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Abstract 

The vertical barrier is one of the most effective countermeasures for contamination 

migration and seepage control. Soil-bentonite (SB) is widely used to construct cutoff walls as 

barrier material due to its extremely low hydraulic conductivity and deformability. While 

backfill is mixed in place during the construction of SB cutoff walls, it is hard to ensure the 

homogeneity of SB mixtures.  

SB cutoff walls require proper quality control in order to ensure hydraulic performance, 

particularly in geo-environmental applications. However, the post-construction quality of SB 

wall has yet to be assessed using undisturbed samples obtained from the actual cutoff wall due 

to SB’s unique material components as well as the softness of the SB wall even following 

construction. In this present work, laboratory tests were conducted to examine the physical 

properties, consolidation behaviour and hydraulic conductivity of core samples obtained from 

two sites in Japan in which SB walls have been installed using trench cutting with an equal 

thickness. One wall is a 10-m deep wall that was installed in Tochigi, 15 years ago, while the 

other is a 40-m deep wall installed in Kanagawa, 14 days prior to sampling. The results show 

that SB has a more unified fines content (<75 m in particle size) ranging from 20% to 50%, 

although the fines content in native soil is much scattered (8−80%). From one-dimensional 

consolidation tests done on the core samples, the consolidation yield stress is approximately 

30% of overburdened pressure without considering the arching effect. Moreover, hydraulic 

conductivity of SB ranged between 1.0 × 10-12 m/s and 1.0 × 10-9 m/s and was determined by 

consolidation tests and hydraulic conductivity tests using flexible-wall permeameters. Overall, 

the results demonstrate that the quality of SB wall is satisfactory and homogenous at any depth. 

Cement amendment to enhance the mechanical properties of SB cutoff walls for 

geoenvironmental containment is assessed in this study since a certain level of strength is 

required in some cases. The influence of adding cement on strength and barrier performance 

was evaluated through a series of laboratory experiments. The contents of cement powder, CCP, 

considered were 50, 75 and 100 kg/m3. Unconfined compression tests were conducted to 

evaluate the strength and stiffness of amended SB. Hydraulic conductivity, k, of basic and 
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amended SB was studied by using flexible-wall permeameters with the falling head system and 

distilled water as permeant. Batch tests were used to discuss the attenuation performance of 

basic and amended SB against arsenic, which is a major contaminant of geogenic and artificial 

contamination in Japan. By using the results of the hydraulic conductivity and batch tests, one-

dimensional advection-dispersion analysis by the finite element method was conducted to 

simulate arsenic transport through a 0.5-m thick amended SB wall. The results show that CCP 

=100 kg/m3 and 90-day curing resulted in the strength of 200 kPa and stiffness of 180 kPa, 

while the strength of basic SB could not be assessed by the UCS test. The k of amended SB 

varies between 1.0  10-9 m/s and 3.0  10-10 m/s. Amended SB with CCP = 100 kg/m3 and cured 

for 28 days has the highest arsenic attenuation performance, which is 8 times higher than basic 

SB. Suppose with the typical barrier configuration, and the influent arsenic concentration is 10 

mg/L, the outflux from basic and amended SB with CCP = 100 kg/m3 is 0.11 and 0.65 

mg/m2/year after 100 years, based on the advection-dispersion analyses. On the other hand, if 

strength requirements are not critical, it is suggested to employ CCP ≤ 75 kg/m3. However, a 

relatively low barrier performance is expected in this case but could be improved by increasing 

bentonite content.   
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Chapter 1. Introduction  

1.1 General remarks 

Modern industry and urban life have incurred numerous serious environmental problems 

worldwide. Particularly, pollution due to toxic chemicals, waster material, and other hazardous 

materials have become one of the most critical environmental problems, especially in regard to 

the contamination present in the subsurface and/or groundwater. However, nature-resourced 

contamination has also gained increasing attention due to the large amount from construction 

excavation such as tunnel engineering in recent years. Compared to other types of pollutions 

(e.g., air and noise pollution), studies pertaining to countermeasures for contamination in soil 

and/or groundwater are relatively limited since the occurrence of subsurface and groundwater 

contamination is less visible. The soil contamination draws not only great attention in Japan but 

also in many other countries such as India (Govil et al., 2008), China (Wang et al., 2011) and 

Australia (Jafari et al., 2020).  

Recently, the significance of contamination has become recognized, and additional efforts 

were devoted to researching measures against soil contaminations. The Japanese government 

enacted the first Soil Contamination Countermeasures Law (SCCL) in 2003. However, SCCL 

in 2003 has relatively immature regulations for the conditions which need to be investigated for 

site characterization, and many contaminated sites are not included based on the law. Moreover, 

the excavation and disposal method is applied as the main countermeasure regardless of the 

types and distribution of the contaminants. While in case of wide contamination area excavation 

method may cost too much and has the possibility of secondary contamination during 

transportation. Therefore, in 2010 the Japanese law was amended so as to extend the conditions 

needed to investigate and develop more proper and effective countermeasures. As shown in 

Figure 1.1, after 2010, due to the amendment of Japanese law, the number of investigations 

significantly increased from approximately 1300 to over 2000. Therefore, developing 

countermeasures for soil contamination remains challenging. 
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Figure 1.1. Numbers of investigations by the Ministry of the Environment (MOE) 

focusing on soil contaminations in Japan (MOE, 2021). 

1.2 Countermeasures to soil and/or groundwater contamination 

The countermeasures to soil and/or groundwater contamination can be mainly divided into 

two types, the ex-situ treatment method and the in-situ treatment method. As mentioned in the 

previous section, excavation of the contaminated soil and subsequent disposal to landfills is one 

method that directly removes the contamination. However, the excavation method is just simply 

the process of transferring the contamination to another place instead of solving the underlying 

issue. This excavation method also may cause secondary contamination during transportation. 

Regarding cost-effectiveness, the excavation method is usually more expensive than other 

methods when the contaminated area is relatively large. Thermal treatments, washing 

techniques, decomposition, etc., are widely applied to clean excavated contaminated soil. 

Through the cleaning treatments, the contaminated soil can be reused as construction materials 

or geo-materials after proper quality verification.  

In terms of the in-situ technicals, multiple kinds and types of this method have been 

developed. The widely used in-situ treatment method includes decomposition, melting, 

extraction. These technicals are focusing on clean the contaminated soil without excavation by 

biological or chemical reactions. The containment technique is another typical kind of in-situ 

technicals to prevent contamination from migrating to the aquifer. Solidification and 
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immobilization are often applied to fixed the contamination by employing chemical additives 

to contaminated soil, which could adsorb target contamination. Using an impermeable layer or 

vertical cutoff is another kind of containment technique to isolate the contaminants from the 

surrounding environment without excavations.  

The vertical cutoff wall system is effective when the contaminants are located in areas 

where existing structures are present. In this case, it is technically and economically difficult to 

actively remove or degrade the contaminants. Here, the vertical cutoff wall is able to reduce 

migration contamination, especially through advection. Additionally, compared to the 

excavation method, the budget needed for the vertical cutoff wall method is much less due to 

the large reduction of excavation amount.  

Multiple kinds of materials already have been applied in cutoff walls, such as steel, 

concrete, geomembrane, cement-bentonite and soil-bentonite (SB). Since cutoff walls are used 

to directly contain a contaminant by sealing it from the outside environment or manipulating 

the flow of groundwater to avoid contaminant transport through advection, it requires the 

material for cutoff has a very low hydraulic conductivity. Cutoff walls are usually installed from 

the ground surface to the low permeable layer underground so that they can create a complete 

containment structure to avoid contaminant migration by groundwater flow.  

1.3 Application of soil-bentonite in contamination migration control 

The prevalent use of SB relative to other materials and methods used in vertical cutoff 

walls is attributed to the following merits of SB. First, montmorillonite in sodium bentonite can 

swell when it comes into contact with a polar fluid such as water (Figure 1.2). The swollen 

bentonite can fill pores between soil particles, which leads to an extremely low hydraulic 

conductivity (k) of SB (e.g., Takai et al., 2013). The typical k of an adequately mixed SB can 

be as low as 1.0  10-9 m/s (or even lower), decreasing seepage velocity and containing the 

contamination in situ. Second, high deformability can be achieved for the SB wall, unlike rigid 

vertical cutoff walls such as soil-cement walls (Grube, 1992). Due to the deformability, the SB
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Figure 1.2. Swelling behaviour of bentonite in sand-bentonite (Komine and Ogata, 2003). 

wall can keep continuity with large deformations and maintain its soundness even after 

experiencing large loads. Third, SB also has a high attenuation/sorption capacity against 

contamination, including arsenic (Minja et al., 2002), lead (Daniels et al., 2004), and caesium 

(Inui et al., 2016). Lastly, there are benefits to its installation. For example, it can immediately 

become useable, while a concrete wall needs several days (e.g., 28 days) before reaching its 

design hydraulic conductivity. 

SB walls constructed by slurry trench methods have been employed for over 60 years 

(D'Appolonia, 1980). SB slurry walls are constructed by excavating a continuous narrow trench. 

During and after excavation, bentonite slurry was used to stabilize the excavated trench. The 

mixture of sieved native soil and bentonite mixture was injected into the trench, thereby 

displacing the bentonite slurry which used for stabling. The SB slurry walls were widely applied 

in the world due to their extremely low hydraulic conductivity, deformability and cost-

effectiveness. 

SB cutoff wall is installed using trench cutting with an equal thickness, with which SB 

cutoff wall is expected to achieve high homogeneity (Katsumi et al., 2008). SB cutoff walls are 

constructed by excavating and mixing the native soil and bentonite inside the trench, Unlike 

the slurry walls created by mixing a base soil (i.e., sieved trench-excavated soil or a suitable 

replacement soil) with viscous bentonite slurry (Malusis et al., 2009). Mixing in place can 

significantly increase the stability of the trench compared to the slurry wall. However, it also 
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leads to the mixing quality of SB cutoff wall being challenging to be controlled. It is necessary 

to do further studies for the quality analysis of SB cutoff wall.  

The basic and engineering properties of in situ cutoff walls have been studied in order to 

establish the proper quality control method. However, there have been few studies that utilized 

real samples obtained from the actual cutoff wall. In situ field and laboratory testing of existing 

cutoff walls, particularly SB slurry cutoff walls, have been conducted to provide technical 

information about the walls in-service (e.g., Filz et al., 2001; Evans and Ray, 2005; Marcial et 

al., 2006; Fan et al., 2014; Ruffing et al., 2015; Carreto et al., 2016; Malusis et al., 2020). 

However, for SB cutoff walls, in situ quality assessment methods are required. Takai et al. (2016) 

used the piezocone penetration test (CPTU) to evaluate hydraulic conductivity and strength 

characteristics, etc., on a laboratory scale; however, this has not been applied this technique in 

a full-scale project. The biggest issue complicating the SB wall quality assessment is the 

technical difficulty that exists in obtaining undisturbed samples due to the softness of SB cutoff 

walls even following construction and the inclusion of large gravels that originating from the 

in-situ ground. Therefore, conducting a post-construction quality assessment of SB walls is still 

challenging in gaining a deeper understanding of on-site behaviour for SB walls and long-term 

reliability. 

Therefore, the motivation of the present study is to confirm the post-construction quality 

of SB cutoff wall installed using an equal-thickness trench cutting machine, especially for 

hydraulic conductivity of undisturbed SB samples. The homogeneity of SB also plays a vital 

role in achieving the design hydraulic performance, since large variability of hydraulic 

conductivity, k, may cause much more outflux than a homogenous system with the same 

average k (Britton et al. 2005). Geotechnical properties are also discussed in order to evaluate 

whether the mixing effect could ensure the homogeneity of SB. 

Since the main material of SB is native soil and bentonite additive, the strength of SB is 

highly dependent on its consolidation state. In terms of the SB wall, the previous consolidation 

state of the native soil is broken during the SB wall construction. During the consolidation of 

SB, it is more compressible than rigid walls, which leads to lower consolidation stress (Evans 
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et al., 2019). A particular study (Malusis et al., 2017) has shown that, after SB wall construction, 

both total stress and pore stress will decrease with time, while effective stress increases slightly. 

Malusis et al. (2016) and Ruffing et al. (2011) reports that the total pressure and pore pressure 

in the SB wall reaches a peak when backfilling is completed, after which total stress and pore 

stress will decrease with time, while effective stress is slightly increasing. The reason for the 

reduction in total stress is that the load is transferred through shear to the sidewalls of the trench. 

The dissipation of excess pore water pressure may lead to a decrease in pore stress. Hence, 

these factors impact the consolidation pressure of SB is much lower compared to that of the 

surrounding ground. This phenomenon is called the arching effect, which is caused by friction 

between the SB and trench interface of the adjacent ground. Therefore, the strength and stiffness 

of SB are relatively low.  

The low strength and stiffness may limit the application of SB cutoff wall. In areas where 

previous structures have strict requirements for ground deformation, SB cutoff walls may not 

be applied due to their low stiffness. Therefore, it is necessary to develop a suitable additive in 

order to improve the mechanical performance of SB mixture, thereby helping extend the use of 

SB cutoff wall. 

Cement has been widely used as a ground improvement additive for a long time. Compared 

to other additives, cement not only has a significant advantage in cost-effectiveness as well as 

in material supply. Cement additives may increase the strength of ground soil by cation 

adsorption between soil particles with an alkaline condition along with mechanisms in 

hydration mechanisms of cementitious material (Anagnostopoulos, 2015; Daraei et al., 2018; 

Goodarzi et al., 2016; Kamon et al., 1996). However, the cementitious material may also 

introduce cations such as Ca2+ or Mg2+, thus increasing the EC of the effluent and restricting 

the swelling of bentonite. Calcium-silicate-hydrate (C-S-H) and Calcium-aluminum-silicate-

hydrate (C-A-S-H) are generated in hydration reactions, which may bind soil particles that not 

only change the consolidation behaviour while restricting the swelling capacity of bentonite. 

These factors may have a negative influence on the hydraulic performance of cement amended 

SB.  
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Meanwhile, cement additives may introduce cations such as Ca2+ or Mg2+, which may 

coprecipitate with contaminations. C-S-H generated in hydration reaction may benefit the 

adsorption. Therefore, cement additives may increase the attenuation capacity of SB. Barrier 

performance of cutoff wall consists of hydraulic and attenuation performance. Hence, it is 

necessary to discuss the influence of cement additives on both hydraulic and attenuation 

hydraulic and attenuation performance. 

According to these soil contaminations investigations, it is found that in cases of 

investigation exceeding the environmental standard, the contaminations exceeding standard 

caused by Class II Specified Chemical Substances according to Japanese law mainly includes 

heavy metal, fluorine and arsenic. In light of the investigation data, the contaminations caused 

by lead, fluorine and arsenic took up over 60% among all the investigated contamination cases, 

including recently (Figure 1.3) as well as in historical accumulation (Figure 1.4) (MOE, 2021). 

Based on previous studies, lead is relatively easy to adsorbed, even only by clay material the 

remove ratio can be over 90% with 100 mg/L Pb concentration, liquid/solid (L/S) ratio = 10. 

Therefore, compared to lead, arsenic may need to be discussed in this study. 

 

 

Figure 1.3. Contaminations caused by Class II specified chemical substances in 2019 

(MOE, 2021). 
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Figure 1.4. Contaminations caused by Class II specified chemical substances in 

historical accumulation from 2003 to 2019 (MOE, 2021). 

