conductivity test. 

3) In a consolidation test apparatus, a vertical consolidation pressure of 100 kPa was applied 

on the specimen, and the measurement was started. 

4) The vertical strain was recorded by time. The test was continued for 168 hours. 

 

For the evaluation of swelling-deformation characteristics, normalized water content, 

wnor, and effective dry density of bentonite, ρdb, were calculated by the following equation 

(2.3) and (2.4): 

100
BS

SBM
nor w

w
w  (2.3) 
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where; wSBM = water content of SBM after swelling-deformation test (%); wBS = water content 

of base soil after swelling-deformation test (%).  

WAB

B
db VVV

m
ρ


  (2.4) 

where; ρdb = effective dry density of bentonite (g/cm3); mB = mass of bentonite fraction in 

SBM; VB = volume of bentonite fraction in SBM; VA = volume of air in SBM; VW = volume of 

water fraction in SBM after the test (see Figure 2.18). As are expressed by these equations, 

both wnor and ρdb represent the degree of enhancement of soils by converting into SBMs in 

terms of water retention capability. 

 

 

 

Figure 2.17  Process of swelling behavior in sand-bentonite mixture under constant-pressure 

condition (Komine and Ogata 2004). 
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Figure 2.18  Schematic view of composition in SBM for pre or non-prehydration conditions. 
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2.3.2.6 Consistency characteristics 

Liquid limit and plastic limit of SBMs were measured according to JIS A 1205 (2009b). The 

consistency characteristics were evaluated to verify water retention capability of SBMs made 

with various conditions shown in Table 2.6 and Table 2.7. 

 

 

 

2.4 Factors affecting hydraulic conductivity of SBM 
 

2.4.1 Swell volume of bentonite 

Results of free swelling test are shown in Table 2.10 and Figure 2.19. Although the maximum 

swell volume is 28.6 mL/2g-solid against distilled water, a significant decrease in bentonite 

swell volume occurs when the CaCl2 concentration is higher than 0.01 M, and the swell 

volumes against the solutions of CaCl2 concentration higher than 0.1 M are almost similar. As 

shown in Figure 2.20, the swell volume of bentonite significantly decreased by increase of 

electrical conductivity (EC) of the solutions because EC is an indicator to represent the 

electrolyte concentration of the solutions. These results support that it is mostly reasonable to 

evaluate the chemical compatibility of SBM with the CaCl2 concentration range in 0 to 0.1 M 

in following sections.  

 

2.4.2 Hydraulic conductivity change with time 

Figure 2.21 illustrates an example of k changes with PVF in P-1, P-2, P-4, N-1 and N-9. As 

 

 
Table 2.10  Swell volume of bentonite with 
corresponding electrical conductivity of solutions.

 
Swell volume EC 

(mL/2g-solid) mS/m 

DW 28.6 3.5 

Tap water 25.9 29.8 

Seawater 7.8 4610 

CaCl2 

solution 

0.001 M 25.2 25.2 

0.005 M 22.6 113 

0.01 M 17.4 217 

0.02 M 12.8 414 

0.05 M 9.2 956 

0.1 M 6.0 1800 

1.0 M 5.7 12670 
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the permeation proceeded, k values permeated with the DW (P-1) continuously decreased, 

particularly at the early stage of the test. This is possibly because the bentonite in the 

specimen could absorb the influent water with the formation of diffuse double layer and 

osmotic swelling because it did not fully swell during the pre-consolidation. The k values in 

other cases were almost stable during the permeation. Hereafter, average k values after PVF = 

1 were adopted as representative values of each testing case when final PVF is larger than 1.In 

the case that PVF did not reach 1, average value from the beginning was used for further 

discussions. The k values in all cases are summarized in Table 2.11. 
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Figure 2.19  Results of free swelling test on 

various solutions. 

Figure 2.20  Swell volume of bentonite 

versus electrical conductivity. 
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Figure 2.21  Changes in k values with the pore volumes of flow (P-1, P-2, P-4, N-1, N-9). 
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Table 2.11  The k values obtained from hydraulic conductivity test 

Test 
No. 

Hydraulic 
conductivity (m/s) 

Void 
ratio* (-) 

Test 
No. 

Hydraulic 
conductivity (m/s) 

Void 
ratio* (-) 

C-1 7.1 × 10-11 1.06 N-1 2.3 × 10-10 0.91 

C-2 5.5 × 10-11 0.89 N-2 2.2 × 10-10 0.95 

C-3 4.1 × 10-11 0.91 N-3 1.5 × 10-9 0.79 

C-4 2.3 × 10-11 0.90 N-4 6.8 × 10-10 0.89 

C-5 1.8 × 10-11 0.77 N-5 5.6 × 10-10 0.82 

C-6 6.9 × 10-11 0.90 N-6 1.1 × 10-9 0.82 

C-7 3.0 × 10-11 0.81 N-7 1.0 × 10-9 0.95 

C-8 1.9 × 10-10 0.87 N-8 7.4 × 10-10 0.89 

C-9 6.9 × 10-11 0.86 N-9 1.3 × 10-9 0.90 

C-10 8.4 × 10-11 0.79 N-10 1.1 × 10-9 0.87 

C-11 5.6 × 10-11 0.76 N-11 7.0 × 10-10 0.88 

C-12 4.2 × 10-11 0.76 N-12 9.8 × 10-10 0.88 

C-13 6.7 × 10-11 0.87 N-13 1.0 × 10-10 1.07 

C-14 5.0 × 10-11 0.79 N-14 8.3 × 10-11 1.01 

C-15 4.8 × 10-11 0.77 S-1 1.0 × 10-10 1.02 

C-16 4.7 × 10-11 0.85 S-2 2.1 × 10-11 0.80 

C-17 3.8 × 10-11 0.83 S-3 2.9 × 10-11 0.80 

P-1 5.0 × 10-11 1.06 S-4 6.3 × 10-10 0.63 

P-2 1.9 × 10-10 0.95 S-5 3.1 × 10-11 0.81 

P-3 2.2 × 10-10 1.00 S-6 4.0 × 10-11 0.75 

P-4 1.4 × 10-10 0.86 S-7 2.5 × 10-10 0.61 

P-5 1.6 × 10-10 0.97 S-8 2.7 × 10-9 0.91 

P-6 1.1 × 10-10 0.85 S-9 8.7 × 10-10 0.93 

P-7 1.2 × 10-10 0.93 S-10 1.1 × 10-10 0.96 

P-8 4.9 × 10-11 1.09 S-11 1.1 × 10-9 0.72 

   S-12 1.5 × 10-10 0.78 

   S-13 4.3 × 10-11 0.81 

* After permeation 

 

 

2.4.3 Enhancement of hydraulic barrier performance by bentonite addition 

Figure 2.22 shows k values of SBMs made with five different base soils (CBP = 100 kg/m3) 

without chemical or permeants in the pore water (P-1, S-2, S-5, S-10, and S-13 in Table 2.6 

and Table 2.7). Although the original k values of composite soil, silty clay, sandy soil, silica 

sand, and fine sand were 1.51× 10-7, 6.39 × 10-10, 1.84 × 10-7, 3.90 × 10-5, 2.89 × 10-5 m/s, 

respectively, the values of SBMs made with each soil could be lower than 1.0 × 10-10 m/s by 

bentonite addition with CBP = 100 kg/m3. This result confirms that high hydraulic barrier  
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Figure 2.22  Enhancement of hydraulic barrier performance by bentonite addition. 
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Figure 2.23  Changes in k value with confining pressure during permeation (Series-C and P-1~8). 

 

 

performance of SBMs can be expected by adding bentonite regardless of type of base soil 

when the bentonite can sufficiently swell and fill voids in the cutoff walls. 

 

2.4.4 Effect of confining pressure 

Figure 2.23 illustrates the k values of SBMs under different confining pressures and using 7 

different permeant liquids. The larger confining pressure led to the lower k values of SBMs 

regardless of types and concentrations of permeant liquid. This is because the lower void ratio 

induced by the higher pre-consolidation pressure and confining pressure results in the 

decreasing effective void space that allows the water flow as explained in a previous research 

(Yeo et al. 2005). Even at the lowest confining pressure of 15 kPa, the k value of SBM was 

approximately 1 × 10–10 m/s. At the confining pressure of 150 kPa, the k value was only 
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one-fourth as high as those at the confining pressure of 15 kPa. Thus, SBM is considered to 

have a good enough hydraulic barrier performance even when the confining pressure is small. 

Besides, there is no significant effect of the confining pressure on the k of SBM even if the 

vertical stresses in the SBM cutoff wall is lower than the overburden pressure due to the 

arching effect (Evans et al. 1995, Filz 1996). 

 

2.4.5 Chemical compatibility of SBM 

Effect of chemicals in permeant on the hydraulic conductivity can be known also from Figure 

2.23. The k values permeated with the inorganic solutions were approximately only 1 - 3 

times as high as those permeated with the DW regardless of the confining pressure. As 

previously noted, this is because the osmotic swelling and diffuse double layer collapsed with 

the effect of divalent cations. However, since the bentonite in SBM was prehydrated during 

SBM preparation and pre-consolidation, the influence on its hydraulic barrier performance 

was not significant. Comparing the k values influenced by chemical concentrations of CaCl2 

and MgCl2 solutions (see Figure 2.24), the k values were almost similar; however, the values 

for 1.0 M solution were slightly lower than the values for 0.1 and 0.25 M solutions probably 

due to the viscosity effect. From this observation, it was confirmed that the concentration of 

the inorganic solution has no significant effect on the hydraulic barrier performance of the 

SBM when it is higher than 0.1 M. Katsumi et al. (2001) and Jo et al. (2001) pointed out that 

increase in the divalent concentration does not affect the swelling property of bentonite nor 

increase the hydraulic conductivity when the concentration is higher than 0.1 M for 

non-prehydrated geosynthetic clay liners. From this viewpoint, the effect of chemicals in 

permeant on the hydraulic barrier performance of SBM are similar with that on other 

bentonite-based materials. 

Figure 2.25 illustrates change in k values of the SBM permeated with 0.1 and 1.0 M 

CaCl2 solutions at the c = 30 kPa (P-2 and P4). The cumulative flow volume was larger than 

6 pore volumes. Although the k values increased or decreased slightly at the beginning of the 

permeation, they were stable in the range of 1 × 10–10 to 3 × 10–10 m/s after the cumulative 

flow volume exceeded 3 pore volumes. This observation confirms that SBM can maintain its 

high hydraulic barrier performance until the cumulative flow volume reaches about 6.5 pore 

volumes even when the inorganic chemicals flow into the cutoff walls. 

Figure 2.26 summarizes the k values in Series-P, in which SBMs were made with CBP = 

100 kg/m3 and c = 30 kPa. This figure also demonstrates that the effect of chemical type and 

concentration of permeant is negligible and the k values of SBM can be maintained lower 

than 1 × 10–9 m/s. Permeated with the seawater which contains several species of multivalent 

cations (e.g. calcium, magnesium), the k became 1 to 2 × 10–10 m/s, which was similar to that 

for CaCl2 solutions. For 50%-ethanol permeation, k was especially low compare with other 

cases. To take the effect of the high viscosity of ethanol solution into consideration, the 

intrinsic permeability, K, of the SBM was calculated by a following equation (2.5). 
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Figure 2.24  The k values versus chemical 

concentration of permeant. 

Figure 2.25  Change in the k values with time. 
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Figure 2.26  Effect of chemicals in permeant liquid on the k (Series-P). 

 

 

k
gρ

μ
K   (2.5) 

where, K = intrinsic permeability (m2); k = hydraulic conductivity (m/s); ρ = density of 

permeant (g/m3); g = gravitational acceleration (m/s2); μ = viscosity of permeant (Pa·s). The 

obtained value was 1.5 × 10–17 m2 for 50%-ethanol permeation, which was only 3 times larger 

than that for the DW permeation, 5.1 × 10–18 m2. This result indicates that the SBM can 

maintain its hydraulic barrier performance even when permeated with the high concentration 

of organic solvents. 

As a summary about the hydraulic barrier performance against chemical attack after the 

construction, the k value of SBM is not significantly increased even against the permeant 
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containing inorganic/organic chemicals with high concentrations when the bentonite in the 

SBM can be sufficiently hydrated with the soil pore water. 

Figure 2.27 shows the change in hydraulic conductivity of SBM with different CaCl2 

concentrations of the soil pore water. Figure 2.28 shows the k values in association with CaCl2 

concentration in the soil pore water. For the SBM in which no chemical exist in the soil pore 

water, k value is 1.1 × 10–10 m/s against permeation of 0.1 M CaCl2 solution. However, the 

higher CaCl2 concentrations led to the higher k values. As shown in these figures, in the case 

that CaCl2 concentration in the soil pore water is 0.1 M, the k becomes higher than 1 × 10–10 

m/s, which is the performance-based criterion in this study. Although the pore water 

containing calcium ions is diluted by the water fraction of the bentonite slurry, there is a 

significant increase to reach the average k value of 1.3× 10–9 m/s in the case of 0.1 M CaCl2 

solution as shown in Figure 2.28. Comparing the chemical effect in permeant and in the soil 

pore water, it is obvious that the impact of chemicals in the pore water on the k value is much 

greater than that in permeant as shown in Figure 2.29. Even though the CaCl2 concentration 

range of the soil pore water is ten times different with that of the permeant, the k value is 

greatly increased. The k for 0.1 M CaCl2 in the permeant is 3.5 times as high as that for 0 M 

CaCl2. Contrarily, the increase of the CaCl2 concentration in the pore water resulted in the 

increase in the k by more than one order of magnitude. Figure 2.30 illustrates k values with 

EC values of the soil pore water and of permeant. By comparing the effects of divalent cations 

on the k value when they exist in the permeant or in the pore water, it can be concluded that 

the cation in the pore water causes more significant increase in the k value. The k for the 

permeant of 0.1 M CaCl2 is 3.5 times as high as that for the permeant containing no CaCl2 (0 

M). In contrast, the increase in the CaCl2 concentration in pore water from 0 to 0.1 M results 

in the increase in k by more than one order of magnitude. These observations indicate that the 

prehydration of bentonite is absolutely essential for the chemical compatibility of the SBM. 

Its effect is not minor even in the case that the divalent cation concentration of the pore water 

is lower than 0.05 M. Thus, the concentration of the divalent cation and its variation in 

groundwater at the site of concern should be considered in evaluating the hydraulic barrier 

performance of SBM. 

Figure 2.31 summarizes the k values for the SBMs made with CBP = 100 kg/m3 in 

Series-N, where the SBM contains various chemicals in its soil pore water. For the seawater, 

approximately one order of magnitude higher value was obtained by comparing with the SBM 

to which no chemical added. This increase is almost equivalent to that caused by 0.05 and 0.1 

M CaCl2 solutions due to the multivalent cations. Therefore, there is fear that swell property 

of bentonite will decay in the construction at coastal areas. For the SBMs containing heavy 

fuel oil in the pore water, there is no influence on the k value probably due to hydrophobicity 

of oil. 

As described above, the hydraulic barrier performance of SBMs are influenced by the 

chemicals especially when the chemicals originally exist in soil pore water. The possibility of 

enhancement on the k value was evaluated from a viewpoint of bentonite content. Data for  
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Figure 2.27  Changes in k value of SBM containing CaCl2 in the soil pore water. 
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Figure 2.28  The k values versus chemical 

concentration of soil pore water. 

 

Figure 2.29  Comparison of the chemical 

effects by permeant and by soil pore water. 

 

0
1

2
3

4
5

0

5

10

15
0.0

5.0x10 -10

1.0x10 -9

1.5x10 -9

EC of soil pore water

(S/m)

EC of permeant

(S/m)

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (

m
/s

)

Series-P
Series-N

Effect of chemical
in pore water

Effect of chemical 
in permeant

 

Figure 2.30  Effects of EC value of soil pore water and of permeant on the k value. 
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Figure 2.31  Effect of chemicals in the soil pore water on the k (P-2, N-2, N-5, N-7, N-9, N-12~14). 
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Figure 2.32  Relationship between k values and CBP for each CaCl2 concentration in soil pore water 

(P-2, N-1~N-11). 

 

 

different bentonite powder contents are plotted in Figure 2.32. For the CBP = 100 kg/m3, k 

values are increased linearly for CaCl2 concentrations of pore water lower than 0.05 M. 

However, for CaCl2 concentrations higher than 0.05 M, they are still increased but by the 

smaller rate. For the CBP = 50 kg/m3, there is a greater effect of the CaCl2 concentration 

observed: k for 0.025 M is 1.5 × 10–9 m/s, which is more than 6.5 times as high as for 0 M. In 

the case of 0.1 M CaCl2, the k can be lowered by 50% by increasing the bentonite powder 

content from 100 to 150 kg/m3. In the case that the SBM was prehydrated (CaCl2 

concentration in pore water = 0 M), k value of lower 1.0×10-9 m/s was achieved by adding 50 

kg/m3 of powder bentonite for the composite soil used in this study. These results indicate that 

the cation concentration of the pore water is an important factor for determining the additive 

amount of bentonite powder particularly when it is relatively small, but hydraulic barrier 
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performance of SBM can be enhanced by increasing the CBP. 

 

2.4.6 Effect of soil type 

Figure 2.33 shows the relationship between k values and CaCl2 concentrations in soil pore 

water and permeant for three types of soil in Series-S, where the initial CaCl2 concentration in 

pore water and permeant were set equal. For each soil, k increased in association with the 

CaCl2 concentration. As CaCl2 concentration in soil pore water and permeant increased from 

0 to 0.1 M, the k value of SBMs processed from composite soil, silty clay, and sandy soil 

became 48 times higher, 30 times higher, and 8 times higher, respectively. Figure 2.34 shows 

the relationship between the void ratio after permeation and the CaCl2 concentration. Void 

ratio of SBM was lowered more by the higher CaCl2 concentration. For the constant CaCl2 

concentration, the void ratio of SBMs made with composite soil was the largest, and those of 

silty clay-based and sandy soil-based SBMs were almost equal. Comparing the values for 

CaCl2 concentration of 0.1 M with 0 M, the void ratio of composite soil-based and silty 

clay-based SBMs became about 20% of magnitude lower. In contrast, decrease in the void 

ratio of sandy soil-based SBM was only 10% of magnitude. This finding is consistent with the 

influence of the CaCl2 concentration on the k value shown in Figure 2.33. 

Figure 2.35 plots the relationship between the void ratio of SBMs after the experiments 

and the k of SBMs made with various chemical concentrations and base soils and those of 

SBMs with various confining pressures during the permeation. In addition, the smaller void 

ratio led to the lower k value for the SBMs made with same mixing condition due to higher  

 

 

0 0.02 0.04 0.06 0.08 0.1
10-11

10-10

10-9

10-8

CaCl2 concentraion in soil pore water 

and permeant (M)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

Composite soil
Silty clay
Sandy soil

 

0 0.02 0.04 0.06 0.08 0.1
0.7

0.8

0.9

1

1.1

1.2

CaCl2 concentration in soil pore water 

and permeant (M)

V
o

id
 r

a
tio

 (
-)

Composite soil
Silty clay
Sandy soil

 

Figure 2.33  Relationship between k values and 

CaCl2 concentrations in soil pore water and 

permeant for SBMs made with three different 

base soils. 

Figure 2.34  Relationship between void ratio of 

SBMs after permeation and CaCl2 

concentrations in soil pore water and permeant 

for SBMs made with three different base soils. 



48 
 

0.6 0.7 0.8 0.9 1 1.1 1.2
10-11

10-10

10-9

10-8

Void ratio (-)

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (

m
/s

)

Composite soil: various CaCl2 concentration
Silty clay: various CaCl2 concentration
Sandy soil: various CaCl2 concentration
Composite soil: various confining pressure

0.75 0.8 0.85 0.9 0.95 1
1

101

102

Normalized void ratio (e / e0)

N
o

rm
a

liz
e

d 
hy

dr
a

ul
ic

 c
o

nd
uc

tiv
ity

 (
k 

/ k
0)

Composite soil
Silty clay
Sandy soil

 

Figure 2.35  Void ratio versus k value. 

 

 

 

Figure 2.36  Normalized relationship between 

void ratio and k value. 
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Figure 2.37  The k values versus CBP of SBM made with various base soils (P-2, N-1~N-11). 

 

 

confining pressure during permeation. Figure 2.36 shows the relationship between void ratio 

and k value, both of which were normalized with the value for the CaCl2 concentration of 0 M. 

Correlation between them was observed regardless of the soil type. The lower concentration 

resulted in the larger void ratio of SBM. As a result, larger volume of water is retained as 

immovable water, which does not contribute to the permeation. This is why the lower 

hydraulic conductivity is achieved with the larger void ratio of SBM attacked by CaCl2. This 

finding supports that the void ratio change can become a good indicator for the hydraulic 

barrier performance of SBM attacked by the divalent cation for various types of soil. 

Figure 2.37 plots the k values of silica sand-based SBM and fine sand-based SBM 

permeated with DW as well as the value of composite soil-based SBM permeated with 0.1 M 

CaCl2 solution in association with CBP of SBM. Although a similar increasing tendency with 
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decreasing in CBP can be observed, the significant k values have a certain amount of 

difference according to the type of base soil and of permeant. Comparing the result of silica 

sand-based SBM and fine sand-based SBM in light of each fine particle content of base soil, 

fine sand-based SBM, which contains more fine particle in the base soil, represents lower k 

values regardless of CBP. Even though composite soil contains more fine particles than fine 

sand, composite soil-based SBM shows higher k values probably due to the permeation of 0.1 

M CaCl2 solution. Due to the large fine particle content of composite soil, the increment of k 

value associated with decrease in CBP can be assumed to be small. 

 

2.4.7 Self-sealing capability of SBM 

Figure 2.38 shows the apparent hydraulic conductivity values for the cylindrical SBM 

specimen having a vertical interface along its diameter in the case of c = 30 kPa. The 

apparent hydraulic conductivity was calculated by dividing the effluent rate by the section 

area of the specimen and the hydraulic gradient. Apparent hydraulic conductivity values were 

very similar to those of the SBM specimens with no defect both for distilled water and 1.0 M 

CaCl2 solutions. Thus, a leakage through the interface in the SBM, such as a slip surface, can 

be negligible because both the flexibility of SBM and the re-swelling of the bentonite were 

effective under a confining pressure. Figure 2.39 shows the apparent hydraulic conductivity 

values for the cylindrical SBM specimen initially penetrated by a circular hole ( = 2 mm). 

