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ABSTRACT 

 The knowledge of hydro-mechanical response of the two extreme clays namely, 

kaolin and bentonite are important due to their presence in many parts of the world and 

these clays are subjected to wetting cycles under external loads during the monsoon. 

Bentonite clays are further subjected to combined hydraulic and mechanical loading from 

the surrounding saturated rock mass or ground water during the placement in nuclear 

waste repositories and landfills, respectively. In this work, it will be shown that kaolin is 

a collapsible soil similar to the loess soil. The collapse mechanism in kaolin is, however, 

due to changes in particle association (fabric) with the interaction with different pore-

fluids. Collapsible soils are known to withstand high normal stresses without undergoing 

a significant volume change in air-dry state. The soil is, however, susceptible to a large 

volume change upon wetting. Several physicochemical parameters strongly influenced 

the particle association in kaolin by altering the charges on the particle surfaces and edges 

due to interaction with different pore-fluids. The collapse nature of the kaolin is 

investigated with great detail in this work. Wetting induced collapse behavior of kaolin 

was studied under the influence of pore-fluid chemistry using a multi-scale approach. The 

influence of pH, salt concentration, and dielectric pore-fluid environment on the clay 

behavior was analyzed using sedimentation and collapse tests. The collapse test results 

were well corroborated with the sedimentation test data, SEM images of lyophilized 

specimens, and edge isoelectric point (IEPedge). The influence of inundation fluid and 

inundation pressure on the fabric changes and collapse potential was elucidated.  

In contrast, bentonite clays swell due to wetting. These clays exert swelling 

pressure on the surroundings in isochoric conditions due to wetting. Swelling pressure 

evolution curve (SPEC) for different quality Indian bentonites was established under 

different compaction density. The effect of compaction density and bentonite quality on 

the pore-size distributions (PSDs) and clay fabric were analyzed for understanding the 

influence on SPEC behavior. The evolution of PSD and fabric during the water uptake 

process was analyzed for understanding the microstructural influence on the SPEC 

behavior. Swelling pressure of the bentonites is influenced by the initial compaction 

density and plasticity. The knowledge of swelling pressure variation with initial 
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compaction density for bentonites of different plasticity is important for the design of the 

repository. Theoretical models on establishing the swelling pressure vs. dry density 

relationship are gaining attention as the laboratory estimation of swelling pressure over a 

wide range of dry densities is highly time-consuming and expensive. Current theoretical 

models based on the surface properties of the bentonites using the diffuse double layer 

theory and using the water adsorption isotherm are associated with several limitations. A 

predictive model based on the linearization of the swelling pressure data using 

normalization dry density was proposed in this  work. Influence of the bentonite plasticity 

and swelling mechanisms were well studied for establishing the appropriate model 

parameter and for choosing the normalization factor. The proposed model required a 

single experimentally measured swelling pressure data point in the dry density range 

varying between 1.45 – 1.7 Mg/m3 for accurately establishing the swelling pressure 

curves over a wide range of dry densities. The model does not require the knowledge of 

surface properties and pore–fluid parameters, unlike the previous models.  

The effective stress variation in clays of different mineralogy under hydro-

mechanical loads was studied. Three series of suction-controlled tests were considered 

for understanding the effective stress development using the suction stress approach. In 

the first series of tests, the drying behavior of slurried kaolin and mixtures of kaolin –

bentonite clays were considered. Two clay mixtures were used in these tests. The 

Volumetric Shrinkage Curve (VSC) and drying Soil Water Characteristics Curve 

(SWCC)  of initially slurried clays were established by conducting a series of volumetric 

shrinkage and suction controlled tests for understanding the effective stress development 

due to drying using suction stress concept. The second series of experiments consisted of 

suction controlled swelling pressure and SWCC tests for ascertaining wetting SWCCs in 

isochoric conditions. The last series consisted of suction-controlled, wetting induced 

collapse tests on compacted kaolin under different inundation pressures. The suction 

stresses and effective stresses in kaolin, bentonite, and kaolin – bentonite mixtures were 

analyzed under the studied hydro-mechanical conditions. The study concludes that the 

suction stress approach does not explain the effective stresses correctly in the collapsible 

and swelling clays under hydro-mechanical loading and for the studied conditions. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 GENERAL 

 The clay minerals are very important in engineering applications and found 

naturally in many parts of the world. Kaolinite and montmorillonite are two important 

minerals having extreme activity. The kaolinite is abundantly available in many parts of 

India, such as Andhra Pradesh, Jammu, and Kashmir, Jharkhand, Kerala, Madhya 

Pradesh, Orissa, Rajasthan, and Northeast. Kaolin clay contains primarily the kaolinite 

mineral. The kaolin is a non-active clay. There is no such engineering application of 

kaolin. Nevertheless, kaolin is used in pottery industries. Bentonite is an active clay and 

is available in many parts of India, such as Karnataka, Maharashtra, Andra Pradesh, 

Madhya Pradesh, Gujarat, and Tamil Nadu. The dominant mineral of bentonite is 

montmorillonite. Soils, high in montmorillonite content exhibit high swell potential due 

to wetting or high swelling pressures under the applied mechanical loading. The bentonite 

is considered as a problematic soil due to its swelling characteristics. The swelling 

characteristics of these clay soils often cause problem leading to structural damage and 

loss of property. On the other hand, studies have shown that due to its swelling and self-

sealing characteristics, bentonite is used for various engineering applications such as the 

construction of landfills, drilling mud, and nuclear waste repositories. The wetting 

induced behavior of these two clays soil is observed to be very interesting. The wetting 

induced behavior of these two clay under mechanical loading is becoming an important 

research topic. Both the clay have extreme behavior and completely opposite from each 

other. Kaolin clay has collapsible nature and considered as collapsible soil (Wheeler and 

Sivakumar, 1995). However, the causes of collapsibility of the kaolin are not fully 

understood yet. The failure of many engineering structures in many places is due to the 

occurrence of collapsible soil underneath the foundation. The heaving of the structures 

and development of stresses in radioactive waste repositories from the buffer material are 

associated with the swelling characteristics of bentonite. The potential to change the 
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volume upon wetting depends on many factors such as the initial compaction state, pore-

fluid characteristics, the degree of wetting, and the external load.  

 The study of the hydro-mechanical behavior of clay soil has gain importance since 

the last few decades by the researchers and field practitioners around the world. Literature 

shows that effective stress development is completely different in these clays. The 

effective stress in bentonite reduces due to wetting whereas the effective stress gets 

increase in kaolin. Karl Terzaghi, 1936 first proposed the effective stress concept do 

describe the behavior of saturated soil. He explained that the effective stress concept 

could explain the mechanical behavior of soil. But later on, the principle as suggested 

Terzaghi fails to explain the behavior compacted and natural soil. One of the major 

loopholes in Terzaghi’s effective stress concept is that it does not consider the forces in 

the soil, which produce a measurable effect in controlling the behavior of both saturated 

and unsaturated soil (Lu and Likos, 2006). Nevertheless, the concept was not found to be 

application based. Terzaghi’s effective stress concept was modified many times over the 

years to explain the behavior of unsaturated soil. However, it was observed that none of 

the models gives a satisfactory result when used for practical application. A new approach 

by Lu and Likos (2006) to define effective stress using suction stress characteristics curve 

is gaining importance. Suction stress is defined as the force that tends to pull the soil 

grains towards each other. Suction stress depends on the degree of saturation, water 

content, and matric suction of the soil. The variation of suction stress with volumetric 

water content is known as the suction stress characteristics curve (SSCC). Literature 

shows that SSCC gives a simple and efficient solution to understand the behavior of 

unsaturated soil. 

  

1.2 Motivation for the study 

 To have a better understanding of the hydro-mechanical behavior of collapsible 

and expansive clays, a systematic study revealing the influence of critical soil parameters 

is required. A clear understanding of the mechanism of collapse and swelling is necessary 

for a sound understanding of the soil behavior under different stress conditions. A detailed 

study conducted on the two clay soils that exhibit extreme behavior due to the presence 

of distinct minerals namely, kaolinite and montmorillonite. The collapse behavior of 
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kaolin under mechanical loading and in the presence of different pore fluids was studied 

for understanding the micromechanical nature. Swelling pressure development under the 

isochoric conditions was observed due to wetting. The bimodal behavior of swelling 

pressure with time and the swelling nature of different bentonites with initial compaction 

density was well addressed in this work. The effective stress concept based on suction 

stress characteristic curve was verified by considering different suction controlled test. 

The development of effective stress during drying and wetting of the above-mentioned 

soil and understanding their behavior motivated the present study. 

 

Outline of the thesis 

 The research work undertaken was presented in the thesis in the following 

manner. 

Chapter 1: Chapter 1 introduces the topic of research and a brief structure of the thesis. 

Chapter 2: Chapter 2 provides a review of literature relevant to the present area of 

research. The main objectives and detailed scope of work were selected from the critical 

appraisal of the literature review. 

Chapter 3: Chapter 3 describes the materials selected for the study, their basic 

characterization, and surface properties. The testing methods for measuring collapse 

potential and swelling pressure kaolin and bentonite respectively were detailed to meet 

the objective of the paper. The theoretical estimation of swelling pressure was discussed. 

The measurement of VSC and SWCC for slurried soil presented. The method of suction 

controlled collapse test and swelling pressure were presented.  

Chapter 4: Chapter 4 presents the results of the sediment volume test and one-

dimensional collapse potential test of kaolin. The settlement behavior of kaolin described 

using isoelectric point of kaolin, which measured using NaCl solution for different pH 

value. Collapse potential under different inundation pressure was measured for different 

electrolyte solution under different pH environment and dielectric constant. The fabric of 

compacted sample under different load and electrolyte solution were studied under Field 

Emission Scanning Electron Microscope. 
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Chapter 5: This chapter presents the swelling pressure characteristic curve for different 

quality Indian bentonites was established under different compaction density. The effect 

of compaction density and bentonite quality on the pore-size distributions (PSDs) and 

clay fabric were analyzed for understanding the influence on SPCC behavior. The 

evolution of PSD and fabric during the water uptake process was analyzed for 

understanding the microstructural influence on SPCC behavior. 

Chapter 6: Chapter 6 presents a new theory to estimate swelling pressure based on Bharat 

and Sridharan (2016) work. The theory was verified with the literature data and the 

present data. 

Chapter 7: Chapter 7 presents the results of suction control collapse potential test and 

swelling pressure test. The effect of suction on collapse potential under different 

inundation pressure was discussed in this chapter. The relation between collapse potential 

and suction for kaolin; swelling pressure and suction for bentonites; SWCC for both 

kaolin and bentonite for the compacted state were established from the experimental data. 

The suction stress characteristics curve was estimated from the measured SWCC data of 

compacted kaolin and bentonite. The concept of effective stress was explained for 

collapsible and expansive soils under various loading conditions. The suction stress and 

suction follow a 1:1 line up to a certain suction value and beyond that suction stress 

deviates and it decreased. On the other hand, the effective stress of compacted bentonite 

shows a slight increase with swelling pressure and after that effective stress become 

constant which is physically not possible. 

Chapter 8: This chapter presents a summary, conclusions, and major research contribution, 

of the study. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 General  

 The wetting induced soil behavior under mechanical load is received great 

interest. Terzaghi in 1936 proposed the effective stress concept for the first time to 

describe the behavior of saturated soil. He explained that the effective stress concept 

could explain the mechanical behavior of soil. The effective stress was defined as the 

difference between total stress and pore-water pressure. The basic assumption in 

Terzaghi’s effective soil concept was that both the soil grain and liquid are 

incompressible. Thus, effective stress concept describe nothing but the strength of solid 

soil particles. Soon it was observed that the Terzaghi’s effective stress concept has several 

limitations when applying to natural and engineered soil where the soil is partially 

saturated. Partial saturation of soil is that condition where the voids are filled with more 

than one fluids (water and air) i.e., a three-phase system. Apart from this, the effective 

stress concept did not consider the physicochemical forces, which play an important role 

in controlling the behavior of clays. The physicochemical forces in clays are governed by 

the van der Waals attraction and electrical double-layer repulsion. Therefore, effective 

stress concept was modified several times to incorporate the missing forces to define the 

behavior of soil. Bishop (1959) first proposed the modified effective stress equation by 

incorporating the concept of matric suction in soil behavior. Bishop’s effective stress 

equation involves an effective stress parameter, which depends on the degree of saturation 

of the soil. However, the practical applicability of Bishops modified form of effective 

stress equation became limited. Since then, there were several models available in 

literature, which were proposed to understand unsaturated soil behavior (Skempton 1960; 

Alonso et al. 1990, 1999; Gens and Alonso 1992; Nuth and Laloui 2008; Laloui and Nuth 

2009; Khalili et al. 2004; Gallipoli et al. 2003; Lu and Likos 2006; Alonso et al. 2010). 

The practical application of this approach for describing the behavior of unsaturated soil 

is uncertain and remain as a huge scope of research. The effective stress concept proposed 
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by Lu and Likos (2006) is gaining importance nowadays. The effective stress for any soil 

can be estimated from the suction stress, which is again related to the SWCC of the soil. 

The suction stress is the results of the combined effects of negative pore water pressure 

and surface tension. The estimation of suction stress required the knowledge of SWCC 

of the soil in terms of degree of saturation. The relation between suction stress and 

volumetric water content is known as the suction stress characteristics curve (SSCC). It 

was observed that the effective degree of saturation plays an important role in controlling 

parameter for unsaturated soil property functions. Baille et al. (2016) showed that the 

concept of suction stress could use successfully to predict the behavior of unsaturated 

soil. It was also observed that the effective stress based on SSCC could clearly explain 

both swelling and collapse behavior under hydro-mechanical load.  

 The understanding of collapse and swelling behavior of clay due to wetting under 

mechanical loading is a highly active area of research. The next part will discuss a detailed 

review of collapsible behavior of low active/plastic soil and behavior of kaolin in the 

presence of different solvents. The next part will also focus on the swelling characteristics 

of expansive clay.  

 

2.2 Characteristics of low active clay 

 The past studies have shown that the low active clay soils such as red soil are 

prone to volume reduction due to wetting (Alonso et al. 1990; Rao and Revanasiddappa 

2002; Liu et al. 2015). These clays are described as collapsible soil. These soils pose high 

strength and stiffness at the air-dry state and can withstand a very high normal pressure. 

Particles of loess soil form metastable, open structures with the interstitial clay-sized 

particles congregating at the quartz particle contacts (Zourmpakis et al. 2005). The open 

structure is maintained by a process of bonding and withstands overburden stresses to a 

certain degree, but exhibits volumetric collapse with additional loading or wetting 

(Derbyshire et al. 1995). A few studies have shown that kaolin exhibit collapsible 

behaviour but under certain stress state condition (Wheeler and Sivakumar 1995; Sun et 

al. 2007). The behaviour of kaolin at natural air-dry state under hydro-mechanical load 

was not reported in any single study.  
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 Collapsible soils possess high strength and stiffness at their dry and natural state 

but exhibit a significant decrease in volume upon wetting. Collapsible soils are also called 

“hydro compactive soils” because they compact after water is added. The existence of 

collapsible soils has long been recognized since World War II. Collapsible soils are 

distributed in most parts of the world. These soils are particularly available in arid and 

semi-arid regions. Collapsible soils are considered as one of the problematic soils for 

foundation material. These soils pose a potential threat to structures built on them when 

wetted. Foundation of a structure constructed on collapsible soil may experience a sudden 

and huge amount of settlement. The amount of settlement depends on how loosely the 

particles are packed initially and the thickness of the soil that becomes wetted. Collapse 

may be initiated by water alone or by wetting and mechanical loads acting together. Many 

researchers defined collapsible soils in many different ways. Dudley (1970) defined 

collapsible soil as any unsaturated soil that goes through an excessive loss of volume 

upon wetting due to a major rearrangement of particles with or without additional loading. 

Jennings and Knight (1975) defined collapsible soil as an unsaturated soil that exhibits 

additional settlement due to wetting, without any increase in vertical pressure.  

 

2.3 Criteria for the collapse 

 Different criteria were proposed for recognizing the collapsible soils. A soil is said 

to be a collapsible soil if it undergoes an appreciable amount of volume change due to 

hydraulic load, mechanical load, or a combination of both (Sultan 1969). The 

geotechnical earthen structure may collapse if compacted at dry of optimum (Fredlund 

and Gan 1995; Pereira and Fredlund 2000). Soils, which are potentially unstable, and needs 

sufficient suction pressure to maintain the structure with temporary rigidity, and high-

applied stress necessary to develop the potential instability, may develop a collapsible 

soil (Barden et al. 1969). The possibility of collapse also depends on the percentage of 

clay content present in the soil (Handy 1973). If clay content is less than 16 %, there is a 

high possibility of collapse; 16-24 %, possibility of collapse; 25-32 %, possibility of the 

collapse of less than 50 percent; and more than 32 %, no collapse (Handy 1973). Loess with 

natural moisture content less than 6 % was potentially unstable, whereas if it exceeds 19 

% the loess could be regarded as stable (Grabowska-olszewsla 1988). Collapsible soil is 
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generally metastable soil (Peck et al. 1974). Metastable soil includes extra-sensitive clays 

such as quick clays, loose saturated sands susceptible to liquefaction, unsaturated 

primarily granular soils in which a loose state is maintained by apparent cohesion, and 

some saprolites (Peck et al. 1974). 

 

2.4 Collapse mechanism 

 Casagrande (1932) first demonstrated the collapse mechanism. According to him, 

the portion of the fine grain fraction of the soil acts as a bonding material for the larger 

grained particle. These bonds undergo local compression between the adjacent grains due 

to application of load resulting in the development of strength. At their natural water 

content, these soils compress slightly resulting in increased overburden pressure. When 

water is added to the loaded soil, and certain critical moisture content is exceeded, those 

bonding or cementation provided by the fine fraction become soften, weaken and/or 

dissolve to some extent. Finally, the binders reach a stage where they no longer resist any 

stress and the structure collapses. The characterization and understanding of collapsible 

soil depend on the collapse potential of the soil.  