1.4 Research objectives of the thesis 

The main objective of this study is to confirm the post-construction quality of SB cutoff 

wall installed via an equal-thickness trench cutting machine, especially in regard to its hydraulic 

performance and vertical variation. According to the test results of in-situ core samples obtained 

from the actual cutoff wall, the quality and homogeneity of SB can be evaluated in order to 

provide a further reference for the future application of SB cutoff wall installed using the equal-

thickness trench cutting machine. The other issue is to improve the mechanical performance of 

SB using cement addition. The influence of cement addition on hydraulic and attenuation 

performance must be evaluated in order to ensure that the barrier performance of amended SB 

is still suitable for contamination migration control. Experimental methodologies applied in this 

study is shown in Figure 1.5. The research can be mainly divided into two parts, basic SB and 

amended SB. The post-construction quality of SB was evaluated based on geotechnical 

properties, consolidation and hydraulic conductivity tests by in-situ samples. Unconfined 

compression, hydraulic conductivity and batch tests were done to assess the mechanical and 

barrier performance of amended SB, and the main content of each chapter is shown as follow: 
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Figure 1.5. Experiments were conducted in this study. 

In Chapter 3, laboratory tests are conducted to evaluate the physical properties, 

consolidation behaviour and hydraulic conductivity of undisturbed samples obtained from two 

sites in Japan in which SB vertical cutoff walls were installed. The SB walls were installed 

using an equal thickness trench cutting machine. Accordingly, this is the first study that attempts 

to assess the post-construction quality of SB installed via the equal thickness trench cutting 

machine using undisturbed samples. One of the SB walls is a 10-m deep wall that was installed 

in Site A (Tochigi prefecture, Japan) 15 years ago; this study is the first to assess the quality of 

the SB wall 15 years after its construction. The other SB wall is a 40-m deep wall installed in 

Site B (Kanagawa prefecture, Japan) 14 days before sampling. The cutoff wall is the deepest 

SB wall installed by the equal thickness trench cutting machine, making this study the first to 

evaluate the post-construction quality of such deep SB walls, particularly through laboratory 

tests.  

In Chapter 4, the effect of cement addition on the mechanical and barrier performance of 

amended SB is evaluated through a series of laboratory experiments. The cement additive 

content, CCP, is 50, 75 or 100 kg/m3. The unconfined compression test was conducted to 

evaluates the mechanical performance of the amended SB. Hydraulic conductivity of amended 

SB was studied using a flexible-wall permeameter with the falling head system and distilled 
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water. Batch tests are then used to discuss the attenuation capacity of amended SB against 

arsenic. Arsenic contaminations are a big issue in many countries, including Japan (Jung et al., 

2004) and China (Zhang et al., 2008). This is particularly true for groundwater,  As 

contamination contributed to risks in drinking water in multiple countries such as Bangladesh 

(Khan et al., 2000), China (Rodríguez-Lado et al., 2013), Japan (Hossain et al., 2016), and 

Nepal (Mueller and Hug, 2018). Accordingly, an appropriate countermeasure is essential in 

controlling the migration of As contamination and promoting groundwater use. Therefore, the 

attenuation capacity of amended SB against As requires discussion.  

Chapter 5 discusses the possible practical implications according to the experiment results 

in each chapter regarding design consideration and long-term contamination migration. One-

dimensional dispersion-advection analysis by finite element method (FEM) is then conducted 

in order to simulate the transport of arsenic in groundwater through a 0.5-m thick cement-

amended SB wall.  

Chapter 6 summarizes all of the results and includes the discussion of all chapters as the 

conclusion of this thesis, in which future directions are mentioned. 
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Chapter 2. Background 

2.1 General remarks 

In this chapter, studies about the swelling mechanism of bentonite were introduced, 

including osmotic swelling and diffuse electrical double layer. Bentonite could effectively 

reduce the void between soil particles after contacting water, enforce permeant to pass through 

the two montmorillonite layers. The narrow distance between montmorillonite layers may 

greatly reduce the velocity of flow which explains how bentonite contributes to the decrease of 

k for SB. It also illustrates why effective stress may play an important role in the hydraulic 

performance of SB. Chemical properties of permeant may affect the swelling performance of 

SB, therefore in the previous studies, the influence of permeant on hydraulic performance is 

discussed, e.g. (Malusis et al., 2013). Besides the mechanism of SB, the construction procedure 

of SB wall with an equal thickness trench cutting machine was also introduced. 

2.2 Influence factors for bentonite in the enhancement of hydraulic performance 

Hydraulic performance is an essential characteristic in governing the barrier performance 

of SB cutoff wall. The hydraulic performance of SB is mainly determined by the hydraulic 

conductivity value, k. The k values of SB are affected by both chemical and physical factors. 

Chemical factors mainly consist of the chemical property of bentonite composition, 

groundwater and original ground. Physical factors include effective stress, consolidation state, 

bentonite additive amount, and the physical property of native soil. The effects of these factors 

would be introduced in the following sub sections. 

2.2.1 Chemical factors 

The enhancement of hydraulic performance for SB material mainly relies on the swelling 

of the montmorillonite in bentonite (Komine, 2004). The schematic of the swelling process of 

SB mixture is shown in Figure 2.1. After contact with water, the montmorillonite in bentonite 

will swell to fill up the void between soil particles.  
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Figure 2.1. Composition of SB mixture before and after contacting water (Komine, 1999). 

where Vm is the volume of montmorillonite, Vv is the volume of voids, Vsolid is the volume of 

soil and bentonite particles, Vsw is the maximum swelling deformation of the buffer material at 

constant consolidation pressure. 

The amount of swelling volume is designed to be even larger than the void volume with 

constant consolidation pressure. Therefore, the swelling montmorillonite is able to fill up all 

the void between soil particles, and the liquid is enforced to pass through the montmorillonite 

mineral layers, as shown in Figure 2.2. In this condition, the flow velocity of liquid in SB 

mixture may be determined by flow velocity through montmorillonite layers (Komine, 2008). 

The distance between the parallel montmorillonite layers may decide the hydraulic conductivity 

of two montmorillonite parallel-plate layers as poiseuille flow estimated by the model (Mitchell, 

1993). The equation is shown as followed: 

 
2(2 )

12

aw
montmorillonite

aw

k d



=   (2.1) 

Where kmontmorillonite = hydraulic conductivity between two montmorillonite layers (m/s); d = half 

distance between two montmorillonite layers. 

The enhance of bentonite powder for the barrier performance of SB mainly depends on 

the swelling characteristics of bentonite. The main mechanism of the swelling of bentonite 
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when contacting with water can be attributed to “Osmotic swelling” and “Diffuse double layer”. 

Figure 2.3 illustrates the main mechanism of osmotic swelling for bentonite. The surface 

of bentonite clay is mostly negatively charged because of the isomorphous substitution in-plane 

crystals of montmorillonite (Katsumi et al., 2008). The cations such as potassium, sodium, or 

calcium exist between the plates as exchangeable cations. When contacting with water, the 

negatively charged side of molecules will be attracted to exchangeable cations to balance the 

charge. In this situation, cations will be hydrated by attracted water molecules. It leads to the 

layers of water molecules are electrically intercalated between the montmorillonite plane layers, 

and the distance between crystal sheets increases. This process causes the bentonite to expand, 

knowing as osmotic swelling. However, when the exchangeable cations are attracted not only

 

Figure 2.2. Liquid flow in SB mixture after contacting with water (Komine, 2008). 

 

Figure 2.3. Schematic diagram of osmotic swelling (Komine, 2009). 
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to the fluid molecules but also with clay minerals. In these conditions, there are multiple 

exchangeable cations, the bond between the exchangeable cations and clay minerals is 

relatively stronger. Therefore, the swelling capacity of bentonite would be reduced, as shown 

in Figure 2.3, which is why the swelling performance of calcium-bentonite is poor compared 

to sodium-bentonite. 

The diffuse electrical double layer is known as that the cation in solution would be tightly 

absorbed by clay surface. The concentrated cation near the clay surface may diffuse away to 

equalize concentrations throughout the pore fluid. The charged surface and the distributed 

charge in the adjacent phase are together termed the diffuse electrical double layer. In distilled 

water, there is no cation in solution; only positively-charged sides of water molecules are 

adsorbed on the surface of clay particles. These adsorbed water molecules cannot contribute to 

water permeation through the 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. Therefore, the thickness of the diffuse electrical double 

layer plays an important role in the hydraulic barrier performance of SB. 

2.2.2 Physical factors 

Physical factors also may have an influence on the hydraulic performance of SB, such as 

particle size and void ratio (Sivapullaiah et al., 2000). Usually, over 70% of bentonite can be 

classified as clay contents (<2 m in diameter), which may contribute to lower hydraulic 

conductivity due to a change in particle size distribution. Generally, fine-grained soil has lower 

k than coarse-grained soil. Moreover, compared to soil with a uniform particle size distribution, 

well-graded soil may have a lower hydraulic conductivity. Considering an area with high 

hydraulic conductivity in a practical engineering project, it usually lacks clay material. 

Construction of SB cutoff wall not only increase the clay particle amount but also change the 

coefficient of uniformity and coefficient of curvature. It also helps with a lower void ratio, 

which contributes to better hydraulic performance. Evans et al. (2016) discuss the influence of 

fine particle contents, dry bentonite mass and effective stress. The results suggest that low fine 
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contents SB may have high hydraulic conductivity with the same dry bentonite mass and 

consolidation stress compared to medium or high fine contents SB. The hydraulic conductivity 

of SB may decrease with an increase of dry bentonite mass and consolidation stress, as shown 

in Figure 2.4. A rise in dry bentonite mass may increase the swelling volume of montmorillonite, 

as discussed in the previous subchapter. The higher consolidation may lead to a lower void ratio, 

which means the smaller void space between the soil particles and narrower seepage path. These 

factors all contribute to lower hydraulic conductivity. 

2.3 Chemical compatibility of soil-bentonite 

2.3.1 First exposure effect 

As mentioned in the previous sub-chapter, the mechanism of bentonite in the enhancement 

of SB mainly relies on the swelling capacity of bentonite. Permeant liquids were reported to 

have a strong influence on the hydraulic performance of SB according to previous studies, 

which was referred to as the “first exposure effect”. The application of pre-hydration for 

bentonite may be an effective countermeasure to improve the chemical compatibility of SB. 

Figure 2.5 is the schematic diagram of the effect of pre-hydration and non-pre hydration on k. 

Without pre-hydration, the hydraulic conductivity of SB will significantly increase if the liquid 

has a large amount of cation. While, if the SB mixture is hydrated with distilled water, even 

after the pre-hydration process, the permanent liquid changes to a chemical solution, the change 

of the hydraulic conductivity is not very significant.  

 

Figure 2.4. Influence of stress and fry bentonite content on SB (Evans and Huang, 2016). 
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Figure 2.5. Effect of pre-hydration and none pre-hydration on k (Katsumi et al., 2004). 

Malusis et al. (2013) evaluated the first exposure effect by using tap water and calcium 

chloride as permeant liquid (CaCl2) in the hydraulic conductivity test of SB with a flexible-wall 

system. The test results suggested that since the SB specimens were hydrated with tap water, 

the first exposure ratio (FER) is relatively low, while the GCL materials have a significant 

breakthrough when the concentration of CaCl2 in permeant liquid is over 80 mM. As barrier 

material in the contaminated site, SB has a high possibility to contact with high cation 

concentration solution with a relatively high EC value. In contrast to SB slurry wall, which 

mixing the SB backfill out of the trench, SB wall is installed using an equal thickness trench 

cutting machine to mix the native soil, bentonite slurry and powder in place. There is no pre-

hydration process for SB cutoff walls installed by an equal thickness trench cutting machine. 

The influence of the environment on hydraulic performance may be more significant. Therefore, 

it is necessary to do research about the chemical compatibility of SB cutoff wall. 

2.3.2 Attenuation capacity of SB against contaminants 

Previous studies have discussed the attenuation capacity of SB against multiple 

contaminants, including arsenic (Minja et al., 2002), caesium (Inui et al., 2016) and lead. The 

previous studies showed the attenuation capacity of SB is related to multiple factors. Minja et 

al. (2002) tested the attenuation capacity of SB for different host soil, including Masado and 

Murram, against both As(III) and As(V). The results show the attenuation performance of SB 
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is highly dependent on the host soil. With the same mass ratio of bentonite addition, the 

attenuation capacity of Masado mixtures is almost two times that of Murram mixtures. On the 

other side, the pH value of the solution also played an important role in the attenuation 

performance of SB against arsenic. The absorbed As(V) amount decreased when pH was over 

7, while for As(III), the maximum sorption peaked at a pH value around 8. An increase or 

decrease in pH may lead to a decrease in attenuation performance.  

Inui et al. (2016) studied the sorption capacity of Na-bentonite against caesium and the 

influence of co-existence cation on sorption capacity. The results suggested Na-bentonite has a 

sorption capacity against caesium, and the existence of Ca2+, K+ and Na+ will reduce the 

sorption capacity of Na-bentonite. Therefore, it may be better to increase the stability of 

attenuation capacity of SB to extend the application of SB cutoff wall.  

2.4 Quality assessment of SB wall 

2.4.1 In-situ methods  

As described in Chapter 1, since SB wall was an underground structure with a relatively 

large depth, it is hard to judge the construction quality from the ground. Therefore, it is 

important to develop a suitable method to ensure the post-construction quality of SB wall. 

Especially, different from SB slurry wall, SB cutoff wall is mixed in-place without excavation 

and sieving of the native soil (Katsumi et al., 2008). It means that it is more difficult to make 

the mixture in SB cutoff wall homogeneous compared to the mixture in SB cutoff wall. It 

requires more attention not only to hydraulic conductivity but also a homogeneity of SB cutoff 

wall because the variability of hydraulic conductivity may have a strong influence on the barrier 

performance of the cutoff wall system (Britton et al., 2015).  

In-field quality analysis during and after construction is one of the key issues to enhance 

the reliability of SB wall. Since laboratory measurement is limited due to the size of the testing 

devices and the amount of samples, an in-situ test for quality assessment of SB wall has drawn 

great attention. Compared to laboratory measurement, in-situ tests are able to provide the 

opportunity to test larger, more representative volumes of material and to include flow through 



 

 

24 

secondary features, e.g., macropores, fissures, and slickensides, in a manner that often cannot 

be simulated properly in small laboratory test specimens (Daniel, 1989).  

In terms of quality control for bentonite slurry used in construction, Abu-Hassanein et al. 

(1996) developed a method using electrical conductivity to estimate the bentonite content ratio 

in the bentonite slurry. The electrical conductivity will have a linear relationship with the 

bentonite mass ratio in slurry. Through this method, the SB slurry used in cutoff walls or slurry 

walls can be monitored. 

Ruffing et al. (2010) developed a method by Marchetti Dilatometer Test (MDT) to 

evaluate the lateral stress distribution of SB wall. The DMT protocol and data analysis are 

mainly referred to ASTM D6635-01(2007). Figure 2.6 shows the main parts of the test device, 

which are the dilatometer control panel and blade. The lateral stress was measured by using 

compressed air to expand the steel membrane on the dilatometer blade. The reading of air 

pressure was used to calculate the lateral earth pressure at the test depth. The DMT results were 

found to have a reasonable agreement between lateral stresses from the DMT and the prediction 

from a modified lateral squeezing model. 

Ruffing et al. (2015) do studies about using cone Penetration test (CPT) to evaluate the 

strength and stiffness of SB wall. CPT was widely used for assigning soil properties to the 

subsurface since it is robust and could quickly collect continuous data at targeted depth. A 

limitation of this method (and many others) is its dependence on the choice of the cone factor. 

Although there have been several studies about the quality of SB wall, there still were no 

researches done before about the laboratory tests of the SB wall constructed using an equal-

thickness type trench cutting machine. Takai et al. (2016) applied piezocone penetration test, 

CPTU method, as an on-site test method to evaluate several indices, including hydraulic 

conductivity, water head and strength characteristics. During the test, sleeve friction, cone 

resistance and pore pressure was measure by the sensor installed in the probe. The schematic 

diagram of the cone probe is shown in Figure 2.7. The method is verified by a large scale soil 

tank test. The test results that hydraulic conductivity from pore pressure dissipation tests 

showed a good correlation with those measured by the laboratory falling head test. The 
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difference between the k from of CPTU method and the falling head test is less than 10 times. 