After the permeation started, a significant leakage was observed in every specimen, and 

apparent hydraulic conductivity values were in the range of 10-5 to 10-6 m/s. Then, those of 

the specimens permeated with the distilled water were lowered gradually to approximately 1 

× 10–9 m/s, while those of the specimens permeated with the CaCl2 solution were stabilized in 

the range of 10–5 to 10–6 m/s even when the confining pressure was high (c = 150 kPa).  
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Figure 2.38  Apparent hydraulic conductivity 

of the SBM specimen containing a vertical 

interface along its diameter (c = 30 kPa). 

Figure 2.39  Apparent hydraulic conductivity 

of the SBM specimen with a circular hole ( = 2 

mm). 
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Photo 2.3  Specimens with hole after permeation (L) DW permeation; (R) 0.1 M CaCl2 permeation.  

 

 

These changes in hydraulic conductivity values confirm that the reswelling of bentonite plays 

an important role to reduce the leakage flow rate. Photo 2.3 shows appearance of specimens 

after the permeation. These photos also demonstrate that the hole was filled with a gel of 

reswelled bentonite in conjunction with the erosion around the hole by permeation of DW; 

however, the hole was maintained even after the permeation of 0.1 M CaCl2 solution. Thus, 

when permeated with CaCl2 solution, the SBM specimen did not recover its hydraulic barrier 

performance since the swelling of the bentonite was prevented. 

 

2.4.8 Hydraulic conductivity assessment by consolidation test 

Figure 2.40 shows the k values of SBMs made with silica sand obtained from hydraulic 

conductivity test and consolidation test. Comparing the values obtained by the two 

experimental methodologies, those corresponding to the hydraulic conductivity test have a 

clear linear relationship with the CBP, whereas those from the consolidation test have 

variability. This is probably because the clay fraction in SBM of CBP = 50kg/m3 is  
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Figure 2.40  Comparison of k values obtained from hydraulic conductivity test and consolidation test 

(Base soil: silica sand). 
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Figure 2.41  Relationship between void ratio after settlement and k value 

 

 

approximately only 4%, and the sand fraction, which acts as the skeleton of SBM, supported 

the consolidation pressure. As shown in Figure 2.41, in the case of SBM of CBP = 50kg/m3, 

there is no clear relationship even between void ratios and k values due to few clay fraction as 

same as shown in Figure 2.40. As described in previous researches (e.g., Tavenas et al. 1983), 

k values cannot be accurately estimated by the consolidation tests because; 1) consolidation 

tests are conducted only with vertical one-dimensional consolidation and do not simulate 

in-situ stress state, and 2) leakage between specimen and rigid cell might occur. Also in this 

research, the results indicate that it is difficult to evaluate accurate permeability; however, the 

order of magnitude of hydraulic conductivity can be estimated by this method. Hydraulic 

conductivity test continues running for approximately 1 or 2 months to obtain a constant value 

because this method is conducted against low- permeable materials. Thus, by carrying out 

consolidation test, there are some possibilities that the general value of hydraulic conductivity 

can be estimated more quickly compared to permeability test. 

 

 

 

2.5 Indicators for hydraulic barrier performance 
 

2.5.1 Swell volume of bentonite 

Figure 2.42 illustrates the relationship between swell volume of bentonite measured by the 

free swelling test and k value of SBMs in which chemicals exist in the soil pore water. When 

the swell volume of bentonite is larger than 17.4 mL/2g-solid, k values lower than 2.2 × 10–10 

m/s can be achieved by adding 100 kg/m3 of powder bentonite even when CaCl2 solution is 

permeated. The smaller swell volume leads to the higher k value and it comes close to the 

value of 1.0 × 10–9 m/s when the swell volume of bentonite is smaller than 9.2 mL/2g-solid. It 

can be seen that the swelling property of bentonite strongly contribute to the subsequent k 
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value of SBM. Once the bentonite can be sufficiently swelled by the prehydration with the 

soil pore water, SBMs can maintain high hydraulic barrier performance even against the 

chemical attack regardless of soil type. 

 

2.5.2 Physical properties of SBMs 

Figure 2.43 illustrates the relationship between total fine content in SBMs and the k value 

(P-1, S-2, S-5 and S-9~13). The total fine content was calculated with taking both fine 

particles in base soils and added bentonite amount into account. There is an apparent 

correlation between these two values as previously indicated by Ryan (1987); and the total 

fine particle content larger than 10% should be achieve on the determination of additive 

amount of bentonite powder at pre-construction stage. However, since silty clay originally 

contains many fines of 33.9% as shown in Table 2.2, this correlation can be applied on SBM.  
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Figure 2.42  Relationship between swell volume of bentonite and k value of SBMs. 
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Figure 2.43  Total fine content in SBM versus k values. 
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Figure 2.44  Plastic indices of SBMs versus 

k values. 

Figure 2.45  Water contents of SBMs after 

permeation versus k values. 

 

 

Figure 2.44 plots k values obtained for every SBM specimen with itsplastic index (P-2 

and N-1~11). Figure 2.45 shows the relationship between the k values and its water content 

after the hydraulic conductivity test. Hydraulic conductivity has strong negative correlations 

with both the plastic index and the water content. Fundamentally, hydraulic conductivity is 

deeply related to how much adsorbed water molecules, which are immovable and do not 

contribute to the water flow, are attracted in the SBM. Thus, the SBM with the higher 

plasticity and water content can retain much water inside and results in the lower hydraulic 

conductivity. These correlations confirm that the change in the plasticity index of SBM, 

increased by the lower CaCl2 concentration of pore water and the higher bentonite content, 

become a useful indicator of these effect on the k value. 

 

2.5.3 Swelling-pressure characteristics of SBMs 

Figure 2.46 shows profiles of swelling pressure obtained from the swelling-pressure test. This 

figure plots the data for SBMs which contain CaCl2 in its soil pore water as a representative 

example. The profiles have two different stages in all cases: 1) drastic increase at the 

beginning of the test as a primary swelling, and 2) gradual increase after the primary swelling 

as secondary swelling. In lower CaCl2 concentration case in the soil pore water, the swelling 

pressures remained at a higher level due to the swelling property of bentonite. Another finding 

from this result is that the inflection point of the profile also differed by the CaCl2 

concentration in the soil pore water. For the SBMs with low CaCl2 concentration, such as 0 M 

or 0.01 M, the primary swelling is continued for 6 to 8 hours, however, the profile changed 

from the primary to secondary swelling at around 2 hours of elapsed time in the case of 0.1 M 

CaCl2. This result confirms that the infiltration into the montmorillonite mineral takes longer 

time in the case of lower CaCl2 concentration in the soil pore water. 

Figure 2.47 shows a relationship between the maximum swelling pressure and k value of 
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SBMs (P-2, N-1, N-2, N-9 and N-11~14). In these cases, 0.1 M CaCl2 solution was used as 

permeant liquid. As shown in this figure, a good linear correlation between the two values is 

observed for the SBMs exposed to divalent cation, seawater and heavy fuel oil. The relatively 

lower swelling pressure values were observed for the SBMs exposed to the high 

concentrations of divalent cation, which had the higher k values. Although it takes a long 

period to measure the k of low-permeable materials such as SBM with enough accuracy, 

swelling pressure can be tested within a week or so. Considering this fact, the swelling 

pressure is expected to be employed as a good indicator for the estimation of the hydraulic 

barrier performance of the SBM. To verify and generalize the applicability of the swelling test 

to a simple evaluation, test results on the SBMs processed from different types of soil, 

however, should be collected and analyzed. 
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Figure 2.46  Changes in swelling pressure of SBMs with time. 
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Figure 2.47  Maximum swelling pressure versus k value. 
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2.5.4 Swelling-deformation characteristics of SBMs 

Figure 2.48 illustrates the normalized water content of SBM, which represents relative water 

content to the base soil without bentonite, obtained from the swelling-deformation tests 

conducted on the SBMs containing CaCl2 in its pore water. As demonstrated in this figure, 

even though there is no significant effect on the normalized water content when CaCl2 

concentration is lower than 0.01 M, the value is decreased from 137.3% to 120.9% for the 

SBM made with composite soil. The trend is similar in other base soil cases. Figure 2.49 

shows effective dry density of bentonite in SBM with CaCl2 concentration in the soil pore 

water and immersion solution. The higher CaCl2 concentration leads to the larger effective dry 

density of bentonite regardless of soil type. The large effective dry density of bentonite 

represents void volume is comparatively small because the mass and volume of solid 

bentonite fraction is constant for all cases. These observations confirm that the water retention 

capability of SBM decayed under high CaCl2 concentration, such as 0.1 M CaCl2 solution. 

Figure 2.50 and Figure 2.51 show k values obtained from the hydraulic conductivity test 

with the normalized water content and effective dry density of bentonite, respectively. Large 

normalized water content means that SBM contains immovable water, such as adsorbed water, 

in large quantity. Also, the large effective dry density of bentonite indicates that the swell of 

bentonite is restricted. Thus, the larger normalized water content and the smaller effective dry 

density of bentonite can lead to the lower k values as shown in the figures. Each SBM made 

with three different base soils has almost linear correlation separately. To generalize the 

swelling deformation and apply the swelling-deformation characteristics as another indicator 

for estimation of k value, unified evaluation method should be developed. 
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Figure 2.48  Normalized water content 

versus CaCl2 concentration in soil pore 

water and immersion solution. 

Figure 2.49  Effective dry density of 

bentonite versus CaCl2 concentration in soil 

pore water and immersion solution. 
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Figure 2.50  Relationship between 

normalized water content and k value. 

Figure 2.51  Relationship between effective 

dry density of bentonite and k value. 

 

 

 

2.6 Summary and conclusions 
 

The hydraulic barrier performance of SBM strongly depends on the swelling property of 

bentonite. In this chapter, hydraulic barrier performance of SBM was discussed in terms of k 

value based on the results of laboratory hydraulic conductivity test, swelling-pressure test, and 

swelling-deformation test from the viewpoint of bentonite behavior inside SBMs. Chemical 

compatibility of SBM was evaluated regarding the effect of chemicals in the soil pore water 

and in permeant. The effect of bentonite powder content was also discussed using various 

SBMs which contain chemicals in the soil pore water. Physical properties of SBMs were also 

verified in association with the hydraulic barrier performance. The main achievement 

obtained in this chapter can be summarized as follows: 

 

(1) The bentonite used in this study results in a significant decrease in its swell volume when 

the CaCl2 concentration is higher than 0.01 M, and the swell volumes against the 

solutions of CaCl2 concentration higher than 0.1 M were almost similar. The swell 

volume of bentonite significantly decreased according to increase of EC value of the 

solutions. 

(2) In hydraulic conductivity test, k values permeated with DW continuously decreased as 

the permeation proceeded particularly at the early stage of the test. This is possibly 

because the bentonite in the specimen could absorb the influent water with the formation 

of diffuse double layer and osmotic swelling because it did not fully swell during the 

pre-consolidation. 

(3) Although the original k values of base soils have variation ranging from 10-5 to 10-10 m/s, 

the values of SBMs made with each soil could be lower than 1.0 × 10-10 m/s by the 
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addition of 100 kg/m3 of bentonite powder. SBMs can achieve high hydraulic barrier 

performance regardless of soil type at sites when the bentonite can sufficiently swell and 

fill voids in the cutoff walls. 

(4) Even at the lowest confining pressure of 15 kPa, the k value of SBM was approximately 

1 × 10–10 m/s. At the confining pressure of 150 kPa, the k value was only one-fourth as 

high as those at the confining pressure of 15 kPa. Thus, SBM is considered to have an 

enough hydraulic barrier performance even when the confining pressure is small, besides, 

there is no significant effect of the confining pressure on the k of SBM even if the in-situ 

vertical stresses inside the SBM cutoff wall is lower than the overburden pressure due to 

the arching effect. 

(5) The k values permeated with the inorganic solutions were approximately only 1 - 3 times 

as high as those permeated with the DW regardless of the confining pressure. Since the 

bentonite in SBM was prehydrated during SBM preparation and the pre-consolidation, 

the influence on its barrier performance was limited. 

(6) Although the k values have slight variation at the beginning of the permeation, they were 

stable in the range of 1 × 10–10 to 3 × 10–10 m/s after the cumulative flow volume 

exceeded 3 pore volumes. Thus, SBM can maintain its hydraulic barrier performance 

until the cumulative flow volume reaches about 6.5 pore volumes even when the 

inorganic chemicals flow into the cutoff walls. 

(7) Prehydrated SBM could maintain its hydraulic barrier performance also against the 

permeation of seawater and 50%-ethanol. Thus, it can be concluded that the k value of 

SBM does not significantly increase against the permeant containing inorganic/organic 

chemicals when the bentonite in the SBM can be preliminarily sufficiently hydrated with 

the soil pore water. 

(8) In the case that CaCl2 concentration in the soil pore water is 0.1 M, the k becomes higher 

than 1 × 10–10 m/s, which is the performance-based criterion in this study. Although the 

pore water containing calcium ions is diluted by the water fraction of the bentonite slurry, 

there is a significant increase to reach the average k value of 1.3 × 10–9 m/s when the 

pore water has 0.1 M CaCl2. 

(9) By comparing the effects of divalent cations on the k when they exist in the permeant or 

in the pore water, the cation in the pore water causes more significant increase in the k 

value. Thus, the prehydration of bentonite is an important factor for the chemical 

compatibility of the SBM. The concentration of the divalent cation and its variation in 

groundwater at the site of concern should be considered in evaluating the hydraulic 

barrier performance of SBM. 

(10) When the soil pore water was replaced by the artificial seawater, approximately one 

order of magnitude higher value was obtained by comparing with the SBM to which no 

chemical added. This result indicates that the swelling of bentonite will be impeded in 

the construction at coastal areas. For the SBMs containing heavy fuel oil in the pore 

water, there is no influence on the k value probably due to hydrophobicity of oil. 
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(11) In the case of 0.1 M CaCl2 in the soil pore water, the k can be lowered by 50% by 

increasing the bentonite powder content from 100 to 150 kg/m3. In the case that the SBM 

was prehydrated (CaCl2 concentration in pore water = 0 M), k value of lower 1.0×10-9 

m/s was achieved by adding 50 kg/m3 of powder bentonite for the composite soil used in 

this study. These results indicate that the cation concentration of the pore water is an 

important factor for determining the additive amount of bentonite powder, and the 

hydraulic barrier performance of SBM can be enhanced by increasing the additive 

amount of bentonite powder. 

(12) There is a strong negative correlation between the normalized void ratio and the k of the 

SBM, for three different soils used. Thus, the change in void ratio can become a good 

indicator to estimate the hydraulic barrier performance of SBM attacked by the divalent 

cation. 

(13) The SBM can recover its hydraulic barrier performance when the specimen has an 

intentional defect (a vertical interface or a circular hole penetrating the specimen) due to 

the combined effects of its deformability and the reswelling of bentonite. However, when 

permeated with CaCl2 solution, the leakage through a circular hole was continuously 

observed since the swelling of the bentonite was prevented. 

(14) When the swell volume of bentonite is larger than 17.4 mL/2g-solid, k value of SBM 

lower than 2.2 × 10–10 m/s can be achieved by adding 100 kg/m3 of powder bentonite 

even against the permeation of CaCl2 solution. The smaller swell volume of bentonite 

leads to the higher k value of SBM and it comes close to the value of 1.0 × 10–9 m/s when 

the swell volume of bentonite is smaller than 9.2 mL/2g-solid. 

(15) The k value of SBM showed strong negative correlations with its plastic index and the 

water content of the specimen after permeation. From this observation, the change in 

these values, influenced by the cation concentration of the pore water and the bentonite 

content, can become useful indices of these effects on the k value. 

(16) A good linear correlation between the maximum swelling pressure and k values is 

observed for the SBMs exposed to divalent cation, seawater and heavy fuel oil. The 

relatively lower swelling pressure values were observed for the SBMs exposed to the 

high concentrations of divalent cation, which had the higher k values. Although it takes a 

long period to measure the k of low-permeable materials such as SBM with enough 

accuracy, swelling pressure can be tested within a week or so. Considering this fact, the 

swelling pressure is expected to be employed as a good indicator for the estimation of the 

hydraulic barrier performance of the SBM. 

(17) The larger normalized water content and the smaller effective dry density of bentonite 

can lead to the lower k values due to the higher water retention capacity of SBM. 
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CHAPTER 3  

 

QC/QA for Constructed SBM Cutoff Walls 

 

 

 

 

 

3.1 General remarks 

 

Since the contaminants must be completely contained to prevent their migration into the 

aquifer, cutoff walls must be constructed with both low hydraulic conductivity and high 

homogeneity. The main concerns of containment barriers are the assurance of their hydraulic 

barrier performance and homogeneity. Homogeneity plays a fundamental role on the quality 

of containment barriers since a larger variability in the hydraulic conductivity leads to a 

higher flux of contaminant out of the barrier system even if the average hydraulic 

conductivity values are equivalent (Britton and Filz 2007, Yesiller and Shackelford 2010). 

However, since SBM maintains its softness even after its construction, it is technically and  

 

 

 

Photo 3.1  Various piezocone probes (Robertson 2009a) 
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economically difficult to collect high-quality solid core samples to assess the homogeneity of 

constructed SBM cutoff walls. Therefore, in-situ quality control/quality assurance (QC/QA) 

methods for SBM cutoff walls should be developed. In this chapter, applicability of piezocone 

test (CPTU) (see Photo 3.1) as QC/QA method is experimentally verified. 

 

 

 

3.2 Variability in hydraulic conductivity in the field 

 

3.2.1 Sources of variability in hydraulic conductivity 

Since laboratory devices can only permeate relatively small specimens of soil; in situ tests 

offer the opportunity to test larger, more representative volumes of material and to include 

flow through secondary features, e.g., macropores, fissures, and slickensides, in a manner that 

often cannot be simulated properly in small, laboratory test specimens (Daniel 1989). Not 

only such scale effect but also many sources may cause the variability in k value of 

vertical/sloping cutoff walls in the field. Evans (1993) mentioned the following three factors 

to raise the variability in SBM: 1) Natural variability in the base soils, 2) accumulation of soil 

particles at the bottom and 3) time-dependent chemical interactions. First, there is always 

some degree of natural variability in the base soil's composition, especially if the base soil is 

the excavation spoils from the trench and not an off-site soil from a more homogeneous 

source. For example, Bergstom et al. (1987) measured a mean and standard deviation in fines 

content of field-mixed soil-bentonite, which strongly influences hydraulic conductivity, of 

43.5% and 7.4%. Second, there may be a significant accumulation of soil particles at the 

bottom of the trench or on the sloping backfill due to settlement through the support slurry or 

spalling from the trench walls. Third, there may be time-dependent changes in the hydraulic 

conductivity of cutoff walls from point to point due to chemical interactions and 

wetting/drying and freezing/thawing cycles of the wall material (Kraus et al. 1997, Malusis et 

al. 2011). 

Barvenik and Ayres (1987) discussed variability in the amount of bentonite added to the 

base soil and the degree of mixing of the backfill. Ryan (1987) found, using field sample test 

data from approximately thirty soil-bentonite cutoff wall projects, that both the average 

permeability and the deviation from the average were reduced at increased dry bentonite 

contents. This observation indicates that higher bentonite contents may reduce the variability 

from mixing. Manassero (1994) added to the list by mentioning cracks caused by large 

deformations of the surrounding ground, which may be more likely for the brittle 

cement-bentonite walls. 

The sources of variability can be categorized into two groups.  

 The SBM itself: This category is greatly dependent on the mixing procedure and 

intensity. Besides, it includes variations in the composition of the base soil used in the 
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SBM and variations in the bentonite content from place to place in the cutoff walls. 

 Variability induced by the environment: This kind of variability may not develop until 

well after construction of the cutoff wall, and may be difficult to detect and/or 

anticipate: 1) Variations in hydraulic conductivity with depth due to variations in 

effective stress with depth and time (Evans 1995, Filz et al. 2001), 2) various chemical 

interactions with the SBM, 3) wetting/drying and freezing/thawing cycles and 4) high 

k defects due to cracking or large deformations of the cutoff wall.  

In addition to those factors, variability of hydraulic barrier performance in the cutoff 

walls will be caused by the construction processes itself especially when they are processed 

by TRD method. Since the ground is invisibly cut by a chain and the bentonite slurry and 

bentonite powder are added to the in-situ soil under the ground, there is no way to check the 

quality directly and visibly. Hydraulic defects are sources of variability that have been 

identified as having a major impact on the performance of cutoff walls. Tachavises and 

Benson (1997) investigated the influence of defects on the flow rate through cutoff walls. 

They used a three-dimensional numerical groundwater model to show that even relatively 

small, fully penetrating, high permeability defects can render a wall ineffective at reducing the 

flow rate, while partially penetrating defects or defects of moderate permeability are not 

nearly as significant. Britton et al. (2005b) numerically demonstrated that the influence of 

variability is greatest when the hydraulic gradient and concentration gradient act in opposite 

directions, which is the case with an inward directed hydraulic gradient. 

 

3.2.2 Case histories with variability in hydraulic conductivity of SBM samples 

Five case histories have been collected where laboratory hydraulic conductivity tests were 

made on samples of SBM obtained in the fields, usually grab samples obtained during cutoff 

wall construction (Barvenik and Ayres 1987, GeoSyntec Consultants 1997, Hayward Baker 

Inc. 1998, Koelling et al. 1997, Zamojski et al. 1995). In all cases, SBM cutoff walls were 

used to contain contaminants. Britton et al. (2005b) summarized the type and number of 

samples and the type of hydraulic conductivity test equipment for each case history with k 

value and its standard deviation as shown in Table 3.1.  