 

 Pereira and Fredlund (2000) divide the entire collapse process into three phases, 

namely pre-collapse, collapse, and post-collapse phase. The pre-collapse phase, take 

place at a relatively high matric suctions. In this phase, soil does not collapse and only 

small deformations occur in response to a decrease in matric suction. The second phase 

is called the collapse phase and takes place at intermediate matric suctions. In the collapse 

phase, large deformations were observed in response to a decrease in matric suction. In 

the third phase, phase, at low matric suctions, there is an absence of deformations as the 

matric suction is reduced to zero. This phase is termed as “post-collapse” phase. 

 

2.5 Measurement of Collapse potential 

 The characterization of collapsible soil was done based on the value of collapse 

potential (Pc) which is the amount of deformation that would occur at any stress level at 

which the soil get saturated. The role of collapse potential for collapsible soil in 

geotechnical engineering was well recognized in the past (Jennings and Knight 1957, 
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Jennings and Burland 1962, Houston et al. 1988). The collapse potential of compacted 

soil can be measured by three different techniques in the laboratory. (i) Double-oedometer 

test (Jennings and Knight 1957) (ii) Single-oedometer test (Houston et al. 1988) and 

ASTM D5333, 2003 and (iii) Single point, multiple specimen tests (Noorany 1992). 

Based on the collapse potential, the severity of the collapse of collapsible soil can found 

out, which is given below.  

Table 2.1. Collapse potential (Pc) and severity of collapse (Jennings and Burland 

1962; Bell and Culshaw 2001) 

Collapse Potential, Pc (%) Severity of Collapse 

0–1 No-Problem 

1–5 Moderate Trouble 

5–10 Trouble 

10–20 Severe Trouble 

>20 Very Severe Trouble 

 

 

2.6 Parameters influencing Collapse Potential  

 There are various opinions found in the literature related to the parameters 

influencing collapse potential. The roles of initial dry density, compaction moisture 

content, clay content, inundation stress (the external stress at which a laboratory specimen 

is inundated), matric suction, in determining the collapse potential of compacted soils are 

well recognized in the past (Lefebvre and Belfadhel 1989; Lawton et al. 1989, 1992; 

Houston 1993; Pereira and Fredlund 2000; Estabragh et al. 2004). The next part will 

discuss the different parameter/factors influencing the collapse potential of the soil. 

 

2.6.1 Effect of inundation stress 

 The collapse potential is maximum at some critical value of inundation pressure 

corresponding to a given compaction moisture content and dry unit weight (Lawton et al. 

1989; Basma and Tuncer 1992). Beyond that, collapse potential decreased with increasing 

inundation pressure. There is a certain pressure level at which the maximum compaction 
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takes places due to collapse and there is no change or very minute change is observed 

after the maximum degree is reached (Basma and Tuncer 1992).   

 

2.6.2 Effect of compaction pressure, compaction water content, and compaction 

procedure 

 The compaction pressure, compaction water content, and compaction procedure 

have a significant effect on the mechanical behavior of compacted fine-grained soils 

(Lambe 1958; Seed and Chan 1959). The changes in compaction water content have an 

effect on the fabric in fine-grained soil. The influence of compaction procedure on the 

mechanical behavior of soil is due to the occurrence of the flocculated structure when 

compacted at dry of the optimum and dispersed structure when compacted at wet of 

optimum (Lambe 1958; Seed and Chan 1959). Barden and Sides (1970); Delage et al. 

(1996) demonstrated that samples compacted at dry of optimum produce a double-

structure fabric, with a macro-fabric consisting of large clay packets or macropods 

separated by interpacket voids, whereas samples compacted wet of optimum have a more 

uniform fabric. This difference in fabric was observed by Garcia-Bengochea et al. (1979); 

Juang and Holtz (1986); Delage et al. (1996). Alonso et al., (1987) suggested that the 

double-structure type of fabric would be more susceptible to collapse on wetting than 

would a uniform fabric. Lawton et al. (1989) observed that when compaction moisture 

content reaches the value of optimum moisture content, the collapse potential reduces. 

 

2.6.3 Effect of net confining pressure and matric suction  

 The net confining pressure, matric suction and degree of saturation of soil 

influence the collapse potential. (Pereira and Fredlund 2000). At high net confining 

pressure, the wetting induced volumetric collapse would be more for a collapsible soil 

than a low net confining pressure (Pereira and Fredlund 2000). According to Pereira and 

Fredlund (2000), a higher matric suction present corresponding to a higher net confining 

pressure at the starting phase of collapse and lower matric suction where collapse phase 

ends. Pereira and Fredlund (2000) observed that wetting-induced collapse produces two 

opposite and different effect when an unsaturated metastable soil structure is tested. The 

first effect is related to the reduction of the void ratio and second is the reduction in the 
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water flow into the soil structure. Due to a reduction in void ratio, the degree of saturation 

gets increases and due to the increasing amount of trapped air within the microstructure 

of the metastable-structured soil results in a reduction in the water flow into the soil 

structure. Collapse potential decreased with the increasing degree of saturation.  

 

 Commonly known collapsible soils such as loess and silty clay had studied 

extensively to understand the collapse mechanism under mechanical loading and the 

influence of inundation pressure using both natural and artificially prepared laboratory 

specimens (Jennings and Burland 1962; Houston et al., 1993; Lawton et al., 1989; 1992; 

Pereira and Fredlund 2000; Zourmpakis et al. 2005; Li et al. 2016). Kaolin, on the other 

hand, is a lesser−known collapsible soil. Sridharan et al. (1985) observed that the free 

swell index (FSI) of kaolin is negative, indicating a higher equilibrium volume of kaolin 

in kerosene compared to its volume in distilled water. However, the negative value of FSI 

was reported to be due to complex formation between clay platelets and a nonpolar 

solvent (Sivapullaiah et al. 1987). Further, the volume change behavior of kaolin in 

different solvents attributed to the dipole moment of the adsorbed solvent molecules and 

hydrogen bonding between the clay platelets (Rao and Sridharan 1985). The role of 

surface forces between the platelets of kaolin in the presence of different pore fluids 

downplayed in these studies (Sridharan et al. 1988). However, several careful laboratory 

studies (Schofield and Samson 1954; Van Olphen 1963; Rand and Melton 1977; Zhou 

and  Gunter 1992; Lyklema 1995; Schroth and Sposito 1997; Ma and Pierre 1999) in 

combination with the studies related to physical examination of the platelet arrangements 

using advanced imaging tools in science literature (Zbik and Smart 1998; Miller et al. 

2007; Gupta 2011; Liu et al. 2014) reveal that the fabric of the kaolin is sensitive to the 

pH and electrolyte concentration. A fabric map, depicting the fabric changes with pH and 

pore-fluid concentration, is developed based on this knowledge and controlled 

equilibrium sediment volume test data (in a no-stress condition) (Santamarina et al. 2002; 

Palomino and Santamarina 2005). Similar observations were made using the sediment 

volume test data by Palomino et al. (2008), but these studies conclude that the fabric 

changes due to pore-fluid interactions is not applicable at a higher solid/liquid ratio (φ). 

In contrast to these observations, the compressibility and dynamic properties of the kaolin 
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(at very high φ) are found to be strongly influenced by the surface forces (Wang and Siu 

2006a, 2006b; Di Matteo et al. 2011). The kaolin behavior under the influence of 

mechanical stresses is inconclusive due to very limited studies. Wheeler and Sivakumar 

(1995) conducted a series of triaxial tests on speswhite kaolin for validating critical state 

framework for collapse behavior of kaolin. Sun et al. (2007) studied the wetting-induced 

collapse behaviour of compacted Pearl clay, which contained some percentage of kaolin 

mineral, in triaxial tests under different initial suction conditions. The collapse in these 

studies was attribute to changes in the mean net stress. However, no study is available on 

the nature and mechanism of collapse in kaolin. The knowledge of wetting-induced 

collapse behaviour and the collapse mechanism of kaolin is lacking due to poor 

understanding of the physicochemical dependency on fabric changes.  

 

2.7 BEHAVIOR OF KAOLIN 

 The kaolin is a low plastic soil. The volume change behavior of kaolin in different 

solvents attributed to the dipole moment of the adsorbed solvent molecules and hydrogen 

bonding between the clay platelets (Rao and Sridharan 1985). The role of surface forces 

between the platelets of kaolin in the presence of different pore fluids downplayed in the 

previous studies (Sridharan et al. 1988). However, several careful laboratory studies 

(Schofield and Samson 1954; Van Olphen 1963; Rand and Melton 1977; Zhou and 

Gunter 1992; Lyklema 1995; Schroth and Sposito 1997; Ma and Pierre 1999) in 

combination with the studies related to physical examination of the platelet arrangements 

using advanced imaging tools in science literature (Zbik and Smart 1998; Miller et al. 

2007; Gupta 2011; Liu et al. 2014) reveal that the fabric of the kaolin is sensitive to the 

pH and electrolyte concentration. A fabric map, depicting the fabric changes with pH and 

pore-fluid concentration, is developed based on this knowledge and controlled 

equilibrium sediment volume test data (in a no-stress condition) (Santamarina et al. 2002; 

Palomino and Santamarina 2005). Similar observations are made using the sediment 

volume test data by Palomino et al. (2008), but these studies conclude that the fabric 

changes due to pore-fluid interactions is not applicable at a higher solid/liquid ratio (φ). 

In contrast to these observations, the compressibility and dynamic properties of the kaolin 

(at very high φ) are found to be strongly influenced by the surface forces (Wang and Siu, 
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2006a, 2006b; Di Matteo et al., 2011). The kaolin behavior under the influence of 

mechanical stresses is inconclusive due to very limited studies. Wheeler and Sivakumar 

(1995) conducted a series of triaxial tests on speswhite kaolin for validating critical state 

framework for collapse behavior of kaolin. Sun et al. (2007) studied the wetting-induced 

collapse behavior of compacted Pearl clay, which contained some percentage of kaolin 

mineral, in triaxial tests under different initial suction conditions. The collapse in these 

studies is attributed to changes in the mean net stress. However, no study is available on 

the nature and mechanism of collapse in kaolin. The knowledge of wetting-induced 

collapse behavior and the collapse mechanism of kaolin is lacking due to poor 

understanding of the physicochemical dependency on fabric changes. The knowledge of 

volume change behavior of kaolin due to the influence of pore-fluid chemistry is, 

however, very important to address the subsidence problems in alluvial marine deposits 

due to pore-fluid alterations during saltwater intrusions (Torrance and Ohtsubo 1995; 

Melloul and Goldenberg 1997; Ohtsubo et al. 2002). In this study, the collapse nature was 

studied in detail for the first time and was found to be physicochemical in nature. 

Compacted kaolin specimens were able to withstand large mechanical loads in the air-

dry state, but a significant collapse was noticed on wetting, similar to the loess soil. The 

collapse behavior of kaolin, however, was observed to be due to physicochemical 

interaction between the particle and pore fluids. The collapse potential of the compacted 

kaolin specimens due to fabric changes under the application of mechanical loading was 

analyzed. The rate of volumetric collapse and collapse potential in the presence of 

different pore fluids was investigated.  

 

2.8 Interparticle association in kaolin  

 Kaolin is a 1:1 layer silicate formed by the building blocks of the tetrahedral 

siloxane layer (silica sheet) and dioctahedral layer (alumina–gibbsite sheet) as shown in 

Fig. 2.1. Silica sheet consisted of Si4+ at the center of a tetrahedron with O2– at the vertices 

and the gibbsite sheet consisted of Al3+ at the center with OH− at the vertices, rendering 

different termination sites on the faces and edges. Kaolin has OH– termination sites on 

the gibbsite face, O2– termination sites on the silica face, and both OH– and O2− 

termination sites on the edges (Fig. 2.2a). The kaolin basal surface (face) carries a net 
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negative, permanent charge ascribed to the isomorphous substitution of Si4+ with Al3+ in 

the tetrahedral layer. The structural charge on the tetrahedral basal plane is, however, 

insignificant (Brady et al. 1996) due to very small (1–5 meq/100 g) cation exchange 

capacity (Conley and Althoff 1971; Ma and Eggleton1999). Kaolin consists of pH-

dependent charges (Celik 2004), apart from the permanent (i.e., pH-independent) charge, 

due to the presence of reactive termination sites on the edges and alumina basal surface. 

The pH-dependent charges in kaolin come from (i) protonation and deprotonation of the 

alumina sheet on the edge; (ii) deprotonation of the silica sheet on the edge; and (iii) 

protonation and deprotonation of the alumina basal surface. Protonation is the adsorption 

of H+ ions onto the surface at low pH values, which adds positive charge to the surface 

while deprotonation is the removal of protons from the particle surface when OH– ions 

are abundantly available. Therefore, the charge on the edges or basal surface becomes 

negative in the presence of the pore fluid with high pH value. Changes in the pH-

dependent charges are often analyzed using the particle isoelectric point (IEP). The IEP 

is the pH value of a pore fluid at which the electrophoretic mobility of the clay particle is 

zero, i.e., the particle ξ-potential is zero. The ξ-potential is defined as the electric potential 

at the shear plane between the bulk solution and an envelope of water that moves with 

the particle under an electric field (Van Olphen 1963). The IEP of the basal surface 

(IEPface) is different from the one at the edges (IEPedge), rendering complex alterations of 

the surface charges and different particle arrangements due to changes in the pore-fluid 

chemistry in kaolin. The IEPface is found to vary in the range of 2–4 and IEPedge in the 

range of 7–10 based on the electrophoresis and potentiometric titrations (Carty 1999; 

Palomino and Santamarina 2005). However, the IEP determination based on 

electrophoresis is questionable due to the limitations associated with the ξ-potential 

measurement, as the Smoluchowski equation is applicable only for spherical particles 

(Gupta 2011). 
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Fig. 2.1 Staking of 1:1 unit layers of kaolin 

 

Fig. 2.2 (a) Termination sites and Iso Electric Point (b) The mode of particle association 

 

Moreover, the IEPedge is found to be in the range of 5–6, which is an average of the IEP 

of silica (i.e., 2.2) and gibbsite (i.e., 9.2) and is based on the pure mineral colloid behavior 

(Kim 2008; Gupta 2011). The IEP from the mineralogical consideration is smaller than 

the reported values from the electrophoresis technique. The estimated IEPedge value using 

sediment volume tests, therefore, provides an accurate analysis of particle association in 

different pH environments (Wang and Siu, 2006a). Characteristics of the pore fluid may 

also promote dissolution of the mineral. Several modes of particle associations—such as 

edge–face (EF) flocculation, edge–edge (EE) flocculation, shifted face–face (FF) 
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aggregation, and “dispersed” (Michaels and Bolger 1962; Van Olphen 1963; Palomino 

and Santamarina 2005) — are observed due to changes to dissolution and surface charge 

modification (Fig. 2.2b). The mode of particle association when pH < IEPedge is observed 

to be EF due to Coulombic attraction between the negative face and positive edge, but 

the arrangement is dispersed when pH > IEPedge due to the presence of negative charge 

on all the surfaces (Wang and Siu 2006a). In acidic environments, alumina dissociates 

preferentially which generates positive charge (Wieland and Stumm 1992). Alumina 

dissociation promotes EF flocculation due to the attraction between the edges and faces. 

On the other hand, silica dissociation under alkaline conditions and low electrolyte 

concentrations promotes FF aggregation due to negative charges on both edges and face. 

At high electrolyte concentrations (n > 0.1 mol/L NaCl), however, the kaolin fabric is pH 

independent and FF aggregation is promoted due to van der Waals attractive forces (Rand 

and Melton 1977). Apart from pH and electrolyte concentration, the kaolin behavior is 

also strongly influenced by the dielectric medium (Rao and Sridharan 1985; Chen and 

Anandarajah 1998; Anandarajah and Zhao 2000; Chen et al. 2000; Di Matteo et al. 2011; 

Sloane and Kell 2013). 

 

2.9 STRUCTURE OF BENTONITE AND ITS SWELLING CHARACTERISTICS  

 Bentonite is considered to be the potential buffer material in high-level nuclear 

waste (HLNW) repositories of many countries (Pusch and Yong 2006; Zheng et al. 2011; 

Gapak and Bharat 2018). Bentonite clay consisting mostly of montmorillonite. The 

structure of montmorillonite is a unit made of an alumina octahedrala sandwitched 

between two silica tetrahedral sheets. Bentonite powder is compacted to the design 

density at air-dried state; placed between the waste canisters and surrounding saturated 

rock mass for creating an impermeable zone. The stress state of the repository is 

appropriately maintained from the swelling pressure development of the compacted 

bentonite blocks during the saturation process apart from sealing the construction joints 

(Grindrod et al. 1999; Gens et al. 2002; Ye et al. 2010). Water-entry into the compacted 

bentonite blocks from the surrounding rock masses results in the development of swelling 

pressure due to particle repulsion (Verwey and Overbeek 1948) during the hydration of 

the interlamellar layers of the montmorillonite mineral, hydration of exchangeable 
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cations, and external surface of the aggregates. The evolution of swelling pressure with 

time, termed as swelling pressure evolution curve (SPEC) in this work, is important for 

understanding the stress development in the repository during the bentonite saturation 

process. A distinct SPEC is often observed with different bentonites and different initial 

compaction effort during water uptake under isochoric conditions when the swelling 

pressures are continuously monitored using digital load cells (Pusch 1982). The 

magnitude of swelling pressure increased during the initial water uptake before a decrease 

in the pressure and followed by increase in the swelling pressure to a final equilibrium 

value (Pusch 1982; Imbert and Villar 2006; Schanz and Tripathy 2009; Zhu et al. 2013; 

Chen et al. 2018; He et al., 2019). A decrease in swelling pressure after initial water 

uptake is attributed to the loss of shear strength at the aggregate level, whereas a further 

increase in the swelling pressure attributed to the redistribution of clay particles to a more 

homogenous and dispersed state (Pusch 1982). The drop in swelling pressure after the 

initial phase of water uptake is found to be significant in French FoCa bentonite and the 

qualitative behavior is similar for all different studied initial compaction densities (Imbert 

and Villar 2006). However, the decrease in swelling pressure after reaching the first peak 

is insignificant to zero with a flat SPEC behavior before the increase in the swelling 

pressure to final equilibrium value for GMZ bentonite (Chen et al. 2018; Zhu et al. 2013; 

He et al. 2019). Further, the decreasing tendency of swelling pressure after the initial 

phase of water uptake is observed to be dependent on the initial compaction bentonite for 

German bentonite and GMZ (Schanz and Tripathy 2009; Chen et al. 2018; He et al. 2019) 

in contrary to French FoCa clay. The SPEC behavior is thus strongly influenced by the 

bentonite quality (i.e., plasticity) and initial compaction density. Albeit the dominant 

swelling mechanisms viz. crystalline and osmotic swelling (van Olphen, 1977) are well 

cited and accepted in the literature (Bradbury and Baeyens 2003; Savage 2005; Massat et 

al. 2016), the variable nature of SPEC with compaction density and bentonite is not 

understood.  