Thus, the CPTU method may be a suitable method to be applied in the quality assessment of 

the barrier performance of SB cutoff walls.  

2.4.2 Laboratory test method 

While these in-field tests provide basic information on the SB wall, laboratory tests are 

required for clarifying the quality of the SB wall. Considering the hydraulic conductivity of SB, 

the falling head test with a flexible wall system is often used to evaluate the hydraulic 

conductivity of SB. For example, Takai et al. (2013) used a falling head test with a flexible wall 

 

Figure 2.6. Dilatometer control panel and blade in DMT test (Ruffing et al., 2015). 

 

Figure 2.7. The schematic diagram of cone probe in CPTU test (Takai et al., 2016 ). 
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system to discuss the factors that may have an influence on the hydraulic conductivity of SB. 

It found that the EC of the permeant solution may have a strong influence on the swelling 

performance of bentonite, which leads to the change in the hydraulic conductivity of SB.  

Besides hydraulic performance, the diffusion coefficient was also well discussed by many 

previous studies (e.g. Khandelwal et al. 1998 and Krol et al. 2004). Modified column tests and 

the Dialysis leaching test (DLT) method are the main methods applied to evaluate the diffusion 

coefficient of SB. Takai et al. (2017) tested the diffusion coefficient of SB against Cl- based on 

modified column tests. While, Sample-Lord et al. (2021) applied a dialysis leaching test for 

clay-bentonite and sand-bentonite to evaluate the diffusion coefficient against NaCl. Results 

show that although, through different methods, the diffusion coefficients are similar, which 

proves both these two methods could evaluate the diffusion coefficient effectively. 

In terms of consolidation behaviour, Evans and Ray (2005) used a consolidation test to 

evaluate the time rate of consolidation based on grab samples from field-mixed SB backfill, 

which was immediately prior to backfill placement in the trench. Ma et al. (2001) carried out 

triaxial tests of the soil–bentonite with different stress paths to examine mechanical properties 

of the SB. A nonlinear model (Baxter 2000) used to predict the stress-strain behaviours meets 

well with the results from triaxial tests.  

Nevertheless, laboratory tests were seldom conducted using core samples because of 

technical difficulty in obtaining undisturbed core samples. Since during construction of SB 

cutoff wall, gravel still remains in the SB wall. Therefore, the device needs to both consider the 

soft clay and tough gravels at the same time during sampling. Therefore, there was no laboratory 

test has been done based on in-situ core samples from a real SB cutoff wall. It is necessary to 

provide more detailed information to verify the reliability of SB wall installed by an equal 

thickness trench cutting machine. 

2.5 Construction process of SB wall installed by equal thickness trench cutting 

machine 

In order to achieve high homogeneity of SB wall and generate less construction waste, an 
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equal-thickness trench cutting machine which used to be used in Trench cutting and Re-mixing 

Deep wall (TRD) method is considered at the construction of SB wall. The construction process 

of SB wall installed by an equal thickness trench cutting machine is shown in Figure 2.8. The 

construction processes are mainly 3 steps as follow: 

(1) Cutting chain is installed in a base machine to rotate and cut the trench with bentonite 

slurry supply, as shown in Fig. 2.8. The slurry supply is injected through the piles in 

the chain and contacted with soil at the bottom of the trench. The bentonite slurry is 

supplied at the same time as trench cutting. Bentonite slurry is used as cutting fluid to 

increase the workability of the excavated soil. 

(2) Assemble the cutting chain parts to extend the chain to design depth, cutting from the 

starting position in horizontal. 

(3) After cutting the whole cutoff wall in a horizontal direction, bentonite powder is added 

and remixing when the chain removes to the initial position.  

Compared to previous methods such as SB slurry, which mainly needs slurry to maintain 

the stability of the trench after excavation and blender the backfill outside, an equal-thickness 

trench cutting method could cutting and mixing the soil with bentonite slurry at the same time. 

Mixing soil and bentonite slurry in place also benefit the workability of the trench. Therefore, 

few slurry wastes would be generated during construction. Since the additive is added by 

injecting through the pipe of chains, this construction method can be suitable for multiple kinds 

of additives such as cement slurry or powder.  

2.6 Application of cement amendment in SB mixture 

Cement has been widely used as a ground improvement additive for a long time. Compared 

to other additives, cement has a significant advantage in not only cost-effectiveness but also in 

material supply. Cement additives may increase the strength of ground soil by cation adsorption 

between soil particles with an alkaline condition and the hydration mechanisms of cementitious 

material (Kamon et al., 1996). There already have some applications of using cementitious 

materials as the main material to improve strength performance in bentonite cutoff walls, such 
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as slag-cement-bentonite (slag-CB), Cement-bentonite (CB) and soil-cement-bentonite (SCB) 

slurry wall. slag-CB and CB walls 

 

Figure 2.8. Schematic diagram of SB wall installed by trench  

cutting machine with an equal thickness (Katsumi et al., 2008). 

2.6.1 Cement-bentonite wall  

Slag-CB and CB walls are already frequently used in the United Kingdom. The 

compression stress of slag-CB material can be up to over 1000 kPa with approximately 150 

kg/m3 cement material which already becomes plastic concrete instead of soil. However, the 

disadvantage of slag-CB material is also ignorable. The hydraulic conductivity of slag-CB is 

very sensitive to soil gradation and needs around 90 days of curing to achieve design value 

(Opdyke and Evans, 2005). Before curing finishes, especially in the first 60 days, the hydraulic 

conductivity would be much higher than the designed value. The construction process of the 

slag-CB wall also brings wasted excavated soil and slurry (LaGrega et al., 2010). 

Considering cement materials are the main additive in CB or slag-CB wall, the volume 

change of the backfill materials also needs considering. As shown in Fig. 2.9, the backfill of 

CB/slag-CB mixture may go through 5 different stages after construction is finished. The 

volume of the backfill may shrinkage significantly during pre-set and hardening stages. 

Compared to concrete, this issue is even more critical since there are much fewer gravels and 

no steels in the CB mixture to restrict the shrinkage. 

Cement material also may have some reaction with bentonite, since in practical Na-
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Figure 2.9. Schematic of volume changes prior to and post set (Jefferis, 2012). 

bentonite is more wildly applied in the construction site. Cement addition will create a strong 

alkaline condition and high calcium concentration due to the hydration reaction of CaO. Na-

bentonite may have a reaction with calcium cation in this situation which forms Ca-bentonite 

(BSW, 1992). Considering the activity and swelling performance of Ca-bentonite is relatively 

poor compared to Na-bentonite, the hydraulic performance of CB-bentonite is not as good as 

SB (Koch, 2002).   

2.6.2 Soil-cement-bentonite wall 

SCB slurry wall was applied with increasing frequency as a hydraulic barrier to the lateral 

underground seepage when the strength of the basic SB wall was not inadequate to carry the 

ground stress. While comparing with CB slurry wall, the construction process of SCB slurry 

wall is close to conventional SB slurry wall (Ryan, 1985). A narrow trench is excavated by the 

machine under bentonite slurry to avoid the trench from collapsing, as shown in Figure 2.10. 

Then, backfill material is a blended mixture of soil, bentonite slurry, dry bentonite and cement. 

When the excavation machine finishes the construction of the trench, the backfill is injected 

back to the trench. 
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Figure 2.10. Trench of SCB wall under bentonite slurry (Ryan and Day, 2002). 

With the amendment in mechanic performance, the backfill slope of SCB is usually in the 

range of 3:1 to 6:1 (horizontal to vertical), which is much steeper than SB backfill slopes. 

However, there are still several disadvantages of SCB wall. First of all, SCB needs more 

complicated equipment that is used for the trench mixing and placing the backfill. Secondly, 

the hydraulic conductivity of SCB material immediately finished construction increases to 1 × 

10-8 m/s (Ryan and Day, 2002). SCB may not be suitable for those projects which have strict 

requirements for barrier performance. Therefore, it is necessary to research how to improve to 

moderate strength with acceptable hydraulic conductivity (lower than 10-9 m/s). 
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Chapter 3. Laboratory testing of soil-bentonite cutoff walls using 

core samples 

3.1 General remarks 

As introduced in Chapter 1, compared to the previous construction method for SB walls 

such as SB slurry wall, the mix of native soil and bentonite slurry of SB cutoff wall is in place 

to provide better stability for the excavated trench and reduce waste of slurry. While backfill 

mixing in the trench instead of mixing outside makes the homogeneity of the backfill harder to 

guarantee. Therefore, it is necessary to do the post-construction quality assessment of the SB 

cutoff wall using in-situ core samples. In this Chapter, the physical properties and hydraulic 

conductivity of SB from two sites were tested to discuss the quality and homogeneity of the SB 

cutoff wall. One SB wall was built 15 years ago in Tochigi Prefecture to study the long-term 

performance of the SB cutoff wall, and the other SB wall was built up to 40m depth in 

Kanagawa Prefecture to verify whether the quality of such deep SB cutoff wall could be ensured.  

3.2 Sites and materials 

3.2.1 Site A—A fifteen-years-old SB wall  

In 2003, a 10-m deep, 14-m long, 0.7-m wide SB wall was constructed in Site A (i.e., in 

Tochigi Prefecture, Japan) as a pilot-scale test. The groundwater level in this site is G.L.−5.0 

m. During trench cutting, native soil was mixed with bentonite slurry (5% bentonite by weight). 

Approximately 300 kg/m3 of bentonite slurry was injected to maintain the workability of the 

soil inside the trench. During re-mixing, ~100 kg/m3 bentonite powder was added. The 

bentonite is sodium bentonite with >65% montmorillonite as per the product standard. Because 

the dry density of the native soil is ~1.50 g/cm3, the mass ratio of dry bentonite to native soil is 

~7.1%. 

Fifteen years after the SB wall construction (i.e., in 2018), core samples of the SB wall 

and native soil were collected using a boring method described in Section 3.2.3. Figure 3.1 
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shows the boring profile of native soil in this site, while Fig. 3.2 shows the appearance of the 

core samples. The native soil has clearly defined layers, while slight colour differences exist 

among the SB wall layers. Therefore, the SB wall was relatively homogeneous in the vertical 

direction. 

 

 

Figure 3.1. Boring log of native soil from Site A. 

 

  

(a) Native soil (b) SB wall 

Figure 3.2. The appearance of the core samples from the Site A. 
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3.2.2 Site B—A 40m depth SB wall  

In 2019, a 40-m deep, 0.55 m wide SB wall was constructed in Site B (i.e., in Kanagawa 

Prefecture, Japan). This SB wall is constructed for seepage control at a river embankment. The 

groundwater level in this site is G.L.−2.7 m. During trench cutting, native soil was mixed with 

bentonite water slurry (5% bentonite by weight). Approximately 65 kg/m3 of bentonite slurry 

was injected to maintain the workability of the soil inside the trench. During re-mixing, ~125 

kg/m3 bentonite powder was added. This bentonite is the same type of bentonite used in Site A. 

The native soil is composed mainly of sand and silt. Because the dry density of the native soil 

is ~1.59 g/cm3, the mass ratio of dry bentonite to native soil is ~7.5%. 

Fourteen days after construction of the SB wall was completed, core samples of the wall 

and native soil were collected using the boring method described in Section 3.2.3. Figure 3.3 

shows the appearance of the core samples. Compared to native soil, SB samples almost has no 

difference in appearance. Figure 3.4 shows that native soil has a complex boring profile with 

various thin layers. 

3.2.3 Sampling method  

To collect core samples of the SB walls, after the surface ground with a thickness of 1.3 

m was removed using a backhoe, a drilling machine was placed on a steel sheet, while the same 

machine was directly placed on the ground surface to sample native soil. A rotary drilling 

machine with a hydraulic feed control system was used in this study. Since the SB walls in this 

study were installed by mixing in situ soils and bentonite, and the mass ratios of dry bentonite 

to native soil are less than 10%, gravels contained in native soil largely remain in the SB walls. 

To collect core samples from such grounds with various sizes of particles, a diamond bit was 

attached to the tip of the drill, and water was jetted to cut the SB walls. The diamond bit is often 

used with the hydraulic feed control system to collect stiff samples such as rock. By feeding a 

plastic bag attached to the inner wall of the core tube, intact samples were collected. There were 

technical difficulties of sampling from the SB wall, for instance, the wall been soft and 

containing large gravels. Therefore some portions were loosened by the jetting and not 
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smoothly collected, especially at Site A. The core diameters of the native soil and the SB walls 

were 86 mm and 116 mm, respectively. Because careful attention was needed, two or three 

days were required to complete each sampling. The SB wall’s boring hole is located at the 

centre of the wall, while the hole for the native ground is less than 10 m away from the SB wall. 

  

(a) Native soil (b) SB wall 

Figure 3.3. The appearance of the core samples from Site B. 

 

Figure 3.4. Boring log of native soil from Site B. 
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3.3 Methods 

Several laboratory tests were carried out on the core samples to determine their physical 

properties. The physical properties investigated include particle density, particle size 

distribution, Atterberg limits and void ratio. To discuss consolidation properties of SB with 

depth, consolidation tests using incremental loading were conducted for saturated samples 

using a conventional oedometer as per JIS A 1217 (2009). A flexible-wall permeameter with a 

falling head system was used to evaluate the k of SB. The test corresponds to ASTM D 5084-

16a (2016). In addition, in situ k of SB was measured using the BAT permeameter in Site A. 

3.3.1 Physical property tests 

Physical properties of core samples were determined and used for discussing the 

homogeneity of the SB walls. Wet density, particle density and Atterberg limits tests were 

conducted as per JIS A 1225 (2009), JIS A 1202 (2009) and JIS A 1205 (2009), respectively. 

The wet density was determined by cutting a sample to a cylinder of 10 cm in height and 

measuring its weight and volume. Atterberg limits were obtained using a sample oven-dried at 

40ºC for several days and with <0.425 mm in diameter. The particle density was determined 

using an oven-dried sample with <9.5 mm in diameter. 

However, the maximum size of particles in the core samples was 53 mm. To minimise the 

errors in measurement, some tests required large amounts of samples. For instance, JIS A 1203 

(2009), the standard for water content test, requires >5 kg, and JIS A 1204 (2009), the standard 

for particle size distribution test, requires >30 kg. Unfortunately, the amount of samples 

available was limited, particularly from Site A. Therefore, some guidelines were partially 

followed for Site A’s samples. That is, 30–100 g was used for the water content tests, and 3 kg 

was used for the particle size distribution tests. 

3.3.2 Consolidation tests 

Consolidation tests were conducted for SB for various depths. From Site A, 5 depths were 

considered for SB, namely, 3.0–4.0, 5.3–5.5, 6.4–6.7, 7.5–7.6 and 8.3–8.4 m. From Site B, 4 
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depths were considered for SB, namely, 9.0–10.0, 19.0–20.0, 29.0–30.0 and 39.0–40.0 m. Core 

samples were about  12 cm, and therefore, the size was reduced to  6 cm  h 4 cm using a 

ring cutter to fit in the oedometer. The height of specimens was increased from the standard 

height of 2 cm by considering the gravels in the specimens. Although the maximum particle 

size of the SB wall in Site A was 53 mm, it was confirmed that gravels larger than 19 mm are 

not contained in specimens used for consolidation tests. The consolidation stress was 

determined by JIS A 1217 (2009). The loading increment ratio is recommended to be 1. In 

addition, two or three stages above consolidation yield stress (pc) are required to determine the 

pc. Since the pc of specimens used in this study ranged from 40 to 100 kPa, the consolidation 

stress starts from 9.8 kPa and increases by two times until 628 kPa. The completion of 

consolidation was confirmed using the Taylor method, where the degree of consolidation (U) 

is more than 95%. The pc was estimated from the e-log p curves by applying Mikasa’s graphical 

method, which is a modified Casagrande’s method and standardised in JIS A 1217 (2009). 