For each case history, the data set of k was converted into a data set of the negative 

logarithm of hydraulic conductivity, -log k. Table 3.1 shows the average and standard 

deviation of each data set of k and -log k. A wealth of evidence suggests that the log-normal 

probability density function provides a good fit for soil hydraulic conductivity (Freeze 1975, 

Hoeksema and Kitanidis 1985, Sudicky 1986, Russo and Bouton 1992). Both the normal 

function and the log-normal function were evaluated as fits for the hydraulic conductivity data 

from the five case histories. This was done by evaluating the fit of the normal function to both 

the k data sets and the -log k data sets. A fit between the normal function and −log k data is 

equivalent to a fit between the log-normal function and k data. For the –log k data, Table 3.1 

shows a range of standard deviation values for field-mixed soil–bentonite from 0.13 to 0.32. 

For comparison, the case histories compiled by Freeze (1975), which cover a variety of  
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Table 3.1  Case histories of SBM cutoff walls (edited by Britton et al. (2005b)). 

Reference Sample type 
Test 

equipment 
Number of 

samples 
Average k 

(m/s) 

Standard 
deviation 

(m/s) 
Barvenik and Ayres (1987) Grab API 68 1.0×10-9 9.5×10-10

Barvenik and Ayres (1987) Grab API 68 9.1 0.32 

GeoSyntec Consultants (1997) Grab Flexible wall 30 1.5×10-10 4.8×10-11

GeoSyntec Consultants (1997) Grab Flexible wall 30 9.8 0.13 

Hayward Baker (1988) Grab Flexible wall 55 1.5×10-10 1.5×10-10

Hayward Baker (1988) Grab Flexible wall 55 9.9 0.30 

Hayward Baker (1988) Grab Rigid wall 33 1.5×10-10 7.8×10-11

Koelling et al. (1997) Grab Flexible wall 15 3.0×10-10 1.7×10-10

Koelling et al. (1997) Grab Flexible wall 15 9.6 0.23 

Zamojski et al. (1995) Undisturbed Flexible wall 54 2.2×10-10 9.2×10-11

Zamojski et al. (1995) Undisturbed Flexible wall 54 9.7 0.16 

 

 

natural soils and rocks, have values of the standard deviation of -log k between 0.2 and 2.0. 

 

3.2.3 Case histories with in-situ QC/QA for barrier materials 

Manassero (1994) describes the possible usage of the piezocone penetration tests to provide a 

continuous assessment of k value for a cement-bentonite barrier. The assessment procedure 

uses an empirical relation between k and three piezocone penetration parameters: the pore 

pressure increment, the total point resistance, and the sleeve friction. Use of the piezocone in 

a hardened CB backfill that is relatively stiff, hard, and brittle may not give a reasonable 

estimation of k value because the cone penetration could cause cracking. Hydraulic 

conductivity measured from the piezocone pore pressure dissipation test in the standard mix 

slurry was found to be several orders of magnitude larger than laboratory and other in-situ 

measurements (Tedd et al. 1995a).  

The more commonly used in-situ method for measurement of k is a single-well, 

falling-head or rising-head test, commonly termed a “slug test.” A slug test is initiated by 

causing an instantaneous change in the water level in a borehole through the sudden 

introduction or removal of a known volume of water. A rate of water rise or drop in a 

bore-hole after withdrawing or adding a known volume of water is measured and used to 

determine k value in the slug test. The recovery of the water level with time is analyzed as a 

graph of head versus time history. The slug test has been used routinely by hydrogeologists to 

evaluate k value of aquifers and aquitards (Hyder et al. 1994, Butler 1998). There are three 

fundamental problems in the interpretation of data from slug tests: 1) Available slug test 

analysis methods are applicable to porous media that extend infinitely in the horizontal 

direction; 2) the distance from the well to the edge of the wall is usually not known or even 

knowable; and 3) most methods of data analysis assume that the porous medium is 

incompressible and barrier materials such as SBM are highly permeable. Choi and Daniel 
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(2006a, b) conducted slug tests in vertical cutoff walls for k assessment. By this method, the k 

value can be assessed with relatively high accuracy since a well is directly placed inside 

cutoff wall. In this case, however, since the thickness of cutoff wall gets thin due to the well 

installation, backfill of the borehole is necessary to maintain the hydraulic barrier 

performance after the assessment. Britton et al. (2005a) described the procedures for 

performing slug tests using a push-in piezometer tip to produce measurements of k value of 

SBM backfill that are in very good agreement with the results of other reliable test methods. 

By performing falling head tests and evaluating the data over a limited range of head drops, it 

was not necessary to complicate data reduction by taking backfill compressibility into account 

for the measurement. However, he suggested that the excess heads/hydraulic gradient applied 

in falling head tests must be small to avoid hydraulic fracture because the effective stresses in 

the backfill are small. 

Table 3.1 lists representative examples of methodologies for k assessment with the type 

of barrier materials studied in previous researches. Benson et al. (1997) independently 

assessed the k value with four different tests including two laboratory tests. One is sealed 

double-ring infiltrometer (SDRI), and another is two-stage borehole permeameters. Analysis 

of the test results shows that the two field-scale test methods generally yield similar hydraulic 

conductivities. Joshi et al. (2010) verified k value with laboratory test, CPTU and packer test 

on the slag-cement-bentonite cutoff walls with different age. The k value was evaluated from 

excess pore pressure dissipation during the CPTU; however, the value was unrealistically high 

due to axial leakage. The k values obtained from the self-boring permeameter were 

comparable with those obtained by the falling-head and constant-flow packer system. 

Nishigaki and Komatsu (2007) developed and applied an air entry permeameter (Bouwer 

1966) modified with combining a moisture sensor on SBM liner. The k value of 10-8 m/s order 

of magnitude could be measured accurately in 10 minutes. Tomura et al. (2005) conducted 

in-situ hydraulic conductivity test with a falling-head system and two slug tests: 1) normal 

slug test system which allows water drainage around the whole borehole, and 2) partially 

sealed slug test system which allows water drainage only from a bottom part. The test results 

confirmed that the values obtained from each test are in a same range. 

Figure 3.1 schematically shows some configurations in Table 3.2. The field assessment 

should take advantages of each method, such as testing time, simpleness, cost-efficiency, or 

accuracy, however, a continuous assessment should be performed to assure the homogeneity 

of constructed cutoff walls. 

 

3.2.4 Piezocone for hydraulic conductivity assessment 

CPTU is commonly used to estimate profiles of soil characteristics; and its interpretations for 

results are particularly addressed by some researchers (e.g., Jeffries et al. 1993, Lunne et al. 

2007, Robertson 2009b). There are several advantages of the CPTU in measuring k of vertical 

barriers. The method is fast and cost effective. A continuous log of k value versus depth can 

be obtained. This point is essential for the confirmation of high hydraulic barrier performance 
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of cutoff walls because the k values for grabbed samples during construction are not 

continuous, and some values will represent for the quality of whole cutoff walls. Furthermore, 

CPTU is an assurable method. A disadvantage is that the CPTU permeates only a tiny volume 

of material relative to other in-situ test methods. This method may, on insertion into the 

barrier, create sufficient disturbance (or even cracks) to alter k value. Tedd et al. (1995b) 

conducted CPTU on cement-bentonite slurry trench cutoff walls to measure the in-situ 

hydraulic properties. He concluded that excess pore pressure dissipation tests do not give 

representative k value for the hardened slurry; however cone resistance profiles have provided 

some interesting data about the wall properties.  

Britton et al. (2004) measured k values of pilot-scale SBM backfill using five different tests: 

1) Laboratory tests in American Petroleum Institute (API) filter press test, 2) global 

measurement of average hydraulic conductivity, 3) piezometer test, 4) excess pore pressure 

dissipation test during piezocone sounding and 5) laboratory tests on undisturbed samples. 

For the API filter press test, grab samples were taken during the backfilling stage. For 

laboratory hydraulic conductivity test, undisturbed samples were obtained during destructive 

evaluation of the cutoff walls. Comparing the test results, the following trend in k values can 

was observed: 

globalpiezometerpiezoconelabtestAPI kkkkk   

The main factors differentiating these values were remolding and sample volume. The 

specimen fabrication process for test performed in API filter press equipment involves 

rodding the SBM into the filter press, however, the other four methods imparted less 

remolding and disturbance of samples. The sample volume for the tests also affected on the 

measured k values as shown in Figure 3.2. 

 

 

Table 3.2  Case histories with in-situ measurement of k for barrier materials 

Reference Type of barrier material Methodology 

Benson et al. (1997) Compacted clay liner 
Sealed double-ring infiltrometer (SDRI)

Two-stage borehole permeameters 

Britton et al. (2004) Soil-bentonite backfill 
Piezometer test 

CPTU 

Britton et al. (2005a) Soil-bentonite backfill Slug test 

Joshi et al. (2010) Slag-cement-bentonite 

CPTU 

Packer test 

Self-boring permeameter 

Manassero (1994) Cement-bentonite slurry Piezocone 

Nishigaki and Komatsu (2007) Soil-bentonite liner Modified air entry permeameter 

Tomura et al. (2005) Soil-bentonite liner Slug test 
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Figure 3.1  Schematic view of various in-situ methods for k assessment. 

a) Sealed double-ring infiltrometer (SDRI) (Benson et al. 1997) 

c) Packer test (Joshi et al. 2010)b) Two-stage borehole permeameter
(Benson et al. 1997) 

d) Air-entry permeameter (Topp and Binns 1976)
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Figure 3.2  Comparison of average k value and equivalent k value versus sample volume. 
 

 

Joshi et al. (2010) also conducted both laboratory and in-situ hydraulic conductivity tests 

on the slag-cement-bentonite slurry trench cutoff walls as described in the previous section. 

The results confirms that the k values determined by in-situ testing were larger than those 

found from laboratory testing. This observation can be primarily due to inclusions and 

fissures that form a network of flow paths leading to a higher k value for larger-scale test 

section. It is concluded that in-situ testing is better suited to estimate actual field behavior 

since it allows the testing of materials at various scales. 

Thus, these observations derive that CPTU cannot evaluate the properties of hard barrier 

materials, such as cement-bentonite, however it is applicable for soft materials such as SBM 

cutoff walls. 

 

 

 

3.3 Experimental methodologies for QC/QA method for constructed 
SBM cutoff walls 

 

In this chapter, applicability of CPTU as a QC/QA method of constructed SBM cutoff walls is 

experimentally studied. Since the values of the physical properties obtained from CPTU, 

which are total cone resistance (qc), sleeve friction (fs), and pore pressure (u), change 

according to the soil characteristics, it is possible to classify the soil type by penetration. 

Therefore, CPTU may detect hydraulic fractures inside SBM cutoff walls. In this study, 

variability in k value caused by construction process was specifically verified. As confirmed 

in Chapter 2, lean-mix of bentonite may cause increase in k value. Since the termination of 

bentonite swelling is long when the bentonite can sufficiently swell, aggregation of bentonite 

powder (or lump) will possibly form during the construction. In such a case, variability in 

bentonite powder content may be caused from point to point. Thus, partial lean-mix of 

bentonite may exist inside the cutoff walls, which may results in hydraulic fracture. 
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3.3.1 Materials 

For CPTU, SBM made with silica sand #7 and fine sand were used. To minimize the 

variability of base soil, these commercial products were employed. SBM samples were 

prepared according to the same procedure described in 2.3.1.4. Since much volume of soil 

samples were necessary for CPTU, a mortar mixer (PM-38G, Mazelar Co., Ltd.; 97 L, 40 

rpm) was used to blend the soil with bentonite powder or bentonite slurry. To simulate the 

SBM cutoff wall with variability in k value, SBMs with bentonite powder content of 25, 50 

and 100 kg/m3 were prepared.  

 

3.3.2 Experimental procedures 

3.3.2.1 Laboratory CPTU 

The feasibility of CPTU as QC/QA of SBM cutoff walls was studied using a large-scale soil 

tank in the laboratory. The cone probe used in this study is schematically drawn in Figure 3.3. 

An additional probe can attached to the cone to provide wet density of a small volume around 

the probe together with other usual three parameters of qc, fs and u (e.g. Shibata et al. 1993, 

Mimura and Yoshimura 2007), but this function to measure wet density was not employed in 

this study to verify an applicability of standard CPTU for QC/QA. The probe used in this 

study has 35.6 mm in diameter (= 10 cm2 in its section area) and a ceramic filter for pore 

pressure measurement is located on a shoulder of the cone tip. One thermometer and two 

inclinometers are also embedded in the probe as shown in the figure. 

The detailed view of large-scale soil tank used for CPTU is shown in Figure 3.4. The soil 

tank has 1.0 m in inner diameter and 0.8 m in height. A self-standing steel mesh with 0.5 m 

diameter was set in the center of soil tank. The mesh played the role of a boundary between  

 

 

Φ = 35.6 mm

Thermometer
Inclinometer x 2

Sleeve friction 
(fs) load cell
Cone resistance 
(qc) load cell

Pore pressure 
(u) transducer

Ceramic filter
Cone tip

 

Figure 3.3  Schematic diagram of cone probe 
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Figure 3.4  Schematic diagram of soil tank and belongings for Piezocone test. 

 

 

SBM layer and surrounding soil layer and it allowed drainage from SBM layer during cone 

penetration. Rubber packings were placed at each contacting face (upper and lower tank, or 

with top/bottom plates) not to allow water leakage from the connection parts. A circular hole 

of 5.0 cm diameter is equipped on the top steel plate for cone penetration. Air pressure can be 

supplied on the surface of soil layer via an flexible air-bag to avoid any volume change of the 

soil layers. To transport the air pressure equally on the surface, A drop lid was placed between 

soil surface and air-bag. During the cone penetration, the specimen was loaded with air 

pressure of 30 kPa. Soil layers in the soil tank was prepared by the following procedure: 

1) The lower half (0.5 m) of the cylindrical steel mesh was filled up with SBM of known CBP 

with a target mean wet density, and surrounding part outside the steel mesh was filled up 

with fresh base soil in approximately 12 hours. Water level in the tank was kept higher than 
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the soil surface during preparation to assure that no air exists in the soil. 

2) After jointing the upper tank to lower tank with the rubber packing and screws, the tank 

was left undisturbed for 12 hours to enhance the saturation degree inside specimen.  

3) Afterward, the upper half (0.5 m) was filled up with SBM of same or different CBP to 

achieve a target wet density, and surrounding part outside the mesh was filled up with fresh 

base soil in approximately 12 hours. Then, the tank was left for 12 hours again. 

4) A top part was set up in the order corresponding to drop lid, flexible air-bag and top steel 

plate from bottom up with rubber packings and screws. 

5) After the tank was left for several hours with the air pressure of 30 kPa, cone penetration 

was started with recording the penetration depth with a depth recorder. 

The obtained data were automatically transmitted to a data logger (TDS-303, Tokyo 

Measuring Instruments Laboratory Co., Ltd.) and also to a PC. Thus, the data profiles could 

be monitored in real-time on the PC. At certain depth, the penetration was suspended to 

evaluate the k value with the pore pressure dissipation test. Target rate of penetration was set 

up to 1.0 cm/s to enhance the precision of detection, while the penetration rate of 2.0 cm/s is 

commonly used for the field investigations. 

The experimental conditions for CPTU are summarized in Table 3.3. Figure 3.5 shows 

diagrammatic sketch of these testing conditions along with the depth for implementation of 

pore pressure dissipation test. In this figure, the dense color represents well bentonite added 

SBM layer, and the light color represents poorly bentonite added SBM layer. For both base 

soils, vertically homogeneous cutoff walls were simulated with different CBP (Si-1, Si-2, Fi-1, 

Fi-2). In addition to these conditions, double or triple layers with different CBP were subjected 

to CPTU to simulate vertically heterogeneous conditions. In Si-3, the lower half of the 

cylindrical steel mesh was filled up with SBM of CBP = 100 kg/m3, and the upper half was 

filled up with SBM of CBP = 50 kg/m3. In Si-4, multiple layers were made in the steel mesh. 

In this case, a SBM layer of CBP = 50 kg/m3, simulating a lean-mix part, was sandwiched in  

 

 

Table 3.3  Experimental conditions for CPTU 

Test 

No. 

Base soil of 
SBM 

CBP (kg/m3) – mean wet density (g/cm3) Depth for pore pressure 

dissipation test (m) Upper half Lower half 

Si-1 

Silica sand

100 – 1.87 100 – 1.87 G.L.-0.50, 0.75 

Si-2 50 – 1.93 50 – 1.93  

Si-3 50 – 1.91 100 – 1.87 G.L.-0.75 

Si-4* 100 – 1.87 50 – 1.91 100 – 1.87  

Fi-1 
Fine sand 

100 – No data 100 – No data G.L.-0.25, 0.75 

Fi-2 25 – 1.81 25 – 1.81  

* Three layer condition 
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Figure 3.5  Diagrammatic sketch of each condition 

 

 

between two SBM layers CBP = 50 kg/m3. In this testing case, top and bottom SBM layers of 

CBP = 100 kg/m3 have 0.35 m thickness, and the intermediate SBM layer has 0.30 thickness. 

Wet density of each SBM layer was determined based on the property after the hydraulic 

conductivity test. 

3.3.2.2 Unconsolidated-Undrained triaxial compression test 

To evaluate the strength-deformation characteristics of SBM, triaxial compression test was 

conducted under unconsolidated-undrained (UU) condition according to JGS 0521-2009 (JGS 

2009) with a standard laboratory-scale specimen. The characteristics were evaluated under 

UU condition to be able to compare the results from triaxial compression test and CPTU in 

the aspect of strength. Considering a practical implementation, the QC/QA using CPTU will 

be operated almost immediately after the construction of the cutoff wall to ensure the quality; 

thus, the consolidation inside the cutoff wall does not begin at the moment, corresponding to 

UU condition in the triaxial compression test.  

The specimens were prepared using a halved cylindrical acryl tube (50 mm in inner 

diameter and 100 mm in height). After the tube was filled with SBM with known wet density, 

the specimen was saturated by submersion in a tank by using a vacuum deaerator for 7 days. 

The wet densities correspond to that of specimen in the soil tank for CPTU. After the 

saturation step, the cylindrical specimen was placed between filter papers, and caps (cap and 

pedestal). The chamber of triaxial compression test was build up, and then, the specimen was 

subjected to UU triaxial compression test. The vertical strain rate was set up to 1.0%/min 

during the compression process. The compression continued until the vertical strain of 15% 

was achieved. The test was conducted with the confining pressure of 10, 20, and 40 kPa in 

consideration the fact that the vertical effective stress is approximately 40 kPa at the bottom in 

the soil tank during CPTU. To verify the characteristics of pore water pressure increase in 

CPTU, pore water pressure was also measured during the compression. 

Deep color:  CBP = 100 kg/m3 

Light color:  CBP = 50 kg/m3 (Silica sand) 

 CBP = 25 kg/m3 (Fine sand) 

  : For pore pressure dissipation test 

 

Si-1 

 

Si-2 

 

Si-3

 

Si-4

Base soil: Fine sand 

Fi-1 Fi-2 

 

Base soil: Silica sand #7 
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Figure 3.6  Schematic diagram of triaxial compression test apparatus. 

 

 

 

3.4 QC/QA for SBM cutoff walls using piezocone 

 

In this study, physical property of SBM was evaluated by three continuous data of qc, fs and u. 

Furthermore, k value was evaluated by implementing pore pressure dissipation test with a 

temporal suspension of cone penetration. 

 

3.4.1 Post-construction verification 

Vertically continuous changes with penetration depth in each experimental condition are 

shown in Figure 3.7~3.10 for silica sand-based SBM and in Figure 3.11 and 3.12 for fine 

sand-based SBM. Each graph in the figures illustrates SBM composition in the soil tank, 

corrected cone resistance (qt), sleeve friction (fs), and pore water pressure (u), respectively, 

from left to right. 

As shown in Figure 3.7, when SBM was made by adding bentonite with 100 kg/m3, 

which simulates well bentonite added part in the actual condition, obtained qt and fs values are 

extremely low enough to be almost zero. This is because of high flexibility and softness, 

which are SBM’s especially-important characteristics. In contrast, a maximum value of qt 

from SBM layer with 50 kg/m3 bentonite powder is approximately 4.1 MPa as shown in 

Figure 3.8. Since SBM with 50 kg/m3 bentonite powder contains less clay fraction 

(approximately 6%) and is classified into sandy gravel (SG) according to JGS 0051-2009, 

SBM behaved almost similar with pure sand. Considerably variable u values are measured in 

both cases and the lower values than the hydrostatic pressure are observed in some depth due 
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to positive dilatancy during the cone penetration. Generally, cone resistance values and sleeve 

friction values from sand stratum are higher than those values from silty soil and/or clay 

stratum due to their particle sizes (e.g. Pradhan 1998, Mayne et al. 2009). Considering cutoff 

walls are mainly constructed in sand stratum, partial lean-mix of bentonite in constructed 

SBM cutoff walls may also acts as sand stratum. 

Figure 3.9 shows CPTU results conducted on SBMs with double layer structure. These 

results indicate that three values change notably around 0.5 m depth, which is the boundary of 

the two different compositions of SBM. The qt values in upper layer (CBP = 50 kg/m3) become 

larger than those in lower layer (CBP = 100 kg/m3). In the upper layer, the qt values attain 

approximately 1.3 MPa, and in the lower layer it is approximately 0.1 MPa regardless of the 

depth. The maximum value in upper layer of 1.3 MPa is small compare with the result of 

mono-layer of the same SBM composition (4.1 MPa, see Figure 3.8) because of the higher 

flexibility and compressibility of lower half, which was filled up with SBM of CBP = 100 

kg/m3. Similarly for fs values, higher values were attained in the upper layer than in the lower 

layer. Although larger variations were observed on fs values, the same trend as qt can be 

confirmed. However, considering the facts that 1) the fs values in Figure 3.7 and Figure 3.8 

are extremely low regardless of CBP and 2) the fs values at the soil surface is not zero, the 

uncertainty of measurement and calibration of the sensors could have been occurred. Pore 

water pressure values in the upper layer became so reduced that reached negative values, and 

those in the lower layer recovered until they reached values near the hydrostatic pressure. 