 

2.10 Measurement of swelling Pressure  

 Swelling pressure is defined as the pressure exerted by a clayey soil when is 

exposed to water in a confined space. The swelling pressure of compacted clay is of great 
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engineering interest. There are many laboratory measurement techniques as well as 

analytical methods to calculate swelling pressure of compacted clay.  The measurement 

of swelling pressure of compacted bentonites was attempted in the past by several 

researchers (Pusch 1982; Dixon and Gray 1985; Bucher and Muller-Vonmoos 1989; 

Komine and Ogata 1994; Villar and Lloret 2007; Karnland et al 2007; Schanz and 

Tripathy 2009). There are three distinct methods for the measurement of swelling 

pressure in the laboratory (Brackley 1973). These are (1) free swell and load method, (2) 

swell under load method, and (3) No swell or constant volume method.  

 Constant volume swell pressure test received a wide acceptance over swell – 

consolidation and swell under load methods (Pusch 1980b; Muller-Vonmoos and Kahr 

1982; Pusch 1982; Gray et al. 1984; Swedish Nuclear Fuel and Waste Management 

Company 1983; Dixon and Gray 1985; Sridharan et al. 1986; Kanno and Wakamatsu 

1992; Komine and Ogata 1996; Japan Nuclear Cycle Development Institute, 1999; 

ENRESA 2000; Herbert and Moog 2002) due to large variability in the swelling pressures 

to the tune of 0.027 – 40 MPa at high compaction density, for different bentonites based 

on their quality. Moreover, constant volume swelling pressure test simulates the in–situ 

conditions, estimates more accurate swelling pressures, and widely used (Zhang et al. 

2019). However, establishing the entire swelling pressure – dry density relationship over 

wide density range is highly expensive and time-consuming. 

 

2.11 Theoretical estimation of swelling pressure  

 Several attempts are made, in the past, therefore, for the theoretical estimation of 

swelling pressure data at a given compaction density. Swelling pressures of the 

compacted bentonites are predicted based on the sorption isotherm by Agus and Schanz 

(2008). The laboratory estimation of total suction data of the compacted bentonite in the 

lower suction range limits the accurate prediction of swelling pressures using this 

approach. Swelling – pressure vs. dry density relationship of the compacted bentonites 

are often predicted based on the diffuse double layer (DDL) theory. Empirical 

relationships between mid–plane potential and interplate distance based on the empirical 

estimation of equation coefficients to match the observed data are proposed by several 

researchers for specific bentonites (Sridharan and Choudhury 2002; Tripathy et al. 2004; 
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Schanz and Tripathy 2009; Baille et al. 2010) and bentonite-sand mixtures (Wang et al. 

1996; Komine and Ogata 1999; Xu et al. 2003; Sun et al. 2009; Cui et al. 2012). Reduction 

factor to the swelling pressures is incorporated based on the percentage presence of 

different coarse fractions in the bentonite-sand mixtures in these studies. The applicability 

of such expressions, however, is not guaranteed for a wide range of bentonites and 

bentonite-sand mixtures. Normalization approach based on the linearization model is 

recently introduced for predicting the compressibility data of highly plastic clays (Bharat 

and Sridharan 2015a). Normalization approach is found to be advantageous due to the 

requirement of no knowledge of clay surface and pore-fluid characteristics, or the 

computation of midway potentials to relate with the distance between clay platelets. The 

applicability of this model for predicting the swelling pressure – dry density data is yet to 

be explored. 

 

2.12 Parameters influencing the swelling pressure of compacted soil 

 This section deals with the review of different parameters influencing swelling 

pressure of compacted soil. There are various conflicting observations found in the 

literature related to the parameters influencing swelling pressure. This review would be 

quite helpful to understand the behavior of clayey soil. Since the swelling pressure is used 

as the basis for the understanding of mechanical behavior of clay, it is important to have 

an accurate determination of the swelling pressure. Therefore, it is necessary to gain an 

in-depth knowledge of the various factors influencing the swelling pressure for 

compacted soil. some of the important parameters that influence the swelling pressure of 

clay are, clay content and plasticity, initial dry density and water content, clay fabric, 

hydration path, suction, and initial vertical loading. 

 

2.12.1 Influence of clay content and plasticity 

 The swelling pressure of clay is influenced by the percentage of clay content 

present (Seed et al. 1962). The swelling pressure can best be related to the water plasticity 

ratio which is defined as the ratio of water content minus plastic limit to plasticity index 

(Sowers and Kennedy 1967). The swelling pressure for a high plastic clay is more than a 

low plastic clay for any given dry density.  
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2.12.2 Influence of Dry Density and Water Content 

 The swelling pressure is a function of the initial density of the sample and there 

exist an exponential relation between initial density and the swelling pressure of clay 

(Komine and Ogata 1994; Villar and Lloret 2008; Baille et al. 2010; Wang et al. 2012; 

Lee et al. 2012; Djedid and Quadah 2012). However swelling pressure doesnot affected 

by initial water content (Sridharan et al., 1986; Komine and Ogata 1994; Villar and Lloret 

2008; Baille et al. 2010; Wang et al. 2012; Djedid and Quadah 2012).  

2.12.3 Influence of soil fabric 

 The fabric of the compacted clay plays an important role in development of 

swelling pressure of compacted clays. Pusch (1982), observed a double structure in 

compacted soil. The same double structure was also recognized in several compacted 

clays (Atabek et al. 1991; Alonso et al. 1999; Cui et al. 2002; Gens and Alonso 1992; 

Romero et al. 1999; Pusch and Moreno 2001; Lloret et al. 2003 ; Sanchez et al. 2005).  

 

2.12.4 Influence of hydration path 

 Swelling characteristics of clay is dependent on hydration path and hydration 

process (Tang et al. 2011). Hydration of clay minerals is proceeded by the adsorption of 

water molecule into the interlayers of the montmorillonite mineral and hydration of 

exchangeable cations (Saiyouri et al. 2000). The number of water molecule layers 

penetrate into the inter layers varies up to four in the fully hydrated state (Mooney et al. 

1952a). 

  

2.12.5 Influence of suction 

 Suction plays an important role in the development of swelling pressure of 

compacted clay. Wang et al. (2012), observed an exponential relation between swelling 

pressure and the applied suction. When the clay samples were exposed to moist water 

vapor, water molecules first migrate into the open channels and adsorbed on the exposed 

mineral surface (Pusch 2001b; Arifin 2008), then move to elementary clay layers. The 

number of water molecules absorbed by the clay layers depends on the relative humidity 
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or suction applied (Chipera et al. 1997; Likos 2004; Pusch 2001b; Saiyouri et al. 2004; 

Delage 2006), which defines the swelling pressure of the sample.  

 

2.12.6 Influence of initial vertical loading 

 Swelling pressure of compacted clays depends on the initial applied vertical 

loading (Komine and Ogata, 1999; Lloret et al., 2003; Tang et al., 2011). Wetting induced 

an increase of swelling pressure when the initial vertical pressure is low and a decrease 

in swelling pressure when the initial vertical pressure is high.  Tang et al. (2011) 

concluded this observed phenomenon based on the double-structure model described by 

Gens and Alonso (1992), Alonso et al. (1999), Sanchez et al. (2005), and Tang and Cui 

(2009). The interlayer distance between the clay sheets is increased due to wetting 

resulting in clay aggregates swelling, and subsequently weakens the resistance of the 

macropores. When the soil is wetted under low vertical pressure, the first mechanism 

prevails over the second and an increase in swelling pressure is observed. However, when 

the soil is wetted under high vertical pressure, the second mechanism prevails: wetting 

induces collapse of macro-pores and thus decreases the swelling pressure. 

 

2.13 Critical appraisal of the literature review 

 The kaolin and bentonite are two important clays pose challenges to geotechnical 

engineers and are found naturally in many parts of India and elsewhere. Kaolin contains 

kaolinite mineral and bentonite contains montmorillonite as a dominant mineral. These 

two clays exhibit extreme characteristics due to their mineralogy. Kaolin in low active 

and bentonite is highly active clay.  

 The low active soils are generally prone to volumetric collapse due to wetting and 

considered as collapsible soil. Soils such as red-soil and loess are fall in this category. 

These soils pose high strength and stiffness at the air-dry state and can withstand a very 

high normal pressure. The collapse in these soils mainly depends on the hydro-

mechanical loading. Kaolin clay also shows collapsible behavior under certain stress state 

condition. The behavior of kaolin at natural condition under hydro-mechanical load was 

not known. There was no study available in the literature to explain the nature and 

mechanism of collapse in the natural state under hydro-mechanical loading. Studies have 
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shown that the behavior of kaolin influenced by the pore fluid environment under no 

stress condition. Kaolin behavior strongly depends on the pH environment and electrolyte 

concentration. There are several modes of particle associations in kaolin due to changes 

to dissolution and surface charge modification in different pH environment. Apart from 

pH and electrolyte concentration, kaolin behavior is also strongly influenced by the 

dielectric medium. The knowledge of hydro-mechanical behavior of kaolin is lacking due 

to poor understanding of the physicochemical dependency in different pore fluid 

environment. The behavior of the compacted kaolin specimens in the different pore-fluid 

environment under the application of mechanical loading needs to be understood to 

address the behavior.    

   Bentonite exerts swelling pressure on the surroundings, due to wetting, when the 

volumetric swelling is restricted. Different techniques were available in the literature for 

the measurement of swelling pressure of compacted bentonite. Out of which constant 

volume swell pressure test received wide acceptance as the test simulates the in–situ 

conditions, estimates more accurate swelling pressures. Swelling pressure of bentonites 

depends on the bentonite plasticity and initial compaction state. The evolution of swelling 

pressure with time show a distinct behavior with different bentonites and different initial 

compaction condition during water uptake under constant volume conditions when the 

swelling pressures are continuously monitored using digital load cells. The magnitude of 

swelling pressure increased during the initial water uptake before a decrease in the 

pressure and followed by an increase in the swelling pressure to a final equilibrium value. 

However, the drop in swelling pressure after the initial phase of water uptake is found to 

be insignificant in many clays. The variable nature of swelling pressure with time for 

different compaction density and bentonite is not understood. 

 The measurement of entire swelling pressure – dry density relationship over wide 

density range is highly expensive and time-consuming. The theoretical estimation of 

swelling pressure data at a given compaction density was attempted by several researches 

in the past. Swelling pressures of the compacted bentonites are predicted based on the 

sorption isotherm but limited to the only lower suction range. The diffuse double layer 

(DDL) theory is used to predict Swelling – pressure vs. dry density relationship of the 
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compacted bentonites. There are many approaches to estimate swelling pressure of 

compacted bentonite based on DDL theory. Several empirical relationships were 

proposed by several researchers for specific bentonites and bentonite-sand mixtures. The 

applicability of such expressions, however, is not guaranteed for a wide range of 

bentonites and bentonite-sand mixtures. A new estimation model is necessary for 

predicting the swelling pressure variation over a wide range of dry densities with minimal 

cost and time. Normalization approach based on the linearization model is recently 

introduced for predicting the compressibility data of highly plastic clays (Bharat and 

Sridharan 2015a). the approach was found to be advantageous due to the requirement of 

a single measured point to estimate the entire curve. The applicability of this model for 

predicting the swelling pressure – dry density data is yet to be explored.  

 The development of effective stress due to wetting is opposite in kaolin and 

bentonite. Several constitutive relations were proposed to understand the development of 

effective stress in clays during wetting. However, the practical applications of these 

models became limited due to the difficulty associated with the several parameters which 

are difficult to obtain experimentally. There is no such approach, which can clearly 

explain effective stress development during collapse and swelling in clay due to wetting. 

The Lu and Likos (2006) approach of estimating effective stress based on SSCC was 

found to be a new promising approach. However, the models need to be validated with 

the new laboratory measured data for application in the field situation.   

 

2.14 Objective of the study 

 The critical appraisal of the reviewed literature clearly highlights that there is a 

need for a systematic study to understand the volume change (swelling and shrinkage, 

and collapse) behavior of unsaturated soil. There are several methodologies and theory 

available for the measurement of swelling for unsaturated soil. At the same time, there 

are several anomalies associated with these methodologies and theories. The influence of 

several factors related to the measurement methodologies and theories still need to be 

studied in detail. There is no theory available in the literature to explain the collapsible 

behavior of unsaturated soils. The experimental techniques available for collapsible soil 
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are dependent on several factors. With this in view, the broad scope of this research work 

was written below: 

 

1. To study the behavior of compacted kaolin at air-dry state under hydro-mechanical 

loading. The effect of pore fluid characteristics on kaolin behavior under mechanical 

loading will be studied to analyze the behavior of kaolin under hydro-mechanical 

loading. 

2. To study the temporal variation of swelling pressure with time for different plasticity 

and different compaction state. The effect of clay fabric, initial density, and surface 

property on the variation of swelling pressure of compacted will be address in the 

study.  

3. To propose a model to estimate swelling pressure of compacted clay and clay-sand 

mixture using linearization model. 

4. To find the effect of suction on the collapse of kaolin under mechanical loading and 

the effect of suction on swelling pressure of clay. 

5. To understand the effective stress development in kaolin and bentonite clays using 

the suction stress approach, during wetting under hydro-mechanical load.   
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Chapter 3 

MATERIALS AND METHODS 

 

3.1 General 

 This chapter describes the materials and their properties and details of the 

laboratory experiments carried out for this study. A wide-range of laboratory tests 

were performed to explore the collapse phenomena of kaolin and swelling phenomena 

of bentonite. The experimental procedures used in subsequent chapters were also 

described. Parameters measured in this chapter were used to support the analysis of 

volume change behavior of clays under mechanical loading. 

  

3.2 Material used in the current study 

 Indian bentonites of two different plasticity indices (quality), namely B1 and 

B2, and one nonplastic clay, namely Kaolin were used in this study as shown in Table 

3.1. These are commercially available soils. The bentonites were procured from 

Barmer district of Rajasthan and Kucth region of Gujarat. The origin of Kaolin in not 

known. The bentonites provided as a fine, granular powder, predominately grey-

yellow in color. While the kaolin provided as a fine, granular powder and completely 

white in color. The soils were stored at room temperature prior to testing in a sealed 

environment. Apart from these soils, seventeen bentonites and bentonite-sand 

mixtures of different plasticity indices, considered in the literature for the potential 

application in high-level nuclear waste repositories as buffer and backfill material in 

different countries, were considered in this study (Table 3.2). The quality of these 

bentonites varied over a wide range due to the variations in their surface properties 

 

Table 3.1. Details of clays used in the present study 

Sl. No. Soil Designation Remarks 

1 Indian kaolin - Commercially 

Procured 
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2 Indian bentonite1 B1 Commercially 

Procured 

3 Indian bentonite2 B2 Commercially 

Procured 

 

Table 3.2:  Details of clays from literature used in the present study   

Clay type References 

MX80 Bucher and Muller-Vonmoos (1989) 

K-1 Schanz et al. 2010 

K-3 Komine and Ogata (1996) 

Montigel Bucher and Muller-Vonmoos (1989) 

SB1  Komine and Ogata (2003) 

SB2 Komine and Ogata (2003) 

SB3 Komine and Ogata (2003) 

SB4 Komine and Ogata (2003) 

SB5 Komine and Ogata (2003) 

S1 Schanz and tripathy (2009) 

K-2 Japan Nuclear Cycle Development Institute (2000) 

GMZ-EXE Schanz and Badran (2014) 

GMZ-1 Zhang et al. (2012) 

Volclay Komine and Ogata (2004) 

Kunibond Komine and Ogata (2004) 

GMZ-Na Sun et al. (2014) 

GMZ-Ca Sun et al. (2014) 

 

The percentage of bentonite in the sand-bentonite mixture for SB1, SB2, SB3, SB4, 

SB5 are 100%, 90%, 80%, 70%, and 60% respectively.  

3.3 Clay properties  

 The kaolin and the bentonites were subjected to different physical, chemical, 

mineralogical and geotechnical characterization. The soils were classified at the civil 

engineering laboratories of IIT Guwahati following the ASTM standards described 

below. 
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3.3.1 Particle size distribution  

 The particle size distribution of the bentonite, samples were obtained by using 

the standard test method of ASTM D422-63 (2007). The particle size distribution for 

particles below 75μm was obtained by the standard test method for fine-grained soils 

using the sedimentation (hydrometer) analysis, ASTM D7928-17 (ASTM 2017). The 

particle-size distribution of the kaolin was obtained by using the Hydrometer analysis, 

standard test method D7928-17 (ASTM 2017) as it contains only fine particle. The 

soils were dominant by the percentage of clay content. The kaolin has a clay content 

of 72% whereas the bentonites B1 and B2 have 68 to 80% respectively. 

 

3.3.2 Specific Gravity 

 The specific gravity (Gs) of soil solids were obtained by density bottle method 

following the procedure of ASTM D854−92 (1994). The specific gravity of all the 

three clays i.e., kaolin, B1 and B2 were 2.6,  2.76, and  2.77 respectively.  