Because samples are under saturated conditions, consolidation results can be extended to 

determine the hydraulic conductivity of the samples. Hydraulic conductivity was estimated as 

k = cv∙mv∙γw, where cv is the coefficient of consolidation, mv is the coefficient of volume change, 

and γw is the unit weight of water. Using cv to estimate k is based on Terzaghi’s theory and 

includes several assumptions (Tavenas et al., 1983). Some of the assumptions may not be 

satisfied in this study, for instance, the strain needs to be small, and there should be a linear 

relationship between effective stress and strain. These unsatisfied assumptions may lead to 

some errors in the k measurement. Furthermore, estimating k by cv is an indirect measurement, 

which does not consider the chemical effect induced by permeation (e.g., bentonite-water 

interactions). As a consequence, there might be some errors in the k measurement. 

3.3.3 Hydraulic conductivity tests 

A flexible-wall permeameter with a falling head system was used to evaluate the k of SB. 

This test is also widely used to measure hydraulic conductivity of barrier materials, including 

SB in previous studies, and conducted to discuss the compatibility of results with the ones 

obtained by the consolidation test. Five depths were considered for SB from Site A, namely, 
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2.3–2.4, 4.0–4.1, 5.0–5.1, 6.4–6.5 and 8.3–8.4 m. Seven depths were considered for SB from 

Site B, namely, 2.0–3.0, 8.0–9.0, 14.0–15.0, 20.0–21.0, 26.0–27.0, 32.0–33.0 and 36.0–37.0 m. 

SB samples from Sites A and B were cut to  10.0 cm × h 9.0 cm and  6.0 cm × h 7.0 cm, 

respectively. A relatively large specimen is chosen because the maximum particle size in SB is 

more than 19 mm. After cutting, the specimens were submerged in distilled water and saturated 

by vacuum deaeration for over 24 hours. Then, the saturated specimen was set on the flexible 

wall permeameter. The hydraulic gradient (i) was set to ~10 or 15 for Sites A or B. Distilled 

water was used as the permeant. Cell pressure of 50 kPa was applied as confining pressure. 

3.3.4 In situ hydraulic conductivity measurement with the BAT permeameter 

The BAT permeameter developed by Torstensson (1984) was used in this study for in situ 

measurements of horizontal hydraulic conductivity (kh) of the SB wall in Site A. The BAT 

permeameter results can be considered the baseline measurements of kh because it is directly 

measured (Bo et al., 2014). Several benefits exist for using BAT permeameter as an on-site 

hydraulic conductivity measurement tool, namely, ease of installation, short test time, 

applicability at large depths, etc. (Daniel, 1989). The BAT permeameter measures the pore 

pressure locally in the soil, with little water movement, resulting in a quick reaction time. Since 

this device measures the horizontal hydraulic conductivity, the applicability to walls with a 

small width (<1.0 m) needs clarification but remains to be discussed. 

 

Figure 3.5. The schematic of the BAT permeameter. 
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The schematic of the BAT permeameter is shown in Fig. 3.5. The BAT system’s key 

elements are the filter tip, pore pressure transducer, and a water container. The diameter of the 

filter tip was 30 mm, and the length was 40 mm. The pore pressure adaptor containing a pore 

pressure transducer is threaded to an extension pipe, lowered into a pre-bored borehole, and 

placed at the desired elevation. When the pore pressure transducer is lowered down the borehole, 

it is coupled to the nozzle in the filter tip, and gravity draws the hypodermic needle downward, 

penetrating the rubber disk mounted in the filter tip. The in situ measurement of kh can be 

carried out as an inflow test. The container is completely gas-filled at the start of the test. An 

inflow test can be conducted simultaneously with the extraction of pore water samples. The air 

in the chamber is evacuated as water flows into the probe, resulting in a change in air pressure 

in the chamber. A pressure transducer monitors the pressure change. This rate is computed by 

the pressure change measured in the container using Boyle’s Law, which can be translated into 

a volume change and analysis of the time-pressure record yields the horizontal hydraulic 

conductivity using the following equations: 
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where kh is the horizontal hydraulic conductivity (m/s) defined by the Eq. 3.1; P0 is the absolute 

initial air pressure in the container (mH2O); Pt is the absolute air pressure in the container at 

time t (mH2O); V0 is the initial air volume (mL); F is the shape factor defined by the Eq. 3.2; 

U0 is the static pore water pressure (mH2O); L is the length of filter in mm and d is the diameter 

of filter in mm.  
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The BAT permeameter was placed at G.L.−10.5 m, which corresponds to a layer of gravel 

mixed with clay in the native soil of Site A. Since the BAT permeameter test uses the same 

boring hole created for sampling, the BAT test could be carried at the bottom of the boring hole, 

G.L. -10.5 m. This depth was selected to ensure that the test was done below the groundwater 

level. The measurement was conducted at the centre of the length and the width direction of the 

SB wall. 

3.4 Experimental results for Site A 

3.4.1 Particle size distribution 

Figure 3.6 shows particle size distribution curves of the core samples. The particle sizes 

of soils in native soil broadly vary at each depth. Contrasted to native soil, SB has a similar 

particle size at any depth. The guideline for classifying geomaterials standardised in JGS 0051 

(2020) was used to classify the soils. The soils in native soil were classified as sandy gravel 

(GS), sand (S), sand with fine fraction (S-F), silt (M), clay (C), etc. The well-graded soil in SB 

was classified as sandy gravel of fine fraction nature (GFS).  

Figure 3.7 shows the gravel (>2 mm in diameter), sand (2–0.075 mm in diameter), and 

fines (<0.075 mm in diameter) content in different depths of the core samples. Gravels are 

contained in all depths of SB, with contents ranging from 20 to 60%. However, gravels were 

concentrated in the upper layer at a depth of 1.3–2.3 m and near the depth where native soil 

contains ~60% gravel content (i.e., depth of 6.7–6.8 m). Considering the fines content, SB from 

all depth keep >20% fine contents, even if the content in native soil is scattered (8–80%). 

Results suggest that even 15 years after the SB wall construction, the SB wall keeps enough 

fines content.  

3.4.2 Atterberg limits 

Figure 3.8 shows the relationship between the samples’ plastic index (Ip) and liquid limit 

(wL). In the native soil, pumice and loam have a high wL and a high plastic limit (wp), while the 

gravel layer has a low wL ≈ 25% and a low wp ≈ 20%. However, SB has a much narrow range 
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of wL = 60–75% and wp = 90–100%. Since clay with a high Ip has a low k value, the k of the SB 

wall should be low due to the high plastic index of the SB.  

(a) Native soil  

(b) SB wall   

Figure 3.6. Particle size distribution curves of the core samples from Site A. 

 

Figure 3.7. Percent of gravel, sand, and fines content in the core samples from Site A. 
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Activity is an index of physisorption and chemical affinity of clay. The equation for 

Activity is shown in Eq. 3.3. The activity of SB is 7.88, which is higher than that of native soil 

(1.28) as shown in Fig. 3.9. High activity suggests lower effective voids that contribute to 

permeation, limiting the movement of free water and decreasing the coefficient of consolidation 

(Ogawa et al., 2020). However, SB’s activity value is higher than that of pure bentonite (Asad 

et al., 2013). Activity is determined using weight percent of clay content (< 2 μm) and IP as 

shown in Eq.3.3: 

 
mass ratio( 2 m)

pI
Activity


=


  (3.3) 

Since clay content in SB is ~5%, while it is ~70% in pure bentonite, the bentonite’s high clay 

content makes it have lower activity, given that the plastic index of both materials is close. 

3.4.3 Consolidation behaviour 

The consolidation yield stress (pc) is determined from the e-log p curve, based on Mikasa’s 

method (Fig. 3.10). The pc is the maximum effective vertical overburden stress that a particular 

soil sample has sustained in the past (Solanki and Desai, 2008). Here, pc is taken as the effective 

vertical stress of SB wall. The vertical distribution of consolidation pressure (p) and void ratio(e) 

of SB from Site A is shown in Fig. 3.11. The pc is ~30 kPa constantly except in the

  

Figure 3.8. Plasticity chart of the core samples from Site A. 
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Figure 3.9. Relationship between plasticity index and clay content in the core samples 

from Site A. Figures in brackets are the ‘activities’ of the clays. 

depth of 7.45–7.60 m, which is much smaller than overburden pressure approximated by the 

average wet density of the SB and the groundwater level at the site. Most samples have a 

heterogeneous settlement at the end of the test. It may be caused if the cover of settlement 

mould already touches the gravels, which cannot be compressed. The special point occurs in 

the depth of 7.45–7.60 m, where the void ratio, e = 1.0, is much lower than the other layers, e 

≈ 2.0. The high gravel contents might cause the high pc and low void ratio of SB at a depth of 

7–8 m. The large gravels may decrease the void ratio due to their material property (Nakaya 

2019). It is also much more difficult to compress due to the skeleton effect of large gravels. 

Once the gravel contacts with each other, the load may be mainly transferred by gravel only. 

The compression process changes to compressing gravel instead of compressing soil mixture. 
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Figure 3.10. e-log pc curves of the consolidation tests on the SB of Site A. 
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Figure 3.11. Stress and void ratio distribution in the SB wall of Site A. 

3.4.4 Hydraulic conductivity 

Figure 3.12(a) shows the k of SB determined from the consolidation tests. The k of the SB 

ranges from 1.0 × 10-9 m/s to 1.0 × 10-10 m/s under confining pressure of 55.5 kPa. Hydraulic 

conductivity tests were conducted for more than six months. However, as shown in Fig. 3.12(b), 

only a few data were obtained. As a result of using a large specimen size and extremely low k 

of SB, the k still decreased, which does not meet the termination criteria as per the ASTM D 

5084-16a (2016), although the tests have been conducting for over six months. From the data, 

the highest k of the SB is ~3.0 × 10-10 m/s. Results suggest that even after 15 years, the k of the 

SB wall will still be lower than the design value (i.e., k = 1.0 × 10-9 m/s). The low k of the SB 

can ensure the SB wall functions to control seepage. 
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(a)  

(b)  

Figure 3.12. k values of SB from (a) consolidation tests and (b) flexible wall k tests. The 

results of flexible wall k tests might not necessarily meet the requirements of 

ASTM D5084-16a (2016). 

Figure 3.13 shows the change in the air pressure in the container obtained by the BAT 

permeameter and the relationship between measurement time and kh. After initial pore pressure 

in the container reached a steady state, air pressure in the container was measured for 2 hours 

at a 15-second interval. This result demonstrates that a sufficient time of more than 2 hours is 

recommended for in situ hydraulic conductivity measurement of SB walls using the BAT 

permeameter. Table 3.1 shows the result of hydraulic conductivity measurement using the BAT 

permeameter, which is needed in Eq. (3.2). By assigning these values, the kh is determined as
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Figure 3.13. Relationship between air pressure, hydraulic conductivity and measurement 

time in BAT test. 

Table 3.1. Results of k of SB at a depth of 10.5 m using the BAT permeameter. 

t P0 U0 Pt V0 F kh 

(min) (mH2O) (mH2O) (mH2O) (mL) (mm) (m/s) 

10 

4.06 12.5 

4.32 

35 230 

1.8 × 10-9 

30 4.48 9.7 × 10-10 

60 4.77 7.8 × 10-10 

120 5.29 6.3 × 10-10 

~6.3 × 10-10 m/s with 120 minutes elapsed. While the tested depth of each experiment is not 

completely the same, this result is in good harmony with the k of SB at 8.3–8.4 m depth; the 

closest to the depth of the test by the BAT permeameter, measured by the consolidation test. 

Therefore, the k of the SB wall can be assessed on-site using the BAT permeameter.  

Figure 3.14 shows the relationship between k from the consolidation tests and hydraulic 

conductivity tests. The k from the consolidation tests is based on the value under 55.5 kPa 

consolidation pressure, which is most close to the confining pressure used in the hydraulic 

conductivity tests. The difference between k of the two tests is approximately 10 times in this 

present work. The difference might occur due to a low hydraulic gradient, which may 

underestimate hydraulic conductivity. 
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Figure 3.14. Comparison of the k values of SB from consolidation tests and flexible wall 

k tests. 

3.5 Experimental results for Site B 

3.5.1 Particle size distribution 

Figure 3.15 shows the particle size distribution curves of the core samples. The distribution 

curves of SB and native soil differ from each other. While fines and gravel content are 

concentrated in different layers in the native soil, the particle sizes in SB are much more similar 

at each depth. That may be because, during the SB wall construction, the machine’s chain 

brought gravels and fine particles to each layer. Therefore, less variability of particle sizes in 

the SB wall is expected when constructing the SB wall using an equal thickness cutting machine. 
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(a) Native soil  

(b) SB wall   

Figure 3.15. Particle size distribution curves of the core samples from Site B. 

Figure 3.16 shows the gravel, sand and fines contents in different depths of the core 

samples. The gravels concentrated in the upper layer in native soil have been moved to each 

layer uniformly in SB. A gravel layer exists in the depth of 39.35–40.25 m, as reported in the 

boring log (Fig. 3.4), and the gravels might have been lifted during mixing. The fines content 

in SB was >20% in all SB depths, even though in native soil, the fines content was much 

scattered. Therefore, the variability in native soil might only have mild effects on the gravel, 

sand and fines contents in the SB wall. 
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Figure 3.16. Percent of gravel, sand and fines content in the core samples from Site B. 

3.5.2 Atterberg limits 

Figure 3.17 shows the relationship of Ip and the wL of the SB. The SB has an average Ip of 

~20% and an average wL of ~45%. The main components in Site B are sand, silt and gravel, 

while in Site A, high plastic clay exists in several depths. Therefore, Ip and the wL of the SB in 

Site B is relatively low. 

Figure 3.18 shows the activity of SB samples in Site B. Although the activity of SB in Site 

B of 2.2 is much smaller than in Site A (7.9), these values are already close to or larger than the 

natural sodium bentonite (Asad et al., 2013), which can be taken as a high activity soil. The Ip 

of the SB in Site B is ~25, close to that in Site A (~30). Therefore, the difference in activity may 

be caused by higher clay content in Site B than Site A.  
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Figure 3.17. Plasticity chart for the SB of Site B. 

 

 

Figure 3.18. Relationship between plasticity index and clay content in the SB of Site B.  

3.5.3 Consolidation behaviour 

Figure 3.19 shows the e-log p curves of the SB samples. Estimation by the cv, Taylor’s 

method suggests that the primary consolidation of SB in Site B may take several months. The 

primary consolidation of the SB wall in Site B has not yet been completed at the moment of the 

test. The p′ of the SB are mainly around 80 kPa except for the sample in the depth of 29–30 m. 
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Compared to Site A, the p′, which should correspond to the vertical stress the SB wall has 

experienced, is larger in Site B. The p’ distributions with depth obtained by the oedometer tests 

of core samples are shown in Fig. 3.20, along with the initial void ratio of the core samples. It 

is noted that even the p' of SB at a depth of 29.8–29.9 m is almost twice as SB at a depth of 

9.7–9.8 and 19.8–19.9 m. At the same time, the difference of void ratio between the deep area 

and upper area is relatively low. The void ratio only decreases from around 1.0 to approximately 

0.7. The p′ is much lower than the overburden pressure estimated based on the averaged wet 

unit weight of the core samples and the groundwater level at the site (30% of overburden 

pressure at 8.4 m depth at Site A, and 25% of overburden pressure at 40 m depth at Site B).  