Figure 3.10 shows profiles obtained from SBMs with three layers. This result clearly confirms 

that qt values in the middle layer (CBP = 50 kg/m3) are larger than the values in the top and 

bottom layers (CBP = 100 kg/m3). In the middle layer, the qt values attain approximately 1.9 

MPa, and in the lower layer it is approximately 0.1 MPa regardless of the depth. Pore water 

pressure values also has obviously different trend in the middle layer and in the top and 

bottom layers. Furthermore, the fact that the fs values are almost zero regardless of the 

penetration depth is consistent with the results in Figure 3.7 and Figure 3.8. Although excess 

pore water pressure was generated in the top and bottom layers, u values in the middle layer 

are negative values throughout the layer. These results indicate that CPTU has some 

possibility to be able to detect hydraulic defects in SBM cutoff walls when the physical 

properties in the lean-mix part are obviously different. 

However, the physical properties obtained from CPTU are almost equal for both cases of 

fine sand-based SBMs as shown in Figure 3.11 and Figure 3.12. This is because of the high 

flowability of SBMs regardless of CBP as shown in Table 3.4. Considering the fact that SBM 

with 25 kg/m3 bentonite has flow value of 145 mm, although that of SBM with 100 kg/m3 

bentonite is 140 mm, SBM with 25 kg/m3 cannot resist to the cone strike and deforms as fluid. 

In contrast, the u value continues to increase with same rate regardless of SBM composition. 

These facts confirm that the profiles of physical properties are varied by base soil, and 

preliminary calibration is necessary when CPTU is applied in the field. If the profiles of 

physical property have no significant differences with CBP, CPTU should overestimate the  
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Figure 3.7  CPTU results (Si-1) 
 

 

 

Figure 3.8  CPTU results (Si-2) 
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Figure 3.9  CPTU results (Si-3) 
 

 

 

Figure 3.10  CPTU results (Si-4) 
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Figure 3.11  CPTU results (Fi-1) 

 

 

 
Figure 3.12  CPTU results (Fi-2) 
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homogeneity of SBM cutoff walls; however, CPTU can be employed when those profiles 

have significant differences. 

 

Figure 3.13 shows results of unconsolidated-undrained triaxial compression test on silica 

sand-based SBM. As shown in this figure, clear peaks are not observed in deviator stress 

changes with time regardless of content of bentonite powder. These results indicate that SBM 

presents ductile fracture against the compression due to its high softness. Although pore water 

pressure of SBM with CBP = 100 kg/m3 is kept with constant positive value during the 

compression, that of SBM with CBP = 50 kg/m3 decreased after 5% strain regardless of 

confining pressure. The values drop into negative values under confining pressure of 10 and 

20 kPa. These results are consistent with the fact that pore water pressure lower than 

hydrostatic pressure was observed during CPTU. This is probably because SBM with CBP = 

50 kg/m3 behaves like sand due to less bentonite, and negative dilatancy occurred during the 

shearing step. Particles run on other particles with compression and sharing because silica 

sand is poorly-graded sand material. In contrast, a significant difference is not observed 

between two fine sand-based SBMs as shown in Figure 3.14. This is because fine particles are 

originally contained in the fine sand to some degree, therefore, the contact between particles 

are maintained even during the shearing steps. 

Table 3.5 summarizes undrained shear strength of SBMs obtained from triaxial 

compression test. As explained above, the undrained shear strength is increased with lower 

bentonite content for silica sand-based SBM; however, significant difference is not observed 

for fine sand-based SBM. Figure 3.15 illustrates relationship between the undrained shear 

strength obtained by triaxial compression test and corrected cone resistance values from 

CPTU. Although further research should be conducted to confirm the correlation between 

these values, there is a possibility that the CPTU can detect the lean-mix part when the 

undrained shear strength is larger than 58 kPa. Therefore, the difference of qt value with 

penetration depth can be used for the verification when SBM has significant difference in 

undrained shear strength with CBP. Further research is necessary when SBM has similar shear 

properties regardless of CBP; however, the trend of pore water pressure may change CBP 

because the magnitude of pore water pressure increase is different by CBP both in CPTU 

results and triaxial compression test results. 
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Figure 3.13  Results of triaxial compression test of silica sand-based SBM  

(Left) CBP: 100 kg/m3, (Right) CBP: 50 kg/m3 
 

 

0 5 10 15
0

40

80

120

160

200

Axial strain (%)

D
e

vi
a

to
r 

st
re

ss
 (

kP
a

)
c = 10kPa

c = 20kPa

c = 40kPa

0 5 10 15
‐40

‐20

0

20

40

 Axial strain (%)

P
o

re
 w

a
te

r 
pr

e
ss

ur
e

 (
kP

a
)

c = 10kPa

c = 20kPa

c = 40kPa

0 100 200 300
0

50

100

150

200

Total stress (kPa)

S
he

a
r 

st
re

ss
 (

kP
a

)

c = 10kPa

c = 20kPa

c = 40kPa

0 5 10 15
‐40

‐20

0

20

40

Axial strain (%)

P
o

re
 w

a
te

r 
pr

e
ss

ur
e

 (
kP

a
)

c = 10kPa

c = 20kPa

c = 40kPa

a-1) Changes in deviator stress with time a-2) Changes in deviator stress with time 

b-1) Changes in pore water pressure with 

time 

b-2) Changes in pore water pressure with 

time 

c-1) Mohr’s circle about total stress c-2) Mohr’s circle about total stress 

0 5 10 15
0

40

80

120

160

200

Axial strain (%)

D
e

vi
a

to
r 

st
re

ss
 (

kP
a

)

c = 10kPa

c = 20kPa

c = 40kPa

0 100 200 300
0

50

100

150

200

Total stress (kPa)

S
he

a
r 

st
re

ss
 (

kP
a

)

c = 10kPa

c = 20kPa

c = 40kPa



82 
 

 

Figure 3.14  Results of triaxial compression test of fine sand-based SBM (Left) CBP: 100 kg/m3, 

(Right) CBP: 25 kg/m3 
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Table 3.4  Flow values of SBMs made with various content of bentonite powder 

Base soil Silica sand Fine sand 

Content of bentonite powder (kg/m3) 50 100 25 100 

Flow value (mm) 10.33 12.83 14.45 14.05 

 

 

Table 3.5  Effect of CBP on undrained shear strength of SBM 

Base soil 
Content of bentonite 

powder (kg/m3) 

Undrained shear 

strength (kPa) 

Silica sand 
100 25.4 

50 58.1 

Fine sand 
100 20.3 

25 13.6 
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Figure 3.15  Relationship between undrained shear strength from UU test  

and cone resistance from CPTU. 
 

 

3.4.2 Hydraulic conductivity assessment by pore pressure dissipation test 

In this research, the pore pressures were collected at 1 second intervals at certain depth after 

cone penetration was suspended. Figure 3.16 shows a result of pore pressure dissipation test at 

0.75 m-depth in Si-3. Here, degree of excess pore pressure dissipation (U) defined by the 

following equation (3.1) are plotted on the vertical axis. The horizontal axis is elapsed time 

with a logarithmic scale. 
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  (3.1) 

where ut = pore pressure at time t (kPa); u0 = hydrostatic pore pressure in situ (kPa); and ui = 

initial pore pressure at start of dissipation test (kPa). Since dissipation rate varies by 

compressibility and permeability of the surrounding soil around the cone probe, hydraulic 

conductivity of SBM can be estimated by the dissipation process. In the calculation of 

hydraulic conductivity, it is frequently recommended to use the time for 50% dissipation, t50. 

In this research, both of the time for 30% dissipation, t30, and the time for 20% dissipation, t20, 

were also used for the prediction to shorten the time for quality evaluation on-site. 

After each time (t20, t30, and t50) were determined from the experimental results, 

horizontal coefficient of consolidation was calculated from the following equation (3.2). 

2
2*

1064.8 
r

h
It

RT
c  (3.2) 

where, ch = horizontal coefficient of consolidation (m2/day); T* = time factor (-); R = 

penetrometer radius (= 17.8 mm); t = time (s); and Ir = rigidity index. Time factor T* is a 

dimensionless factor that depends on the location of the pore pressure element, and 

analytically calculated as shown in Table 3.6 by Houlsby and Teh (1988) for the cone probe 

which has the element above cone base as used in this study. Rigidity index Ir of 25 was used 

for all SBMs with referring the average value of soft clay. Based on the calculated ch, 

horizontal hydraulic conductivity can be estimated by the following equation (3.3). 

41064.8 
 wvh

h

mc
k


 (3.3) 

where, kh = horizontal hydraulic conductivity (m/s); ch = horizontal coefficient of 

consolidation (m2/day); mv = coefficient of volume compressibility (m2/kN); and γw = unit 

weight of water (= 9.81 kN/m3). In this research, mv values measured in the process of 

consolidation test was applied on the assumption that the compression of the surrounding of 

the probe is one-dimensional; the same as specimen in the consolidation test. Table 3.8 shows 

mv values of each SBM obtained from the consolidation test. From the above equations, it can 

be seen that the k value estimated by the pore pressure dissipation test has an inverse 

correlation with time for the dissipation as shown in the following equation (3.4). 
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k


 (3.4) 

Calculated horizontal ch values and kh values at each degree of excess pore water 

dissipation are summarized in Table 3.7. As shown here, the variation of values is negligible 

regardless of the degree of excess pore water dissipation. Moreover, the k values calculated by 

CPTU are in the range of 1.4 - 1.6 times of those values calculated by the hydraulic 
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conductivity test as shown in Figure 3.17. Figure 3.18 illustrates a relationship between k 

values obtained from the pore pressure dissipation test during CPTU with 50% dissipation 

and that values obtained from hydraulic conductivity test with 30 kPa confining pressure. In 

Si-2 and Fi-2, k values could not be measured because pore water pressure was not converged 

to hydrostatic pressure due to some error. The reasons why such error occurred have to be 

revealed in further research; however, the k values measured by the pore pressure dissipation 

test have good correlation with that values measured by hydraulic conductivity test. Overall 

trend of this relationship is that the k values from CPTU are larger than that from hydraulic 

conductivity test. This difference is caused probably because; 1) the piezocone permeates only 

a tiny volume of liquid, 2) water penetration in the hydraulic conductivity test is 

one-dimensional, while the pore water pressure during CPTU is dissipated 

three-dimensionally, 3) the soil tank test in this study allows two-dimensional drainage, even 

though the one-dimensional drainage will be occurred in a short time in actual conditions as 

shown in Figure 3.19. However, it is possible to measure k value by implementation of pore 

pressure dissipation test within one order of magnitude difference. 

These observations confirm that k of SBM can be approximately estimated by the pore 

pressure dissipation test. This fact suggests that the operation of dissipation test is suitable as 

quality assurance for hydraulic barrier performance at post-construction of SBM cutoff walls. 

 

 

1 10 100 1000 10000
0

0.2

0.4

0.6

0.8

1.0

Elapsed time (s)

D
e

gr
e

e
 o

f 
e

xc
e

ss
 p

o
re

 w
a
te

r 
di

ss
ip

a
tio

n,
 U

 (
-)

Expeimental data
Fitting curve

 

Figure 3.16  Example of pore pressure dissipation test result (Si-3, at 0.75 m-depth). 

 

 
Table 3.6  Time factors T* at each degree of 
dissipation (from Houlsby and Teh 1988) 

Degree of dissipation (%) Time factor (-) 

20 0.038 

30 0.078 

50 0.245 
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Table 3.7  ch and k at each degree of dissipation. 

Degree of 

dissipation (%) 

Horizontal coefficient of 

consolidation, ch (m
2/kN)

Horizontal hydraulic 

conductivity, kh (m/s) 

20 2.5 × 10-3 1.5 × 10-10 

30 2.4 × 10-3 1.4 × 10-10 

50 2.9 × 10-3 1.8 × 10-10 

 

 

Table 3.8  mv values of each SBM obtained from consolidation test 

 

Content of bentonite powder (kg/m3) 

25 50 100 

Silica sand － 3.36×10-4 4.20×10-4 

Fine sand 5.75×10-4 － 8.24×10-4 
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Figure 3.17  k values from CPTU at each degree of dissipation. 

 

 

 

Table 3.9  k values obtained from each case at 50% dissipation. 

Case No. Depth from soil surface (m) Hydraulic conductivity (m/s) 

Si-1 
0.5 2.3×10-10 

0.75 8.5×10-10 

Si-3 0.75 5.7×10-10 

Fi-1 
0.25 1.6×10-10 

0.75 1.8×10-10 
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Figure 3.18  Comparison of k values from CPTU at 50% dissipation and  

from hydraulic conductivity test 

 

 

 
Figure 3.19  Horizontal directions of drainage around the probe 

 

 

3.4.3 Self-sealing of borehole after CPTU 

Borehole after CPTU must be sealed or refilled with another material with k value low 

enough to ensure adequate wall thickness. Since the high softness even after the construction 

is one of the most significant characteristics of SBM, unlike other hard materials, it can be 

expected that the boreholes after CPTU will be sealed by themselves given enough time.  

Photo 3.2 shows the appearance of SBM layer in the soil tank before and after CPTU 

operation in case of Si-3. As seen in these photos, although a residual deformation due to the 

cone penetration is observed within approximately 2.0 cm depth, the deeper area of the 

borehole is sealed by SBM itself with time. Even though the self-sealing capability can be 
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confirmed only in the area where can be seen visibly, the borehole in deeper zone can be 

expected to be sealed due to higher earth pressure. These observations indicate that SBM 

cutoff walls can maintain the designed hydraulic barrier performance due to the self-sealing 

capacity even after CPTU operation. 

 

 

   

Photo 3.2  Appearance of soil surface in the tank (Left) before CPTU, (Right) after CPTU. 
 
 
 
3.4.4 QC/QA flow by CPTU 
As described above, although it depends on the soil type of original ground, SBM has 
different characteristics with different CBP. Using this fact, QC/QA of constructed SBM cutoff 
walls should be implemented using CPTU as shown in Figure 3.20 after the laboratory-scale 
calibration to obtain the dependency of strength characteristic of SBM on bentonite powder 
amount. 

First, CPTU should be operated on the constructed SBM cutoff wall to obtain the profiles 
of three physical properties, qt and u at a certain intervals along the wall. If qt values have 
variation with penetration depth or u values change with different rate, SBM cutoff walls may 
have heterogeneous part inside. In such cases, re-mixing of the cutoff wall by TRD method is 
required to enhance its homogeneity. If those values have constant values regardless of the 
penetration depth, the vertical homogeneity is reliable. After the verification of the 
homogeneity, pore pressure dissipation test should be implemented at a certain depth intervals 
to ensure the actual hydraulic barrier performance. Since the k values obtained from the pore 
pressure dissipation test have correlation with the k values from hydraulic conductivity test, 
pore pressure dissipation test is effective method to measure k value on-site. Although k 
values from CPTU are usually higher than those from hydraulic conductivity test, k value can 
be briefly estimated. If the k values from CPTU are more than one order of magnitude higher 
than k values obtained by hydraulic conductivity test, there is a possibility that on-site 
hydraulic barrier performance is not so high as the designed one because of less bentonite 
swelling due to unconfirmed chemicals in the groundwater, etc. In this case, re-addition of 
bentonite powder should be considered to enhance the hydraulic barrier performance. 

 

Cone penetration
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Figure 3.20  Processes of QC/QA by CPTU on SBM cutoff walls 
 
 
 

3.5 Summary and conclusions 

 
On-site QC/QA is one of the crucial issues to enhance the reliability of containment barrier 
system. In this chapter, applicability of CPTU as an on-site QC/QA method of constructed 
SBM cutoff walls was experimentally studied. The application of CPU is superior in terms of 
the fact that a continuous log of k value versus depth can be obtained, unlike the laboratory 
hydraulic conductivity test on the grabbed samples. CPTU was conducted using a large-scale 
soil tank, which was filled with various SBMs. Vertical homogeneity was assessed by basic 
three parameters, qt, fs and u, obtained during the cone penetration. These values were 
compared with unconsolidated-undrained triaxial compression test results. Representative k 
values of SBM layer were measured by conducting pore pressure dissipation test with 
temporal stop of the penetration. The main achievements obtained in this chapter can be 
summarized as follows: 
 
(1) When a cone probe was penetrated into a single layer of silica sand-based SBM with 100 

kg/m3 bentonite powder, which simulates a well of bentonite-added fraction in an actual 
site, the obtained qt values were extremely low, enough to be almost zero, because such 
SBM has high flexibility and softness. 

(2) The maximum value of qt in a single layer of silica sand-based SBM with 50 kg/m3 

Original ground
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pressure dissipation test 
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Construction completion

NO 
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bentonite powder was approximately 4.1 MPa. Since SBM with 50 kg/m3 bentonite 
powder contains less clay fraction (approximately 6% by dry mass basis), SBM 
performed similarly with pure sand. 

(3) From results of CPTU conducted on SBMs with multi-layers, it was confirmed that qt 
values in SBM layer with CBP = 50 kg/m3 are larger than the values in the SBM layers 
with CBP = 100 kg/m3. Although the values in the SBM layer with CBP = 50 kg/m3 attain 
approximately 1.9 MPa, the values in the SBM layer with CBP = 100 kg/m3 was 
converged to almost 0 MPa regardless of the penetration depth.  

(4) Pore water pressure values also has obviously different trend in the SBM layer with CBP 
= 50 kg/m3 and in the SBM layers with CBP = 100 kg/m3. Although excess pore water 
pressure was generated in the top and bottom layers, u values in the middle layer are 
negative values throughout the layer. Therefore, CPTU has some possibility to be able to 
detect hydraulic defects in SBM cutoff walls when the physical properties in the 
lean-mix part are obviously different. 

(5) In the results of unconsolidated-undrained triaxial compression test, clear peaks are not 
observed in deviator stress changes with time regardless of base soil and CBP. Thus, it 
was confirmed that SBM presents ductile fracture against the compression due to its high 
softness.  

(6) Although pore water pressure of silica sand-based SBM with CBP = 100 kg/m3 is kept 
with constant positive value during the compression, that of SBM with CBP = 50 kg/m3 
decreased after 5% strain regardless of confining pressure. The values drop into negative 
values under some confining pressure. These observations are consistent with the fact 
that pore water pressure lower than hydrostatic pressure was observed during CPTU. 
This is due to negative dilatancy during the shearing steps caused by less clay fraction. In 
contrast, a significant difference is not observed in fine sand-based SBMs with two 
different CBP because fine particles are originally contained in the fine sand itself. 

(7) While further data should be collected to ensure the correlation, relatively higher qt 
values could be obtained from CPTU from the SBMs with higher undrained shear 
strength. Thus, CPTU might detect the lean-mix part with using the qt values as an 
indicator of bentonite powder amount. 

(8) Horizontal k values were measured by conducting pore pressure dissipation test with a 
temporal stop of cone penetration at each dissipation degree of 20%, 30% and 50%. The 
calculated horizontal k values were almost equivalent regardless of the dissipation degree. 
The k values calculated at any degree of pore water pressure dissipation are in the range 
of 1.4 - 1.6 times of those values measured by the hydraulic conductivity test in the case 
of silica sand-based SBM with 100 kg/m3 powder bentonite. Thus, the hydraulic barrier 
performance of SBM can be measured with shorter time with accuracy. 

(9) The k value measured by the pore pressure dissipation test shows a good correlation with 
the k value measured by hydraulic conductivity test regardless of base soil and CBP. The k 
values can be measured by implementation of pore pressure dissipation test within one 
order of magnitude difference. Therefore, the operation of dissipation test is suitable as 
quality assurance for hydraulic barrier performance at post-construction of SBM cutoff 
walls. 

(10) Although a residual deformation due to the cone penetration is observed within 
approximately 2.0 cm depth at the soil surface, the deeper area of the borehole is sealed 
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by SBM itself with time. This observation indicates that SBM cutoff walls can maintain 
the designed hydraulic barrier performance due to its self-sealing capacity even after 
CPTU operation. 

(11) The QC/QA using CPTU should be implemented after the laboratory-scale calibration to 
obtain the dependency of strength characteristic of SBM on the bentonite powder amount. 
During the CPTU, if qt values have variation or u values change with different rate with 
penetration depth, SBM cutoff walls may have heterogeneous portion inside. In such 
cases, re-mixing of the cutoff wall by TRD method is required to enhance its 
homogeneity. After the verification of the homogeneity, pore pressure dissipation test 
should be implemented at a certain depth intervals to ensure the actual hydraulic barrier 
performance. Since the k values obtained from the pore pressure dissipation test have 
correlation with the k values from hydraulic conductivity test, pore pressure dissipation 
test is effective method to measure k value on-site. If the k values from CPTU are more 
than one order of magnitude higher than those values obtained from hydraulic 
conductivity test, re-addition of bentonite powder should be considered to enhance the 
hydraulic barrier performance. 
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CHAPTER 4  

 

Seismic Behavior of SBM Cutoff Walls 

 

 

 

 

 

4.1 General remarks 

 

Containment barriers, including SBM cutoff walls, should maintain their hydraulic barrier 

performance even under the occurrence of an earthquake to completely contain the 

contaminants for a long period. In the case of rigid cutoff walls, such as concrete and 

soil-cement, a high strength is required to resist the seismic behavior. On the other hand, 

physical resistance by the strength cannot be expected for SBM cutoff walls because their 

high flexibility is one of their significant characteristics. Therefore, performance of SBM 

cutoff walls against seismic events is a crucial issue to be studied. However, few researches 

have dealt with the seismic behavior of cutoff walls especially as containment barriers. In this 

chapter, the dynamic behavior of SBM cutoff walls against seismic loading is verified by 

centrifuge modeling test and cyclic undrained triaxial test. 

 

 

 

4.2 Importance of seismic behavior for structures 

 

4.2.1 Damage to the underground structures due to seismic loading 

Japan is prone to earthquakes. Several huge earthquakes have occurred even within these 

decades, such as the Great Hanshin Earthquake in 1995, Mid Niigata Prefecture Earthquake in 

2004 and the Great East Japan Earthquake in 2011. Many previous studies related to the 

seismic behavior can be categorized into three groups. 

 Ground failure: Ground failure as a result of seismic shaking includes liquefaction, 

slope instability, and fault displacement. Ground failure is particularly prevalent at 

tunnel portals and in shallow tunnels. Special design considerations are required for 

cases where ground failure is involved. Shear failure and slope failure will be triggered 

by the earthquake loading due to the oblique earth pressure on the slope. Gravity 
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retaining walls will be inclined as well as the slope. 