 

3.3.3 Atterberg Limits  

 The consistency limits of the plastic clay samples were determined as per the 

guidelines provided by ASTM D4318, 2010; IS: 2720 (Part V) for liquid limit, plastic 

limit. The test results of liquid limit and plastic limit were listed in Table 3.3. The 

liquid limit was determined using liquid limit apparatus of ASTM D4318 (2010a). 

The plastic limit was carried out using the method of ASTM D4318 (2010a). Based 

on the value of plastic limit and plasticity index, the kaolin was classified as low 

plastic clay (CL) and bentonite B1 and B2 were classified as high plastic clay (CH). 

 The kaolin is a low plasticity soil with very low surface properties. The 

bentonite B1 is low-quality bentonite and B2 is high-quality bentonite, distinguished 

based on the percentage montmorillonite content in these clays. The quality of the 

bentonites also reflected in their surface and index properties. The details of these 

clays were listed in Table 3.3. 

 

3.3.4 Mineral identification  

 The mineralogy of the kaolin was determined by using x-ray diffraction 

technique. The XRD data were presented in Fig. 3.1. The XRD phase identification 

was performed in accordance with Mosser-Ruck et al. (2005). The XRD data of kaolin 
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showed the presence of only kaolinite mineral, i.e., the soil is pure kaolin. The XRD 

data of the studied bentonites showed montmorillonite as the dominant mineral with 

multiple peaks and available in Gapak et al. (2017). Other important minerals such as 

kaolin, illite, and quartz were also present in both the bentonites.  

 

Fig. 3.1. XRD pattern of the studied kaolin 

 

3.3.5 Specific Surface Area and Cation Exchange Capacity 

 Specific surface areas (SSA) of the soil specimens passing through 425-μm 

sieve were determined using ethylene glycol mono-ethyl ether (EGME) retention 

procedure (Cerato and Lutenegger 2002) on four duplicate samples. The average 

values were reported in Table 3.3 (Yagom et al. 2017). The cation exchange capacity 

(CEC) of the soils were determined using the standard procedure (Chapman 1965; 

Ross 1995). A 25 g of oven dried samples, 425-micron passing was washed 

thoroughly with 250 mL of 1 M ammonium acetate solution at pH 7.0 (Chapman 

1965). The Washing was done in an orbital shaker (Borg lab shaker) for four hours 

and allow to stand for overnight. The supernatant solution was extracted by 

centrifugation for 3–4 min at 1000 rpm for the determination of individual 

exchangeable cation concentration. The individual exchangeable cation concentration 

in the extracted solution was determined the major cations (i.e., Na+, Ca2+, K+, and 
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Mg2+) using the flame photometer and atomic adsorption spectroscopy. The total CEC 

was used from the summation of all the individual cations. The average data obtained 

from three trials were reported in Table 3.3 (Yagom et al. 2017). 

 

 

Table 3.3. Details of soils used in the present study 

Property Kaolin B1 B2 

Particle size distribution (%)    

Fine Sand (%) - 3.79 1.39 

Silt size (%) 28 27.48 20.18 

Clay size (%) 72 68.73 78.43 

Specific Gravity, (Gs) 2.6 2.76 2.77 

Consistency limits (%)    

Liquid limit, wLL 40 296 393 

Plastic limit, wPL 32 46 50 

Shrinkage limit, wSL 28 14 18 

Specific Surface Area   (m2/g) 11.69 376 495 

Total Cation Exchange Capacity (meq/100 

g) 

5 55.2 71.7 

Classification ML CH CH 

Montmorillonite content  - 42 55 

 

Table 3.4. Properties of the bentonites from literature 

Sl. 

No. 

Soil type Sp. 

Gravity 

Liquid limit 

(%) 

Plastic Limit 

(%) 

SSA  

(m2/g) 

CEC  

(meq/100 g) 

1 MX80 2.76 411±10 47, 70 562 110.4 

2 K-1 2.79 - - 810# 73.2 

3 K-3 2.8 - - - - 

4 Montigel 2.85 130±3 50 493 62 

5 S1 2.8 178.0 56.1 650.0 74.0 

6 Calcigel-2  2.78 - - - - 

7 GMZ-EXE 2.78 - - - - 
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8 GMZ-1 2.71 276 37 570 78.3 

9 Volclay 2.84 - - - 100.7 

10 Kunibond 2.71 - - 810# 79.6 

11 GMZ-Na 2.71 276 37 - 76 

12 GMZ-Ca 2.725 99 41 - 83 

13 SB1 2.79 - - - - 

14 SB2 2.79 - - - - 

15 SB3 2.78 - - - - 

16 SB4 2.78 - - - - 

17 SB5 2.75 - - - - 

# Specific surface area of montmorillonite mineral 

 

 The most important aspect of studies related to the volume change behavior of 

unsaturated clays is the measurement of collapse potential, swelling pressure, swell 

potential, and suction of clay sample. With this in view, this chapter deals with a 

concise overview, working principle, and testing methodology of the instruments used 

in the present study for collapse potential, swelling pressure, and suction measurement 

of the clayey soils.  

 The behavior of kaolin was studied by conducting sedimentation test and 

collapse potential test according to section 3.4 and 3.5. Sedimentation test was 

conducted to study the settling behavior of kaolin in different pore fluid medium and 

the mode of particle association. The collapse potential test was carried in compacted 

sample to understand the collapse nature. The details of the testing methodlogy was 

described in the following sections.   

3.4 Sedimentation test 

 The IS 2720-40 (IS 1977) test methodology was used to conduct sedimentation 

tests in this work. A 10 g specimen of an oven-dry soil fraction passing through a 425 

μm sieve size was thoroughly mixed with water in a 100 mL measuring jar to create 

a clay suspension for the sedimentation tests (Bharat and Das 2017). The clay-solution 

suspension in the jar was stirred thoroughly and the clay particles were allowed to 

settle under the influence of gravity without any disturbance. The sediment volume 

(cm3 or mL) was monitored regularly until an equilibrium volume was achieved. The 

sediment volume was read on the measuring cylinder using the grading divisions 
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against the soil–water interface. The equilibrium time varied from a few hours to 

several days depending on the electrolyte properties. The room temperature varied 

between 24 and 28 °C during the test. The final sediment volume was visually 

recorded to an accuracy of 0.5 mL. Three independent tests using duplicate samples 

for each test showed that the reported equilibrium sediment volume data were 

reproducible. The equilibrium sediment volume (cm3/g or mL/g) was finally reported 

in terms of sediment volume per initial dry mass (i.e., 10 g). The ASTM D5890 

(ASTM 2003) methodology for swell index of clay mineral component of 

geosynthetic clay liners is similar to the adopted procedure. This ASTM methodology 

suggests adding a 2 g specimen of minimum 65% passing through a 75 μm sieve and 

100% passing through a 150 μm sieve to the distilled water and allowing it to reach 

equilibrium for 16 h. However, 10 g of kaolin was used in this work (where 100% of 

the soil fraction was passing through a 75 μm sieve) for accurate measurement of 

sediment volume as kaolin is a nonexpansive clay.  

 

3.5 Collapse test  

             Kaolin specimens were statically compacted at air-dry state in consolidation 

rings to an initial dry density of 1.25 Mg/m3. The air-dry (hygroscopic) water content 

of the kaolin was 3%. A collar was placed on top of the ring and a plunger was inserted 

after placing a pre-calculated amount of specimen for the static compaction. A proving 

ring was attached to the plunger to estimate the compaction-induced stresses in the 

specimen. The static compaction load was measured to be 3.6 MPa to achieve a dry 

density of 1.25 Mg/m3. The ring with the compacted specimen was placed in the 

oedometer to carry out single-oedometer testing (ASTM 2003, 2014) for estimating 

the collapse potential under different inundation pressures (IPs). The procedure is 

similar to the standard test procedure followed for studying the wetting induced 

collapse behavior of soils (Jennings and Knight 1957; Clemence and Finbarr 1981; 

ASTM 2003 2014). The test method consisted of compressing the clay specimen at 

hygroscopic moisture content in a consolidometer by subjecting the specimen to 

incremental loads and inundating the specimen using different solvents at a predefined 

vertical stress to induce the collapse. The collapse estimation of wetting-induced 

collapsible soils in the single oedometer test set-up is illustrated in Fig. 3.2. The 

compression of an air-dry specimen under different normal pressures is represented 

by line a–b. The collapse strain resulting from the inundation at a normal pressure of 
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400 kPa is shown by line b–c. The consolidation behavior of an inundated (saturated) 

specimen is represented by line c–d. As the collapse behavior of kaolin was the subject 

of the present interest, only the volume change due to inundation (line b–c) was 

estimated in terms of collapse potential using different inundation fluids and analyzed. 

The collapse potential under a given inundation pressure was estimated by (ASTM 

2003; Medero et al. 2003) 

0
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Fig. 3.2 Illustration of collapse potential determination in single oedometer test  

 

3.6 Swelling behavior of bentonite 

The swelling behavior of bentonite was studied by conducting swelling pressure test 

on compacted bentonite sample. The swelling pressure was measure by modifying the 

conventional consolidation mould into smaller size to reduce the time of the 

experiments. The consolidation mould reduced to 38 mm diameter, therefore reducing 

the area of the sample specimen. The new mould can be used for measuring higher 

swelling pressure in less amount of time. The sample preparation and measurement 

methodology was discussed in detailed in the next section.  

3.6.1 Measurement of swelling pressure  
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 The swelling characteristics with time at five different initial compaction 

densities viz., 1.2, 1.45, 1.65, 1.8, and 2.0 Mg/m3 were measured for these bentonites 

using isochoric swelling pressure test. The air–dry bentonite powder was compacted 

using the displacement–controlled uniaxial compaction method by raising the 

specimen in oedometer ring against firmly placed proving ring at a constant speed to 

the desired dry density. The compacted specimens with final thickness of 15 mm and 

38 mm diameter were placed in oedometer rings by placing two oven-dried filter 

papers and porous stones on bottom and top of the compacted specimen. A cover plate 

was placed on top of the porous stone for the uniform load distribution. A reservoir 

was connected to the specimen for wetting the bentonite specimen and for the 

development of swelling pressure. The swelling pressure of the bentonite specimen 

was continuously recorded by the data logger attached to the load cell. The temporal 

variation of swelling pressure for different bentonites and initial compaction densities 

were reported for understanding the swelling characteristics. 

 The influence of compaction density and bentonite plasticity on the 

development of swelling pressure was analyzed by understanding the changes to the 

pore size distribution (PSD) and the clay fabric during the swelling pressure 

development. The PSDs and fabric of the bentonite specimens under the influence of 

different hydro-mechanical loads were obtained by Mercury Intrusion Porosimetry 

(MIP) and Field Emission Scanning Electron Microscope (FESEM). 

 

Fig. 3.3 Illustration of constant volume swelling pressure test set-up 
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3.7 Theoretical estimation of swelling pressure 

 The theoretical swelling pressure–dry density curves for the studied bentonites 

were obtained in this study using GC theory. The theoretical estimation is very 

essential as it reduces the time and effort of the experimental work. The GC theory is 

described in the following section.  

 

3.7.1 Estimation of swelling pressure by GC theory 

 Gouy – Chapman (GC) DDL theory (Guoy 1910; Chapman 1913) is most 

widely used model for the estimation of compressibility and swelling behavior of 

expansive clays such as bentonites (Bolt 1956; Komine and Ogata 1996; Komine and 

Ogata 2003; Tripathy et al. 2004; Schanz and Tripathy 2009; Bharat et al. 2013; 

Bharat and Sridharan 2015a). The GC theory combines two well-known equations 

known as Poisson equation and Boltzmann equation that express the variation of 

electrostatic potential with distance between the clay platelets and the relationship 

between ion distribution and electric potential, respectively (Reddi and Inyang 2001). 

Combining these equations with the Langmuir’s equation facilitates the determination 

of osmotic pressure between the clay platelets. The swelling pressure is the difference 

between the osmotic pressure at the central plane between the clay platelets and the 

osmotic pressure in the equilibrium solution (Bolt 1956). The swelling behavior of 

clayey soil depends on physicochemical interaction between the mineral surfaces and 

the surrounding pore-fluid. Useful theoretical equations for relating the osmotic 

pressure and the void ratio for different clay–water–electrolyte interactions in 

compacted clayey soils are given by (Verwey and Overbeek, 1948; van Olphen 1977; 

Sridharan and Jayadeva, 1982; Bharat et al., 2013; Bharat and Sridharan, 2015a; Bolt 

1956): 
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where, ρ d  is the dry density of clay (Mg/m3), Gs is the specific gravity of clay, S is 

the specific surface area of soil (m2/g), C is the cation exchange capacity (meq/100 

g), d is the mid-plane distance for the interacting clay plates, P is the swelling pressure 

(kPa), G is the specific gravity of soil particles, T is the absolute temperature, w
ρ  is 

the density of water (Mg/m3), R is the universal gas constant, u the scaled mid-plane 

potential of the interacting clay plates (u = / /dve KTφ ), y is the scaled potential at any 

distance, x, from the clay surface, z is the scaled potential at the clay surface (

0

/ /ve KTφ ), ξ  is the scaled distance ( xκ ), 1/κis the Debye length (Bharat and 

Sridharan 2015b) in which 

/ 28 e v n

KT

π
κ

ε
= , e/ is the elementary electric charge, v is the 

cation valence, n is ion concentration in the bulk fluid, ε is the dielectric constant, and 

KT is the thermal energy per ion. Swelling pressure determination using Langmuir’s 

Eq. (3.7) requires an inverse analysis and solution of an elliptical integral of Eq. (3.4). 

Many approaches (Verwey and Overbeek 1948; Van Olphen 1977; Sridharan and 

Jayadeva 1982; Bharat et al. 2013) are available to circumvent this problem. Bharat 

et al. (2013) approach for the estimation of osmotic potential and void ratio 

relationship is found to be simple and accurate (Haase and Schanz 2016; Puppala et 

al. 2017). In this approach, an empirical relationship between mid-plane potentials of 

the interacting clay-water-electrolyte system and electrostatic potential of non-

interacting diffuse system is utilized for the estimation of mid-plane potential. The 

mid-plane potential is then estimated using 

4 26.24 10 1.205 8.582
d x d x d

φ φ φ−
= == − × + +  (3.8) 

Where, x d
φ =  the electric potential of a non-interacting plate at a distance, x, equals to 

the half-space distance d and is given by 
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where F is the Faraday constant. The theoretical swelling pressure–dry density 

curves for different bentonites were obtained in this study using this approach.  

 

3.8 Study of pore size distribution of compacted sample 

            After obtaining the swelling pressure data from swelling pressure test, the 

results were further analysed using mercury intrusion porosimeter (MIP) results done 

on the same compacted sample. The MIP data gives an insight of the pore size 

distribution of soil. The MIP data was obtained for each and every stages of swelling 

and for different compaction densities of bentonite B1 and B2.  

 

3.8.1 Mercury Intrusion Porosimeter 

 The bentonite specimens were carefully extruded from the rings using the 

sample extruder, with minimal disturbance. The specimens were then freeze-dried 

(Choudhury and Bharat 2017) using the Lyophilizer (LabconcoFreeZone®) at −60° C 

for freezing the pore water and changing the water phase to gas phase by sublimation 

process that offers a minimal disturbance to the fabric of the compacted specimen. A 

representative freeze−dried specimen of size 5 mm containing a large surface area of 

the sample volume used for the MIP testing. The PSDs of the freeze-dried specimens 

were determined using Pascal 140−440 porosimeter (Thermo Scientific®), which is 

capable of measuring the pore sizes from 100 μm to 3 nm, by increasing the pressure 

from vacuum to 414 MPa. The size of the pores that mercury penetrates at different 

pressure steps calculated from the Washburn equation which is given by 

4 cossT
P

d

θ
=    (3.2) 

where d is the pore diameter, Ts is the surface tension, θ is the contact angle, and P is 

the applied pressure. The volume change of mercury under each pressure increment 

provides the pore size distribution of the specimen (Dhandapani and Santhanam 

2017). The differential pore volume with respect to the pore diameter indicates critical 

pore sizes of the system. 

 

3.9 Study of soil fabric 
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 This part deals with the study of soil fabric of powder/compacted kaolin and 

bentonites used in the study. The instrument used in this study was FESEM sigma 

300. The working principle of the instrument was discussed in the next section.  

 

3.9.1 Field emission scanning electron microscope  

            The fabric of the compacted sample studied under FESEM sigma 300 

instrument. FESEM produces clearer, less electrostatically distorted images with high 

spatial resolution less to 1 nm. FESEM gives improved spatial resolution and 

minimized sample charging damage to the sample as the field−emission cathode in 

the electron gun of the instrument provides narrower probing beams at low as well as 

high electron energy. 

 

 

3.10 Study of shrinkage behavior of slurried soil 

 The shrinkage behavior of slurried soil samples was studied from volumetric 

shrinkage curve (VSC), which is a relationship between the specimen volume and the 

corresponding water content. Accurate measurement of VSC data is important for 

accurate determination of the unsaturated soil characteristics (Wijaya et al., 2015). 

The details of the measurement technique used in the study to measure volumetric 

shrinkage curve are discussed below.  

 

3.10.1 Measurement of volumetric shrinkage curve 

             The shrinkage property of the studied sample was measured using direct 

volume measurement technique. This method was initially proposed for low plastic 

soil (Péron et al. 2009; Saleh-Mbemba et al. 2016). The test set-up consists of a 

rectangular box (shrinkage mould), made up of a perspex glass plate (Fig. 3.4). The 

dimension of the shrinkage mould is 200 mm x 30 mm x 10 mm. The soil samples 

were prepared with water content equal to 1.2 times of liquid limit water content. The 

soils were thoroughly mixed with water and transferred into a sealed plastic bag and 

kept in a desiccator for seven days for moisture equilibration. The prepared soil 

samples were filled in the shrinkage box in three layers with a gentle tapping on the 

side during the placement to remove any entrapped air bubbles. The excess soil sample 

was removed by carefully trimming the top surface with the help of a spatula. The 
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initial water content was measured for each specimen by carefully weighing the mould 

with the soil sample on the scale. The initial volume of the sample was equal to the 

mould volume. After initial measurement, the shrinkage box was kept laboratory 

condition for air drying. With the elapsed time, the volume of the specimen will slowly 

reduce, as the water will evaporate due to drying. The volume of the specimen was 

calculated by measuring the specimen dimensions at frequent time intervals. The 

weight of the specimen was also obtained at the same time to establish volumetric 

shrinkage behavior of different clayey soils. 