Since the core samples at Site B were collected two weeks after construction, the SB had 

not finished primary consolidation. The previous study (Malusis et al., 2017) shows that, after 

the SB wall construction, both total stress and pore stress will decrease with time, while 

effective stress would increase slightly. It suggests the consolidation behaviour of SB in site 

needs a very long time for pore pressure to dissipate. Ruffing et al. (2011) and Malusis et al. 

(2017) reported that the total pressure and pore pressure in the SB wall would reach a peak 

when backfilling was completed, total stress and pore stress decrease with time, while effective 

stress would slightly increase. The total stress would decline because the load is transferred 

through shear to the sidewalls of the trench. The dissipation of excess pore water pressure may 

lead to the decrease of pore stress. The process usually consists of over 120 days. Also, the 

width of the SB wall in Site A (70 cm) is larger than Site B (55 cm). The transmittance of 

friction force at the centre should be lower in a wider wall. However, the p′ of SB in Site B is 

significantly higher than samples in similar depth in Site A. This phenomenon reflects that the 

soil properties may have a stronger influence on consolidation behaviour than time effects. 
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Figure 3.19. e-log pc curves of the consolidation tests on the SB of Site B. 

 

Figure 3.20. Stress and void ratio distribution in the SB wall of Site B. 
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3.5.4 Hydraulic conductivity 

Figure 3.21(a) shows the k of the SB determined by the consolidation test. The k of SB 

ranged from ~1.0 × 10-10 m/s to 2.0 × 10-10 m/s under confining pressure of 55.5 kPa. The k of 

SB from the hydraulic conductivity tests is shown in Fig. 21(b). The maximum k of SB is ~3.0 

×10-10 m/s. This value is much lower than the design value, k = 1.0 ×10-9 m/s. According to the 

hydraulic conductivity test results, k of most specimens became steady at ~1.0 ×10-11 m/s after 

60 days. Although the tests were conducted for over one year, the k values for certain specimens 

were still decreasing, which does not meet the termination criteria of ASTM D5084-16a (2016). 

The decrease of k may be explained by the creep and self-gravity consolidation of the specimen. 

The samples are collected from the SB wall 14 days after finishing the construction of the wall. 

Due to the low consolidation coefficient, the primary consolidation had not finished at that time. 

After finishing the hydraulic conductivity test, the void ratio of samples was measured again. 

The results show that the void ratio of all the samples decreases by ~5%, which also explains 

the low k. Results confirm that the 40-m deep wall can achieve the design hydraulic 

performance.  

The relationship between k of SB from consolidation tests and hydraulic conductivity tests 

is shown in Fig. 3.22. The k from the consolidation tests is based on the value under 55.5 kPa 

consolidation pressure, which is most close to the confining pressure used in hydraulic 

conductivity tests. The k from the hydraulic conductivity tests use the last value obtained, which 

is considered to be most close to steady-state. The difference between k from the two tests is 

about 5 times. The k obtained by the consolidation tests is slightly larger than the results by the 

hydraulic conductivity tests and may be caused by pressure differences. The present work 

results suggest that the k by consolidation tests is reliable when the confining pressure is close 

to consolidation pressure. 
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(a)  

(b)  

Figure 3.21. k values of SB from (a) consolidation tests and (b) flexible wall k tests. The 

results of flexible wall k tests might not necessarily meet the requirements of 

ASTM D5084-16a (2016). 

 

 

Figure 3.22. Comparison of the k of SB from consolidation tests and flexible wall k tests. 
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3.6 Discussion 

3.6.1 Mixing effect evaluation  

The homogeneity of SB will have a strong influence on the hydraulic performance of 

vertical cutoff walls. Geotechnical properties are discussed to evaluate whether the mixing 

effect could ensure the homogeneity of SB. The particle size distribution curve of SB in both 

sites suggests that the difference of particle size distributions of SB at different depths got 

relatively small compared with native soil. Since natural soil is mainly formed by weathering 

and sedimentation, native soil usually has multiple soil layers, while all SB samples in both 

sites can be classified as single-type soil―sandy gravel with fine fraction (GFS). The 

coefficient of uniformity for SB in both sites is larger than 10, which can be admitted as well 

graded. The coefficient of curvature of SB is concentrated between 0.2 and 1.5, while for native 

soil is up to 30. It suggests that, regardless of particle size and laminar structure of native soil, 

the relatively homogeneous particle size distribution of SB could be achieved. These facts also 

imply that the variability of the particle size distribution of native soil could be dramatically 

improved by installing the SB wall using the equal-thickness trench cutting machine, even if 

the SB wall’s depth is 40 m. 

Fines content may play an important role in the hydraulic conductivity of SB, which needs 

discussion. A previous study (Jones et al., 2007) showed that the minimum fines content of SB 

to consistently achieve k < 1.0 × 10-8 m/s was close to 20%. SB has fines content of 20−50%, 

which is more consistent than that of the native soil (8−80%). Moreover, standard deviations 

of fines content for SB in both sites are less than 10, but they are up to 20 for native soil. In Site 

A, the SB wall has already been constructed 15 years before. Therefore, the findings suggest 

that the variability of fines content with SB depth after a long service time is relatively low. 

The SB wall’s construction quality installed using trench cutting with an equal thickness can 

be ensured even after 15 years. Further, even with 40 m depth, the technique mentioned above 

can still ensure the SB wall’s construction quality. 
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Figure 3.23. Distribution of fines content of the native soil and SB in the two sites. 

Even if the fines content of >20% are assured, areas near the ground surface or close to 

previous gravel layers can be expected to have relatively higher gravel content (e.g., refer to 

‘1.3–2.3 m depth’ in Fig. 3.7). Firstly, considering the construction procedure, the mixing of 

SB by technique mentioned above relied on chain rotation in place instead of ex-situ blending 

and injected back to the trench (Katsumi et al., 2008). The gravels moved to the top layer would 

be hard to rejoin the mixing process or settle. This situation may lead to the gravel been 

concentrated in the top layer. Besides, the native soil layer also may influence the concertation 

of gravels in SB. Due to the size, gravels are harder to be mixed and easier to drop out of the 

mixing area. It is noted that the coefficient of variation of gravel content in SB (i.e., 0.46 in Site 

A and 0.38 in Site B) is higher than that of fines content (0.27 in Site A and 0.21 in Site B) or 

sand content (0.31 in Site A and 0.14 in Site B). During mixing, there is a possibility that gravels 

dropped out of the chain when lifting them with the cutting machine. Therefore, gravels may 

concentrate in the area slightly higher than gravel layers in native soil (e.g. ‘6.7−6.8 m depth’ 
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in Fig. 3.7). How consolidation behaviour and hydraulic performance of the SB is affected by 

the accumulation of gravels in a certain area is discussed in the following two sub-sections. 

 

3.6.2 Influence of arching effect on consolidation behaviour 

Consolidation behaviour would influence the microstructure of SB, which may affect 

barrier performance. As mentioned in Sections 3.4 and 3.5, the p’ of SB is only 30% of 

overburden pressure according to effective stress theory. Field and laboratory model studies of 

SB wall suggest that stress does not have a linearly increasing relationship with depth 

(McCandless and Bodocsi, 1988). The SB wall is more compressible than rigid walls, leading 

to lower consolidation stress (Evans et al., 2019). This phenomenon is called the arching effect, 

caused by friction between the SB and trench interface of adjacent ground. Therefore, it is 

difficult to estimate the vertical stress condition in the wall, which is important to appropriately 

evaluate properties of the SB, such as the hydraulic conductivity and shear strength. To 

determine of stress state in SB wall, a simplified model only considering overburden pressure, 

the pressure of soil beneath, friction, lateral pressure and weight of section is considered. The 

equation of stress inside SB without surcharge load based on this model is shown as follow: 

 ( )( ) ( )2 tan ' // 2 2 / / ( tan ') 1 K z B

v B c B K e   − = −  −     (3.4) 

where c (kPa) is the effective cohesion of the SB and trench interface, ’ (ºC) is the effective 

angle of friction of the SB and trench interface; B (m) is the thickness of SB wall; K is the ratio 

of vertical stress to horizontal stress, z (m) is the depth of SB wall;  (kN/m3) is the unit weight 

of SB.  

According to Eq 3.4, if other parameters do not change, with the depth of the SB wall 

increasing to a relatively large value, the vertical stress will become constant. The equation of 

maximum stress in SB wall considering arching effect (Evan et al., 1995) is shown as: 

 max ( / 2)( ' 2 / ) / ( tan ')v B c B K  = −   (3.5) 

When considering the arching effect, the consolidation behaviour of SB might be more 



 

 

62 

sensitive to the percent of fines, gravel, etc., in SB, not the depth of SB. The p′ of SB in both 

sites keeps constant with depth. At Site A, p′  30 kPa (refer to Fig. 3.10) except at a depth of 

7.5–7.6 m. On the other hand, at Site B, p′  80 kPa. These results are harmonious with the 

equation above and reflect the occurrence of the arching effect. It suggests that the depth may 

not affect the p′ of the SB as estimated by the equation, while the ground stress of native soil is 

usually linearly increasing. Considering that strength and stiffness of SB is usually decided by 

p′, the consolidation properties may have a strong influence on the mechanical performance of 

SB.  

The reason why an outlier of high p′ exists at a depth of 7.5–7.6 m in the Kanagawa site is 

still unclear due to lacking information. There are several causes for this phenomenon, such as 

the bridging effect. The concentration of gravels may form a shell in this depth, leading to stress 

concentration. The change of friction angle of SB due to high gravel fraction may be another 

reason. An increase of the friction angle eventually may decrease the value of Ktanφ, given  ≤ 

45, which contributes to the increase of consolidation stress for SB. The consolidation results 

also show that the consolidation behaviour of SB will be more sensitive to material physical 

properties rather than the depth or thickness of SB. As mention in Eq. 3.5, an increase in 

thickness will increase vertical stress. Although the SB wall in Site A has a larger thickness and 

longer consolidation time than in Site A, which benefits the increase of vertical stress, the p′ in 

Site B is much higher than SB in Site A in similar depth. The findings suggest the consolidation 

behaviour of SB is highly dependent on material properties. The estimation of vertical stress in 

the SB wall should rely on test results. 

Hydraulic conductivity of SB may have a relationship with effective stress (Ruffing and 

Evans, 2010). The hydraulic conductivity of SB with 5% bentonite content is likely to reduce 

significantly under higher effective stress compared to SB with 2% bentonite content (or even 

lower) (Ruffing et al., 2010). Barrier performance and undrained shear strength of the SB under 

the estimated overburden pressure by considering only wet density and depth may overestimate 

those in the SB wall.  
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3.6.3 Barrier performance  

Hydraulic conductivity may be the most critical parameter of barrier performance for SB 

walls. Especially, the large variability of k may cause much more outflux than a homogenous 

system with the same average k (Britton et al., 2005). As mentioned earlier, geotechnical 

properties also may influence hydraulic performance. The relationship between gravel contents, 

void ratio and hydraulic conductivity is shown in Fig. 3.24. The k and void ratio of SB from the 

consolidation tests suggests that the k will decrease with a reduced void ratio in the same site. 

A lower void ratio indicates void between soil particles needs less swollen bentonite to fill. On 

the other hand, a lower void ratio may lead to a narrower seepage channel between soil particles, 

contributing to low hydraulic conductivity. The SB with a lower void ratio should have lower 

hydraulic conductivity. 

 

 

Figure 3.24. Relationship between void ratio (a) or hydraulic conductivity with gravel 

content (b). 
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Table 3.2 k values of SB obtained by consolidation tests. 

 
Number of 

samples 
Average (m/s) 

Standard 

deviation (m/s) 
Data set 

Site A in this study 5 
7.4 × 10-10 9.3 × 10-10 k 

9.2 0.31 −log k 

Site B in this study 4 
1.6 × 10-10 9.3 × 10-11 k 

9.8 0.13 −log k 

Barvenik and Ayres 

(1987) 
11 

5.7 × 10-9 4.3 × 10-9 k 

8.4 0.43 −log k 

 

Furthermore, as discussed in Sections 3.4.3 and 3.5.3, the void ratio may decrease with the 

increase of gravel content. Therefore, with >20% fines content, k of core samples from SB wall 

may decrease with the increase of gravel contents [Fig. 3.24(b)]. This phenomenon suggests 

that during the SB wall construction, the variability of gravels may not be a big issue. Even if 

it may concentrate in some depth due to the influence of native soil, k may be as low as or even 

lower compared to other depths. With >20% fines content, high gravel contents could even 

benefit the SB wall's hydraulic performance. The standard deviation of -log k for both sites is 

less than 0.35 (Table 3.2), which shows the variability of k is similar to other SB slurry walls 

tested before (Barvenik and Ayres, 1987). The k of SB wall in all depths is lower than 1.0 × 10-

9 m/s, suggesting that barrier performance of SB wall installed using trench cutting with an 

equal thickness could be ensured even with 40 m depth or 15 years elapsed. 

3.6.4 Void ratio change after hydraulic conductivity 

After the hydraulic conductivity test, the stiffness of the core samples was found to be 

much high compared to the value when installed for hydraulic conductivity. Therefore, the void 

ratio of core samples was measured again to compare with the original state. The void ratio of 

core samples before and after the test is shown in Fig. 3.25. 
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Figure 3.25. Void ratio of SB core samples before and after hydraulic conductivity test. 

It can be founded that the void ratio of all samples decreased by ~5 to 10% after hydraulic 

conductivity. It may explain why the k value of some core samples experienced a significant 

decrease in Fig. 3.25. The reduction of the void ratio may contribute to a narrower seepage path 

between soil particles. The reason for the decrease in the void ratio may be caused by the 

consolidation. Since, in this test, the SB core samples were taken just after the SB wall was 

installed for 2 weeks. The primary consolidation of core samples has yet to be finished. 

Considering that the solution used in the hydraulic conductivity test is distilled water which is 

close to the water quality in situ, it suggests the hydraulic performance of the SB wall may 

increase significantly after installation.   

3.7 Conclusion for Chapter 3 

Laboratory tests were conducted to examine the physical properties, consolidation 

behaviour and hydraulic conductivity of core samples obtained from two sites where SB walls 

have been installed. One is a 40-m deep wall in Site A, 14 days prior to sampling, and another 

is a 10-m deep wall installed in Site B 15 years ago. These two SB walls were constructed using 

an equal-thickness type trench cutting machine. This construction method is now being 

discussed for SB wall. The results support the following conclusions: 

(1) SB was classified as single soil type sandy gravel with fine fraction, while native soil 

constitutes multiple soil types. In addition, SB has fines content of 20−50%, which is 
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more consistent than that of the native soil (8−80%). 

(2) Yielding stress is ~30% of estimated overburden pressure. The arching effect occurs in 

these walls, and p′ in the walls might not be sensitive with depth. This situation may 

lead to an overestimated shear strength and underestimated hydraulic conductivity of 

the SB walls.  

(3) The k values of SB ranged between 1.0 × 10-12 m/s and 1.0 × 10-9 m/s. The k of the SB 

can ensure a decrease in seepage velocity even if the wall is 15 years old or 40-m deep. 

The heterogeneity of gravel contents does not influence the hydraulic performance. 