 Aboveground structures: The existing structures will be affected by the earthquake due 

to many causes, such as the seismic impact itself on the structures and the ground 

deformation. Critical damage on the base ground and foundation may also 

significantly affect on the aboveground structure (Iai and Ichii 2011). Since 

aboveground pipelines and storage tanks will be damaged by these causes, from a 

viewpoint of geoenvironmental engineering, subsurface contamination could be 

caused during a seismic event. 

 Underground structures: The underground structures will be affected in association 

with the liquefaction of surrounding ground. For example, manholes can be uplifted by 

a strong earthquake because the trench backfill is low-compacted (Tobita et al. 2011, 

Kang et al. 2013). A major collapse of the Daikai subway station in Kobe was caused 

by the 1995 Great Hanshin Earthquake, Japan (Iida et al. 1996, Nakamura et al. 1996). 

This station designed in 1962 did not include specific seismic provisions. It represents 

the first modern underground structure to fail during a seismic event. 

 

The major factors influencing shaking damage of underground structures include: 1) the 

shape, dimensions and depth of the structure, 2) the properties of the surrounding soil or rock, 

3) the properties of the structure, and 4) the severity of the ground shaking (Dowding and 

Rozen, 1978, St. John and Zahrah, 1987). The American Society of Civil Engineers (1974) 

describes the damage in the Los Angeles area as a result of the 1971 San Fernando 

Earthquake. The Japan Society of Civil Engineers (1988) describes the performance of several 

underground structures, including an immersed tube tunnel during shaking in Japan. Owen 

and Scholl (1981) have updated Dowding and Rozen’s work with 127 case histories. Sharma  

 

 

 

 

 

Figure 4.1  Sketch of damage to Daikai subway station (Iida et al. 1996). 
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and Judd (1991) generated an extensive database of seismic damage to underground structures 

using 192 case histories. Power et al. (1998) provide a further update with 217 case histories, 

and Wang et al. (2001) collected the data about the seismic damage by Chi-Chi Earthquake in 

Taiwan. The following issues are selected confirmations related to the cutoff walls from the 

summary of the seismic performance of underground structures (Hashash et al. 2001): 

1. Underground structures suffer appreciably less damage than surface structures. 

2. Reported damage decreases with increasing overburden depth. Deep tunnels seem to be 

safer and less vulnerable to earthquake shaking than are shallow tunnels. 

4. Damage may be related to peak ground acceleration and velocity based on the 

magnitude and epicentral distance of the affected earthquake. 

5. Duration of strong-motion shaking during earthquakes is of utmost importance because 

it may cause fatigue failure and, therefore, large deformations. 

6. High frequency motions may explain the local spalling of rock or concrete along planes 

of weakness. These frequencies, which rapidly attenuate with distance, may be expected 

mainly at small distances from the causative fault. 

 

4.2.2 Seismic performance of slurry walls 

Although cutoff walls have been widely used in many countries, their behavior under seismic 

forces is unknown. In areas that are susceptible to seismic activity, the slurry wall in the 

ground could be damaged: micro and macro cracks can develop, large lateral deformations 

can occur, and permeability may significantly increase.  

Graham et al. (2012) studied the seismic performance of slurry walls, used as seepage 

barriers in levees, by a one dimensional shaking table test as shown in Photo 4.1. In this study, 

cement-bentonite (CB) and soil-cement-bentonite (SCB) were used as the slurry cutoff walls. 

Wyoming bentonite and Portland cement were respectively used as bentonite and cement. A 

slurry wall with the following dimensions 150 cm × 160 cm × 20 cm was constructed in a 

formwork (see Photo 4.2) and tested on a one dimensional shaking table that is capable of 

replicating the 6.7 magnitude Northridge earthquake. A 150 cm × 187 cm × 180 cm rigid 

steel-frame box that is anchored on the shaking table contained the slurry walls and the sandy 

soil that was compacted on both sides of the wall to simulate a levee section. In each shake 

table test, the slurry walls and the confining soil are instrumented with accelerometers, LVDT 

transducers, linear potentiometers, and dynamic soil stress gauges to respectively record the 

accelerations, vertical and horizontal deformations of the wall, and transient dynamic soil 

pressures on the wall during the simulated earthquake excitations. Although the accelerations 

produced by the shake table contained a few outliers, which are higher than the actual one 

(1.7g), the wall did not settle more that 0.2 cm (or 0.12% strain to the wall height) throughout 

the shaking in the case of CB slurry wall as shown in Figure 4.2. The sand had an initial 

significant upward heaving followed by settlement at the conclusion of the test. This is the 

first segment of the 36-second test and the complete graph shows a descending trend that 

corresponds to soil settlement. After the shaking table test, the adjacent soil was removed so 
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that the slurry wall could be examined for any cracks that were caused by the shaking. In the 

case of SCB slurry wall, a large crack that was caused by the shaking was clearly observed 

along the upper 40 cm as shown in Photo 4.3. The crack developed along the entire length of 

the wall and the top 40 cm section shifted laterally approximately 1.5 cm. No visible cracks 

were observed in the lower section, possibly due to the higher confining soil pressure and 

smaller accelerations. The same results were obtained from the repeated test with the same 

conditions. The CB wall, which is lighter and more plastic than the SCB slurry wall, 

performed well without any visible cracks, as shown in Photo 4.4. The lines on the CB wall as 

shown in Photo 4.4 were not cracks, and they were the surface indentations that are caused by 

the formwork.  

Hioki et al. (2007) studied the physical and dynamic properties of soil-cement (SC) and 

SCB cutoff walls with various laboratory tests. To enhance the plasticity of the cutoff walls, 

SCBs were prepared with hardening materials made by various cement amounts against 

bentonite amount with 2, 0.5 and 0.25 (cement/bentonite). In addition, seismic response was  

 

 

  

Photo 4.1  Seismic table and box 
 

Photo 4.2  Formwork for slurry wall installation 
 

 

 
Figure 4.2  Dynamic settlements of the slurry wall and the sand during the excitation 
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Photo 4.3  SCB wall with crack, after shaking Photo 4.4  CB wall after shaking 
 

 

numerically analyzed to evaluate the seismic performance of SC cutoff walls. Results of 

two-dimensional seismic response analysis using physical properties obtained from the 

laboratory experiments revealed that SC cutoff walls (without bentonite) might suffer cracks 

during a large earthquake as the Great Hanshin Earthquake because of their low tensile 

strength. Especially, the maximum tensile stress was observed just above the embedded part 

(build-in edge) regardless of the mixing condition. Those cracks might degrade seepage 

control performance. On the other hand, SCB cutoff walls showed plastic behavior even after 

cement solidification due to the existence of bentonite. Hydraulic barrier performance of all 

SCBs was also improved from the SC with the hardening material of any mixing ratios. 

However, it was mentioned that shear failure should be taken into account in the case of SCB 

because of its low shear strength. 

These observations suggest that shear stress in shallow zone becomes high due to the 

small lateral earth pressure when the embedment of cutoff wall into the bottom layer. On the 

other hand, when the embedment into the bottom layer must be taken into account in deep 

zone, the shear stress just above the embedded part become high because the cutoff wall will 

behave like a cantilever. Considering the fact that the cutoff walls are installed with 

embedding into the low-permeable bottom layer in the actual condition, the shear stress just 

above the embedded zone could become high. However, the shear failure in shallow zone 

might be caused when the cutoff walls are so deep that the effect of embedment is negligible. 

 

 

 

4.3 Experimental methodologies for seismic behavior of SBM cutoff 
walls 

 

In this chapter, seismic behavior of SBM cutoff walls is experimentally studied. In particular, 

cyclic strength of SBMs is measured by cyclic undrained triaxial test to fundamentally 
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evaluate the liquefaction potential of SBMs under dynamic condition. The cyclic undrained 

triaxial test is widely employed to measure the seismic soil property under the undrained 

condition (e.g. Procter and Khaffaf 1984, Tatsuoka et al. 1986, Toki et al. 1986, Yasuhara et al. 

2005, Gratchev and Sassa 2013). The seismic behavior of SBM cutoff walls is evaluated by a 

centrifuge modeling test under 50 G centrifugal acceleration field. By applying high 

centrifugal acceleration to a scaled model ground, a confining pressure of the ground in 

prototype scale can be simulated in a scaled model, which is one of the advantages of using a 

geotechnical centrifuge facility. (Iai et al. 2005a). This test is especially commonly employed 

to assess the seismic behavior of the structures, such as slope, levee and engineered barrier, 

etc. (e.g. Brandenberg et al. 2005, Viswanadham and Rajesh 2009, Ling and Ling 2012). 

However, there are no previous researches about the vertical cutoff walls from a viewpoint of 

dynamic response against seismic excitation. 

 

4.3.1 Materials 

For the experiments, SBM constructed with composite soil (a mixture of volcanic cohesive 

soil and sandy gravel) and silica sand #7 were used as base soil. SBM samples were prepared 

according to the same procedure described in 2.3.1.4. Distilled water was used for the water 

content regulation and bentonite powder was added to achieve CBP = 100 kg/m3. Since 

composite soil-based SBMs with a maximum grain size of 0.85 mm were employed for the 

centrifuge modeling test because of the specimen thickness (11 mm in model scale), cyclic 

undrained property of SBMs were evaluated with both 0.85 mm and 4.75 mm for the 

maximum grain size. Since the maximum grain size of silica sand is 0.425 mm without 

sieving, the whole material was directly used for both experiments. 

 

4.3.2 Experimental procedures 

4.3.3  Cyclic undrained triaxial test 

Cyclic undrained triaxial test was conducted according to JGS 0541-2000 (JGS 2000). Since 

the reproduction of actual wave profiles is technically difficult due to their variability and 

irregularity, the cyclic strength of soil is generally evaluated by cyclic loading of compression 

and extension with a model sine wave.  

The specimens were prepared using a halved cylindrical steel tube (50 mm in inner 

diameter and 100 mm in height). To fill the SBM into the tube, a latex membrane was 

vacuumed to fit to the inner wall of the tube. After the tube was filled with SBM with wet 

density of 1.80 g/cm3, the specimen was saturated by submerging it in a tank using a vacuum 

deaerator for 7 days. After the saturation was completed, the cylindrical specimen was placed 

between filter papers and caps (cap and pedestal). The chamber of triaxial compression test 

was build up, and then, deaired water was infiltrated from a porous stone at the bottom for 24 

hours to remove the air between the specimen and the latex membrane. Figure 4.3 shows a 

schematic diagram of cyclic undrained triaxial test apparatus. In the consolidation process, a 

isotropic pressure of 196 kPa was applied on the specimen in all cases. The consolidation step 
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was continued for approximately 7 days until the change of drainage volume and of vertical 

settlement with time became negligible. The drainage volume and vertical settlement were 

recorded by a data logger (TDS-303, Tokyo Measuring Instruments Laboratory Co., Ltd.). 

After the consolidation step, cyclic loading was applied under undrained condition. During 

the cyclic loading step, axial load (P), pore water pressure (u) and axial displacement was 

measured. Testing condition is summarized in Table 4.1. Cyclic stress ratio is defined by the 

following equation (5.1) and (5.2).  

c

ec
d A

PP
σ

2

ΔΔ 
  (5.1) 

'2 0σ

σ
CSR d  (5.2) 

where, d = cyclic deviator stress (kPa); Pc = peak cyclic load in compression (kN); Pe = 

peak cyclic load in extension (kN); Ac = area of specimen after the consolidation (m2); CSR = 

cyclic stress ratio (dimensionless); 0’ = effective confining pressure (kPa).  

The definition of Pc in compression and Pe in the cyclic sine wave is shown in Figure 

4.4. The terms of test are defined to satisfy either of the following requirement; 1) cyclic 

numbers exceed 200, and 2) double amplitude strain, DA, become larger than 5%. Double 

amplitude strain is the difference between the maximum axial strain in compression and 

extension during the cycles as expressed by the following equation (5.3). 
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Figure 4.3  Schematic diagram of cyclic undrained triaxial test apparatus. 
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Table 4.1  Testing conditions for cyclic undrained triaxial test 

Case No. 
Type of base soil 
for SBM 

Maximum 
diameter (mm)

Cyclic stress 
ratio 

Wet density of SBM after the 
consolidation step (g/cm3) 

Case-1 

Composite soil 

4.75 
0.229 1.89 

Case-2 0.216 1.89 
Case-3 0.205 1.90 

Case-4 
0.85 

0.240 2.04 
Case-5 0.235 2.03 
Case-6 0.224 2.00 

Case-7 

Silica sand 0.425 

0.195 2.00 
Case-8 0.161 1.89 
Case-9 0.157 1.90 
Case-10 0.155 1.95 
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Figure 4.4  Definition of Pc and Pe in the cyclic sine wave. 

 

 

100
Δ


cH

L
DA  (5.3) 

where, DA = double amplitude strain (%); L = double amplitude of axial displacement 

during the cyclic loading (cm); Hc = Height of specimen after the consolidation step (cm). 

 

4.3.4  Centrifuge modeling test 

4.3.4.1(1) Detail of geotechnical centrifuge used in this study 

In this study, the geotechnical centrifuge at the Disaster Prevention Research Institute (DPRI), 

Kyoto University, was used. The specifications of the geotechnical centrifuge is shown in 

Table 4.2. Figure 4.5 and Photo 4.5 show schematic view of the facility and panoramic view 

of centrifuge room, respectively. Effective radius, which is the distance between the rotation 

axis and the platform, is 2.5 m. Maximum loading capacity, which is one of the indicators for 

the performance of geotechnical centrifuge, is calculated by multiplying the maximum 

centrifugal acceleration by the maximum weight of model. The swingable platform can be 

horizontally lifted by the centrifugal force. Seismic excitation is given in longitudinal 
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direction. A shake table unidirectionally driven by a servo hydraulic actuator is mounted on a 

platform and can be controlled through a laptop computer on the centrifuge arm. All the 

equipment necessary for shake table control is put together on the arm. The laptop PC is 

accessible from a PC in the control room through wireless LAN and “Remote Desktop 

Environment.” The experimental data can be automatically transmitted to a PC in the control 

room via wireless LAN (Iai et al. 2005). The front image of model is recorded during the test 

with a high-speed camera, which can take 21,000 images per second. Besides, a configuration 

of shaking device is schematically shown in Figure 4.6. 

Since the gravity force in the centrifugal field is different from the actual field, a scaling 

rule has to be considered to expand the experimental results to prototype scale. The scaling 

rules used in this study are summarized in Table 4.3. As described above, all tests were 

conducted under 50 G centrifugal acceleration field in this study.  

 

 

Table 4.2  Specifications of geotechnical centrifuge at DPRI, Kyoto University. 

Effective radius 2.50 m 
Maximum scale of model container W 0.80 m × D 0.355 m × H 0.80 m (for static test) 
 W 0.61 m × D 0.35 m × H 0.62 m (for dynamic test) 
Maximum loading capacity 24G ton 
Maximum centrifugal acceleration 200 G 
Maximum number of rotations 270 rpm 
Maximum weight of model 120 kg 

 

 

 

Figure 4.5  Schematic view for centrifuge facility. 

 

 



104 
 

 

Photo 4.5  Panoramic view of centrifuge room. 
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Figure 4.6  Schematic view for shaking device. 
 

 

Table 4.3  Scaling rule used in this study. 

Quantity Symbol 
Similarity 

Qantity Symbol 
Similarity 

N G 1 G N G 1 G 

Acceleration a N 1 Viscosity  1 N-1/2 
Length l 1/N 1/N Saturation degree Sr 1 1 
Solid density  1 1 Fluid density l 1 1 
Grain size d 1 (1/N) 1 (1/N) Rigidity E 1 1/N 
Void ratio e 1 1 Time ti 1/N N-1/2 

 

 

4.3.4.2(2) Model configuration 

Figure 4.7 and Figure 4.8 show the model configuration in rigid container in this study with 

section view and plan view, respectively. The model configuration are the same in all testing 

cases. Overall inner dimensions of the rigid container are 450 × 150 × 294 mm in length, 

width, and height, respectively. The bottom part of SBM cutoff wall was installed into a 

channel of an acrylic resin to simulate the embedment of SBM cutoff walls into the 
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Figure 4.7  Cross-sectional model configuration in rigid container. 
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Figure 4.8  Planar model configuration in rigid container. 

 

 

low-permeable clay layer. The channel was made in the center with the dimension of 11 × 150 

× 30 mm in length, width, and height. The acrylic bottom was made with stacking 11 sheets of 

acrylic plate of 3 mm thickness as shown in Photo 4.6. Adjacent sand layers were prepared by 

water pluviation to simulate the saturated condition so that the height of sand layers from the 
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top of acryl become approximately 220 mm after the consolidation. This model ground 

simulates SBM vertical cutoff wall of total 12.5 m height with 1.5 m embedment in prototype 

scale. Both sand layers and SBM cutoff wall was instrumented with 2 pore pressure 

transducers (P306A-2, SSK Co., Ltd.) at 70 and 150 mm-depth from the soil surface to 

measure the pore water pressure change by the seismic excitation. In after-mentioned Case 

6~10, one pore pressure transducer was mounted in each layer at 110 mm-depth. One 

accelerometer (A6H-50, SSK Co., Ltd.) was also mounted in each layer at 110 mm-depth 

from the surface to measure the response acceleration spectra. Another accelerometer 

(A6H-50, SSK Co., Ltd.) was separately attached on the sidewall of rigid container to 

measure the response acceleration. Surface settlement by seismic excitation was measured at 

measurement point shown in Figure 4.8. 

4.3.4.3(3) Centrifuge model preparation 

The aluminum formwork shown in Photo 4.7 was filled with the prepared SBM whose 

maximum grain size is 0.85 mm, to achieve its wet density of approximately 1.80 g/cm3. The 

dimension of formwork is 300 × 200 × 20 mm in length, width, and height. As shown in the 

photo, the formwork allows vertical drainage from the top and bottom plates with holes. To 

avoid runoff of soil particles during the consolidation step, filter papers were set between  

 

 

 

Photo 4.6  Acrylic resin used as a bottom layer. 
 

 

 

Photo 4.7  Formwork for the preparation of SBM cutoff wall. 
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30 33
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water to completely submerge the specimen. Under this condition, the SBM specimen was 

consolidated for 12 hours with a consolidation pressure of approximately 58.8 kPa in vertical 

direction, which means horizontal direction in the centrifuge model. After the consolidated 

SBM specimen was removed from the formwork without disturbance, SBM specimen was cut 

 

 

 

Photo 4.8  Preparation steps for centrifuge model 

a)
 

b) 
 

c)
 

e)

d) 
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into 250 × 148 × 11 mm in length, width, and height. The width of specimen was adjusted to 

148 mm with consideration for the side friction between SBM cutoff wall and rigid container.  

The centrifuge model was set up by following steps as shown in Photo 4.8. First, acrylic 

bottom layer was set on the bottom of model. All measurement instruments were preliminarily 

fixed at the known position by hanging them with strained fishlines connected to bars (Photo 

4.8 a)). SBM cutoff wall was installed into the channel located in the acrylic bottom layer 

with lateral support by stainless plates not to deform during the model preparation. After a 

viscous fluid (Metolose, SM-25 Shin-Etsu Chemical Co.) whose viscosity was adjusted to 50 

times of water (50 cSt) was poured into the container, silica sand was deposited by water 

pluviation (Photo 4.8 b)). When the sand layer was made up to certain height, the stainless 

plates to support SBM cutoff wall was gradually upward slid. After the completion of sand 

layer preparation, the stainless plates were withdrawn (Photo 4.8 c)). The centrifuge model 

was placed on and anchored to the shaking table (Photo 4.8 d)). Under 50 G centrifugal 

acceleration field, the model was left for 3 hours to consolidate the model ground. The 

pre-consolidation was finished when the pore water pressure in sand layer and in the SBM 

cutoff wall became equivalent. 

4.3.4.4(4) Experimental procedures 

After the pre-consolidation, the model was removed from the shaking table to measure the 

height of each layer and horizontal position of SBM cutoff wall. These lengths were directly 

measured, not by a sensor, but by a caliper. After the measurement of the initial conditions, 

the model was once again placed on and anchored to the shaking table. The consolidation step 

lasted for approximately 2 hours until the difference of pore water pressure between the sand 

layers and SBM cutoff wall became negligible. A predetermined wave was applied to the 

model from a PC in the control room, and the response data of each sensor was measured in 

the PC. The front view of model during the shake was recorded on DVD. The centrifugal 

loading was stopped after a negligible change in pore water pressure value was observed. The 

horizontal displacement of SBM cutoff wall and the vertical settlement of the ground were 

measured at the prescribed points. After dismantling the centrifuge model, water content of 

SBM cutoff wall was measured by cutting into 5 pieces, which were an embedded part and 

vertically quadrisected rest. 