 

 

Fig. 3.4 Shrinkage box with the specimen at the initial state  

 

3.11 Measurement of suction for slurried soil  

             This part will cover all the measurement techniques that were used to measure 

the SWCC of slurried clayey soil. The understanding of the effect of SWCC on soil 

behavior is an important aspect from an engineering point of view. The knowledge of 

SWCC is the first and foremost thing for any unsaturated soil. 

 The SWCC data of the slurried sample were established using three different 

techniques independently namely, osmotic technique, method of vapor equilibrium, 

and vapor pressure measurement technique. The soils specimen were prepared similar 

to the direct volume measurement technique as discussed in the previous paragraph. 

The soils were thoroughly mixed with water equal to the 1.2 time liquid limit and 

transferred in sealed plastic bags. The plastic bags were then put in a closed container 

and kept 7 days for moisture equilibration prior to the test. 
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3.11.1 Osmotic technique 

              In the osmotic technique, the specimens were wrapped in a semi-permeable 

membrane, having molecular weight cut-off (MWCO) value of 14,000, and placed in 

polyethylene glycol (PEG) solution having an average molecular weight of 6000 and 

20,000. The membrane restricts the large sized PEG molecules to enter into the sample 

by allowing only water to flow through it. There will be an osmotic flow of soil pore 

water into the PEG solution takes place until the equilibrium. Once both clay specimen 

and the PEG solution are equal come to equilibrium, i.e., the chemical potentials will 

be same on both sides, the flow ceases. The concentration of the PEG solution was 

monitored by measuring the refractive index using a handheld refractometer in 24 

hours interval of time to estimate the equilibration time. Based on the soil specimen 

the equilibration time varied from 10 to 14 days. The gravimetric water content of the 

clay specimen was estimated using oven drying method (ASTM D2216–10, 2010). 

The matric suction corresponding to measured concentrations of the PEG 20000 was 

estimated using the standard calibration curve (Delage et al. 1998). This technique 

was used to obtain SWCC data for a suction range of 20–1600 kPa. 

 

Fig. 3.5. Osmotic test where the slurried clayey soil wrapped in the semipermeable 

membrane and kept in PEG solution for (a) 1 day (b) 14 day (equilibrium) 

 

3.11.2 Method of vapor equilibrium 

              Saturated salt solutions are generally used in the vapor equilibrium technique. 

Soil samples were put in a desiccator totally closed and the samples being supported 

by a rigid grid, which contained a given saturated saline solution at the bottom. Fig. 

3.6 shows a schematic view of the experimental setup. The soil samples were brought 

to equilibrium under different humidity environments. The relative humidity of the 

(a) (b) 
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closed containers was regularly monitored using calibrated RH measuring 

hygrometers. The saturated solutions of KNO3, KCl, NaCl, K2CO3, and LiCl, were 

used in the glass containers to apply suctions of 7.5, 21.9, 38.2, 114.1, and 296.7 MPa 

respectively (ASTM E104-02, 2012). 

 

Fig. 3.6. Illustration showing for vapor equilibrium method for suction 

controlled SWCC test 

 

3.11.3 Vapour pressure measurement technique  

            In this technique, the saturated soil specimens were placed in a plastic 

container, the volume of approximately 15 cm3. The thickness of the soil specimens 

was approximately 5 mm. The saturated specimens were kept for air-drying under the 

laboratory conditions. After different drying periods, the samples were placed inside 

the closed chamber and allowed to thermodynamically equilibrate with the chamber 

environment. The vapor pressure above the soil specimen in the chamber and the 

saturated vapor pressure at the same temperature are computed using the dew-point 

and specimen temperatures, respectively. The software internal to the WP4-T device 

automatically performed the calculation of total suction from the measured vapor 

pressure. The WP4-T provides excellent results in the high suction range device to 

measure suction reduces the time and costs associated with suction measurements in 

the high suction range.  
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Fig. 3.7. Dew point potentiometer for vapor pressure measurement technique 

 

3.12 Suction Control Test  

            This part focused on the measurement of the SWCC for compacted soil for 

different dry densities and loading conditions. A series of suction control swelling 

pressure and collapse test were carried out on compacted kaolin and bentonite samples 

to measure the SWCCs undergoing wetting conditions. The uniqueness of the soil 

water retention behavior was examined and provided the basis or deducing the 

representative SSCC from the SWCC. Collapse test of kaolin and swelling pressure 

test of the bentonites were conducted for different suction ranges conduction suction 

controlled test. The collapse potential of kaolin was measured for suction 37-1108 kPa 

and swelling pressure was measured for suction 1-4500 kPa. The osmotic technique 

was used for controlling the matric suction.  

 

3.12.1 Suction Control Collapse potential test Test  

            A series of collapse test of kaolin were conducted for a dry density of 1.25 

Mg/m3 under controlled suction condition by using osmotic technique. The sample 

preparation forthe controlled suction test was similar to the collapse test. The similar 

test set-up of collapse test was used to do the suction-controlled collapse test. The 

collapse potential for each suction was calculated from the dial gauge attached to the 

top cover plate of the oedometer cell.  The collapse potential was measured three 
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inundation pressure such as 100 kPa, 400 kPa, and 800 kPa. The semipermeable 

membrane molecular weight cut−off (MWCO) value of 14,000 was placed between 

the sample and the bottom porous stone. After placing the sample the vertical pressure 

was applied in increment to reach the predetermined pressure. Once the sample comes 

to equilibrium under the vertical pressure, the polyethylene glycol (PEG) solution 

having an average molecular weight of 20,000 was supplied from the bottom of the 

oedometer cell as shown in Fig. 3.8. The membrane restricts the large-sized PEG 

molecules to enter into the sample. Therefore, the osmotic flow will take place from 

PEG solution into soil sample until the equilibrium. Due to the osmotic flow, the 

collapse will take place which can be observed from the dial gauge reading. The 

changes in suction were monitored by measuring the refraction index after a definite 

time interval of 24 hours. At equilibrium, there will no changes in the concentration 

of PEG solution as well in the dial gauge reading. The equilibration time generally 

varied from 10 to 14 days for different specimens. Once the sample reaches 

equilibrium, the sample was extruded carefully from the consolidation mould for 

water content determination. The gravimetric water content of the clay specimen was 

estimated using oven drying method (ASTM D2216–10, 2010) and the concentration 

of the PEG solution was determined using the optical refractometer (Delage et al. 

1998). The matric suction corresponding to measured concentrations of the 20000 was 

estimated using the standard calibration curve (Delage et al. 1998).  
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Fig. 3.8. Illustration of single oedometer test set-up for suction controlled collapse 

test  

 

3.12.2 Suction Control Swelling pressure test  

            The test setup for suction control swelling pressure test was similar to the 

laboratory swelling pressure test. In the suction control technique, a semi−permeable 

membrane placed between the bottom porous stone and the compacted specimen as 

shown in Fig. 3.9. The molecular weight cut−off (MWCO) value of 1500 and 14,000. 

The polyethylene glycol (PEG) solution having an average molecular weight of 6000 

and 20,000 were supplied from the bottom of the oedometer cell (Fig. 3.9). The 

membrane acts as a filter for the large sized PEG molecules to enter into the sample. 

Therefore, the osmotic flow of soil pore water into the PEG solution continues until 

the equilibrium. Due to the osmotic flow, the soil sample will exert swelling pressure. 

The flow of water ceases when equilibrium chemical potentials of both clay specimen 

and the PEG solution are equal. The swelling pressure corresponding to the 

equilibrium will be considered as the final swelling pressure. The changes in the 

concentration of the PEG solution was monitored to estimate the equilibration time. 

The equilibration time varied from 10 to 14 days for different specimens. Once the 

sample reaches equilibrium, the sample was extruded carefully from the consolidation 

mould for water content determination. The gravimetric water content of the clay 

specimen was estimated using oven drying method (ASTM D2216–10, 2010) and the 

concentration of the PEG solution was determined using the optical refractometer 

(Delage et al. 1998). The matric suction corresponding to measured concentrations of 

the PEG 6000 and 20000 was estimated using the standard calibration curve (Delage 

et al. 1998). Using this technique, the SWCC data was obtained for a suction range of 

20–9000 kPa. 
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Fig. 3.9. Illustration showing swelling pressure measurement test set-up under 

controlled suction and isochoric condition 

 

 

CONCLUDING REMARKS 

            In this chapter, the procedures adopted for determining the basic physical 

properties of soils, such as the particle size distribution, the liquid limit, the plastic 

limit, the compaction characteristics, the field density, the natural moisture content, 

and the specific gravity were described. The specimen preparation conditions and 

experimental methods for various tests were explained in detail. The procedures 

adopted for measuring the collapse potential of Kaolin soil under mechanical loading 

were described. Similarly, the procedures adopted for measuring the swelling pressure 

of bentonite for different compaction condition were presented in detail. The 

measurement of shrinkage limit and suction for slurried soils were presented. The 

method of conduction single oedometer test and swelling pressure test under 

controlled suction were discussed in detail. The suction controlled test was conducted 

up to a maximum of 14 days due to the limitation associated with the semipermeable 

membrane.  
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CHAPTER 4   

WETTING-INDUCED COLLAPSE BEHAVIOR OF KAOLIN: 

INFLUENCE OF FABRIC AND INUNDATION PRESSURE 

 

 

4.1 GENERAL 

 A series of sedimentation tests over a pH range of 3–8 was conducted to study the 

variation in equilibrium sediment volume data with pH of the bulk solution. The pH of the 

clay solutions was adjusted using 0.1 mol/L concentration of NaOH and 0.1 mol/L HCl 

solutions. The pH of the clay suspensions in sediment volume tests was monitored using a pH 

meter. The IEPedge was determined from the equilibrium sediment volume data to analyze the 

influence of pH-dependent charges on the kaolin behavior (Lyklema 1995; Israelachvili 

2011). As mentioned earlier, the IEP is the pH value of a pore fluid at which the 

electrophoretic mobility of the clay particle is zero.  

 Three different pH solutions (3.1, 6.1, and 8), two different electrolyte concentrations 

(0.1 and 0.01 mol/L NaCl), and different dielectric solutions were used for studying the effect 

of fabric on the sedimentation behavior. Different ethanol/water mixtures and kerosene were 

used to vary the dielectric properties of the pore medium. The dielectric constants of the pore 

fluids were measured using a 5TM water content and temperature probe (Decagon Devices, 

Inc.). The probe uses an oscillator to measure the dielectric permittivity of the medium. The 

measured dielectric constant data of different dielectric pore fluids are reported in Table 4.1. 

 

Table 4.1. Measured dielectric constant data for different pore fluids 

Pore-fluid Dielectric  constant, ε 

Distilled water 77.8 

Mixture1 (25% ethanol + 75% water) 60.28 

Mixture2 (50% ethanol + 50% water) 45.32 

Mixture3 (75% ethanol + 25% water) 

  

33.04 
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Ethanol 20.1 

Kerosene 2.78 

 

4.2 SEDIMENTATION RATE AND EQUILIBRIUM VOLUME  

 The measured equilibrium sediment volume (ESV) data over a wide pH range are 

shown in Fig. 4.1. The ESV data decreased with increase in pH from 3.1 to 5.6 and the 

decrease in volume with pH became insignificant with further increase in pH. The fabric of 

the kaolin changed abruptly from flocculated to dispersed beyond pH = 5.3, indicating the 

development of a negative charge on the edge. The IEPedge was thus estimated to be 5.3. A 

more accurate estimation of IEPedge may require the measurement of ESV data between 5.3 

and 5.6. As IEPedge is used to understand qualitative behavior of kaolin at pH < IEPedge and 

pH > IEPedge, the obtained accuracy was acceptable. The estimated IEPedge was consistent with 

earlier work on untreated kaolin (Braggs et al. 1994) and the colloidal nature of the kaolin 

mineral (Gupta 2011).  

 The influence of pH, NaCl concentration, and dielectric constant on the time rate of 

sedimentation was studied. The pH of the solution became altered from the targeted value 

during the sedimentation phase due to reaction between the particle surface and the pore fluid. 

The pH values, therefore, were adjusted to the targeted values in the sedimentation tests. The 

effect of pH on the sedimentation rate is shown in Fig. 4.2 for different pH solutions while 

electrolyte concentration was adjusted to 0.001 mol/L. After some initial time, a sharp 

interface formed, for pH = 3.1, at the top of the sediment between clear solution and the kaolin. 

This interface followed a linear settling mode with a constant settlement rate for 1 day and 

reached equilibrium after which the settlement ceased completely. The linear settling mode 

with a distinct and unique interface in kaolinwas observed when the particle association was 

flocculated. The observed mode of particle association was EF as the pH of the solution was 

below IEPedge. Two distinct interfaces (AB and CD in Fig. 4.3) were noted in the case where 

pH > IEPedge. After some initial time, a sharp interface, AB, developed between the clear 

solution and clay dispersion at the top of the cylinder. This interface settled at a constant 

velocity. The dispersion at the base of the cylinder, however, settled into a high and this 

interface, CD, propagated upwards with a steady velocity. The two interfaces moved towards 

each other with steady velocity as illustrated in Fig. 4.3. The interfaces merged into a distinct 
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and unique interface after achieving the equilibrium in the case of pH = 6.1. The volume of 

sediment did not change  

 

Fig. 4.1. Estimation of IEPedge from equilibrium sediment volume data 
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Fig. 4.2. Settlement behavior of kaolin soil in the presence of different pH solutions (n = 

0.001 mol/L NaCl) 

 

 

 

Fig. 4.3. Illustration of sedimentation behavior of kaolin in dispersed particle association 

 

Fig. 4.4. Settlement behavior of kaolin at different salt concentrations 
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after this equilibrium time. The time rate of change of these two interfaces for pH = 6.1 in 

terms of sediment volume is shown in Fig. 4.2. However, the top interface did not merge with 

the bottom interface with further increase in pH of the pore fluid even when time, t > 90 days, 

as shown in Fig. 4.2. As the volume of the sediment contributed by the dispersed suspension 

(between AB and CD) is insignificant after reaching the steady state, the volume 

corresponding to the lower interface, CD, alone was considered for estimating the equilibrium 

sediment volume after the lower interface reached steady state. Therefore, sediment volume 

based on the upper interface, AB, was not shown for the other dispersed cases where these 

interfaces did not merge. The settlement behavior at pH > IEPedge was in accordance with the 

observation made by Wang and Siu (2006a) for a dispersed system due to the presence of 

negative charges on both edge and face surfaces of the particle. The time rate of sediment 

volume showed an increase in volume with time when the particle association was dispersed, 

but decreased with time when the particle association was flocculated. The rate of change in 

sediment volume with time in the presence of different salt concentrations is shown in Fig. 

4.4. The pH of the solutions in these tests varied between 6 and 7. The sediment volume 

increased with time in the case of water and 0.01 mol/L NaCl solution by exhibiting a 

dispersed mode of particle association. In contrast, the particle association was flocculated in 

the presence of higher salt concentrations 
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Fig. 4.5. Settlement behavior of kaolin in the presence of different dielectric solvents 

 

(n = 0.1 and 1 mol/L), which was evident from the decrease in sediment volume with time. 

The particle association at different electrolyte concentrations is in agreement with the earlier 

observations (Palomino and Santamarina 2005) where it is concluded that the kaolin behavior 

is pH-dependent at low ionic concentrations, but is pH independent at higher electrolyte 

concentrations. The influence of the dielectric constant, on the settlement rate is shown in Fig. 

4.5. The sediment volume decreased with time in the presence of kerosene and ethanol, but a 

small and insignificant percentage of clay was in a dispersed state even after equilibrium, in 

the case of ethanol. The mode of particle association in the presence of kerosene was 

flocculated, but was considered to be mixed mode (combination of FF and EF) in the case of 

ethanol. The particle association was also mixed in the presence of mixture 3 and mixture2. 

However, the particle association changed to dispersed in the presence of mixture1 (25% 

ethanol : 75% water). The particle association, therefore, changed from dispersed to mixed 

and mixed to flocculated with the decrease in as observed in the settlement behavior. The ESV 
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suspension was 6.46 (>IEPedge). The ESV value was highest in the presence of kerosene (= 

2.78) and pH = 3.1 (where background concentration, n = 0.001 mol/L NaCl) as the mode of 

particle association was EF, which was evident from the settlement behavior. The increase in 

pH, at low salt concentration (n = 0.001 mol/L), decreased the sediment volume five fold due 

to the change in particle association from EF to dispersed. The sediment volume behavior was 

pH-dependent at this salt concentration. The sediment volume in the presence of 0.01 mol/L 

NaCl was slightly higher than the observed data in the presence of water as the observed mode 

of particle association in water was dispersed. The higher sediment volume due to disperesed 

particle association at a salt concentration of 0.01 mol/L NaCl is consistent with the settlement 

rate shown in Fig. 10 and earlier observations (Rand and Melton 1977; Nicol and Hunter 1970; 

Michaels and Bolger 1962). The particle association at low ionic concentration and moderate 

pH (i.e., 0.01 mol/L NaCl and pH = 7.21 in the present study) was, therefore, dispersed. The 

sediment volume at 0.1 mol/L NaCl concentration was significantly higher than the observed 

value at 0.01 mol/L, indicating the mode of particle association changed to EF even though 

the pH was nearly the same. Further increase in the concentration did not significantly 

influence the volume as the particle association remained the same. However, a slight decrease 

in the sediment volume with concentration was observed, which can be attributed to the 

increase in face-to-face aggregation due to double-layer thinning and subsequent dominance 

of van der Waals attractive forces (Schofield and Samson 1954; Rand and Melton 1977). The 

decrease in the dielectric constant from 77.8 (for water) to 20 (for ethanol) increased the 

sediment volume several fold due to changes in the particle association from dispersed to 

mixed mode. The decrease in the dielectric constant from 20 to 2.78, with the replacement of 

ethanol to kerosene as the pore fluid, increased the sediment volume two fold due to the 

particle association changing from “mixed” to EF mode. Overall, the equilibrium sediment 

volume increased with salt concentration up to 0.1 mol/L. The sediment volume decreased 

with increase in dielectric constant from 2.78 to 77.8 due to alteration in particle association 

with different dielectric pore fluids. Similarly, sediment volume decreased with increase in 

pH of the solution from 3.1 (<IEPedge) to 8 (>IEPedge) due to different particle associations.  