In actual application, not only the hydraulic performance but also the chemical 

compatibility of SB plays an essential role in contamination migration, such as attenuation 

performance and diffusion coefficient. As a vertical barrier, once the chemical compatibility is 

poor, the low hydraulic conductivity of SB can avoid advection. However, contaminants may 

go through the wall by diffusion. These effects, expected in the contamination migration control, 

were not considered. In future research, the attenuation performance, change of k due to the 

solution will be studied. On the other hand, native soil is estimated based on a boring hole close 

to the SB wall, which may have several differences between practical and results from the 

laboratory tests. That issue is also ignored. 
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Chapter 4. Mechanical properties and barrier performance of SB 

amended with cement  

4.1 General remarks 

The main material of SB cutoff wall is native soil and bentonite additive, which leads to 

the mechanic properties of SB strongly relies on the native soil and consolidation state. While, 

in the construction process, the previous consolidation of native already has been broken during 

excavation and mixing, and the vertical stress in the trench is relatively due to the friction 

between the trench and surrounding soil. Considering the hydraulic conductivity of soil-

bentonite is usually required to be lower than 1  10-9 m/s, which means that the coefficient of 

consolidation, Cv, is relatively low. The primary consolidation of SB may consume a large 

amount of time. These factors lead to the stiffness and strength of SB is very load. The low 

stiffness may limit the application of the SB cutoff wall in the area where previous structures 

have strict limitations for the deformation. Therefore, to extend the application of SB, it is 

necessary to enhance the mechanical properties. In this chapter, the influence of adding cement 

on strength and barrier performance was evaluated through a series of laboratory experiments. 

The contents of cement powder, CCP, considered were 50, 75 and 100 kg/m3. Unconfined 

compression tests were conducted to evaluate the strength and stiffness of amended SB. 

Hydraulic conductivity, k, of basic and amended SB was studied by using flexible-wall 

permeameters with the falling head system and distilled water as permeant. Batch tests were 

used to discuss the attenuation performance of basic and amended SB against arsenic, which is 

a major contaminant of geogenic and artificial contamination in Japan. By using the results of 

the hydraulic conductivity and batch tests, one-dimensional advection-dispersion analysis by 

the finite element method was conducted to simulate arsenic transport through a 0.5-m thick 

amended SB wall.  
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4.2 Materials  

Decomposed granite soil was taken as host soil because it is widely distributed in Japan. 

Figure 4.1 shows the particle size distribution of the decomposed granite soil used in the tests. 

Na-bentonite with a particle density of 2.60 g/cm3 and a free swelling index of ~20 mL/2g was 

used as an additive. Residue on a 75-μm sieve was ~10%. Table 4.1 summarises the chemical 

composition of bentonite, which is based on the data provided by the manufacturer. Portland 

Blast-Furnace Slag Cement was taken as the cement additive. Table 4.2 summarises the 

physical and chemical properties of the cement. 

 

 

Figure 4.1. Particle size distribution of decomposed granite soil. 

Table 4.1. Chemical composition of sodium-bentonite. 

Parameter Value (%) 

Ig. loss 5.3 

SiO2 69.4 

Al2O3 15.6 

Fe2O3 2 

TiO2 0.1 

MgO 2.2 

CaO 2.1 

Na2O 2 

K2O 0.3 

Data provided manufacturer 

(Kunimine Industries Co., Ltd) 
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The preparation method for SB specimen considers the on-site construction process of the 

SB wall installed by a trench cutting machine with an equal thickness (refer to Fig. 2.6). The 

preparation of SB specimen involved four steps, as shown in Fig. 4.2. Firstly, dry soil was 

mixed with water to obtain wet soil with a water content of 22% and a wet density of 1.98 g/cm3. 

These values were determined from the pre-consolidation test with 40 kPa under saturated 

conditions to simulate the original ground. Secondly, bentonite slurry with a concentration of 5 

kg/m3 was mixed with the wet soil. The soil-bentonite slurry mixture has a flow value of 150

Table 4.2. Properties of cement used in the test (Kameshima et al., 2012). 

Parameter Value 

Density  3.04 g/cm3 

Specific surface area 3950 cm2/g 

Chemical composition 

Ignition Loss  1.3% 

SiO2 25.4% 

CaO 54.9% 

MgO 3.4% 

SO3 1.9% 

Cl 0.012% 

 

  

(a) Preparation of SB (b) Preparation of amended SB 

Figure 4.2. The procedure of preparing SB and amended SB, respectively. 
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mm or more, according to JIS R 5201 (2015), which should provide better workability and 

mixability. Thirdly, the appropriate content of bentonite powder, CBP = 97.5 or 117.5 kg/m3, 

was added and mixed with SB slurry mixture for about 10 minutes to prepare basic SB. Lastly, 

cement powder was added in basic SB to prepare amended SB. Three different contents of 

cement powder, CCP = 50, 75 or 100 kg/m3, were used for the amendment. 

4.3 Test methods 

4.3.1 Unconfined compressive strength test 

Unconfined compressive strength (UCS) tests were done following JIS A 1216 (2009) with 

specimen cured for 60, 90 and 180 days. The test specimens were poured into the paper mould( 

5.0 cm × h 10.0 cm), allowing consolidation by self-gravity. The mould was sealed using a 

plastic membrane and was cured at 100% humidity. The deformation rate was 1 mm/min, 

equivalent to 1% of the specimen height. 

4.3.2 Hydraulic conductivity test 

A flexible-wall permeameter with a falling head system was used to evaluate the hydraulic 

conductivity, k, of the amended SB. For bentonite-cement-soil mixture, the permeability is 

around 10-9 to 10-10 m/s, and the falling-head method provides a more accurate alternative. 

Because of the relative low hydraulic conductivity of the mixture, tests were conducted 

corresponded to ASTM D5084-16a (2016). A schematic view of a flexible-wall permeameter 

is shown in Figure 4.3. The equation to calculate the hydraulic conductivity is shown as follow: 

 1

2 1 2

2.3 log
( )

Hal
k

A t t H
=

−
  (4.1) 

where k is hydraulic conductivity (m/s), a is cross-section area of the standpipe (m2), l is the 

height of soil sample (m), A is the cross-section area of soil sample (m2), t2-t1 is a measurement 

time (s), and H1 and H2 is a water level at t = t1 and t2, respectively (m).  
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Figure 4.3. Schematic view of a flexible-wall permeameter. 

Table 4.3. Mixing proportions of basic and amended SB. 

Case 
Bentonite slurry 

(L/m3) 

Bentonite powder 

(kg/m3) 

Cement powder 

(kg/m3) 
Void ratio 

1 

350 
97.5 

0 0.85 

2 50 0.77 

3 75 0.66 

4 100 0.69 

5 117.5 100 0.65 

 

Specimens were consolidated in an oedometer cell ( 6 cm × h 2 cm) under 39.2 kPa for 

2 days to minimize the volume change during permeation. Table 4.3 summarises the properties 

of specimens. The void ratio, e, of the specimens after the consolidation decreases as cement 

content increases. After consolidation, the specimen was submerged in distilled water and 

saturated in a vacuum deaerator for 1 day with preventing swelling. Then, the specimen was 

removed from the cell and set on the flexible wall permeameter. The hydraulic gradient was set 

to ~50, and distilled water was used as the permeant. Cell pressure of 40 kPa was applied to 

minimise the volume change during permeation. 

4.3.3 Free swelling test 

Free swell tests were conducted to evaluate the effect of cement on the swelling of 

bentonite. The free swell test corresponds to ASTM D5890-19 (2019). The solution used in the 

test was distilled water and cement solution. The cement solution was used to discuss the 
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swelling behaviour of bentonite under relatively high electric conductivity (EC) and alkaline 

conditions. The solution had a cement concentration of 115, 192 or 254 kg/m3, which is the 

same as the cement to pore water considering void ratio in amended SB (CCP = 50, 75 or 100 

kg/m3). After mixing the cement and water for 1 day of curing, the solution was filtered by a 

0.45-μm membrane filter before use in the free swelling tests. 

4.3.4 Batch sorption test 

Batch tests using arsenic solutions were used to discuss the attenuation performance of 

amended SB. NaAsO2 was used to prepare the solutions with different concentrations, namely, 

0.1, 0.5, 1, 5 and 10 mg/L. Arsenic concentrations of 0.1 mg/L and 0.5 mg/L are relatively low 

concentrations anticipated in geogenic contamination. On the other hand, arsenic 

concentrations of 1, 5 and 10 mg/L are relatively high concentrations anticipated in artificial 

contamination. The specimens were consolidated in a similar way to those used in the hydraulic 

conductivity tests. After consolidation and curing for 7 days or 28 days, specimens were 

crushed to particles smaller than 2 mm and mixed with the arsenic solutions with a liquid-to-

solid (L/S) ratio of 20. L/S 20 was applied to simulate the long service duration of the SB wall. 

The specimens were subjected to horizontal shaking at 150 rpm for 24 hours, then left for 15 

minutes. Solid-liquid separation was done by centrifugation under 3,000 rpm for 10 minutes 

and filtered with a 0.45-μm membrane filter. Batch tests were conducted in triplicate. 

4.4 Results and discussion  

4.4.1 Strength-strain relationship of amended SB 

Figure 4.4 shows the stress-strain relationship of the amended SB with different CCP and 

curing periods. The maximum stresses in the tests were used as the UCS of amended SB. Figure 

4.5 shows the relationship between the UCS and CCP of the amended SB cured for different 

periods. UCS increases as CCP increases, for example, for a 60-days cured amended SB, UCS 

is 18, 50 and 100 kPa for CCP of 50, 75 and 100 kg/m3, respectively. UCS also increases with 

an increasing curing period, for example, an amended SB with CCP = 100 kg/m3, UCS is 100, 
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200 and 370 kPa after curing it for 60, 90 and 180 days, respectively. It should be noted that 

the strength of SB with higher CCP will increase more significantly after a long time of curing.  

Deformability in this study was evaluated by strain at maximum stress. It is noted that 

amended SB with CCP ≤ 75 kg/m3 keeps a certain degree of deformability, unlike other cement 

bentonite materials (Alaa et al., 2015). Strains at maximum stress were ~4% for CCP = 50 or 75 

kg/m3 with 90 days of curing. In addition, few cracks may develop in amended SB with CCP ≤ 

75 kg/m3, even when it has a significant deformation. This is particularly important to the 

reliability of SB wall because when through-wall cracks develop in the wall, the wall will lose 

its impermeable function immediately. The seepage path of the contaminations will change to 

passing through cracks. Therefore, deformability greatly contributes to the safety and reliability 

of SB walls when experiencing large static or dynamic loads. In this study, the stress-strain 

relationship of the amended SB with CCP = 100 kg/m3 changed significantly after 180 days of 

curing. The amended SB had a clear elastic zone after loading, in which the strain at the 

maximum stress was ~1%, while the stress dropped down quickly after reaching the peak. In 

this situation, amended SB no longer keeps good deformability. The curing and cement additive 

may change the macrostructure of the clay matrix. The binding effect of hydrates might have 

changed the strength and had a significant influence on the strain (Kaniraj et al., 1999). 

However, this issue can not be clarified with the available results. 

Figure 4.6 shows the tangent stiffness of amended SB. Tangent stiffness was determined 

by the elastic zone (0−40% deformation of strain at maximum stress). The tangent stiffness of 

the amended SB experienced an increase with cement mass and curing period. Stiffness of 

amended SB with CCP = 50 kg/m3 was noted to increase more significantly from 60 to 90 days 

(5 to 25 kPa) compared to from 90 to 180 days (25 to 32 kPa). However, for amended SB with 

CCP = 100 kg/m3, the tangent stiffness increased most significantly after curing it for more than 

90 days. These observations demonstrate that amended SB with a higher cement content may 

need additional curing time to reach maximum tangent stiffness. On the other hand,  lateral 

deformation in the SB wall is anticipated to be relatively low when construction is just finished. 

Lateral deformation will become more pronounced after pore pressure is dissipated, which 

usually takes a few weeks (e.g., 4 weeks) as reported by Tong et al. (2019) when monitoring a 



 

 

76 

6-m and 10-m deep SB wall located in a municipal solid waste landfill. These two SB walls 

were created by mixing native soil (mainly low plastic clay) with Na-bentonite. Considering 

the amended SB will have certain stiffness when pore pressure is dissipated, it can reduce lateral 

deformation of the SB wall. 

 

 

Figure 4.4. Strength-strain relationship of amended SB. 

 

Figure 4.5. UCS strength of amended SB (CBP = 97.5 kg/m3). 
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Figure 4.6. Stiffness of amended SB (CBP = 97.5 kg/m3). 

4.4.2 Hydraulic conductivity 

The k of the amended SB decreases with time or pore volumes flow (PVF), as shown in 

Fig. 4.7. The time starts from the day when the hydraulic conductivity test begins, which is 7 

days after the preparation of the SB specimen. PVF can be calculated as the ratio of the 

cumulative volume of the effluent and volume of voids in the specimens. Since PVF of basic 

SB is too small, it was plotted as a dotted line to compare with amended SB. The results show 

that, by adding cement, the k of the amended SB increased significantly from 2.7 × 10-11 m/s to 

1.0 × 10-9 m/s. The k of amended SB still satisfies the typical design k for SB wall (1.0 × 10-9 

m/s), which can assure the SB wall has a certain function to control seepage. The negative effect 

of cement can be suppressed by increasing bentonite content. As mentioned earlier, after 

bentonite contacts with water, montmorillonite will swell and fill the void between the soil 

particles. This phenomenon may decrease the distance between the montmorillonite mineral 

layers. The seepage path between soil particles will become narrow, hence improving the 

hydraulic performance of the amended SB. The results show that initial k of amended SB with 

CCP = 100 kg/m3 is 8.0 × 10-10 and 2.8 × 10-10 m/s when CBP = 97.5 and 117.5 kg/m3, respectively. 

Therefore, if very low hydraulic conductivity is required immediately after construction, adding 

more bentonite to the amended SB could be a possible way. 
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(a) (b)  

Figure 4.7. Change of hydraulic conductivity of SB with time and pore volume of flow. 

The k of amended SBs with CCP = 50, 75 or 100 kg/m3 and CBP = 97.5 kg/m3 was almost 

the same at the beginning stage, as shown in Fig. 4.7. Although the influence of cement on k of 

amended SB is not clear at the beginning stage, it becomes noticeable after several weeks. 

Curing may benefit the hydraulic performance of amended SB. Figure .4.7 shows that, after 60 

days of permeation, the k of amended SB with CCP = 100 kg/m3 decreased to 1.6 × 10-10 m/s. 

Formation of CaCO3 from Ca(OH)2 is anticipated to have reduced the void ratio, hence the 

decrease in hydraulic conductivity. 

4.4.3 Effect of cement in amended SB on free swelling index and void ratio 

According to Takai et al. (2016), an increase in electrical conductivity (EC) may restrict 

swelling performance as cations in the solution can be tightly adsorbed and held onto the surface 

of negatively charged clay particles. The adsorbed cations are highly concentrated near the 

surfaces of particles, hence could diffuse away to equalise concentrations throughout the pore 

fluid. Therefore, when the cation concentration is too high, those cations are preferentially 

adsorbed onto the clay particles, and the diffuse double layer becomes thin. This phenomenon 

will reduce the swelling performance of bentonite, and as a consequence, reduce hydraulic 

performance. 

The swelling index, EC and pH values in the free swelling test are shown in Table 4.4. 

Solutions with relatively high cement concentration may reduce the swelling performance of 

bentonite. When the cement amount is 115 g/L, the free swell index slightly decreases. These 

results are similar to Anh et al. (2017). Solution with low Ca(OH)2 concentration would benefit 
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the swelling performance of bentonite. However, by increasing the concentration, the free swell 

index would reduce.  

Table 4.4. EC, pH and swelling index in free swelling test. 

Cement amount in solution (g/L) 0 115 192 254 

EC (mS/m) 0.1 234 290 322 

pH 7.1 11.4 11.5 11.7 

Swelling index (mL/2g) 20 19 18 18 

 

Figure 4.8 shows using more cement content in amended results in high effluent EC. The 

EC will drop with an increase in the number of PVFs. High EC at the beginning stage indicates 

a high cation concentration in pore fluid. As mentioned earlier, high cation concentration in the 

fluid could limit the swelling of bentonite. Therefore, one possible reason for a relatively high 

hydraulic conductivity at the beginning stage is high EC. A decrease in EC levels implies a 

decrease in cation concentration. Lower cation concentration favours swelling of bentonite. 