All testing conditions for centrifuge modeling test are summarized in Table 4.4. In 

Case-1~3, the model with loosely prepared sand layers was used to verify the effect of input 

wave with three different waves: 1) sinusoidal wave with 0.4 Hz in frequency, 150 mm in 

amplitude, and 25 cycles in prototype scale, 2) sinusoidal wave with 2.0 Hz in frequency, 100 

mm in amplitude, and 10 cycles in prototype scale, and 3) a wave with relatively high 

acceleration whose maximum acceleration is approximately 500 gal. The second wave has 

higher frequency, smaller amplitude and fewer cycles compared with the first wave. In Case-4, 

one sand layer was prepared with higher density to assess the effect of unsymmetrical earth 

pressure on the deformation of SBM cutoff wall against the above-mentioned sinusoidal wave 

no.1. In Case-1~4, composite soil-based SBM was used for the cutoff wall, and silicone 
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Table 4.4  Testing condition for centrifuge modeling test 

Case No. 
Base soil 
for SBM 

Contact between 
SBM and front face

Density of sand layer 1
Input wave 2 

Left Right 

Case-1 

Composite 
soil 

Silicone grease 

Loose Loose 0.4 Hz-150 mm-25 cycles 
Case-2 Loose Loose 2.0 Hz-100 mm-10 cycles 
Case-3 Loose Loose A wave with high acceleration
Case-4 Dense Loose 0.4 Hz-150 mm-25 cycles 

Case-5 

Silica sand Round head pin 

Loose Loose 

0.4 Hz-150 mm-25 cycles 

Case-6 Loose Loose 
Case-7 Loose Loose 
Case-8 Dense Dense 
Case-9 Dense Dense 
Case-10 Dense Dense 

1 Loose: relative density = approx. 40%; Dense: relative density = approx. 70% 
2 Frequency-amplitude-cyclic numbers, respectively in prototype scale 
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Figure 4.9  Input acceleration of the container in each case in prototype scale. 
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grease was spread on the both sides to joint the gap between SBM cutoff wall and the front 

face of rigid container. In Case-5~10, above-mentioned sinusoidal wave no.1 was applied on 

the model ground with silica sand-based SBM cutoff wall. Both sand layers were prepared 

loosely in Case-5~7 and densely in Case-8~10, respectively. In these cases, repeatability of 

experiments were verified on two different density of sand layers. Sides of SBM cutoff wall 

were instrumented with round head pins at intervals of 20 mm from top to bottom to visualize 

the deformation and to allow SBM cutoff wall to deform as freely as possible. Waveforms of 

each response acceleration of the container are shown in Figure 4.9. As shown in this figure, 

the amplitude was not constant even for the sinusoidal waves. This might be due to the effect 

of mechanical resonance with the centrifuge arm during shaking. 

 

 

 

4.4 Strength characteristics of SBM against cyclic loading 
 

4.4.1 Degradation of stiffness and liquefaction potential of SBM 

Figure 4.10 and Figure 4.11 show examples of results of cyclic undrained triaxial test. As 

shown in Figure 4.10, axial strain of composite soil-based SBM exponentially increased from 

1% to 5% after the gradual increase within approximately 1%. The same trend was observed 

in all cases in Case-1~6. There was little change in excess pore water pressure of composite 

soil-based SBM. Thus, the increase of axial strain was caused not by the decrease of effective 

stress but by the degradation of stiffness with the cyclic loading. On the other hand, the axial 

strain of silica sand-based SBM increased at the same rate from 1% to 5%. By comparing the 

increasing rate in axial strain of silica sand-based SBM with that of composite soil-based 

SBM, the former was approximately 0.40% per cycle regardless of the cycle, but the latter 

was approximately 1.30% per cycle in the last cycle. Furthermore, the excess pore water 

pressure was large in comparison with the composite soil-based SBM. This is because the 

silica sand-based SBM showed sand-like behavior due to few fine particles of base soil. 

However, the maximum excess pore water pressure is smaller than the effective confining 

pressure. Figure 4.12 and Figure 4.13 show stress-strain curves of composite soil-based SBM 

and those of silica sand-based SBM, respectively. As mentioned above, it can be seen that the 

axial strain of composite soil-based SBM dramatically increased after certain point, though 

the SBM showed elastic deformation for a while after the loading. This trend was observed in 

all cases regardless of maximum grain size of base soil. The fact that the axial strain of silica 

sand-based SBM increased more gradually than the composite soil-based SBM is also 

expressed in Figure 4.13. Figure 4.14 and Figure 4.15 present the effective stress paths of 

composite soil-based SBM and those of silica sand-based SBM, respectively. The effective 

stress paths confirm that few excess pore water pressure was generated during the cyclic 

loading in composite soil-based SBM. For the silica sand-based SBM, while the effective  
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Figure 4.10  Result of cyclic undrained triaxial test (Case-6). 
 

 

 

Figure 4.11  Result of cyclic undrained triaxial test (Case-9). 
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Figure 4.12  Stress-strain curve of composite soil-based SBM (Max. grain size = 4.75 and 0.85 mm). 
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Figure 4.13  Stress-strain curve of silica sand-based SBM (Max. grain size = 0.425 mm). 
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Figure 4.14  Effective stress path of composite soil-based SBM  

(Max. grain size = 4.75 and 0.85 mm) 
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Figure 4.15  Effective stress path of silica sand-based SBM  

(Max. grain size = 0.425 mm) 
 

 

stress path shifted to left with the cyclic loading, approximately 50% of effective stress 

remained in the specimen at the minimum (Case-8). The maximum excess pore water 

pressure ratio (the ratio of excess pore water pressure to the effective confining pressure) in 

each case is summarized in Table 4.5. As seen in this table, the excess pore water pressure 

ratio is approximately 0.5 at the maximum. Thus, the liquefaction may not be occurred in 

SBM cutoff wall due to little change in the excess pore water pressure. These observations 

confirm that stiffness of SBM can be degraded by the seismic excitation, although the 

liquefaction may not be occurred because of its low hydraulic conductivity. 
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Table 4.5  Excess pore water pressure in each case 

Type of base soil 
for SBM 

Maximum 
diameter (mm)

Cyclic stress 
ratio 

Excess pore water 
pressure ratio (× 10-2) 

Composite soil 

4.75 
0.229 1.1 
0.216 2.2 
0.205 2.6 

0.85 
0.240 0.9 
0.235 0.9 
0.224 1.5 

Silica sand 0.425 

0.195 9.4 
0.161 53.3 
0.157 24.4 
0.155 12.4 

 

 

4.4.2 Cyclic strength of SBM 

Figure 4.16 illustrates the cyclic strength curve. In this study, since the excess pore water 

pressure was comparatively small, the condition with DA = 5% was defined as a failure of 

specimen. The cyclic strength of two composite soil-based SBM have similar strength 

characteristics. The slightly higher strength in the SBM with the maximum grain size of 0.85 

mm was caused probably due to higher densities of specimens. The silica sand-based SBM 

has lower cyclic strength. This is because of the less fine particle content. Since the 

silica-sand base SBM shows sand-like behavior due to less fine particles, relatively high 

excess pore water pressure can cause the weakening of the specimen due to the decrease in 

effective stress. 

By using the results shown in Figure 4.16, cyclic strength ratio, RL, was calculated for 

each SBM. The cyclic strength ratio is defined as the cyclic stress ratio when the number of 

cycles reaches 20. As a result, the cyclic strength ratio of composite soil-based SBM with the 

maximum grain size of 4.75 mm, that of 0.85 mm, and silica sand-based SBM were 

calculated to be approximately 0.225, 0.230, and 0.155, respectively. Ito et al. (2001) 

conducted cyclic undrained triaxial test on laboratory samples with various fine content, Fc, . 

The cyclic strength ratios of composite soil-based SBM and of silica sand-based SBM are 

respectively equivalent with the soil of Fc = 24~32% and that of Fc = 8~16%. Considering 

that the fine content of composite soil-based SBM and that of silica sand-based SBM are 

29.2% and 9.1%, respectively, the cyclic strength ratios obtained in this study can be 

considered reasonable. For damage prediction of structures on the ground by liquefaction, 

factor of liquefaction, FL, calculated by following equation (5.4), (5.5) and (5.6) is commonly 

used (e.g. Tatsuoka et al. 1980):  

L

R
FL   (5.4) 
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'
max

v

v
d σ

σ

g

α
γL   (5.5) 

xγd 015.00.1   (5.6) 

where, FL = factor of safety liquefaction (dimensionless); R = undrained cyclic strength ratio 

(dimensionless); L = dynamic load induced in the soil element by a seismic excitation 

(dimensionless); γd = reduction factor for dynamic shear stress (dimensionless); max = 

maximum acceleration at the ground surface (gal); g = gravity acceleration (= 980 gal); v = 

total overburden pressure (kPa); v’ = effective overburden pressure (kPa). 

This factor can be applied for the sandy ground, but is not suitable to estimate the 

liquefaction potential in SBM cutoff wall because the excess pore water pressure is not 

generated during the cyclic loading in SBM. However, acceptable accelerations are 

respectively calculated as approximately 100 gal and 60 gal for composite soil-based SBM 

and silica sand-based SBM by these equations, applying the R value obtained not by the 

liquefaction but by the degradation of stiffness with cyclic loading. Therefore, while the 

excess pore water pressure will progressively increase, the SBM cutoff wall can be deformed 

with seismic excitation of acceleration larger than these values. 
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Figure 4.16  Cyclic strength curve at DA = 5%. 
 

 

 

4.5 Seismic behavior of SBM cutoff wall 
 

4.5.1 Response of model ground against seismic excitation 

Response of accelerometers and pore pressure transducers during and after the shaking was 

monitored and recorded in the control room. In this section, response of SBM cutoff wall and 

sand layers is discussed with the spectra of each sensor. In this study, excess pore water 

pressure ratio was applied as an indicator of occurrence of liquefaction. Since the magnitude 
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of acceleration strongly depends on the direction of accelerometer, the values were not 

converged into zero in some cases due to the slide of the sensors by the shaking. In the 

following figures, the experimental results are illustrated in prototype scale unless otherwise 

noted. 

4.5.1.1 In loose sand layer (silicone grease joint) 

In this section, seismic behavior of SBM cutoff wall installed in loose sand layer is discussed. 

In this series, composite soil-based SBM was used for the cutoff wall, and silicone grease was 

spread on the sides of SBM as joints between SBM cutoff wall and the rigid container. 

(1) Input wave: 0.4 Hz-150 mm-25 cycles 

Figure 4.17 shows time history of acceleration in each layer and the container at 5.5 m-depth 

from the soil surface. As shown in this figure, the maximum magnitude of response 

acceleration is observed at 4 cycles in both sand layers and SBM cutoff wall. Since the 

response accelerations of sand layer drastically decreased after 10 cycles, it can be considered 

that the liquefaction occurred at this moment in the sand layers. The magnitude of response 

acceleration in SBM cutoff wall gradually becomes small with the cycles, but a certain level 

of the response acceleration remained throughout the entire shaking. Fourier spectra of each 

response acceleration, shown in Figure 4.18, is drawn to verify the predominant frequency of 

each response waveform. The fact that the predominant frequency of all waveform is 0.4 Hz 

is consistent with the frequency of input sinusoidal wave of 0.4 Hz. Thus, SBM cutoff wall 

can be assumed to be shaken together with the adjacent sand layers during the seismic 

excitation. The vibration characteristics of SBM cutoff wall depends on that of surrounding 

ground even when the liquefaction is occurred in the adjacent ground. 

Figure 4.19 and Figure 4.20 present temporal changes in excess pore water pressure ratio 

with the shaking at 3.5 m-depth and 7.5 m-depth, respectively. The excess pore water pressure 

ratio is the ratio of generated excess pore water pressure to the initial effective stress. 

Therefore, it can be judged that the liquefaction occurred when the excess pore water pressure 

ratio reaches 1. The excess pore water pressure ratio in sand layers gradually increased with 

shaking regardless of the depth, and reached approximately 1.0. Therefore, the sand layers can 

be liquefied by the shaking. However, the maximum excess pore water pressure ratio is only 

0.1 in SBM cutoff wall. These observations confirm that the liquefaction did not occur in 

SBM cutoff wall because the excess pore water pressure is not generated throughout the entire 

shaking, although the sand layers are liquefied. 

(2) Input wave: 2.0 Hz-100 mm-10 cycles 

In Case-2, a sinusoidal wave with higher frequency, smaller amplitude and fewer cycles 

compared with Case-1 was applied on model ground with same conditions. The acceleration 

spectra of the ground and container are shown in Figure 4.21. The response acceleration is 

minimized at 4 cycles, but is recovered to a certain level with cycles. The magnitude of 

recovered acceleration is two-thirds of the input acceleration at the maximum. Fourier spectra 

of each response acceleration is shown in Figure 4.22. The frequency of 2.0 Hz is 

predominant in all sensors because the sinusoidal wave of 2.0 Hz was input. All spectra of 
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sand layers and SBM cutoff wall show similar form and they are well accorded each other. 

However, they are poorly fit with the spectrum of the container, and the second and third peak 

values were varied probably due to the high acceleration and high frequency.  

Figure 4.23 and Figure 4.24 present temporal changes in excess pore water pressure ratio 

with the shaking. Although the larger excess pore water pressure ratio is observed in SBM 

cutoff wall compared with Case-1, the value is approximately 0.3 in upper SBM at the 

maximum. The excess pore water pressure ratio in sand layers immediately increased by the 

shaking, and showed constant value of approximately 1.0 after the shaking. These results also 

confirm that the liquefaction did not occur in SBM cutoff wall even against the sinusoidal 

wave with higher frequency, although the adjacent sand layers are liquefied.  

(3) Input wave: a realistic wave with high acceleration 

Figure 4.25 illustrates the spectra of acceleration obtained from each accelerometer. In Case-3, 

a realistic wave with high acceleration was applied as an input wave. This wave has the 

acceleration of approximately 500 gal at the maximum. Although the maximum acceleration 

of the input wave is 500 gal, the high maximum accelerations of approximately 700 gal and 

1000 gal are measured in sand layer and SBM cutoff wall, respectively. Figure 4.26 shows 

each Fourier spectrum about the acceleration waveform. As seen from this figure, each layer 

has different vibration characteristics. Considering the fact that the acceleration in the ground 

was amplified with the shaking at a certain point, cyclic mobility might have occurred in the 

ground. The cyclic mobility is a phenomenon where the stiffness of the ground is enhanced 

during the shaking due to a positive dilatancy, and cause a reduction of pore water pressure 

and amplification of acceleration. Thus, the waveform of the container was not well 

transmitted to the ground because of the cyclic mobility.  

Figure 4.23 and Figure 4.24 show time histories of excess pore water pressure ratio with 

the shaking. In this case, the excess pore water pressure ratio in the upper SBM cutoff wall 

increased to 0.8 during the shaking. These observations suggest that the pore water pressure 

can be increased by the shaking with high acceleration, although a certain amount of effective 

stress can be maintained in SBM cutoff wall. In these figures, drastic reduction of pore water 

pressure, which is assumed to be due to the cyclic mobility during the shaking, can be 

observed in the sand layers after elapsed time of 20 s. 

4.5.1.2 With unsymmetrical earth pressure (silicone grease joint) 

In Case-4, the same sinusoidal wave as Case-1 was applied on the ground with unsymmetrical 

densities. The left sand layer was prepared with relative density of approximately 70% and the 

right one was prepared with that of approximately 40%. Silicone grease was spread on the 

sides of SBM cutoff wall to fill the gap between the cutoff wall and the container.  

Figure 4.29 shows time history of acceleration in each layer and the container at 5.5 

m-depth from the soil surface. As shown in this figure, the constant acceleration is obtained in 

the dense sand layer, and the amplitude is not attenuated during the entire shaking. Compared 

with the response acceleration in Case-1 shown in Figure 4.17, it is obvious that the high 

acceleration was maintained in the dense sand layer. On the other hand, the response 
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acceleration in loose sand layer has variation with the cycles. The value becomes larger than 

the value of container at 14~16 cycles, and decreases after 17 cycles. The response 

acceleration in SBM cutoff wall shows similar waveform with that in the dense sand layer; 

thus, the more constant acceleration was input during the shaking compared with Case-1. 

Fourier spectrum of each response acceleration is shown in Figure 4.30. Since the frequency 

of input sinusoidal wave is 0.4 Hz as same as Case-1, the predominant frequencies of all 

waveform are 0.4 Hz. While one adjacent sand layer is liquefied as mentioned below, the 

whole model ground shows same vibration characteristics. 

The time histories of excess pore water pressure ratio at 3.5 m-depth and 7.5 m-depth are 

shown in Figure 4.31 and Figure 4.32, respectively. Although the excess pore water pressure 

ratio in the loose sand layer increased to more than 0.8, that values at 3.5 m-depth and 7.5 

m-depth respectively increased no further than approximately 0.6 and 0.4 in the dense sand 

layer. Furthermore, the value in dense sand layer gradually decreased after the shaking. 

Considering the facts that the excess pore water pressure ratio in loose sand layer reached to 

1.0 with the same input wave in Case-1 and the constant value is observed after the shaking, 

the liquefaction might be occurred in the upper part of loose sand layer as well as in Case-4; 

but, the occurrence of liquefaction in lower part is difficult to be judged from Figure 4.32 

because the excess pore water pressure ratio increased only to 0.8 at the maximum and 

gradually decreased after the shaking. Anyway, it can be seen that the increment of excess 

pore water pressure in the dense sand layer is inhibited compared with in the loose sand layer. 

The excess pore water pressure ratio in SBM cutoff wall is smaller than 0.1 during the 

shaking regardless of the depth.  

4.5.1.3 In loose sand layer (round head pin joint) 

In Case-5~7, the same sinusoidal wave as Case-1 was applied on the ground with loose sand 

layer. All conditions in these cases are same with Case-1 except a base soil of SBM cutoff 

wall and a material at a gap between SBM cutoff wall and rigid container. In Case-5~10, silica 

sand-based SBM was used for cutoff wall by considering that the sand layers were prepared 

by silica sand. Besides, in these cases, in order to visualize the deformation of SBM cutoff 

wall with the shaking and to minimize the friction between SBM cutoff wall and the rigid 

container, round head pins were mounted at intervals of 20 mm from top to bottom on the 

sides of SBM cutoff wall instead of silicone grease. Thus, SBM cutoff wall can move more 

freely in these cases. In this section, the experimental result of Case-6 is shown and discussed 

as a representative example. Basically same results are obtained in Case-5 and 7. The detail of 

experimental results obtained from each case is summarized as appendix at the end of this 

dissertation. 

Figure 4.33 shows time histories of acceleration in each layer and the container at 5.5 

m-depth from the soil surface. As shown in this figure, the amplitude of input acceleration is 

smaller than Case-1, although the same sinusoidal wave was applied. Besides, the response 

accelerations after the shaking are not converged into zero due to rotation of the sensors. 

From this figure, it can be seen that the magnitude of acceleration becomes small after 9 
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cycles in all layers. As same as the results of Case-1 shown in Figure 4.17, the response 

acceleration in SBM cutoff wall is remained at a certain amplitude during the shaking. Fourier 

spectra of each response acceleration shown in Figure 4.34 are similar with the experimental 

result of Case-1 shown in Figure 4.18. The predominant frequencies of all acceleration is 0.4 

Hz, which is the frequency of input sinusoidal wave. 

Figure 4.35 shows temporal changes in excess pore water pressure ratio with the shaking 

at 5.5 m-depth. In Case-6~10, one pore pressure transducer was embedded in each layer at 

110 mm-depth in model scale. The excess pore water pressure ratio in sand layers increases 

with shaking, and maintains the value larger than 1.0 after the shaking. Therefore, the sand 

layers can be assumed to be liquefied by the shaking. However, the maximum excess pore 

water pressure ratio is only 0.2 in SBM cutoff wall, even though the silica sand-based SBM 

were used in this case. These observations confirm that liquefaction did not occur in SBM 

cutoff wall because the excess pore water pressure is not generated throughout the entire 

shaking, although the sand layers are liquefied.  

4.5.1.4 In dense sand layer (round head pin joint) 

In Case-8~10, the same sinusoidal wave as Case-1 and 5~7 was applied on the ground with 

dense sand layer. Both sand layers were prepared with their relative densities of 

approximately 70%. In this section, the experimental result of Case-9 is shown and discussed 

as a representative example because basically same results are also obtained in Case-8 and 10. 

The detail of experimental results obtained from each case is summarized as appendix at the 

end of this dissertation. 

Time histories of acceleration in each layer and the container at 5.5 m-depth are shown in 

Figure 4.36. As shown in this figure, the waveform of input acceleration is completely same 

with that in Case-6 shown in Figure 4.33. From this figure, although the amplitude of 

response accelerations in left sand layer and SBM cutoff wall are small compared with input 

acceleration, it can be seen that the constant acceleration is obtained in both sand layers, and 

the amplitudes are not attenuated during the entire shaking compared with the result in Case-6. 

Fourier spectra of each response acceleration shown in Figure 4.37 are similar with the 

experimental result of Case-1 shown in Figure 4.18. Since the frequency of 0.4 Hz is 

predominant in all accelerations, it can be assumed that the sand layers and SBM cutoff wall 

in the model displaced monolithically. 

Figure 4.38 shows changes in excess pore water pressure ratio with the shaking at 5.5 

m-depth. Although the excess pore water pressure ratio in sand layers increases with shaking 

and attained approximately 1.0 after the shaking, that in SBM cutoff wall increases no further 

than approximately 0.2. Therefore, it can be concluded that the SBM cutoff wall did not 

liquefy for the applied sinusoidal wave regardless of type of base soil. 
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Figure 4.17  Time history of acceleration (Case-1, at 5.5 m-depth). 
 

 

 

Figure 4.18  Comparison of Fourier spectrum (Case-1, at 5.5 m-depth). 
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Figure 4.19  Time history of excess pore water pressure ratio (Case-1, at 3.5 m-depth). 
 

 

 

 

Figure 4.20  Time history of excess pore water pressure ratio (Case-1, at 7.5 m-depth). 
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Figure 4.21  Time history of acceleration (Case-2, at 5.5 m-depth). 
 

 

 

Figure 4.22  Comparison of Fourier spectrum (Case-2, at 5.5 m-depth). 

0 2 4 6 8 10
0

3

6

9

12

15

18

Frequency (Hz)

F
o

ur
ie

r 
a

m
pl

itu
de

 (
x 

1
0

3 )

Sand layer (R)

0 2 4 6 8 10
0

3

6

9

12

15

18

Frequency (Hz)

F
o

ur
ie

r 
a

m
pl

itu
de

 (
x 

1
0

3 )

SBM cutoff wall

0

3

6

9

12

15

18

F
o

ur
ie

r 
a

m
pl

itu
de

 (
x 

1
0

3 )

Sand layer (L)

0

3

6

9

12

15

18

F
o

ur
ie

r 
a

m
pl

itu
de

 (
x 

1
0

3 )

Container

2.00 2.00

2.00
2.00

2.30 1.50 

2.30 

1.50 

2.30
1.50

1.64 1.64

1.64 
1.64

1.50

2.30

-600

-400

-200

0

200

400

600

A
cc

e
le

ra
tio

n 
(g

a
l) Container

-600

-400

-200

0

200

400

600

A
cc

e
le

ra
tio

n 
(g

a
l) Sand layer (L)

-600

-400

-200

0

200

400

600

A
cc

e
le

ra
tio

n 
(g

a
l)

SBM cutoff wall

0 10 20 30 40 50
-600

-400

-200

0

200

400

600

Time (s)

A
cc

e
le

ra
tio

n 
(g

a
l) Sand layer (R)



125 
 

 

Figure 4.23  Time history of excess pore water pressure ratio (Case-2, at 3.5 m-depth). 
 