Table 4.2. Summary of the equilibrium sediment volume data and mode of particle 

association 
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Pore-fluid 

 

 

Equilibrium pH 

 

 

ε 

Equilibrium 

sediment  

volume (cm3/g) 

 

Particle 

association 

0.001 mol/L 

NaCl 
3.05 

― 
5.0 EF 

 6.05 ― 1.37 Dispersed 

 7.97 ― 1.11 Dispersed 

0.01 mol/L 

NaCl 
7.21 

― 
1.46 Dispersed 

Water 6.5 77.8 1.05 Dispersed 

0.1 mol/L 

NaCl 
7.06 - 2.71 EF 

1 mol/L NaCl 6.59 - 2.66 EF 

Mixture1 ― 60.28 1.29 Dispersed 

Mixture2 ― 45.32 1.76 Mixed 

Mixture3 ― 33.04 1.81 Mixed 

Ethanol ― 20.1 2.26 Mixed 

Kerosene ― 2.78 4.26 EF 

 

 

4.3 COLLAPSE RATE AND COLLAPSE POTENTIAL  

 Different pH solutions, dielectric solutions, and salt solutions used in the 

sedimentation tests were also used in the collapse tests to study the effect of fabric under 

mechanical stresses. Fabric changes in the clay specimen due to interaction with different pore 

fluids in the collapse tests were analyzed using a multi-scale approach consisting of scanning 

electron microscopy (SEM) image analysis on lyophilized specimens and corroborating with 

IEPedge obtained from sedimentation tests. The specimens for FESEM images were prepared 

using the following procedure. The compacted clay specimens, before and after the 

inundation, were obtained by unloading and extracting the specimen from the ring with 

minimal disturbance. The representative specimens for SEM analysis were obtained using a 

freeze-drying technique in a Lyophilizer (FreezeDry System, LabconcoFreeZone) at –60 °C 
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(i.e., using the sublimation process) to preserve the fabric of the specimens. The equilibrium 

pH of the compacted specimens in the collapse tests was measured by placing a reactive 

portion of the pH strip (Fisher Scientific) on the specimen to allow the pore fluid to leach onto 

the paper and comparing the color of the strip with the standard database. The sensitivity of 

the pH strip was ±0.5. 

 The particle association in the powder sample was an open, card-house structure (Fig. 

4.6) and the formation is due to the presence of different charges on the basal surface and 

edges (Gupta 2011). Different particle associations were observed with pore fluid interaction 

due to the difference in IEP of the face and edges.  

 

Fig. 4.6. SEM image of kaolin soil in powder form 

 

As the equilibrium specimen volume and settlement rate were altered significantly with the 

particle association, the volume change behavior of kaolin under the mechanical loads was 

investigated. Single oedometer tests were performed by inundating the compacted air-dry 

kaolin specimen with different pore fluids under different normal stresses. The changes in 

void ratio due to water inundation under different normal stresses are shown in Fig. 4.7a. 

Compression of the specimen in the air-dried state under the application of loads is shown 
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with lines; the equilibrium void ratio before and after the inundation is indicated by the 

symbols. Tests with duplicate specimens were conducted for the  

 

Fig. 4.7a. Compression behavior of kaolinsoil under different inundation pressures using 

distilled  water as the inundation fluid 
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Fig.4.7b. Rate of collapse for different inundation pressures using distilled  water as an 

inundation fluid 

determination of equilibrium void ratio under different inundation pressures. The compression 

curve, in the air-dried state, corresponding to 400 kPa inundation stress deviated slightly from 

the other compression lines due to slight variation in the initial compaction density. However, 

this deviation was insignificant in the estimation of volume change due to inundation. The 

void ratio decreased consistently due to water inundation under different normal stresses 

indicating the collapse behavior of the soil. The collapse rate due to inundation is shown in 

Fig. 4.7b as collapse potential versus time under three inundation pressures. The collapse data 

followed a typical s-shaped curve. The time required for achieving the equilibrium void ratio 

(or collapse potential) varied from 30 min to 34 h for different inundation pressures. However, 

the significant amount of collapse settlement took place within 30 min from the beginning of 

the test. The equilibrium void ratio decreased consistently with the inundation pressures, 

exhibiting a collapse behavior similar to the loess. The collapse mechanism was studied by 

measuring the pH of the pore solution and using microscale analysis (i.e., SEM analysis). The 

inundated specimens were extruded carefully, from the oedometer, after attaining the 
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equilibrium void ratio and then the pH was measured by placing the pH strips on the saturated 

specimens. The pH of the specimens varied between 6 and 7 for different inundation pressures. 

A slight variation in the measured pH under different inundation pressures may be due to the 

difference in the void ratio (or water content) was different. The SEM images of the 

compacted, lyophilized specimens before and after water inundation under 400 kPa normal 

pressure are shown in Figs. 4.8a and 4.8b, respectively. The fabric of the compacted specimen 

before inundation was similar to the powder specimen (Fig. 4.6) with an open and well-

defined card-house structure (Fig. 4.8a). The fabric of the inundated specimen was dispersed 

due to the presence of water as shown in Fig. 4.8b and as illustrated in the inset of the same 

figure. The measured pH data of the specimens and sediment data under different pore-fluid 

environments were well corroborated with the microscale analysis. The face and edge surface 

charges were negative in this pH range and a dispersed particle association was expected. The 

volume of the specimen decreased due to chain the particle association from EF (air-dry 

specimen) to dispersed (after inundation). The volumetric collapse behavior of kaolins was, 

therefore, due to the fabric changes. The collapse potential of the soil under different 

inundation pressures is shown in Fig. 4.9. The collapse potential increased with the inundation 

pressure up to 800 kPa, but decreased beyond that pressure, exhibiting a peak collapse 

potential at a specific inundation pressure. The peak behavior was also analyzed using the 

microscale analysis. SEM images of the powder and compacted specimens in the air-dry state 

(Figs.4.6 and 4.8a) show that the fabric of the kaolin was not affected by the mechanical 

stresses, which is also evident from the compression behavior of the air-dry specimen (lines 

in Fig. 4.6). The mechanical stresses only decreased the macrovoids in the specimen by 

maintaining the EF association between the particles. The particle association changed to 

dispersed only after the water inundation. The increase in inundation pressure only resulted in 

bringing the dispersed particles closer to each other in the dispersed fabric and, therefore, 

increased the collapse with the pressure, as shown in Figs. 4.10a and 4.10b under different 

inundation pressures. This is evident from the observed particle association under 400 kPa 

inundation pressure, which was shifted face-to-face as the applied pressure was not sufficient 

to bring the particles to FF orientation. The particle interaction after water inundation was, 

therefore, governed by the electrostatic repulsion between the particles. The equilibrium, 

saturated void ratio, therefore, decreased with the increase in inundation pressure up to 800 
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kPa. The decrease in equilibrium void ratio with inundation pressure reduced beyond this 

pressure due to increase in the electrostatic repulsion between the particles. The air-dry 

specimen volume under normal loads, however, decreased continuously by decreasing the 

volume of the macropores. The collapse potential, which is represented by the ratio of Δe to 

1 + e (eq. (1)), decreased beyond 800 kPa due to a significant decrease in Δe with load, while 

changes in 1/(1 + e0) were insignificant. The decrease in Δe was due to the decrease in e0 with 

load, but the final void ratio (ef) after inundation was insignificant. For example, the void 

ratios of the specimen before inundation under 800 and 1600 kPa loading were 0.95 and 0.8 

(Fig. 4.7a), respectively. The ef values after the inundation were 0.687 and 0.664 at these loads, 

respectively. The difference in the ef values under 800 and 1600 kPa loading was insignificant, 

but the void ratios before the inundations were significantly different. The collapse potential 

values at these loads were, therefore, 13.4% and 11.7%, respectively. As a result, the 

maximum collapse potential corresponding to an inundation pressure signifies the lowest void 

ratio achieved under mechanical stresses by a saturated specimen. The inundation pressure 

corresponding to the maximum collapse potential was also not related to the maximum applied 

static compaction pressure, which was 3.6 MPa in this study. The maximum collapse potential 

was 14%, which is significantly higher than some loess soils (Liu et al. 2016). 
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Fig. 4.8. SEM image of compacted specimen under 400 kPa normal pressure (a) before 

inundation and (b) after inundation 

(b) 

(a) 
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Fig. 4.9. Collapse potential variation with inundation pressure 
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Fig. 4.10. SEM image of compacted specimen at an indundation pressure of (a) 800 kPa and 

(b) 1600 kPa 

 As the collapse behavior of kaolin was physicochemical in nature, the effect of 

different inundation fluids on the collapse potential was also studied. The influence of 

electrolyte presence on the collapse behavior of kaolin was studied at 0.01 and 0.1 mol/L NaCl 

concentrations as shown in Figs. 4.11a and 4.11b for different inundation pressures. The 

collapse behavior of kaolin in the presence of different ionic concentrations was qualitatively 

similar to the water inundated case, but the magnitude of peak collapse potential and 

corresponding inundation pressure decreased. The measured pH values varied in the range of 

5.5–7.0 (>IEPedge) in spite of wide variation in the targeted pH solutions. The particle 

association remained, therefore, dispersed due to collapse as inundated with different pH 

solutions. The equilibrium void ratio became nearly constant after 400 kPa inundation 

pressure in the presence of both the concentrations (Figs. 4.11a and 4.11b). The magnitude of 

the collapse potential decreased slightly with the increase in concentration (Table 4.3), which 

was in accordance with the sediment volume tests data. The influence of pH on the collapse 

behavior was studied only under 800 kPa inundation pressure, shown in Figs. 4.12 and 4.13 

for two different NaCl concentrations. Three different targeted pH solutions were used for a 

given electrolyte concentration. The measured pH, however, varied between 5.5 and 7, 

indicating the particle association was dispersed. The collapse rate was similar for all three 

pH solutions at n = 0.01 mol/L as the measured pH was nearly the same. The collapse potential 

and collapse rate were not affected by the targeted pH for n = 0.1 mol/L as the soil behavior 

was pH-independent at higher concentrations. The observations were qualitatively similar 

with different inundation pressures and, therefore, are not presented. The pH of the pore fluids 

in the collapse tests could not be controlled unlike the sediment volume tests. The mode of 

association was dispersed, independent of the targeted pH solution. The influence of the EF 

particle association on the collapse potential was, therefore, studied by varying the dielectric 

constant of the pore fluid.  
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Fig. 4.11. Compression behavior of kaolinunder different inundation pressures using (a) 0.01 

mol/L NaCl as inundation fluid and (b) 0.1 mol/L NaCl as inundation fluid 
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Fig. 4.12. Rate of collapse potential under 800 kPa inundation pressure in the presence of 

different pH solutions and 0.01 mol/L NaCl electrolyte concentration 
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Fig. 4.13. Rate of collapse potential under 800 kPa inundation pressure in the presence of 

different pH solutions and 0.1 mol/L NaCl electrolyte concentration 

 The influence of the dielectric constant on the collapse rate and collapse potential of 

kaolin was studied by inundation with a wide range of dielectric fluids. The collapse rate in 

the presence of different dielectric fluids under 800 kPa inundation pressure is shown in Fig. 

4.14. The collapse potential decreased with the decrease in dielectric constant. Kaolin attained 

maximum collapse in the presence of water, with = 77.8, and minimum in the presence of 

kerosene, = 2.78. An insignificant collapse was noticed in the presence of kerosene just after 

1 day. The open structure was evident from the FESEM image of the specimen inundated with 

kerosene under 1600 kPa as shown in Fig. 4.15. As the particle association was EF (or card-

house) before the inundation (Fig. 3.1) and after the inundation with kerosene (Fig. 4.15), the 

collapse was insignificant. The compression behavior of kaolin in the presence of ethanol 

under three different inundation pressures is shown in Fig. 4.16. The observed collapse was 

insignificant up to 400 kPa inundation pressure. The dielectric fluid could not change the 

particle association under lower pressures, but the mechanical load assisted the partial collapse 

of the structure at higher pressures (≥800 kPa) in the presence of ethanol. The FESEM image 

of the post-inundation compacted specimen under 800 kPa inundation pressure in Fig. 4.17 

shows that the van der Waals forces were still dominant (due to low dielectric constant) and 

the card house structure existed with larger macrovoids. The collapse potential data under 

different inundation pressures in the presence of different pore fluids are given in Fig. 4.18. 

The observed maximum collapse potential was highest in the presence of water and lowest in 

the presence of kerosene. The maximum collapse potentials were not influenced by the 

electrolyte concentration, but shifted towards the right of the graph with the decrease in 

dielectric constant. The maximum collapse potentials were, however, not observed for 

different dielectric fluids due to a limitation with the oedometer load application. 
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Fig. 4.14. Effect of dielectric pore fluids on the collapse rate under 800 kPa inundation 

pressure 
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Fig. 4.15. SEM image of compacted specimen at1600 kPa inundation pressure in the 

presence of kerosene 

 

Fig. 4.16. Compression behavior of kaolin soil under different inundation pressures using 

ethanol as inundation fluid 
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Fig. 4.17. SEM image of compacted specimen at 800 kPa inundation pressure in the 

presence of ethanol 

Table 4.3: Measured collapse potential (CP) in the presence of different inundation fluids 

and inundation pressures 

Inundating fluid 
CP at different Inundation stress 

50 200 400 800 1600 

Water 6.515 9.18 10.89 13.85 11.695 

0.01 mol/L NaCl -  8.47 9.905 11.92 11.612 

0.1 mol/L NaCl -  7.52 8.614 10.70 11.596 

Ethanol  -  - 0.260 1.67 6.370 

Kerosene 0.00 0.00 0.00 0.27 0.5674 
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Fig. 4.18 Variation of collapse potential with inundation pressure and pore fluid chemistry 

 

CONCLUDING REMARKS 

 A detailed study was conducted on the collapse behavior of kaolin under mechanical 

load for the first time and was found that the behavior is physicochemical in nature. 

Compacted kaolin specimens were able to withstand large mechanical loads in the air-dry 

state, but a significant collapse was noticed on wetting, similar to the loess soil. The collapse 

behavior of kaolin, however, was observed to be due to physicochemical interaction between 

the particle and pore fluids. The collapse potential of the compacted kaolin specimens due to 

fabric changes under the application of mechanical loading was analyzed. The rate of 

volumetric collapse and collapse potential in the presence of different pore fluids was 

investigated. 

 The variation in equilibrium sediment volume data with pH of the bulk solution was 

studied by conducting the sedimentation tests over a pH range of 3–8 was. The IEPedge was 

determined from the equilibrium sediment volume data. The measured IEPedge was 5.3 for the 

studied kaolin. The influence of pH-dependent charges on the kaolin behavior was analyzed 
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base on IEPedge. The effect of fabric on the sedimentation behavior was studied by using three 

different pH solutions (3.1, 6.1, and 8), two different electrolyte concentrations (0.1 and 0.01 

mol/L NaCl), and different dielectric solutions. The effect of fabric under mechanical stresses 

was studied from collapse tests by different pH solutions, dielectric solutions, and salt 

solutions which were used in the sedimentation tests. Fabric changes in the clay specimen due 

to interaction with different pore fluids in the collapse tests were analyzed using a multi-scale 

approach consisting of FESEM image analysis on lyophilized specimens. The results were 

corroborating with IEPedge obtained from sedimentation tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

SWELLING PRESSURE CHARACTERISTICS OF 

BENTONITES IN ISOCHORIC CONDITIONS BY 

MICROSTRUCTURAL ANALYSIS 
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5.1 GENERAL 

 A series of swelling pressure test was conducted at five different initial compaction 

densities viz., 1.2, 1.45, 1.65, 1.8, and 2.0 Mg/m3 for bentonite B1 and B2 using constant 

volume swelling pressure test. The temporal variation of swelling pressure for different 

bentonites and initial compaction densities were reported for understanding the swelling 

characteristics. The influence of compaction density and bentonite plasticity on the 

development of swelling pressure was analyzed by understanding the changes to the pore size 

distribution (PSD) and the clay fabric during the swelling pressure development.   

 

5.2 RESULTS 

 The observed swelling pressure evolution with time for the bentonites B1 and B2 were 

presented in Fig. 5.1−5.2. Temporal changes in the swelling pressure for B1 with different 

compaction densities, varying in the range of 1.2 – 2.0 Mg/m3, were shown in Fig. 5.1a – 5.1b. 

The swelling pressure continuously increased up to 4 h and 6 h for specimens compacted at 

1.2 and 1.45 Mg/m3 (Fig. 5.1a), respectively. The swelling pressure decreased with time for a 

sufficiently long time after attaining the first peak of swelling pressure, indicating a structural 

collapse. The decrease in the swelling pressure varied between 10 and 14% for the specimens 

compacted at ρd = 1.2 and 1.45 Mg/m3, respectively. The swelling pressure further increased 

temporally after the structural collapse until attaining the equilibrium pressure at full 

saturation. The decrease in the swelling pressure was sharp and the difference between first 

pressure peak and equilibrium swelling pressure was insignificant in case of ρd = 1.45 Mg/m3. 