Therefore, not only cement hydration but also improved swelling of bentonite contributes to 

the decrease of hydraulic conductivity.  

Meanwhile, the generation of C-S-H may restrict the swelling performance of bentonite. 

The free swelling index of amended SB would be less compared to basic SB. It also contributes 

to the increase in k of amended SB. Moreover, the change in hydraulic conductivity may also 

have a relationship with the physical property of the amended SB. The void ratio is shown in 

Fig. 4.9, in which the void ratio was noted to decrease with a rise in cement content. This 

occurrence may be explained by that C-S-H may bond with bentonite and host soil. The bonding 

particles may change the particle size of basic SB and form a skeleton in consolidation, which 

may contribute to the change of consolidation behaviour, leading to a lower void ratio in 

amended SB. Basic SB was found to have the largest void ratio, while cement addition may 

significantly reduce the void ratio. When CCP >75 kg/m3, the void ratio was stable at around 

0.66. The low void ratio of amended SB signified that there was less space requiring bentonite 

to fill. 
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Figure 4.8. Variation of EC during the hydraulic conductivity tests. 

 

Figure 4.9. Void ratio of SB specimens used in the hydraulic conductivity tests. 

Among cases with a similar void ratio and cement content, amended SB with CCP = 100 

kg/m3 and CBP = 117.5 kg/m3 were found to have the lowest k. This suggests that the influence 

of cement content (CCP <100 kg/m3) on restricting swelling may be similar. The bentonite 

additive may have a stronger influence on the k at the beginning stage. After curing, the cement 

material acts as the main role, which may be caused by C-S-H and CaCO3, filling the void 

between the soil particles. 
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4.4.4 Attenuation performance 

Figure 4.10 shows the sorption isotherms of SB with different CCP and cured for 7 and 28 

days. The following Freundlich model best describes the relationship between the sorbed mass, 

S (mg/g), and equilibrium concentration, C (mg/L), in solution: 

 
NS = KC   (4.2) 

where K and N are Freundlich parameters.  

Freundlich parameters for basic and amended SB were used to evaluate the attenuation 

performance (Table 4.5). Since N was similar (0.27−0.35), N was fixed to 0.3 to compare K. 

Basic SB has a certain capacity to attenuate arsenic (K ≈ 3 cm3/g). Cement addition generally

(a)  

(b)  

Figure 4.10. Arsenic sorption isotherm of SB cured for (a) 7 days and (b) 28 days. 

 



 

 

82 

Table 4.5. Summary of the Freundlich isotherm parameters. 

CCP 

(kg/m3) 

7   28  

K (cm3/g) N R2  K (cm3/g) N R2 

0 3.1 

0.3 

0.92  2.9 

0.3 

0.92 

50 2.7 0.87  8.0 0.89 

75 5.2 0.70  11.2 0.90 

100 6.4 0.93  20.0 0.94 

 

increases the attenuation performance of the SB. The highest attenuation performance was 

noted for amended SB with CCP = 100 kg/m3 and cured for 28 days, in this case, K = 20 cm3/g. 

There was no obvious change in K of basic SB after curing it for different days, as shown in 

Table 4.5. In contrast, curing time was a critical factor in the attenuation performance for 

amended SB. For example, amended SB with CCP = 100 kg/m3, K = 6.4 and 20 cm3/g for 7 and 

28 days curing. 

The chemistry of the solution after batch tests is shown in Fig. 4.11. Compared to amended 

SB, the EC of the solution for basic SB is much lower. After mixing with basic SB, the EC 

increased from 0.2 to 15 mS/m. The increase of EC for basic SB mainly relies on the increase 

of Na+ concentration in the solution introduced by bentonite.  

After batch tests for amended SB, the concentration of Ca2+ in the solution increased to 

approximately 65−85 mg/L, which may have been caused by the hydration reaction. The high 

EC of the solution for amended SB is due to cement releasing metal cations such as Ca2+. 

According to a previous study (Dixit et al. 2003), the Ca2+ may form CaHAsO3 on the surface 

of the soil, which greatly improves attenuation performance against As. Since Ca(OH)2 was 

released during the hydration process, the pH of the solution after batch tests for amended SB 

reached ~12, as shown in Fig. 4.11. Therefore, the formation of Ca-As precipitation may be 

anticipated as one of the reasons for the higher attenuation performance of amended SB. In the 

alkaline condition caused by the released Ca(OH)2 during cement hydration, the precipitation 

reaction can be written as 

 
pH 12 13

2 3 2 3 2As O +2Ca(OH) 2CaHAsO +H O= −⎯⎯⎯⎯→    (4.3) 

 
pH 12 13

2 5 2 3 4 2 2As O +3Ca(OH) Ca (AsO ) +2H O= −⎯⎯⎯⎯→    (4.4) 



 

 

83 

The increase in Ca cation concentration may explain why the attenuation capacity of As 

increased with a rise in CCP. 

The attenuation performance of amended SB was found to be much higher after curing for 

28 days compared to 7 days. With longer curing times, additional C-S-H may be generated, 

which may increase the surface area. On the other term, according to Ismail et al. (2012), the 

microstructure of SB amended with Portland cement will significantly change after curing. The 

cement additive would generate needle-like crystals on its surfaces. Such crystals may 

significantly increase the specific surface area of the SB mixture and contribute to the 

improvement of attenuation performance. 

 

Figure 4.11. pH (a), EC (b) and Ca2+ (c) of solution after batch test. 
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The improved attenuation performance of amended SB may be due to the formation of 

zeolite in strong alkaline conditions. According to De La Villa et al. (2001), zeolite crystals are 

formed from bentonite in a strong alkaline solution of pH >11.6. Compared to bentonite, zeolite 

would have a stronger attenuation performance against As (Shevade et al. 2004). In this study, 

the pH for amended SB cases was ~12.5. Consequently, the zeolite may have been formed 

during curing. SEM conducted in this study for specimens with CCP = 100 kg/m3 cured for 28 

days demonstrated the existence of crystal material, as shown in Fig. 4.12. The zeolite 

formation process was time-consuming, which may explain why the attenuation performance 

of amended SB increased with curing time. 

4.4.5 Influence of host soil on attenuation performance 

This section aims to evaluate if the host soil may have a strong influence on amended SB’s 

attenuation performance or not. This study tested two kinds of decomposed granite soil, which 

came from the same company but were from different production batches, as shown in Table 

4.6. The attenuation performance of the amended SB with different host soil is shown in Fig. 

4.13. As shown in Fig. 4.13, with the addition of 75 kg/m3 of cement and curing for 28 days, 

the attenuation performances were noted to be similar with different host soils. Consider the As 

removal ratio of cement 100 kg/m3, bentonite was 115 kg/ m3 when using two host soil. The 

currently used soil gave the material better removal ability. However, the disparity between the 

two types of soil was less than 5%. In summary, sorption is influenced by soil types at certain 

scales, but in our experiment, the influence of host soil was found to be relatively minimal. 

 

Figure 4.12. SEM micro-graph of the crystal material in amened SB. 
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Table 4.6. Types of soil and addition of each material with different curing days. 

Host soil (kg/m3) 
Water 

(L/m3) 

Bentonite 

 Slurry 

 (L/m3) 

Bentonite  

Powder 

 (kg/m3) 

Cement 

powder  

(g/L) 

Curing  

period  

(days) 

Masado I 

(Produced in 2017) 
420 350 97.5 75 28 

Masado II 

(produced in 2019) 

 

 

Figure 4.13. Sorption performance of amended SB with different host soil. 

4.4.6 Influence of pre-hydration on attenuation performance 

By comparing our test results to other studies, the attenuation performance of SB in this 

present work was found to be relatively poor considering that the host soils were Masado, which 

itself has a certain attenuation performance. The test condition of this and others studies is 

shown in Table 4.7. Predicted by the Freundlich model, in this present work, attenuation 

performance of SB is ~ 1/10 of Masado based on Mo et al. (2015), even with same the L/S ratio. 

The major difference between specimens was that the specimens used in this study were pre-

hydrated prior to conducting the batch tests. The water content of the specimens was measured 

before the batch test in order to control the dry weight of the consolidated SB specimens.  
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This process made the experimental conditions closer to those of in-situ as the working 

conditions of SB are usually saturated. As the attenuation performance of SB is changed due to 

dry or wet conditions, it is better to consider the attenuation performance in more critical 

conditions. Evaluating the influence of pre-hydration for four samples with different wet/dry 

conditions with or without bentonite were tested as shown in Table 4.8. 

Specimen 1 actually was actually dry Masado; specimen 2 was dry Masado mixed dry 

bentonite powder; specimen 3 was SB consolidated but dry under 100℃. Meanwhile, specimen 

4 come from the wet SB, which consolidated before without drying. All these specimens were 

roughly crushed until their maximum diameters were under 2 mm. Photos of specimens 1, 2 

and 3 are shown in Fig. 4.14. 

 

Table 4.7. Material condition and sorption performances comparing. 

References Host soil Soil condition L/S Model 

Mo et al. (2020) Masado 
Dry soil after 

compaction 
20 𝑆 = 0.019𝐶0.59 

Present work 
Masado with 

115kg/m3 bentonite 

Crush wet 

consolidated SB 
20 𝑆 = 0.003𝐶0.33 

 

 

Table 4.8. Materials condition of specimens. 

 Soil Bentonite Consolidation 100℃ dry Material condition 

1 

Masado 

× × √ Dry and unconsolidated soil 

2 

115 kg/m3 

× √ 
Dry and unconsolidated soil 

mix with bentonite powder 

3 √ √ Dry soil-bentonite block 

4 √ × Wet soil-bentonite block 
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Figure 4.14. Samples 1, 2 and 3 before and after be dried. 

 

 

Figure 4.15. Freundlich adsorption isotherm of different soil dry/wet condition samples. 

Sorption performances of each specimen are shown in Fig. 4.15. Comparing the result of 

specimen 1 (only containing dry soil) with that of specimen 2 (dry soil mixed with bentonite 

powder), the addition of bentonite was found to reduce sorption performance, which is a 

completely different finding from other studies, in which bentonite was always shown to 

enhance sorption capacity. Besides, compared to the sorption performance of specimens 2, 3 

(dry consolidated SB mixture) with 4 (wet consolidated SB mixture), the consolidation process 

was noted to weaken sorption performance. Furthermore, wet conditions also had negative 

100℃ for 2d Crush under 2 mm 
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effects on sorption performance. The sorption performance of the wet consolidated specimen 4 

is 10 times weaker than that of specimen 2, which was a mixture of soil and bentonite powder. 

To determine the results of the tests, the sorption performance in this test was relatively low 

compared to that of previous studies (Mo et al., 2020), which might be due to the soil-bentonite 

mixture of all samples in wet conditions being in contact with the contamination solution in 

this experiment. In the previous study, the SB was always in dry conditions, making it easy to 

control the accuracy of the dry mass. However, in natural and site conditions, SB cutoff wall 

mostly makes contact with contamination in wet conditions. Here, SB has less hydration during 

sorption, signifying that it may absorb less solution. Furthermore, the consolidated process that 

attempts to simulate the underground condition also weakens the sorption performance of the 

SB mixture. During consolidation, the actual volume of the mixture was compressed; hence, 

bentonite swells in order to occupy the space between the soil particles. The specific surface 

area further decreased with consolidation.  

4.4.7 Effect of Initial pH value 

Considering the enhancement of amended SB being dependent on cement material, 

different conditions may have an influence on attenuation performance and mechanical 

properties. According to Kamon et al. (2005), the mechanical properties of cement amended 

soil could be ensured with an environmental pH> 4. However, the influence of pH on 

attenuation performance has yet to be elucidated. Therefore, the material working range of pH 

must be identified. Moreover, the adjusting ability of soil-cement-bentonite mixture on pH 

requires further evaluation. 

The steps to prepare an As 0.5 and 10 mg/L solution at pH = 2, 4, 6 and 12 were as follows. 

First, pH = 0 HCL acid and pH = 14 NaOH alkali were diluted with distilled water to prepare a 

solution of pH = 2, 4, 6 and 12. Then, different pH value solutions were used to dilute the high 

As concentration solution to make the As 0.5 or 10mg/L solution to around pH = 2, 4, 6 and 12. 

Finally, as the pH value will be influenced by As ions, HCl or NaOH solutions were used to 

neutralize the solution to target pH=2, 4, 6 and 12.  
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Figure 4.16. The solution stands still for 5 mins after batch tests.  

 

 

 

After batch tests, the solution was set for 5 mins, and the picture of the solution after setting 

is shown in Fig. 4.16. When the initial pH = 2, the after-test solution was noted to be relatively 

transparent when just finishing the batch test. After setting for 5 mins, the other solution had a 

transparent supernatant. However, the pH = 2 solution was still as turbid as before. This is 

because that the SB mixture is partly dissolved in acid conditions at the initial pH=2, in which 

the cations following acidolysis can only be suspended in a supernatant. However, the soil 

particles and Ca-As complex compound have a better precipitation capacity under alkaline 

conditions. 

The pH of the solution after the test at different initial pH (2, 4, 6, 12) and initial As 

concentrations (0.5 and 10 mg/L) are shown in Figs. 4.17 and 4.18. The pH change tendencies 

Stands still 

5 mins 

pH = 2 pH = 4 pH = 6 pH = 12 pH = 12 pH = 2 

Figure 4.17. pH changes when initial 

As concentration is 0.5 mg/L 

Figure 4.18. pH changes when initial As 

concentration is 10 mg/L 
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were little influence by As initial concentration from 0.5 to 10 mg/L, and the most obviously 

pH increasing occur in initial pH = 4. Both the initial As 0.5 or 10mg/L cases may be obtained, 

where the pH was found to increase along with the reaction. Such a rise occurred in samples 

with or without the addition of cement since the pH of sodium bentonite was 8.5-10.2. 

Meanwhile, the Al2O3, Fe2O3, MgO, and CaO contained in sodium bentonite partly underwent 

acidolysis in a strong acid solution in order to neutralize the pH. By comparing the red, blue 

and purple lines, the pH increased rapidly with the addition of more cement. This can be 

explained by the release of alkali during hydration as well as the setting of Portland cement. In 

strongly acidic conditions, such as in the initial pH = 2 solution, cement can neutralize the 

strong acid by partly dissolving. In the initial pH = 4 to 12 cases, the solution’s pH finally 

reached around 12 with the addition of cement, after which a strong alkaline condition was 

created in the solution. 

4.5 Conclusion for Chapter 4 

In the study, UCS, hydraulic conductivity, free swell, and batch sorption tests were carried 

out to evaluate the influence of Portland blast-furnace slag cement as the addition in SB mixture 

on its mechanical, hydraulic and attenuation properties. Advection-dispersion analysis based 

on FEM was carried out to discuss the influence of changed hydraulic and attenuation 

performances on contaminant migration. The main findings are summarised as follow: 

UCS and tangent stiffness significantly increased with cement mass. Amended SB with 

CCP = 100 kg/m3 cured for 90 days has strength and tangent stiffness of 200 kPa and 180 kPa. 

Curing time plays an essential role in mechanical properties. The strength of the amended SB 

increased to 350 kPa with 180 days of curing. The strain of amended SB with CCP ≤ 75 kg/m3 

is >4% before it was not able to carry the load anymore, which means amended SB may still 

keep its barrier performance with large deformation.  