 

 

 

Figure 4.24  Time history of excess pore water pressure ratio (Case-2, at 7.5 m-depth). 
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Figure 4.25  Time history of acceleration (Case-3, at 5.5 m-depth). 
 

 

 

Figure 4.26  Comparison of Fourier spectrum (Case-3, at 5.5 m-depth). 
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Figure 4.27  Time history of excess pore water pressure ratio (Case-3, at 3.5 m-depth). 
 

 

 

 

Figure 4.28  Time history of excess pore water pressure ratio (Case-3, at 7.5 m-depth). 
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Figure 4.29  Time history of acceleration (Case-4, at 5.5 m-depth). 
 

 

 

Figure 4.30  Comparison of Fourier spectrum (Case-4, at 5.5 m-depth). 
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Figure 4.31  Time history of excess pore water pressure ratio (Case-4, at 3.5 m-depth). 
 

 

 

Figure 4.32  Time history of excess pore water pressure ratio (Case-4, at 7.5 m-depth). 
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Figure 4.33  Time history of acceleration (Case-6, at 5.5 m-depth). 
 

 

 

Figure 4.34  Comparison of Fourier spectrum (Case-6, at 5.5 m-depth). 
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Figure 4.35  Time history of excess pore water pressure ratio (Case-6, at 5.5 m-depth). 
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Figure 4.36  Time history of acceleration (Case-9, at 5.5 m-depth). 
 

 

 

Figure 4.37  Comparison of Fourier spectrum (Case-9, at 5.5 m-depth). 
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Figure 4.38  Time history of excess pore water pressure ratio (Case-9, at 5.5 m-depth). 
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Figure 4.39  Three-dimensional view of surface settlement by seismic excitation. 
 

 

Table 4.6  Average surface settlement in each case. 

Case No. 
Density of sand layer Average settlement of 

SBM cutoff wall (cm)

Average settlement of 
sand layer* (cm) 

Left Right Left  Right 

Case-1 Loose Loose  38.5  48.3  50.5 
Case-2 Loose Loose  9.3  32.6  34.3 
Case-3 Loose Loose  31.9  45.4  45.1 
Case-4 Dense Loose  19.5  7.9  31.1 
Case-5~7 Loose Loose  26.2  36.2  29.4 
Case-8~10 Dense Dense  20.4  31.8  30.9 

* At adjacent measurement point of SBM cutoff wall 
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These are probably because the smaller maximum acceleration was applied in these cases. By 

comparing the results in Case-1~3, the average surface settlement of SBM cutoff wall in 

Case-2 is extremely small probably due to short period of the seismic excitation. Thus, it can 

be considered that both acceleration and period of the vibration may affect on the surface 

settlement of SBM cutoff wall. When the result in Case-8~10 is compared with that in 

Case-5~7, the smaller average surface settlement is observed in Case-8~10 because of the 

difference in the density of sand layer. Considering the fact that the stiffness of SBM cutoff 

wall should be equivalently degraded in Case-5~10, the difference in the magnitude of 

settlement can attribute to a down-drag by adjacent sand layers. These observations indicate 

that the SBM cutoff wall settled down due to both the degradation of stiffness by seismic 

excitation and down-drag by negative friction derived from the settlement of sand layers. 

 

4.5.3 Horizontal deformation characteristic of SBM cutoff wall 

In Case-1~4, the SBM cutoff wall showed little change about the horizontal deformation. This 

is because high friction acted between the silicone grease and the rigid container. In this 

section, the horizontal deformation characteristic of SBM cutoff wall is discussed based on 

the results in Case-5~10. In these cases, horizontal displacements of the round head pins were 

measured by image analysis on a picture taken after the test as shown in Photo 4.9. 

Afterwards, horizontal shear strain and curvature of each section was calculated from the 

measured horizontal displacement. 

The experimental results related to the horizontal deformation characteristics are shown 

in Figure 4.40~4.45 with respect to each case. In Case-5 and Case-7, SBM cutoff wall is 

deformed with a similar shape that the cutoff wall is inflected to left and right side from top to 

bottom. In these cases, a relatively large shear strain is produced in shallow zone. On the other 

hand, although all testing conditions are completely the same, a different trend is observed in 

Case-6. In this case, while a maximum displacement is produced at 0.5 m-depth, a maximum 

shear strain and a maximum curvature are observed at relatively-shallow area of 11.0 m 

and5.5 m-depth, respectively. Besides, in this case, the SBM cutoff wall is deformed with a 

mode of inclination to one side. Similarly, the deformation characteristics of SBM cutoff wall 

in dense sand layer are also varied by the test case. In Case-8 and 9, the SBM cutoff wall has 

a similar deformation mode that the wall inflects to left and right. However, although the 

maximum shear strain is obtained at the shallowest part in Case-8, the maximum value is 

obtained in deep zone of 9.0 m-depth in Case-9. In Case-9, large curvature of more than 0.2 

1/m is obtained in both shallow and deep part, even though the magnitude of displacement is 

relatively small in whole domain. This is because the SBM cutoff wall is inflecting from one 

side to another in these points. In Case-10, the SBM cutoff wall is inclined to one direction 

from bottom to top.  

The maximum value of displacement, shear strain and curvature are summarized in Table 

4.7 in conjunction with the depth of measure point. The maximum curvature of 0.22 1/m is  
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Photo 4.9  Typical front view of model ground after the test (Case-5). 

 

 

 

Figure 4.40  Horizontal deformation of SBM cutoff wall in Case-5. 
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Figure 4.41  Horizontal deformation of SBM cutoff wall in Case-6. 

 

 

 

 

Figure 4.42  Horizontal deformation of SBM cutoff wall in Case-7. 
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Figure 4.43  Horizontal deformation of SBM cutoff wall in Case-8. 

 

 

 

 

Figure 4.44  Horizontal deformation of SBM cutoff wall in Case-9. 
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Figure 4.45  Horizontal deformation of SBM cutoff wall in Case-10. 
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confirmed. This variability might be caused by a slight difference in ground conditions during 

the model preparation. However, it can be seen that the maximum curvature is obtained in the 

area shallower than 5.5 m-depth in 5 of 6 cases. Besides, the maximum shear strain is 
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Table 4.7  Maximum displacement, shear strain and curvature in each case. 

Case No. 
Density of 
sand layer 

Max. displacement 
(m) and depth (m) 

Max. shear strain 
(%) and depth (m)

Max. curvature 
(1/m) and depth (m) 

Case-5 Loose 0.23 (7.0) 12 (3.5) 0.11 (3.0) 
Case-6 Loose 0.49 (0.5) 16 (11.0) 0.13 (5.5) 
Case-7 Loose 0.47 (2.5) 23 (1.0) 0.17 (2.5) 

Case-8 Dense 0.16 (3.5) 12 (1.0) 0.11 (10.5) 
Case-9 Dense 0.33 (8.5) 17 (9.0) 0.22 (3.5) 
Case-10 Dense 0.83 (1.5) 15 (5.0) 0.11 (1.5) 
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After the test, physical damage on SBM cutoff wall by the seismic excitation was 

visually inspected. As a result, SBM cutoff wall could maintain its soundness without any 

damage, such as cracks and fractures. Although further researches should be conducted to 

ensure the effects of changes in microstructure on the hydraulic barrier performance, SBM 

cutoff wall can maintain its integrity for a range of seismic excitation with maximum 

acceleration of around 500 gal. 

 

 

 

4.6 Summary and conclusions 
 

The containment barriers including SBM cutoff wall have to maintain its hydraulic barrier 

performance even when an earthquake occurs to completely contain contaminants. Especially 

for SBM cutoff wall, large deformation can be produced by seismic excitation due to its 

softness even after the construction. Therefore, the seismic behavior of SBM cutoff wall is 

needed to be properly assessed. In this chapter, cyclic strength and dynamic behavior of SBM 

cutoff walls against seismic loading were verified by cyclic undrained triaxial test and 

centrifuge modeling test. In centrifuge modeling test, the horizontal deformation of SBM 

cutoff wall was discussed as well as the response characteristics of each layer to the seismic 

excitation. The main achievement obtained in this chapter can be summarized as follows: 

 

(1) Experimental results of cyclic undrained triaxial test indicate that the axial strain of 

composite soil-based SBM dramatically increased from 1% to 5% after a gradual 

increase up to approximately 1%. The axial strain of silica sand-based SBM linearly 

increased at the same rate of 0.40% per cycle. 

(2) The excess pore water pressure during cyclic loading was large in silica sand-based SBM 

compared with the composite soil-based SBM because the silica sand-based SBM 

showed sand-like behavior due to few fine particles of base soil. 

(3) The ratio of excess pore water pressure to the effective stress is approximately 0.03 for 

composite soil-based SBM and approximately 0.5 in silica sand-based SBM at the 

maximum. Thus, liquefaction may not have occurred in SBM cutoff wall due to little 

change in the excess pore water pressure, but large strain can be produced according to 

degradation of stiffness. 

(4) Silica sand-based SBM has cyclic strength lower than composite soil-based SBM 

because the larger excess pore water pressure is generated.  

(5) Cyclic strength ratio of composite soil-based SBM with the maximum grain size of 4.75 

mm, that of 0.85 mm, and silica sand-based SBM was calculated to be approximately 

0.225, 0.230, and 0.155, respectively. These values are consistent with that in a previous 

research, which dealt with specimens made with various clay/sand ratio. 

(6) Acceptable accelerations back calculated by the factor of liquefaction, FL, were 
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approximately 100 gal and 60 gal for composite soil-based SBM and silica sand-based 

SBM, respectively. Thus, while the excess pore water pressure will be progressively 

increased during an earthquake, the SBM cutoff walls can be highly deformed with 

seismic excitation with its acceleration larger than these values. 

(7) From a series of centrifugal modeling test, although excess pore water pressure ratio in 

sand layers gradually increase with shaking regardless of the depth and eventually attain 

approximately 1.0, that in SBM cutoff wall did not increase as much. Therefore, 

liquefaction may not be occurred in SBM cutoff wall because the excess pore water 

pressure did not significantly develop throughout the entire shaking, although the sand 

layers are liquefied. 

(8) The excess pore water pressure ratio in the upper SBM cutoff wall increase to 0.8 during 

shaking with maximum acceleration of around 500 gal. The pore water pressure can be 

increased by seismic excitation with high acceleration, although a certain amount of 

effective stress can be maintained in SBM cutoff wall. 

(9) In some cases, drastic reduction of pore water pressure and/or amplified response 

acceleration, which are assumed to be due to cyclic mobility during the shaking, are 

observed. 

(10) Predominant frequency of response acceleration corresponds to frequency of input 

sinusoidal wave. Thus, SBM cutoff wall is assumed to be shaken together with adjacent 

sand layers during the seismic excitation. The vibration characteristics of SBM cutoff 

wall depends on that of surrounding ground even when the liquefaction is occurred in the 

adjacent ground. However, the Fourier spectra in the case of high acceleration 

poorly-matched each other. 

(11) Ground surface of sand layers is settled down due to the liquefaction by seismic 

excitation; however, since liquefaction did not occur in SBM cutoff wall, its surface 

settlement is limited. Accordingly, the surface settlement of SBM cutoff wall is smaller 

than that of adjacent sand layers in all cases. 

(12) The surface settlement of SBM cutoff wall increases with the increasing of the surface 

settlement of adjacent sand layers even against the same input wave. This result indicates 

that the SBM cutoff wall settled down due to both the degradation of stiffness by seismic 

excitation and down-drag by negative friction generated by the settlement of sand layers. 

(13) A maximum curvature of 0.22 1/m is observed at 3.5 m-depth of SBM cutoff wall in 

dense sand layer. However, the horizontal deformation characteristic has variability even 

in the test cases with completely same conditions. Besides, an apparent difference 

between the densities of sand layer cannot be confirmed. This variability might be caused 

by a slight difference in ground conditions during the model preparation.  

(14) However, it can be seen that the maximum curvature is obtained in the area shallower 

than 5.5 m-depth in 5 of 6 cases. Besides, the maximum shear strain is produced in the 

shallower area in 4 of 6 cases. Therefore, the large deformation of SBM cutoff wall is 

likely to be produced in the shallow zone.  
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(15) By visual inspection of SBM cutoff wall after the experiment, it was confirmed that SBM 

cutoff wall can maintain its soundness without any damage, such as cracks and fractures. 

Thus, SBM cutoff wall can maintain its integrity for a range of seismic excitation with 

maximum acceleration of around 500 gal. 
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CHAPTER 5  

 

Practical Implications 

 

 

 

 

 

5.1 Design considerations 

 

The primary design consideration for SBM used for groundwater control applications is low 

hydraulic conductivity. A k value of 1 × 10−9 m/ s is typically required for containment 

barriers. This value is readily achieved with SBM employing appropriate materials and 

construction technique. However, factors affecting the hydraulic barrier performance should 

be preliminarily assessed according to ground conditions. For example, the k of SBM is stress 

dependent (Evans 1994) and designers need to specify the effective confining pressures used 

in laboratory testing for hydraulic conductivity. When used in environmental applications, 

chemical compatibility with the permeating fluid is an important consideration (Opdyke and 

Evans 2005). Additionally, Japan is an island nation surrounded by the sea, and the most 

urban areas are developed along seashore. Thus, the chemical compatibility of SBM with pore 

water containing electrolytes is another important consideration.  

Implementation of the hydraulic conductivity tests is a crucial step doing the designing 

process at the pre-construction stage to determine adequate mixing ratio of SBM for high 

hydraulic barrier performance. It is necessary to assess the k value with a low confining 

pressure as much as possible to ensure the hydraulic barrier performance in shallow area. The 

bentonite powder content should be determined according to physical and chemical properties 

of in-situ soil, such as particle size distribution and chemical concentration in the soil pore 

water. As validated in this research, the chemical concentration in the soil pore water is an 

especially essential consideration for the subsequent hydraulic barrier performance of SBM 

because the k value of SBM containing 0.1 M CaCl2 in the soil pore water can become 20 

times or more higher than that of SBM without chemicals in the soil pore water. By 

measuring the groundwater quality, the possible effect on the hydraulic barrier performance 

should be preliminarily evaluated. If the designers consider the severest condition with 

calcium cation for SBM, 0.1 M is necessary and sufficient because the effect of CaCl2 on the 

swelling characteristic of bentonite is negligible in a range higher than 0.1 M. Regarding the  
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 Recovery of k value against defects

Soil pore water during construction
Permeating fluid after construction

Amount of additive bentonite powder

Effective overburden pressure

On-site soil property

Self-sealing capability
 

Figure 5.1  Design considerations for SBM cutoff wall. 
 

 

permeating fluid, it was confirmed that the effect of chemicals in permeant on the k value of 

SBM is smaller than that of soil pore water. However, since the increase of k value is not 

negligible as 4 times at the maximum, it is preferable to evaluate the influence of permeant 

when exposure of SBM cutoff wall to the groundwater containing electrolytes is considerable. 

Figure 5.1 summarizes experimental considerations for the designing process of SBM cutoff 

wall and corresponding considerations in the field. For the designing of SBM cutoff walls, 

these considerations should be taken into account to determine an appropriate mixing 

condition according to each site characteristics. 

 

 

 

5.2 Post-construction verifications 

 

After SBM cutoff wall is constructed with adequate mixing ratio according to results of 

hydraulic conductivity tests, quality of the cutoff wall has to be verified from view points of 

homogeneity and in-situ hydraulic barrier performance. Homogeneity plays a fundamental 

role on the quality of containment barriers since a larger variability in the hydraulic 

conductivity leads to a higher flux of contaminant out of the barrier system even if the 

average hydraulic conductivity values are equivalent (Britton and Filz 2007, Yesiller and 

Shackelford 2010). The variability in SBM may be raised by some factors such as natural 

variability in the base soils, accumulation of soil particles at the bottom and time-dependent 

chemical interactions (Evans 1993). 

Currently, in-situ k value is mainly evaluated by conducting hydraulic conductivity tests 

in laboratories on grab samples collected at and delivered from sites. However, the k value 

assessment by hydraulic conductivity test takes a long period of at least several weeks. In this 

study, it was validated that the k values of SBM have good correlation with some physical 
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properties such as swelling pressure, plasticity index, water content after permeation, total 

fine particle content, etc. Therefore, since the measurement of these properties is easier and 

faster than the k assessment, these values can be employed as good indicators for the 

approximate estimation of k value in QC/QA. However, the k value assessment by these 

methods contains some problems such as: 1) the samples are disturbed by people, 2) the 

number of samples which can be tested is limited and 3) the measured k values have to 

represent whole domain of the cutoff wall because a linearly continuous evaluation is not 

feasible. Hence, while requirements about quality depend on the specifications of each site, 

in-situ and on-site QC/QA method is essential to ensure the designed hydraulic barrier 

performance; moreover, the linearly continuous evaluation can enhance the reliability of 

in-situ containment techniques.  

Given such background, a feasibility of CPTU was studied with a laboratory test in this 

research. As indicated in this research, although the applicability depends on the strength 

characteristics of SBM, the tendency of qc, fs and u values can change according to bentonite 

content. Thus, it might be possible to check homogeneity of constructed SBM cutoff wall by 

the profiles of three parameters, which can be obtained during cone penetration. Therefore, 

the homogeneity assurance using CPTU should be operated at a certain intervals along the 

wall because it is not economically feasible to evaluate the whole domain of the walls. If the 

profile of parameters during CPTU has any unstable trends, there is a possibility that 

heterogeneous part exists inside the wall. In such cases, re-mix in the cutoff wall should be 

considered to improve the homogeneity until uniform profiles can be obtained. After the 

homogeneity is ensured, excess pore pressure dissipation test should be conducted to estimate 

on-site k values at a certain depth intervals. Since the k value will become lower with higher 

overburden pressure in the deeper area of the cutoff wall as demonstrated in this study, it is 

more important to obtain reasonable k values in the shallow area. When the k values from 

CPTU are more than one order of magnitude higher than k values obtained by hydraulic 

conductivity test, re-addition of bentonite powder should be considered to enhance the 

hydraulic barrier performance. 

 

 

 

5.3 Seismic stability assessment 

 

During, as well as after, the construction of SBM cutoff walls, seismic excitation may affect 

the structure of containment barrier system, such as shear failure, ground movement, residual 

deformation, liquefaction, etc. Besides, the cutoff walls for seepage control are often installed 

in sand strata that are subject to liquefaction. Therefore, seismic stability of SBM cutoff walls 

should be assessed especially in earthquake-prone countries, such as Japan.  

In this research, cyclic strength and liquefaction potential was revealed by cyclic 

undrained triaxial test using SBMs prepared with two different base soils. Since the ratio of 
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excess pore water pressure to initial effective stress is approximately 0.03 for composite 

soil-based SBM and approximately 0.5 in silica sand-based SBM at the maximum, SBM 

cutoff wall is not subject to liquefaction. However, large axial strain was generated by the 

cyclic loading. These facts prove that large deformation can be produced on SBM cutoff wall 

according to the degradation of stiffness, although SBM cutoff walls have low liquefaction 

potential compared with surrounding sand strata. As discussed in chapter 2, swelling of 

bentonite will be affected by chemicals existing in the solution. Under conditions disturbing 

the swelling of bentonite, viscosity of hydrated bentonite inside SBM become low because 

water retention capacity would be decayed. In such cases, since strength characteristic of 

SBM can be assumed to be disparate, the cyclic strength of SBM should be verified according 

to the site. Especially, the liquefaction potential of SBM is an important consideration and 

should be appropriately assessed. The contaminants would be transported during the 

liquefaction of SBM cutoff walls when unsymmetrical water pressure is produced in the 

ground. Thus, it is preferable that the mixing condition of SBM is determined with 

considering this viewpoint. Since the SBM cutoff walls have high softness and self-sealing 

capability as validated in chapter 2 and 4, SBM cutoff walls will basically sustain its 

soundness against earthquake. However, deformation of the SBM cutoff walls may occur by 

the seismic excitation due to their softness or residual deformation of surrounding ground as 

demonstrated in the results of centrifuge modeling test in chapter 4. The results indicated that 

curvature of 0.22 1/m is potentially generated in SBM cutoff wall by the seismic excitation. 

Because the underground deformation is invisible from the ground surface, horizontal 

deformation of SBM cutoff wall should be evaluated by the centrifuge modeling test with 

simulating an actual condition if necessary. Moreover, since CPTU can obtain vertically 

continuous logs in the ground, CPTU might have a potential to briefly verify the vertical 

soundness. 

 

 

 

5.4 Mutual relations among considerations 

 

Figure 5.2 illustrates mutual relations between contents obtained in each chapter. As explained 

above, it is preferable to consider both factors affecting k value and liquefaction potential at 

the pre-construction stage for determining adequate mixing conditions of SBM. If a rough 

estimate of k value is required before the laboratory hydraulic conductivity test, some 

compatible factors, such as swelling pressure, plasticity index, etc., should be measured as an 

indicator of laboratory k value. These factors are also employed as an indicator of on-site k 

value in QC/QA at a site. Thus, the measurement of these factors is concerned with both pre- 

and post-construction stages. Needless to say, since direct measurement of on-site k value is 

rather reliable to ensure the hydraulic barrier performance, the k value assessment by pore 

water dissipation test during CPTU was proposed in this study. Other advantages to use 
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CPTU are vertically continuous profiles and simultaneous verification of homogeneity in 

depth direction of SBM cutoff walls. Another important aspect for the on-site characteristics 

related to the geoenvironmental reliability is seismic behavior of SBM cutoff walls. If an 

earthquake will occur, evaluation of seismic behavior will contribute to maintenance and 

repairment of SBM cutoff walls. 