However, the decrease in the swelling pressure was gradual and a significant increase in the 

swelling pressure was noticed after the collapse at ρd = 1.2 Mg/m3. The swelling pressure 

evolution with time at higher compaction densities (viz. 1.65, 1.8, and 2 Mg/m3) was shown 

in Fig. 5.1b. The swelling pressure increased continuously and reached a meta-equilibrium 

state with a plateau. The swelling pressure increased further with further water uptake after 

0.5 – 6 d of meta-equilibrium state to reach the final equilibrium state. The temporal behavior 

of swelling pressure for these densities followed a monotonously increasing function. The 

results were qualitatively similar at the three compaction densities, albeit the equilibrium 

swelling pressure significantly varied with the initial compaction density. In summary, the 
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increase rate of swelling pressure for B1 at different compaction densities was nearly same 

during the initial water uptake but deviated significantly after 10 minutes. The specimens 

compacted at lower compaction densities (ρd = 1.2 and 1.45 Mg/m3) exhibited a structural 

collapse with decrease in the swelling pressure after the initial phase of uptake process, but 

the other specimens exhibited a plateau for long durations before reaching the final hydro–

mechanical equilibrium.   

 The swelling characteristics of B2 bentonite at different compaction densities were 

shown in Fig. 5.2a – 5.2b. The temporal evolution of the swelling pressure for all different 

compaction densities was qualitatively similar to the swelling characteristics of B1 bentonite 

at higher compaction densities (i.e., ρd = 1.65, 1.8, and 2 Mg/m3). However, the magnitude of 

swelling pressure significantly higher for B2 compared to B1, even at the same compaction 

density, due to the presence of higher clay content and montmorillonite content.  
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Fig. 5.1. Temporal variation of swelling pressure for B1 at initial dry densities of (a) 1.2 

Mg/m3 and 1.45 Mg/m3 (b) 1.65 Mg/m3, 1.8 Mg/m3, 2 Mg/m3 
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Fig. 5.2. Temporal variation of swelling pressure for B2 at initial dry densities (a) 1.2 Mg/m3 

and 1.45 Mg/m3 (b) 1.65 Mg/m3, 1.8 Mg/m3, and 2 Mg/m3 

 Thus, the swelling behavior of bentonites exhibited either a bimodal behavior or 

monotonously increasing behavior depending on the bentonite quality and initial compaction 

density as illustrated in Fig. 5.3a – 5.3b. The influence of bentonite quality and compaction 

density on the pore sizes evolution during the water uptake was studied in the following 

section to bring out the responsible micro-mechanisms for different swelling characteristics. 

 

5.3 PORE SIZE AND FABRIC EVOLUTION 

 The PSDs and fabric of the bentonite specimens under the influence of different hydro-

mechanical loads were obtained by Mercury Intrusion Porosimetry (MIP) and Field Emission 

Scanning Electron Microscope (FESEM). Different stages of swelling pressure development 

were noted on the swelling pressure evolution curve (SPEC) as shown in Fig. 5.3a – 5.3b. 

Increase in the swelling pressure due to initial water uptake was depicted by OP or OP’, 

followed by decrease in the swelling pressure or no change in swelling pressure with time 

using PQ or P’Q’, and immediately followed by a very slow rate of swelling pressure 

development until the equilibrium value as shown by QR or Q’R’. The B1 bentonite at lower 
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compaction densities (ρd = 1.2, 1.45 Mg/m3) exhibited the bimodal curvature, OPQR. The 

monotonously increasing curve O’P’Q’R’ was observed by B1 bentonite at higher compaction 

densities and by B2 bentonite at all the studied densities. The pore size and fabric evolution 

for B1 and B2 bentonites due to water uptake at O, P, Q, and R; P’, Q’, and R’, respectively, 

were analyzed only at compaction density of ρd = 1.45 Mg/m3. Both bimodal and 

monotonously increasing behaviors were exhibited by the bentonites at this density. The soil 

specimens at different stages were carefully extruded and lyophilized from the duplicate tests 

for the MIP and FESEM testing. The influence of compaction density on the PSDs and fabric 

were studied using the “as – compacted” specimens 

 

 

Fig. 5.3 Typical swelling pressure evolution curve exhibiting (a) bimodal and (b) 

monotonously increasing behavior 

5.4 SPEC evolution for different bentonites 

TH-2372_136104006



 

157 

 

The differential specific intrusion volume variation with pore diameter for B1 at O, P, Q, and 

R on the SPEC was presented in Fig. 5.4. The normalized pore volumes based on the 

contributions from different pore size classes at these stress states were also presented using 

the bar diagram in Fig. 5.5. The intrusion volume at the “as-compacted” condition, point ‘O’, 

showed a relatively uniform distribution of the pore sizes with no significant sharp peak. The 

FESEM figure (Fig. 5.6) also showed the aggregate formation with several pores of different 

pore size classes. The water enters into the micro pores and small crevices during the initial 

water uptake due to higher hydration energy. The hydration of interlayers of the aggregate 

forming particles decreased the distance between the aggregates that was inferred from the 

decrease in the pore volume contribution from the pore size class of 10 – 100 µm and 

simultaneous increase in the pore size class of 10 – 1 µm. Similarly, the pore volume 

contribution of pore size class of 0.1 – 1 µm decreased and the contribution to the total volume 

by the smaller pore class of 0.01 – 0.1 µm increased simultaneously during the initial water 

uptake from O to P as shown in Fig. 5.5. The increase in the volume contribution of the smaller 

pore size class resulted in the development of non-uniform pore size distribution with a sharp 

and high intensity peak in the differential intrusion volume plot for P. A peak in the differential 

intrusion volume plot at a particular pore diameter indicates the presence of more number of 

similar size pores. Further uptake of water reduced the pore volume contribution from 10 – 

100 µm pore size class to an insignificant value where the decrease in the swelling pressure 

was observed. The collapse of this pore size class contributed to the swelling pressure 

reduction in the PQ segment of the SPEC. The FESEM figure (Fig. 5.7) of the specimen at 

point “R” showed a parallel arrangement of the clay plates revealing the fabric change. A 

sudden drop in the normalized pore volume in the bar diagram also indicated the fabric change 

which resulted in the formation of tiny pores that were inaccessible to the mercury. The 

increase in the swelling pressure with a very slow rate in the QR segment (compared to OP) 

of the SPEC was observed to be due to the DDL formation which increased the amount of 

pore size classes of 0.1 – 1 µm and 1 –10 µm significantly.  
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Fig. 5.4. Typical data differential intrusion volume from intrusion porosimetry for bentonite 

B1 

 

Fig. 5.5. Typical pore size distribution bar diagram of B1, ρd = 1.45 Mg/m3 
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Fig. 5.6. FESEM figure for “as – compacted” specimen of B1 bentonite at ρd = 1.45 Mg/m3  

 

Fig. 5.7. FESEM figure of B1 bentonite at ρd = 1.45 Mg/m3 at point “R” on SPEC 

 The differential specific intrusion volume variation for B2 at O´, P´, Q´, and R´ on the 

SPEC was presented in Fig. 5.8. The normalized pore volumes based on the contributions 
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from different pore classes at these stress states were also presented using the bar diagram in 

Fig. 5.9. In contrast to B1 specimen, the pore size class of 10 – 100 µm was insignificantly 

available in B2 specimen at the same compaction density. The intrusion volume at the “as-

compacted” condition, point ‘O´’, showed a relatively uniform distribution of the pore sizes 

except with a presence of low intensity, smooth peak at 1 µm. The FESEM figure (Fig. 5.10) 

showed the aggregate formation with relatively smaller pore size classes. The hydration of 

interlayers of the aggregate decreased the pore volume contribution of the pore size class of 1 

– 10 µm and  simultaneous increase in the pore volume significantly due to other smaller pore 

size classes. The increase in the volume contribution of these pore size classes exhibited sharp 

and high intensity peak on the differential intrusion volume plot for P’. Further uptake of 

water increased the pore volume contribution from 10 – 1, 0.1 – 1, and 0.01 – 0.001 µm pore 

size classes to a significant value, but by compensating the 0.01 – 0.1 µm pore size class 

indicating the redistribution of water. The FESEM diagram, at P´ also showed not a significant 

variation in the fabric compared to O´ and plates are aligned more parallel to each other at Q´ 

(Fig. 5.11). The plateau on the SPEC thus signifies the redistribution of pore size classes due 

to more alignment of particles in parallel orientation. Swelling pressure didn’t decrease unlike 

for B1 bentonite at this density, during this stage, because the absence of larger pore size class 

such as 10 – 100 µm, which contributed for the structural collapse during the water uptake. 

The increase in the swelling pressure with a very slow rate in the Q´R´ segment of the SPEC 

was observed to be due to the DDL formation which increased the amount of pore size classes 

0.1 – 1 µm for R’. 

TH-2372_136104006



 

161 

 

 

Fig. 5.8. Typical data differential intrusion volume from intrusion porosimetry for bentonite 

B2 

 

Fig. 5.9. Typical pore size distribution bar diagram of B2, ρd = 1.45 Mg/m3 
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Fig. 5.10. FESEM figure for “as – compacted” specimen of B2 bentonite at ρd = 1.45 Mg/m3 
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Fig. 5.11. FESEM figure of B2 bentonite at ρd = 1.45 Mg/m3 at (a) P´ and (b) Q´ 

 

5.5 Influence of compaction density and bentonite plasticity 

 The influence of compaction density on the PSDs was analyzed using the MIP data on 

the “as-compacted” specimens of B1 and B2 for three different densities. The variation in 

differential mercury intrusion volume with pore diameter was presented for the “as-

compacted” specimens of B1 and B2 in Fig. 5.12. The differential mercury intrusion volume 

data for both the bentonites at a given density were qualitatively similar. The differential 

volume exhibited a sharp peak for density ρd = 1.2 Mg/m3 for both the bentonites and the 

distribution of pore sizes were uniform for the other densities. The normalized pore volumes 

for these cases were presented using the bar diagram in Fig. 5.13. The contribution of different 

pore-size classes on the total pore volume was clearly brought by the bar diagram. The volume 

contribution of macro pore-size class 10 – 100 µm was significant for B1 at ρd = 1.2 Mg/m3 

and increased to maximum at ρd = 1.45 Mg/m3. The percentage reduction in the swelling 

pressure was thus maximum at ρd = 1.45 Mg/m3. Further increase in the compaction effort 

decreased the volume of macro pore size class to insignificant value which prompted the 

change in SPEC from bimodal to monotonously increasing behavior. In contrast to B1, the 

(b) 
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macro pore size class was insignificantly available in B2 at any given compaction density. 

The SPEC followed monotonously increasing behavior for B2 due to the presence of 

insignificant amount of macro pore size class as shown in Fig. 5.13. More amount of soil was 

present in the B2 specimen at any given compaction density due to the presence of higher 

percentage of clay fraction compared to B1. The inter-particle distance in B2 was thus smaller 

compared to B1 bentonite at the same compaction density. The volume of given smaller pore-

size classes (≤ 10 µm) was higher in B2 compared to B1 for any given density. The increase 

in bentonite plasticity, therefore, reduced the presence of macro pore size classes and altered 

the structural collapse behavior. The FESEM diagrams of B1 at different compaction densities 

(Fig. 5.6) showed no noticeable variation, but for B2 (Fig. 5.10) showed unnoticeable pores 

and very smooth surfaces. 

 

 

Fig. 5.12. Typical data from mercury intrusion porosimetry of bentonite B1and B2 for as 

compacted state differential intrusion volume 
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Fig. 5.13. Typical pore size distribution bar diagram of B1 and B2 for as compacted state 

 

CONCLUDING REMARKS 

 The swelling pressure data were obtained at five different initial compaction densities 

for bentonite B1 and B2 using constant volume swelling pressure test. The swelling pressure 

characteristic curve was studied for the bentonites. The temporal variation of swelling 

pressure for different bentonites and initial compaction densities obtained for the swelling 

characteristics. The swelling behavior of bentonites exhibited either a bimodal behavior or 

monotonously increasing behavior depending on the bentonite quality and initial compaction 

density. The influence of compaction density and bentonite plasticity on the development of 

swelling pressure was analyzed by understanding the changes to the pore size distribution 

(PSD) using MIP data and the clay fabric using FESEM image during the swelling pressure 

development. The drop in SPEC after the initial water uptake is due to the collapse of 10 – 

100 µm pore size class present in the soil sample. 
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SWELLING PRESSURE PREDICTION FOR COMPACTED 

BENTONITES AND BENTONITE – SAND MIXTURES 

 

 

6.1 General 

 In this chapter, a new model was proposed for predicting the swelling pressure 

variation over a wide range of dry densities. The proposed model was an extension of Bharat 

and Sridharan, 2015 earlier work for predicting the compressibility curves of highly plastic 

clays, but deviates significantly from the earlier model due to the mechanisms associated with 

the swelling pressure variation with dry density. The proposed model considered the influence 

of quality of clayey soil and associated mechanisms in the swelling pressure variation with 

density for the prediction. 

 

6.2 Measured data of swelling pressure – dry density  

 The measured swelling pressure–dry density data of the Indian bentonites from the 

present study and the literature data for different plastic clays presented in Table 3.4 were 

shown in Fig. 6.1a. The variation of swelling pressures over a wide range of dry densities i.e., 

1.0 – 2.1 Mg/m3 was presented in this figure. The void ratio varied from 1.86 to 0.36 for 

different clayey soils and with dry density. The variation in the void ratio with compaction 

density signifies the variation in the inter-platelet distance. Thus the void ratio is smaller at 

densely compacted state compared to the lower dry density. The diffuse double layer (DDL) 

repulsion at full saturation is relatively higher at high compaction state and thus the measured 

swelling pressures are higher significantly with increase in the compaction density. Swelling 

pressure data of different compacted bentonites and bentonite-sand mixtures showed that the 

swelling pressures varied significantly with the clay quality/plasticity. The swelling pressure 

of the higher quality bentonite, B2, is consistently higher than B1 at a given compaction 

density. The presence of higher surface properties such as specific surface area and cation 

exchange capacity in the higher plastic clays contain more DDL water which increases the 

repulsion between the hydrated clay plates. As the variation in the swelling pressure was 

significantly large (~700 – 32,000 kPa), especially at high compaction densities, the variation 
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was also presented in semi-log scale in Fig. 6.1b. The bentonites MX80, Montigel, GMZ-1, 

and Kunibond bentonites showed highest swelling pressures, at any given compaction density, 

due to the presence of higher percentage of montmorillonite content, which is apparent from 

their high surface properties. The swelling pressure is about 32 MPa at ρd = 2 Mg/m3 for 

MX80 and is about 3 MPa at ρd = 1.43 Mg/m3 for Kunibond bentonite. The swelling pressure 

data of Kunibond (Komine and Ogata, 2004) was not available at densities higher than 1.43 

Mg/m3, but the swelling pressure data of MX80 and Kunibond are comparable at this 

particular density (Fig. 6.1b). The swelling pressures of the sand-bentonite (SB) mixtures at a 

given density reduced significantly due to the addition of different percentages of sand as 

indicated by SB1 – SB5. The swelling pressure data of the SB mixtures are available only in 

the higher density range (ρd > 1.4 Mg/m3). Thus the swelling pressure varied with plasticity 

in a thick band for the studied clays as shown in the figure. 
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Figure 6.1. Swelling pressure vs. dry density data of B1, B2, and the studied soils from the 

literature (a) in normal scale and (b) in semi-log scale 

6.3 Prediction by GC theory 

 The swelling pressure – dry density relationship is often estimated theoretically using 

the GC theory. In this study, simplified method given by Bharat et al. (2013) was used for 

predicting the theoretical relationship. The mid-plane distance between the two interacting 

plates was obtained by knowing the dry density of the soil using Eq. (2.1). The non-interacting 

plate potential at a distance equal to the mid-plane distance was computed using Eq. (2.7) and 

this value was used to estimate the mid-plane potential, φd, using Eq. (2.6). The swelling 

pressure was then estimated using Eq. (2.5) by considering mid-plane potential in non-

dimensional form and knowing the pore-fluid characteristics. The estimated theoretical curves 

of swelling-pressure – dry density for B1, B2, MX80, and Montigel were shown in Fig. 6.2a 

– 6.2b along with the experimental data. Theoretical curves for all the clays over-predicted 

the swelling pressures slightly in the lower density range and significantly undermined the 

pressures in the higher density range. This observation was consistent with the earlier studies 

(Bharat et al., 2013).  

0.01

0.1

1

10

0.9 1.1 1.3 1.5 1.7 1.9 2.1

S
w

el
li

n
g
 p

re
ss

u
re

 (
M

P
a)

Dry density (Mg/m3)

MX80 Montigel
Volclay Kunibond
K-1 K-3
GMZ-EXE GMZ-1
Ca-2 GMZ-Ca bentonite
S-1 GMZ Na-bentonite

(b) 

TH-2372_136104006



 

169 

 

 

 

Figure 6.2. Measured and estimated swelling pressure-dry density curve of (a) bentonite B1 

and B2  (b) MX80 and Montigel bentonite 

 Recent studies showed that the density of clay surface water is not unity in bentonites 

and found to influence the compacted bentonite behavior (Villar and Lloret 2008; Jacinto et 
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al. 2016; Zhang and Lu 2018). The upper bound of adsorbed water density near the clay 

surface is reported between 1.4 Mg/m3 (Martin 1960) and 1.872 Mg/m3 (Zhang and Lu 2018) 

in different studies. The number of hydration layers around the clay platelets after the 

crystalline swelling is influenced by the compaction density which in turn influences the inter-

particle distances. Thus the increase in the compaction density limits the complete formation 

of DDLs and increases the overall density of the clay water. Villar and Lloret (2008) provided 

a useful relationship between the compaction density and average water density which 

accounts for the increase in water density from 1 Mg/m3 to 1.36 Mg/m3 due to decrease in the 

pore volume. The variation in the water density with compaction density was incorporated in 

the GC theory for theoretical estimation of swelling pressure – dry density curves for MX80 

and montigel bentonites as shown in Fig. 6.3a-6.3b. The influence of water density on the 

predicted swelling pressure was appreciable (i.e., 40 – 50% of higher pressures) as the water 

density is directly proportional to the swelling pressure at a given compaction density. 