The k of amended SB is higher compared to the basic SB (k = 2.7 10-11 m/s). The k of 

amended SB at the beginning stage is similar (k = 1.0  10-9 m/s). The k of amended SB with 

CBP = 97.5 kg/m3 will decrease with time to 1.6  10-10  m/s depending on CCP. By increasing 

CBP to 117.5 kg/m3, k of amended SB significantly decreased to 5.0  10-11 m/s after 60 days. 
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Amended SB has higher attenuation performance than basic SB. The attenuation 

performance of the amended SB was noted to improve with the increase of CCP and curing time. 

Amended SB with CCP = 100 kg/m3 and cured for 28 days exhibited the highest attenuation 

performance. Using Freundlich parameter K as the index, attenuation performance of 28 days 

cured amended SB with CCP =100 kg/m3 was 20 cm3/g which is ~8 times than basic SB. 
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Chapter 5. The practical implication of amended SB 

5.1 General remarks 

In the previous chapter, hydraulic performance and attenuation performance of enhanced 

SB with cement were evaluated individually by the hydraulic conductivity test and batch 

sorption tests. However, the barrier performance is comprehensive performance considering 

multiple influences at the same time (Fratalocchi et al., 2018). In this Chapter, the FEM method 

was used to simulation the contamination migration based on the advection-dispersion equation 

in amended SB wall with different CCP. COMSOL Multiphysics is widely applied in 

contamination migration since it allows multi-field coupling (Al-Mansori et al., 2020). As 

concentration in the aquifer is used to evaluate the barrier performance of the SB wall. 

5.2 Solute transport simulation for amended SB wall 

According to the results from hydraulic conductivity tests and batch tests, cement 

addition may increase the hydraulic conductivity and attenuation performance. Barrier 

performance has a relationship with both hydraulic conductivity and attenuation performance 

(Tian et al., 2020). Therefore, it is necessary to evaluate the barrier performance rather than 

only focusing on the experimental results individually. In this study, the FEM is used to 

simulate the arsenic migration through the basic and amended SB wall. The simulation is 

based on COMSOL and uses the following advection-dispersion equation, which considers 

seepage, dispersion and sorption at the same time: 

 

2

2 s

C C C
D v R

x x t

  
− =

  
  (5.1) 

 sv k i=    (5.2) 

where R is the retardation factor, D (m2/s) is the dispersion coefficient,  vs (m/s) is the 

seepage, and i is the hydraulic gradient. 
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R represents the attenuation behaviour of the material without individual reactions, for 

instance, precipitation reactions. In this analysis, attenuation behaviour was assumed to be 

modelled as a non-linear behaviour. Therefore, R was calculated as, R = (1 + dKNCN-1)/N by 

considering the Freundlich isotherm. A simplified model that represents a typical configuration 

for the SB wall is shown in Fig. 5.1. Left to the SB wall is the contaminated ground. The bottom 

of SB wall reaches the impermeable layer. The contaminants move through the SB wall to the 

aquifer (located on the right side of SB wall). Contaminant transport through SB wall includes 

both advection and dispersion. The following are the initial and boundary conditions of the 

model: 

 0, 0 0 0, 0 , 0,  0,  0x t x t x L tC C C C=   = = == = =   (5.3) 

 

Figure 5.1. Schematic view and boundary condition of the simulation model. 
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The sorption isotherm parameters and k of SB are directly utilised data from the batch tests 

and hydraulic conductivity tests. The parameters used in this simulation are shown in Table 5.1. 

The model applies a 125-cm mesh size and 80 elements. The thickness of the SB wall is 50 cm. 

The arsenic concentration of contaminated ground, C0, is assumed to be 10 mg/L and constant 

throughout. Ce and J are the effluent arsenic concentration and flux at x = 50 cm, which was 

used to evaluate the barrier performance (Takai et al., 2017). J was calculated using the 

following equation based on Fick’s law: 

 
eJ C n k i=      (5.4) 

where n is the porosity. 

Besides the left and right boundary, the top and bottom of the model were set to be 

impermeable boundaries. In addition, i = 1 and D = 1  10-12 m2/s for all cases. The D is 

estimated by a previous study about cement amended soil (Kundu et al., 2008) . The time step 

was 50 days, and the whole duration was 100 years.  

5.3 Results and discussion 

Figure 5.2 shows changes in effluent to influent arsenic concentration ratio (concentration 

ratio, Ce/C0) with time, at x= 50 cm. The barrier performance of amended SB increases with an 

increase of cement contents. Amended SB with CCP = 100 kg/m3 exhibits the best barrier 

performance when only considering effluent concentration due to its low hydraulic conductivity 

and highest K. The effluent concentration of amended SB with 100 kg/m3 is 0.33 mg/L after 

100 years. Basic SB has a higher effluent concentration effluent concentration compared to 

amended SB with CCP = 100 kg/m3 but lower than other amended SB (i.e., CCP = 50 or 75 kg/m3). 

After 50 years, effluent concentration of Basic SB is 0.61 mg/L which is slightly higher than 

for amended SB with CCP = 100 kg/m3 (Ce = 0.17 mg/L). Figure 5.2 shows changes in flux with 

time, at x = 50 cm. When hydraulic conductivity is considered, basic SB had the best barrier 

performance due to its extremely low hydraulic conductivity. Basic SB has the lowest J after 

100 years (J = 0.11 mg/m2/year). J of amended SB is 0.65 mg/m2/year, although it has the 

lowest concentration and n.  
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Table 5.1. Hydraulic conductivity and diffusion coefficent used in FEM simulation. 

CCP (kg/m3) 0  50 75 100 

k (m/s) 2.8  10-11 5.8  10-11 3.8  10-10 1.6  10-10 

D (m2/s) 1.0  10-12 

 

Figure 5.2. Changes in effluent arsenic concentrations with time. The breakthrough 

curves were obtained using one-dimensional advection-dispersion analysis for 

a 0.5 m thick SB wall with i = 1. 

 

Figure 5.3. Changes in the mass flux with time. 

The barrier performance of the amended SB was noted to be underestimated in this 

simulation. Although basic SB had the lowest attenuation performance, it continued to have the 
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best barrier performance, which may be explained by the much lower hydraulic conductivity 

compared to the amended SB. The sorbed mass of basic SB was about 25% of the amended SB. 

However, after adding cement, the hydraulic conductivity increased over 20 times. D = 1.0  

10-12 m2/s, while the k of amended SB with CCP = 50 or 75 kg/m3 was around 5.0  10-10 m/s. 

When the difference between attenuation performance was less than 10 times, the hydraulic 

conductivity may have played a more critical role when both advection and dispersion were 

considered. It is anticipated that chemical reactions in amended SB will contribute to lower 

hydraulic conductivity, which may reduce effluent concentration and flux. However, in certain 

conditions, SB wall may have no advection or even a negative advection due to hydraulic 

conditions. As such, amended SB may have better performance because dispersion dominates 

the contamination migration. Attenuation performance contributes more to migration control 

rather than hydraulic performance at that time. 

Considering the mechanical properties of SB, it is noted that the strength and tangent 

stiffness of amended SB will increase with CCP while deformability decreases. Higher strength 

and tangent stiffness benefit the lateral deformation control of amended SB. However, it also 

leads to lower deformability of amended SB, which increase the risk of cracking. By comparing 

the stress-strain relationship, it could be found that amended SB with CCP = 75 kg/m3 reaches 

its maximum stress with around 5% strain after 90 days curing, while for SB with CCP = 100 

kg/m3 it is about 2%. It shows that the amended with CCP = 75 kg/m3 still keeps certain 

deformability. Based on the simulation results, barrier performance of SB wall is dominated by 

hydraulic performance, and hydraulic conductivity of amended SB can be adjusted by changing 

CBP. Therefore, the barrier performance of amended with CCP = 75 kg/m3 could be improved by 

adding more bentonite if better barrier performance is required. It is recommended to use the 

amended SB with CCP = 75 kg/m3 when there is moderate strength requirement for SB walls. 

5.4 Conclusion for Chapter 5 

Advection-dispersion analysis was done considering a simple model. Although basic SB 

had the lowest attenuation performance, it continued to have the best barrier performance, 
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which may be explained by the much lower hydraulic conductivity compared to the amended 

SB. Amended SB with CCP = 100 kg/m3 had the closest barrier performance to basic SB. In this 

case, after 100 years, J = 0.65 mg/m2/year which is still in the same magnitude as basic SB (J 

= 0.11 mg/m2/year). The barrier performance of the amended SB was noted to be 

underestimated in this simulation since the attenuation and hydraulic performance of amended 

will increase with time. 
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Chapter 6. Conclusions and Future Directions 

6.1 Conclusions 

In this study, in-situ samples from actual walls were used to discuss the post-construction 

quality of SB cutoff walls, including their physical properties, hydraulic performance and 

vertical homogeneity. The enhancement of cement addition on SB was mainly targeted in regard 

to its improvement of mechanic performance with adequate barrier performance. The mechanic 

and barrier performance of laboratory amended SB specimens with cement were then tested in 

order to evaluate the influence of cement on the strength-strain relationship, hydraulic 

conductivity and attenuation performance against arsenic. As a result, this study may provide 

insight into the reference for the following research and designs. The main achievement of each 

chapter can be described as follows: 

In Chapter 1, the background, research objective and main contents of this study were 

introduced. The general information comprised of an overview of soil and underground water 

contamination, vertical barrier, and main experiments was introduced in this study. 

In Chapter 2, the previous studies regarding SB wall were introduced, including the 

mechanism of bentonite in reducing the hydraulic conductivity of SB, chemical compatibility 

of SB, the construction process of SB installed via trench cutting with an equal thickness, and 

strength enhancement of SB. 

In Chapter 3, in-situ samples from a 15-year-old SB cutoff wall and a 40 m-depth SB 

cutoff wall were tested to evaluate their physical properties and hydraulic conductivity. The 

result of the particle size distribution test of native soil and SB cutoff wall demonstrated that 

after the construction of the SB wall, the distribution of each fraction contents became much 

more uniformed. The coefficient of variation of each fraction contents decreased to less than 

0.35, while the indexes of physical properties suggested that the viability between SB samples 

from different depths was relatively small. Hydraulic conductivity of the in-situ samples from 

SB cutoff wall constructed 15 years ago was noted to continue to maintain < 1 10-9 m/s, thus 
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verifying the post-construction quality of SB wall can still be ensured. The hydraulic 

conductivity of all SB core samples from Site B was < 1 10-10 m/s. The post-construction 

quality of SB cutoff wall could be ensured using the trench cutting with an equal thickness even 

for the installation of a 40 m depth wall. Compared to the particle size distribution and hydraulic 

conductivity of the core samples, it can be found with over 20% fine contents, the hydraulic 

conductivity of SB installed via the technique mentioned above may decrease with a rise in 

gravel contents. The concentration of gravel may not have a negative influence on the hydraulic 

performance of the SB wall.  

In Chapter 4, the UCS test was performed in order to evaluate the mechanic properties of 

SB amended with cement. At CCP = 100 kg/m3, the strength of the amended SB increased to 

~350 kPa after 180 days of curing, while stiffness also increased to 300 kPa. However, the strain 

reduced to approximately 1% when reaching maximum stress after 180 days of curing. With 

CCP ≤75 kg/m3, the samples continued to have certain deformability, while the strain at 

maximum stress remained over 4%. When CCP = 100 kg/m3, amended SB still keeps certain 

deformability with 60 days curing, while after 90 days of curing, the strain at maximum stress 

is reduced to 1%. The specimens were also unable to hold load anymore after reaching 

maximum stress. Accordingly, the breaking model of amended SB changed from plastic to 

brittle. Hydraulic conductivity tests were done in order to evaluate the k of amended SB and 

basic SB. Batch sorption tests were conducted to discuss the effect of cement mass, curing time, 

host soil and pH condition on attenuation performance. Cement addition in amended SB may 

decrease the void ratio of amended SB, increase EC, and restrict the swelling. Generally, cement 

increased the k at the beginning stage from 2.7  10-11 m/s for basic SB to 1  10-9 m/s for 

amended SB. The increase in k of amended SB can be controlled by adjusting the bentonite 

mass. The k of amended SB decreased to ~1.0  10-10 m/s as CBP increased for 20 kg/m3. At CCP 

= 100 kg/m3, k reduced to ~1.0  10-10 m/s, which was less than 1/5 compared to k at the 

beginning stage. Amended SB has higher attenuation performance than basic SB. The 

attenuation performance of the amended SB was noted to improve with the increase of CCP and 

curing time. Amended SB with CCP = 100 kg/m3 and cured for 28 days exhibited the highest 
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attenuation performance. Using Freundlich parameter K as the index, attenuation performance 

of 28 days cured amended SB with CCP =100 kg/m3 was 20 cm3/g which is ~8 times than basic 

SB. 

In Chapter 5, the transportation of As contamination in amended and basic SB cutoff wall 

was simulated using the FEM method. The parameters used in the simulation were based on 

the test results from Chapter 5, except for the diffusion coefficient. The results suggest that 

when the hydraulic gradient equals 1, although basic SB had the lowest attenuation performance, 

it continued to have the best barrier performance, which may be explained by the much lower 

hydraulic conductivity compared to the amended SB. Amended SB with CCP = 100 kg/m3 had 

the closest barrier performance to basic SB. In this case, after 100 years, J = 0.65 mg/m2/year 

which is still in the same magnitude as basic SB (J = 0.11 mg/m2/year). The barrier performance 

of the amended SB was noted to be underestimated in this simulation since the attenuation, and 

hydraulic performance of amended will increase with time. 

6.2 Future work 

Due to restrictions in time and sampling, there were several limitations in this study, for 

which further and experiments should be done. In Chapter 3, the physical properties and 

hydraulic conductivity of the in-situ samples from actual SB walls were tested to evaluate the 

post-construction quality and vertical homogeneity of the SB cutoff wall. However, in the 

consolidation tests of samples from SB cutoff walls, samples from some depths had unique 

consolidation yield stress compared to other depths. This may have been due to the 

concentration of gravel contents, while some samples with irregular high consolidation yield 

stress did not have a relatively high gravel content ratio. The particle size distribution test results 

suggested that, besides particle size, other unclear issues may have influenced the consolidation 

state. In order to ascertain more accurate and intricate explanations for this phenomenon, further 

studies and experiments may be necessary. Considering that the consolidation state may have a 

strong influence on the barrier performance of SB, the investigation is necessary  

In Chapter 4, laboratory tests were conducted in order to evaluate the influence of cement 
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additives on the mechanical properties and barrier performance of amended SB. In this study, 

the strength and stiffness properties of SB were evaluated by the UCS test. Considering its 

actual state, the SB cutoff wall was confined by its surrounding soil, and the deformation 

behaviour may have several differences between the UCS test results. Therefore, it is necessary 

to conduct further experiments such as tri-axial compression tests or direct shear tests, to gain 

more accurate and suitable data for deformation prediction or safety analysis. This is 

particularly crucial as deformability of SB was one of the most important advantages as a 

vertical barrier against other rigid walls. The large deformability ensures that the SB cutoff wall 

may still keep continuity, thus allowing the SB wall to keep its retain barrier performance. 

Therefore, in order to verify whether the amended SB still keeps this advantage, a tri-axial 

compressive stress test and cycling load experiments may be necessary. With the data of 

deformation behaviour, the behaviour of the amended SB wall during an earthquake can be 

predicted 

In the barrier performance test, arsenic was used as a contaminant target for the batch test. 

However, in practice, multiple kinds of contaminants may exist simultaneously. Therefore, it is 

also necessary to carry out further tests pertaining to discuss the attenuation performance of 

amended SB against other contaminants such as fluoride or caesium. In this study, only 

advection and dispersion were considered in the solute transport simulation. When the hydraulic 

conductivity was relatively low, diffusion would also play an important role in contaminant 

transportation. Hence, it is important to investigate the influence of cement addition on the 

diffusion coefficient of the amended SB so as to provide novel design and research insight for 

further studies.   
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