 

 

Post-construction

Pre-construction

Seismic stability
• Liquefaction potential
• Degradation of stiffness
• Seismic behavior

Determination of mixing condition

Evaluation of on-site characteristics

Laboratory k value
• Chemical compatibility
• Soil property
• Bentonite powder content
• Self-sealing capability Chapter 2

Compatible factors
• Swelling pressure
• Plasticity index
• Total fine particle content
• e and w after permeation Chapter 2

Chapter 4

On-site quality
• qt, fs, and u profiles over depth
• k value assessment by 
dissipation test Chapter 3

 

Figure 5.2  Sequential relations between contents obtained in each chapter. 
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CHAPTER 6  

 

Conclusions and Future Directions 

 

 

 

 

 

6.1 Conclusions 

 

This dissertation presents various aspects of SBM cutoff walls used for in-situ containment 

technique toward the enhancement of its geoenvironmental reliability. Particularly, factors 

affecting hydraulic barrier performance of SBM cutoff walls were experimentally and 

comprehensively verified from viewpoints of laboratory k value, on-site QC/QA, liquefaction 

potential and seismic stability. Since SBM cutoff walls have some unique characteristics, such 

as high flexibility and self-sealing capability, comprehensive assessment is essential to ensure 

the effectiveness for geoenvironmental problems. The main achievement in each chapter can 

be summarized as follows: 

 

In Chapter 1, the objectives and the contents of this dissertation were presented in 

conjunction with general information related to this research. The general information 

includes fundamentals of soil and groundwater contamination and a simple overview of what 

SBM cutoff walls are. 

 

In Chapter 2, hydraulic barrier performance of SBM was discussed in terms of laboratory 

k value especially based on results of hydraulic conductivity test, swelling-pressure test and 

consistency characterization.  

As a result of free swell test of bentonite, which was conducted as a fundamental study 

of bentonite swelling, the bentonite resulted in significant decrease in its swell volume when 

the CaCl2 concentration was higher than 0.01 M, but showed similar volume against the 

solutions of CaCl2 concentration higher than 0.1 M. In hydraulic conductivity test, although 

original k values of base soils have variation, the values of SBMs made with each soil could 

be lower than 1.0 × 10-10 m/s with 100 kg/m3 powder bentonite addition. Since the SBM 

represented sufficiently low k value even at the lowest confining pressure, SBM can be 
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assumed to have an appropiate hydraulic barrier performance even when the effective 

overburden pressure is lowered due to the arching effect. The fact that the prehydrated SBMs 

could maintain its hydraulic barrier performance also against the permeation of inorganic 

solutions, seawater and 50%-ethanol confirms that the k value of SBM does not significantly 

increase by permeating fluids containing inorganic/organic chemicals when the bentonite in 

the SBM can be preliminarily and adequately hydrated with the soil pore water. On the other 

hand, in the case that CaCl2 concentration in the soil pore water is 0.1 M, the k became higher 

than 1.0 × 10–9 m/s, which is the performance target in this study. Although the pore water 

containing cations was diluted by the water fraction of the bentonite slurry, a significant 

increase was observed. By comparing the effects of divalent cations on the k when they exist 

in the permeant or in the pore water, the cation in the pore water caused more significant 

increase in the k value. Thus, the prehydration of bentonite is absolutely essential for the 

chemical compatibility of the SBM. However, because the k could be lowered by 50% by 

increasing the bentonite powder content by 1.5 times in the case of 0.1 M CaCl2 in the soil 

pore water, the hydraulic barrier performance of SBM cutoff walls can be enhanced by 

increasing the additive amount of bentonite powder.  

It was confirmed that the k value of SBM has strong correlation with some compatible 

factors such as maximum swelling pressure, normalized void ratio after permeation, swell 

volume of bentonite, plastic index and water content of specimen after the permeation. Thus, 

the change in these values, influenced by the cations of the pore water and the bentonite 

content, can be useful indices of these effects on the k value. While it takes a long period to 

measure the k of low-permeable materials such as SBM, these compatible factors can be 

measured within a couple of weeks or so. Considering this fact, the compatible factors are 

expected to be employed as indicators for the rough estimation of the hydraulic barrier 

performance of the SBM in laboratories and/or in the field. 

Regarding its self-sealing capability, which is one of the striking characteristics of SBM, 

recovery of the k value could be demonstrated when the specimen has an intentional defect (a 

vertical interface or a circular hole penetrating the specimen) due to the combined effects of 

its deformability and the reswelling of bentonite. However, when permeated with CaCl2 

solution, leakage through the circular hole continued to exist because the reswelling of the 

bentonite was impeded. 

 

In Chapter 3, applicability of piezocone test (CPTU) as QC/QA method was verified 

using a large-scale soil tank to study feasibility to expand this technique to the field. The 

strength characteristic of SBM was studied by an unconsolidated-undrained triaxial 

compression test. In the results of unconsolidated-undrained triaxial compression test, since 

clear peaks were not observed in deviator stress changes with time regardless of base soil and 

bentonite powder amount, SBM presented ductile fracture against the compression due to its 

high softness. Pore water pressure of SBM with CBP = 50 kg/m3 decreased after 5% strain, 

and dropped into negative values under some confining pressure. These observations are 
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consistent with the fact that pore water pressure lower than hydrostatic pressure was observed 

during CPTU. This is due to negative dilatancy during the shearing steps caused by less clay 

fraction of approximately 6%. In contrast, a significant difference was not observed in fine 

sand-based SBMs with two different CBP probably because fine particles were originally 

contained in the fine sand itself to some degree.  

As a result of laboratory CPTU, qt values in SBM layer with 50 kg/m3 bentonite powder 

were larger than the values in the SBM layers with 100 kg/m3 bentonite powder. Since SBM 

with 50 kg/m3 bentonite powder contains less clay fraction (approximately 6% by dry mass 

basis), the strength characteristic of sand was dominant in such SBM. Pore water pressure 

also had obviously different trend with the composition of SBMs as same as the results of 

triaxial test. Although excess pore water pressure was generated in the well bentonite added 

layers, u values in a layer with 50 kg/m3 bentonite powder were negative throughout the layer. 

However, clearly different tendencies in the results of fine sand-based SBMs were not 

observed because both SBMs with 25 kg/m3 and 100 kg/m3 bentonite powder had similar 

strength characteristics. Overall, relatively higher qt values could be obtained by CPTU from 

the SBMs with higher undrained shear strength. About the borehole left after CPTU, although 

residual deformation due to the cone penetration was observed within approximately 2.0 cm 

depth at the soil surface, the deeper area of the borehole was sealed due to the self-sealing 

capability of SBM with time. This observation indicated that SBM cutoff walls can maintain 

the designed hydraulic barrier performance even after CPTU operation. Thus, CPTU is 

applicable to detect the lean-mix part in the SBM cutoff walls when the strength 

characteristics of SBM were significantly influenced by the amount of bentonite powder. 

Horizontal k values were measured by pore pressure dissipation test with a temporal stop 

of cone penetration applying each dissipation degree of 20%, 30% and 50%. The calculated 

horizontal k values were almost equivalent regardless of the dissipation degree so that the k 

values calculated at any dissipation degree were in a range of 1.4 - 1.6 times of the k values 

measured by the hydraulic conductivity test. Thus, the hydraulic barrier performance of SBM 

can be measured in a shorter time with same accuracy when 20% or 30% dissipation degree is 

applied. Since the k value measured by the pore pressure dissipation test showed a good 

correlation with the value measured by hydraulic conductivity test, the k value can be 

assessed by CPTU within one order of magnitude difference. Therefore, the operation of 

dissipation test is valid as QC/QA at the post-construction stage of SBM cutoff walls. 

In this chapter, a process of QC/QA using CPTU was also suggested. The QC/QA using 

CPTU should be implemented after the laboratory-scale calibration to obtain the dependency 

of strength properties on bentonite powder amount. First, CPTU should be operated on the 

constructed SBM cutoff wall to obtain the profiles of three physical properties at a certain 

intervals along the wall. During the CPTU, if qt values have variation or u values change with 

different rate with penetration depth, SBM cutoff walls may have heterogeneous part inside. 

In such cases, re-mixing of the cutoff wall should be considered to enhance its homogeneity. 

Afterward, pore pressure dissipation test should be implemented at certain depth intervals to 
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ensure the on-site k values. If the k values from CPTU are more than one order of magnitude 

higher than those values obtained from hydraulic conductivity test, re-addition of bentonite 

powder should be considered to enhance the hydraulic barrier performance. 

 

In Chapter 4, dynamic behavior of SBM cutoff walls against seismic loading was 

verified by centrifuge modeling test and cyclic undrained triaxial test. Experimental results of 

cyclic undrained triaxial test indicated that the axial strain of composite soil-based SBM 

dramatically increased from 1% to 5% after the gradual increase up to approximately 1%, 

although that of silica sand-based SBM linearly increased at the same rate of 0.40% per cycle. 

The excess pore water pressure during cyclic loading was large in silica sand-based SBM 

compared with the composite soil-based SBM because the silica sand-based SBM showed 

sand-like behavior due to few fine particles of base soil. However, it was confirmed that the 

liquefaction may have occurred in SBM cutoff walls due to relatively little change in the 

excess pore water pressure with cyclic loadings, although large strain can be accumulated 

according to degradation of stiffness. Silica sand-based SBM had cyclic strength lower than 

composite soil-based SBM because of the larger excess pore water pressure. Cyclic strength 

ratios of SBMs calculated in this research were consistent with the results from a previous 

study, which dealt with various clay/sand mixtures. Acceptable accelerations back calculated 

by the factor of liquefaction, FL, were approximately 100 gal and 60 gal for composite 

soil-based SBM and silica sand-based SBM, respectively. Thus, while the excess pore water 

pressure will not be progressively increased during the earthquake, the SBM cutoff walls can 

be highly deformed with seismic excitation with its acceleration larger than these values. 

From a series of centrifugal modeling tests, although excess pore water pressure ratio in 

sand layers gradually increased with shaking regardless of the depth, and eventually attained 

approximately 1.0, that in SBM cutoff wall increased up to 0.8 with a shaking of a maximum 

acceleration of 500 gal. Thus, liquefaction may not have occurred in SBM cutoff walls 

because excess pore water pressure may not have been significantly produced. Since 

predominant frequency of response acceleration corresponds to the frequency of input wave, 

SBM cutoff wall shook together with adjacent sand layers during the shaking. This fact 

implies that the vibration characteristics of SBM cutoff wall depends on that of surrounding 

ground even when the liquefaction occurred in the adjacent ground. However, the Fourier 

spectra poorly-matched each other in the case of high acceleration. 

Ground surface settlement by the seismic excitation was also measured in the centrifugal 

modeling test. Ground surface of sand layers was settled down due to the liquefaction; 

however, ground surface settlement in SBM cutoff wall was limited because it was not 

liquefied. Another finding is that the surface settlement of SBM cutoff wall increased with the 

increasing of the surface settlement of the adjacent sand layers, even against the same input 

wave. This result indicates that the SBM cutoff wall settled down due to both the degradation 

of its stiffness and down-drag by negative friction caused by the settlement of adjacent sand 

layers. Regarding horizontal deformation characteristics of SBM cutoff wall, a maximum 
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curvature of 0.22 1/m was observed at 3.5 m-depth of SBM cutoff wall. However, various 

deformation modes have been observed even in the cases with completely identical conditions. 

Besides, apparent differences between the densities of sand layer cannot be confirmed. This 

variation might be caused by a slight difference in ground conditions during the model 

preparation. One finding about the horizontal deformation characteristics is that the large 

deformation is likely to be produced in the shallow zone of SBM cutoff wall. In 5 of 6 cases, 

the maximum curvature was obtained in the area shallower than 5.5 m-depth. Besides, the 

maximum shear strain was produced in the shallower area in 4 of 6 cases. Although such large 

deformation might be arisen by the seismic excitation, significant damage such as cracks or 

fractures were not observed in SBM cutoff wall by visual inspection after the experiment. 

Therefore, it was confirmed that SBM cutoff walls can maintain their soundness for a range of 

seismic excitation with maximum acceleration of around 500 gal. 

 

In Chapter 5, interpretation of experimental results were described in consideration with 

practical implications. At a pre-construction stage, achievements of hydraulic conductivity 

test will make a great contribution to a designing process for optimizing a mixing condition in 

a field. Various considerations, which should be taken into account, were also summarized in 

this chapter. Moreover, QC/QA methods using some factors compatible with the k value and 

CPTU were mentioned. The application of CPTU is more preferable for QC/QA of 

constructed SBM cutoff walls because vertically continuous evaluation is possible with CPTU. 

Since contaminants would be transported during the liquefaction of SBM cutoff walls if 

unsymmetrical water pressure is produced in the ground, it is preferable that the mixing 

condition of SBM is determined with considering the liquefaction potential of SBM. 

Moreover, since the results of centrifuge modeling test indicated that curvature of 0.22 1/m is 

potentially generated in SBM cutoff wall at an earthquake, horizontal deformation of SBM 

cutoff walls should be evaluated by the centrifuge modeling test with simulating an actual 

condition if necessary. In this chapter, mutual relations between the results in each chapter 

were also discussed. 

 

 

 

6.2 Future directions 

 

In Chapter 2, effects of various factors on the k value were experimentally quantified. 

However, self-sealing capability was studied on SBM made with only one mixing condition, 

and an interrelation between chemical compatibility and self-sealing capability was not yet 

established. Since the self-sealing capability of SBM depends on its stiffness and swelling 

property of bentonite as discussed in this research, the magnitude of recovery in k value may 

be also impeded under the conditions when the swelling of bentonite is be degraded. Thus, 
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further research should focus on the quantification of the self-sealing capability, employing 

SBMs made with various chemical concentrations in the original soil pore water and with 

various CBP. Also, the factors compatible with the k value was fundamentally studied using 

composite soil-based SBM. In order to enhance the versatility of these factors as the 

indicators of the k value, a correlation is needed to be generalized using SBMs made with 

base soils. 

Regarding applicability of CPTU as QC/QA method, although feasibility of this method 

was demonstrated in the case of silica sand-based SBM, CPTU could not detect the difference 

in composition of fine sand-based SBM. Another challenge is to reveal the detectable shape 

and size of lean-mix part. In this way, the application limit of CPTU should be studied with 

the change of experimental conditions. Furthermore, a larger scale test such as a pilot-scale 

test must be conducted to expand this technique to the field. In order to improve the reliability 

of this method, the validity of the laboratory-scale results obtained in this research should be 

confirmed by comparing with the results of pilot-scale test. 

As far as the seismic stability is concerned, since relatively high excess pore water 

pressure was generated in the SBM cutoff wall when the wave with the maximum 

acceleration of 500 gal, the greatest potential assessment is required in terms of pore water 

pressure generation in the SBM cutoff wall. Moreover, the soundness also should be verified 

under such high acceleration conditions. Since the Fourier spectra poorly-matched each other 

in the case of high acceleration, vibration characteristics of SBM cutoff walls with high 

acceleration should be studied in conjunction with the improvement of experimental accuracy. 

In this research, uniform deformation modes were not obtained even in completely identical 

conditions; therefore, the experimental accuracy should be considered in terms of how 

accurate the model ground can be prepared to simulate the actual ground condition. Although 

the self-sealing capability and deformation characteristics were separately confirmed in this 

study, the effect of the deformation on the hydraulic barrier performance should be studied to 

validate seismic stability in a real sense. 
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Appendix 1  Base machine of TRD method. 

 

 

 

 

Appendix 2  Full view of system for hydraulic conductivity test. 
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Appendix 3  Changes in k value (C-1). 

 

Appendix 4  Change in k value (C-2). 
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Appendix 5  Change in k value (C-3). 

 

Appendix 6  Changes in k value (C-4). 
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Appendix 7  Change in k value (C-5). 

 

Appendix 8  Changes in k value and ECin/ECout 

(C-6). 



159 
 

0 0.1 0.2 0.3
10-12

10-11

10-10

10-9

10-8

0

1

2

3

4

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

E
C

in
/E

C
ou

t

k
ECin/ECout

 

0 0.4 0.8 1.2 1.6
10-12

10-11

10-10

10-9

10-8

0

1

2

3

4

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

E
C

in
/E

C
ou

t

k
ECin/ECout

 

Appendix 9  Changes in k value and ECin/ECout 

(C-7). 

 

Appendix 10  Changes in k value and ECin/ECout 

(C-8). 
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Appendix 11  Changes in k value and ECin/ECout 

(C-9). 

 

Appendix 12  Changes in k value and ECin/ECout 

(C-10). 
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Appendix 13  Change in k value (C-11). Appendix 14  Changes in k value (C-12). 

 



160 
 

0 0.2 0.4 0.6 0.8
10-12

10-11

10-10

10-9

10-8

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

k 

 

0 0.2 0.4 0.6 0.8 1
10-12

10-11

10-10

10-9

10-8

0

1

2

3

4

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

E
C

in
/E

C
ou

t

k (1)
ECin/ECout (1)

k (2)
ECin/ECout (2)

 

Appendix 15  Change in k value (C-13). 

 
 

Appendix 16  Changes in k value and ECin/ECout 

(C-14). 
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Appendix 17  Changes in k value and ECin/ECout 

(C-15). 

 

Appendix 18  Changes in k value and ECin/ECout 

(C-16). 
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Appendix 19  Changes in k value (C-17). 

 

Appendix 20  Changes in k value (P-1). 
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Appendix 21  Changes in k value and ECin/ECout 

(P-2). 

 

Appendix 22  Changes in k value and ECin/ECout 

(P-3). 
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Appendix 23  Changes in k value and ECin/ECout 

(P-4). 

 

Appendix 24  Changes in k value and ECin/ECout 

(P-5). 
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Appendix 25  Changes in k value and ECin/ECout 

(P-6). 

Appendix 26  Changes in k value and ECin/ECout 

(P-7). 
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Appendix 27  Changes in k value (P-8). 

 

Appendix 28  Changes in k value (N-1). 
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Appendix 29  Changes in k value and ECin/ECout 

(N-2). 

 

Appendix 30  Changes in k value and ECin/ECout 

(N-3). 
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Appendix 31  Changes in k value and ECin/ECout 

(N-4). 

 

Appendix 32  Changes in k value (N-5). 

 



163 
 

0 1 2 3 4
10-12

10-11

10-10

10-9

10-8

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

k (1)
k (2)

0 1 2 3 4 5
10-12

10-11

10-10

10-9

10-8

Pore volumes of flow (-)

H
yd

ra
ul

ic
 c

o
nd

uc
tiv

ity
 (

m
/s

)

k 

 

Appendix 33  Changes in k value (N-6). 

 

Appendix 34  Change in k value (N-7). 
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Appendix 35  Changes in k value and ECin/ECout 

(N-8). 

 

Appendix 36  Changes in k value (N-9). 
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Appendix 37  Changes in k value (N-10). 

 

Appendix 38  Changes in k value (N-11). 
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Appendix 39  Changes in k value (N-12). 

 

Appendix 40  Changes in k value (N-13). 
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Appendix 41  Changes in k value (N-14). 

 

Appendix 42  Changes in k value (S-1). 
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Appendix 43  Change in k value (S-2). 

 

Appendix 44  Changes in k value (S-3). 
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Appendix 45  Changes in k value (S-4). 

 

Appendix 46  Changes in k value (S-5). 
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Appendix 47  Changes in k value (S-6). 

 

Appendix 48  Change in k value (S-7). 
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Appendix 49  Change in k value (S-8). 

 

Appendix 50  Change in k value (S-9). 
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Appendix 51  Changes in k value (S-10). 

 

Appendix 52  Change in k value (S-11). 
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Appendix 53  Change in k value (S-12). 

 

Appendix 54  Change in k value (S-13). 
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Appendix 55  Change in swelling-pressure value 

(P-2). 

 

Appendix 56  Change in swelling-pressure value 

(N-1). 

 



167 
 

0 24 48 72 96 120 144 168
0

2

4

6

8

10

12

Elapsed time (h)

S
w

e
lli

ng
 p

re
ss

ur
e

 (
kP

a
)

Swelling-pressure

0 24 48 72 96 120 144 168
0

2

4

6

8

10

12

Elapsed time (h)

S
w

e
lli

ng
 p

re
ss

ur
e

 (
kP

a
)

Swelling-pressure

 

Appendix 57  Change in swelling-pressure value 

(N-9). 

 

Appendix 58  Change in swelling-pressure value 

(N-11). 
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Appendix 59  Change in swelling-pressure value 

(N-12). 

 

Appendix 60  Change in swelling-pressure value 

(N-13). 
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Appendix 61  Change in swelling-pressure value 

(N-14). 
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Appendix 62  Result of cyclic undrained triaxial test (Case-1). 
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Appendix 63  Result of cyclic undrained triaxial test (Case-2). 
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Appendix 64  Result of cyclic undrained triaxial test (Case-3). 
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Appendix 65  Result of cyclic undrained triaxial test (Case-4). 
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Appendix 66  Result of cyclic undrained triaxial test (Case-5). 
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Appendix 67  Result of cyclic undrained triaxial test (Case-6). 
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Appendix 68  Result of cyclic undrained triaxial test (Case-7). 
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Appendix 69  Result of cyclic undrained triaxial test (Case-8). 

 

  

 

0 50 100 150 200 250 300
-150

-100

-50

0

50

100

150

Mean effective principal stress (kPa)

D
e

vi
a

to
r 

st
re

ss
 (

kP
a

)

Effective stress path

0 100 200 300 400 500 600 700
-150

-100

-50

0

50

100

150

Time (s)

D
e

vi
a

to
r 

st
re

ss
 (

kP
a

)

Temporal change in deviator stress

0 100 200 300 400 500 600 700
0

50

100

150

Time (s)

E
xc

e
ss

 p
o

re
 

w
a

te
r 

pr
e

ss
ur

e
 (

kP
a

)

Temporal change in pore water pressure

-10 -5 0 5 10
-150

-100

-50

0

50

100

150

Axial strain (%)

D
e

vi
a

to
r 

st
re

ss
 (

kP
a

)
Stress-strain curve

0 100 200 300 400 500 600 700
-10

-5

0

5

10

Time (s)

A
xi

a
l s

tr
a

in
 (

%
) Temporal change in shear strain



176 
 

 

Appendix 70  Result of cyclic undrained triaxial test (Case-9). 
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Appendix 71  Result of cyclic undrained triaxial test (Case-10). 
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Appendix 72  Appearance of specimen before and after cyclic undrained triaxial test. 
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