However, the theory still significantly underpredicted the observed swelling data. The 

influence effect of siloxane cavity formation at the higher inter-particle interactions (i.e., 

higher dry densities) and the distribution of charge (Sposito 2008) might increase the swelling 

pressure of the bentonite appreciably. However, the DDL theories do not consider the siloxane 

cavities on montmorillonite surfaces and thus limit the inter-particle interactions at higher 

compaction densities. The theoretical swelling – pressure vs. dry density relationships by the 

GC theory is often underestimated for many clayey soils due to limitations associated with the 

diffuse double layer theory. Normalization approach based on the linearization model is 

recently introduced for predicting the compressibility data of highly plastic clays (Bharat and 

Sridharan 2015a). The method requires a single measured data point (i.e., consolidation 

pressure and corresponding void ratio) to predict the entire compressibility curve. The 

predictive equation is given as 

*
*

n

P
e P

e P

 
=  
 

                                                                                                               (6.1) 

where *
P

e and P* are the normalization data; n is an empirical parameter; P is the 

consolidation pressure; and e is the void ratio corresponding to P. The Eq. 6.1 with n = 0.5 is 

found to be applicable for compressibility data of highly plastic clays. This model is found to 
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be advantageous as it requires no knowledge of the clay surface or pore-fluid characteristics, 

or the computation of midway potentials to relate with the distance between clay platelets 

(Bharat and Sridharan 2015a). The applicability of this model for predicting the swelling 

pressure – dry density data was studied here. 

 

6.4 Linearization of the swelling pressure data 

 Normalization and linearization of the compressibility data provide useful equations 

for accurately predicting the compressibility data for highly plastic clays (Bharat and 

Sridharan 2015a). Although the swelling pressure is measured by controlling the dry density 

in constant volume swell pressure tests unlike the compressibility tests, where the void ratio 

is estimated under applied pressure, the void ratio was normalized for a given swelling 

pressure in this study to understand the applicability of linearization model for swelling data. 

The void ratio data were normalized using the void ratio corresponding to two different 

swelling pressures viz. 0.8 MPa and 1.6 MPa and were presented in Fig. 6.4a-6.4b, 

respectively. The void ratio data converged to a band beyond the normalization void ratio e0.8, 

but the void ratio data varied in a thick band for the other swelling pressures. This indicates 

the dependency of chosen normalization void ratio on the swelling curves, unlike for the 

compressibility curves. Further, the linearization of the swelling data using Eq. 8 with n = 0.5 

was presented in Fig. 6.5a – 6.5b for the studied clayey soils using two normalization void 

ratios namely, e0.8 and e1.6, respectively. The predicted swelling pressure – dry density curves 

based on the measured data at 0.8 MPa and 1.6 MPa swelling pressures were also presented 

along with the measured data. The predicted lines deviated from the measured data 

significantly for all the clayey soils, especially in the range 1/√P > 1.5 using e1.6 and 1/√P > 

1.7 using e0.8. A careful observation showed that the theoretical lines matched the 

experimental data for low plastic clays such as SB1 – SB2 with e1.6. Thus n = 0.5 may not be 

applicable for all the clayey soils with different plasticity and normalization factor influences 

the prediction. 
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Figure 6.3. Measured and estimated swelling pressure-dry density curve of (a) MX80 

bentonite (b) Montigel bentonite based on GC theory by changing the water density 
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Fig. 6.4. Normalized compression curves using (a) e0.8 and (b) e1.6 as the normalizing factor 
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Fig. 6.5. Linearized swelling pressure data using void ratio at swelling pressures of (a) 0.8 

MPa and (b) 1.6 MPa  
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6.5 PROPOSED APPROACH 

 As the swelling pressure is measured while maintaining a constant dry density in the 

constant volume swelling pressure tests, Eq. 6.1 was re-written in the following form in terms 

of dry density to develop the proposed predictive model for developing the theoretical 

swelling pressure – dry density curves: 

*

*

d

n

s w d

s w d

G
P P

Gρ

ρ ρ

ρ ρ

 −
=  

− 
  (6.2) 

where P is the swelling pressure, 
*
d

P
ρ

is the swelling pressure at normalization dry density, 

*

dρ . The choice of the measured normalization data ( *

dρ ,
*
d

P
ρ

) and empirical factor, n, for the 

swelling curve prediction was explored here based on the knowledge of underlying swelling 

mechanisms. The prediction of compressibility curves for highly plastic clays in the earlier 

work (Bharat and Sridharan 2016a) is based on the yield point or the compressibility data 

point beyond the preconsolidation pressure (i.e., curvature change from concave to convex). 

The chosen data point anywhere beyond the preconsolidation pressure does not influence the 

compressibility prediction. However, such sharp distinction in the swelling pressure – dry 

density relationship is not observed for swelling pressure data which poses difficultly in 

choosing the normalization factor for the prediction of the swelling pressure – dry density 

curve. Three distinct zones in the swelling pressure variation with dry density were made as 

shown in Fig. 2a to circumvent this problem and to understand the influence of normalization 

data. 

 

6.5.1 Zoning 

            The variation of swelling pressure with dry density was significantly low in zone–I, 

moderately high in zone–II, and significantly high in zone–III. The maximum dry density for 

zone–I was less than 1.45 Mg/m3 for all the studied soils. The increase in swelling pressure 

with density was not significant for different soils in zone – I due to the presence of significant 

percentage of macro-voids in this density range. The macro voids nearly accommodates the 

increased volume of the aggregates due to hydration and diffuse double layer formation. This 

hypothesis is in accordance with the recent findings by Matusewicz and Olin (2019) that 

showed the perchlorate accessible (macro) pore volume is comparable to the macroscopic 

TH-2372_136104006



 

176 

 

porosity at low compaction densities for MX80. On the other hand, the interlamellar porosity 

(micro pore volume) increases with the density and approaches nearly macroscopic porosity 

at the lower bound value of zone – II for MX80 (Matusewicz and Olin 2019). The considered 

dry density range for zone–II varied between 1.45 – 1.7 Mg/m3. Thus due to the availability 

of dominant micro-pore volume in the zone – II and zone – III, the pore volume is congested 

in accommodating the DDL formation which resulted in significant swelling pressure 

development. The dominance of hydration forces due to the availability of limited pore space 

for swelling in the density range considered for zone – III resulted in significantly high 

swelling pressures. The swelling pressures in this zone varied between 2 – 39 MPa for 

different clayey soils. The measured swelling pressures for MX80, Montigel and GMZ-1 were 

more than 30 MPa while for the swelling pressures of K-1, K-3, and sand-bentonite mixtures 

were less than 3 MPa. The laboratory measured swelling pressure for B1 and B2 showed a 

significant difference in zone-III while the difference was little in zone – I and II.  

The influence of chosen normalization data on the estimated swelling curves was shown on 

two bentonites of different quality in Fig. 6.6a – 6.6b along with the measured data. A 

normalization factor, *

dρ , and the respective measured swelling pressure 
*
d

P
ρ

was considered 

from all the three zones (as shown in Fig. 6.6a – 6.6b) and using n = 0.5 in Eq. 9 for 

understanding the predicted swelling pressure change with the density. Normalization data for 

SB3 was not considered from zone – I as the measured swelling pressure data were available 

only in zone – II and zone – III for sand – bentonite mixtures (Komine and Ogata 2003). The 

variation in the predicted swelling curves was significant with the chosen normalization data 

for MX80, especially beyond zone – II (Fig. 7a), and the theoretical curves deviated from the 

measured data. The theoretical curves based on the normalization data from zone – I and II 

(i.e, *

dρ  = 1.37 and 1.64 g/cm3) severely underpredicted the measured swelling pressures in 

zone – III, but theoretical curve based on *

dρ  = 1.64 g/cm3 matched well in zone – I and II of 

the swelling pressure – dry density relationship. On the other hand, the variation to the 

theoretical curves is insignificant for SB3 based on different normalization densities. Further, 

the theoretical curves based on the normalization density from zone – II were more accurate 

when compared with the experimental counterparts. These results suggested that the empirical 

parameter is dependent on the soil plasticity. Further, the choice of the normalization dry 

density influenced the predicted curves if appropriate n was not considered. Thus a suitable 
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empirical parameter for different plastic clayey soils was explored using parametric analysis 

and by considering the normalization data from zone – II to capture different swelling 

mechanisms in the measured data. The swelling pressures of high – moderate plastic clays 

were ≥1 MPa in this zone and of low plastic clayey soils such as bentonite – sand mixtures 

were < 1 MPa in this zone. 
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Figure 6.6. Variation of predicted swelling pressure curves using different normalization 

factors using n = 0.5 for (a) MX80 and (b) SB3 
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Figure 6.7. Theoretical swelling pressure – dry density curves by the predictive model using 

different empirical parameter (n) along with the experimental data of (a) MX80 (b) B1 

6.5.2 Parametric Analysis 

 The experimental swelling pressure data of the bentonites B1, MX80, SB-2, and SB-

3 were used in the parametric analysis for determining the appropriate ‘n’ in the predictive 

model. The measured swelling pressure data of the remaining bentonites were used for the 

experimental validation of the proposed predictive model in the following section. 

The theoretical swelling pressure-dry density curves based on Eq. 9 using different n values 

viz. 0.25, 0.3, 0.35, 0.4 and 0.45 were shown in Fig. 6.7a – 6.7b for high – medium quality 

bentonites such as MX80 and B1 (swelling pressure in zone – II ≥ 1 MPa), respectively, along 

with the measured data. The normalization data point ( *

dρ ,
*
d

P
ρ

) was selected from zone – II 

as mentioned earlier. The theoretical swelling curve with n = 0.3 was in good agreement with 

the measured data for high – moderate plastic clays considering the significant variability in 

the measured swelling pressure data. Theoretical curves with n ≠ 0.3 overestimated the 

swelling pressures in zone – I and underestimated in zone – III. Thus the appropriate empirical 

constant for high – moderate plastic clays, whose swelling pressure is more than 1 MPa in 

zone – II, was found to be n = 0.3.  

 Theoretical swelling pressure curves of low plastic clayey soils such as SB2 and SB3 

by varying n between 0.25 and 0.5 were presented in Fig. 6.8a – 6.8b. The swelling pressures 

of these bentonites in zone – II were less than or equal to 1 MPa. The theoretical curve 

corresponding to n = 0.5 showed good agreement with the measured data and theoretical 

curves based on other n values severely overpredicted the swelling pressures in Zone – III. 

This was also evident in the linearization data shown earlier in Fig. 6.5. Based on the 

parametric analysis and governing mechanisms for the swelling pressure development at 

different compaction densities, the following procedure was proposed for the estimation of 

swelling pressure – dry density curve theoretically based on single measured swelling pressure 

in zone – II. 

i.  Determine the swelling pressure of a given clayey soil at any dry density from zone – II 

(1.45 g/cm3 ≤ ρd ≤ 1.7 g/cm3). This measured data point ( *

dρ ,
*
d

P
ρ

) was used as 

normalization data in Eq. 6.9. 
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ii. Adopt n value from the following two cases based on the measured swelling pressure 

value corresponding to the chosen density from zone – II.  

Case 1: If swelling pressure 
*
d

P
ρ

> 1 MPa, n = 0.3 

      Case 2: If swelling pressure 
*
d

P
ρ

≤ 1 MPa, n = 0.5  
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Figure 6.8. Theoretical swelling pressure – dry density curves by the predictive model using 

different empirical parameter (n) along with the experimental data of (a) SB2 (b) SB3 

 

6.6 EXPERIMENTAL VALIDATION 

 The proposed procedure was validated on the measured swelling pressure data of 

fifteen different bentonites and bentonite – sand mixtures that were not used in the parametric 

analysis. The theoretical curves along with the measured swelling pressure data only for 

selected bentonites and bentonite – sand mixtures were presented for brevity through Fig. 

6.9a–6.9g. The proposed procedure required only a single measured swelling pressure data 

point corresponding to a dry density from zone – II for the normalization. The normalization 

data used for the prediction in Eq. (6.2) were shown with open circle (◌) in all of the figures. 

The empirical constant for these bentonites was chosen based on the measured swelling 

pressure value in zone – II and following the proposed procedure. The bentonites B2, GMZ-

EXE, GMZ-1, K-2, Montigel, Calcigel-2, Kunibond, Volclay, GMZ-Na, and GMZ-Ca were 

considered to be the clays with high – moderate plasticity as per the swelling pressure values 

in the zone – II. The swelling pressure for all these bentonites in zone-II was higher than 1 

MPa and thus n = 0.3 (i.e., case 1) was used in the predictive equation. Theoretical swelling 
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pressure vs dry density curves along with the measured data was shown for B2, K-2, Volclay, 

Kunibond, and GMZ-Na in Figs. 6.9a – 6.9e. The R2 data for all the studied clayey soils were 

presented in figure legend and Table 6.1. The prediction was found to be extremely good for 

all the studied high – moderately plastic clays. Further, validation for the low plastic bentonite 

and bentonite – sand mixtures was done using n = 0.5 as the swelling pressure values in zone 

– II was less than 1 MPa. Theoretical swelling pressure curves for K-3 and SB-1 were 

presented in Figs. 6.9f – 6.9g and showed a very good agreement with the measured data. The 

R2 varied between 0.80 – 0.99 (Table 6.1) for all the studied bentonite and bentonite – sand 

mixtures. The prediction was extremely good considering the several factors involved in 

laboratory measurements of swelling pressures. 

The predictive model proposed for the clayey soils of different plasticity was, therefore, very 

useful for predicting the swelling pressure data over a wide range of dry densities using a 

single data point from the constant volume swelling pressure test carried out at any chosen 

dry density in zone-II (i.e., 1.45 Mg/m3 < ρd < 1.7 Mg/m3). The proposed model is very simple 

considering that the prediction requires only a single swelling pressure value and 

corresponding dry density.  

  

Figure 6.9a. Measured and predicted result of B2 
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Figure 6.9b. Measured and predicted result of Kunigel-2 (K-2) 

 

Figure 6.9c. Measured and predicted result of Volclay 
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Figure 6.9d. Measured and predicted results of Kunibond 

 

Figure 6.9e. Measured and predicted results of GMZ-Na bentonite 
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Figure 6.9f. Measured and predicted result of Kunigel-3 (K-3) 

 

Figure 6.9g. Measured and predicted results of SB1 bentonite 
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Table 6.1:  Coefficient of determination (R2) values for the theoretical prediction on the 

experimental data 

S. 

No. 
Clay type R2 

1 B1 0.98 

2 B2 0.99 

3 MX80 0.95 

4 K-1 0.94 

5 K-2 0.98 

6 K-3 0.92 

7 Montigel 0.95 

8 Calcigel-2  0.92 

9 GMZ-EXE 0.97 

10 GMZ-1 0.98 

11 Volclay 0.89 

12 Kunibond 0.96 

13 GMZ-Na 0.98 

14 GMZ-Ca 0.98 

15 SB1 0.88 

16 SB2 0.82 

17 SB3 0.94 

18 SB4 0.80 

19 SB5 0.94 

 

 

CONCLUDING REMARKS 

 The measured swelling pressure–dry density data of the bentonites from the literature 

studies along with the Indian bentonites B1 and B2 were studied. Three zones were identified 

in the swelling pressure curve based on the development of swelling pressure. A new method 

based on linearization of the swelling pressure data was proposed for the prediction of 

swelling pressure characteristics. The proposed method is useful for the accurate estimation 
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of swelling pressures for different bentonites for the possible application in HNW repositories. 

The proposed model considered the influence of quality of clayey soil and associated 

mechanisms in the swelling pressure variation with density for the prediction. This method is 

also helpful in the quick estimation of approximate swelling pressure vs. dry density 

relationship of different bentonites based on the qualitative estimation of swelling pressures 

in zone – II based on the bentonite plasticity without undertaking the rigorous 

experimentation. 

 

 

 

 

 

 

 

 

CHAPTER 7 

EFFECTIVE STRESSES OF CLAYS OF DIFFERENT 

ACTIVITY UNDER DIFFERENT HYDRO-MECHANICAL 

LOADS 

  

 

7.1 General 

 The effective stress variation in clays of different minerology/activity under hydro-

mechanical loads was studied in this Chapter. Three series of suction-controlled tests were 

considered for understanding the effective stress development using the suction stress 

approach. In the first series of tests, the drying behavior of slurried kaolin and mixtures of 
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kaolin – B2 bentonite clays were considered. Two clay mixtures viz. MKB1 consists of 75% 

kaolin and 25% B2 bentonite, and MKB2 consists of 50% kaolin and 50% B2 bentonite, were 

used in these tests. The VSC and drying SWCC of initially slurried clays were established by 

conducting a series of volumetric shrinkage and suction controlled tests as described in 

Chapter 3 for understanding the effective stress development due to drying using suction 

stress concept. The second series of experiments consisted of suction controlled swelling 

pressure and SWCC tests for ascertaining wetting SWCCs in isochoric conditions. The last 

series consisted of suction-controlled, wetting induced collapse tests on compacted kaolin 

under different inundation pressures. The suction stresses and effective stresses in kaolin, 

bentonite, and kaolin – bentonite mixtures were analyzed under the studied hydro-mechanical 

conditions. 

 

7.2 Suction stress and effective stress of clays  

The effective stress of the slurried clay and the compacted specimen was calculated using the 

concept of suction stress proposed by Lu et al. (2006). Suction stress refers to the net inter-

particle force generated within the unsaturated soil matrix due to the combined effects of 

negative pore water pressure and surface tension. The relation between suction stress and 

volumetric water content is known as the suction stress characteristics curve (SSCC). 

Mathematically, suction stress (σS) is expressd as a product of effective degree of saturation 

(Se) and matric suction.  

( )

( )
1

    ( )

S

a

S r
a w

r

e a w

u

S S
u u

S

S u u
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 −
= − − 

− 

= − −
                                                                                        (7.1) 

where, ua is the pore air pressure, wu is the pore water pressure, and ua-uw is the matric suction. 

7.2.1 Volumetric shrinkage curve 

 Figure 7.1 presents the volumetric shrinkage data of slurried kaolin, MKB1, and 

MKB2 from the shrinkage box tests. The VSC data of all the slurried clays were presented in 

terms of water content against total volume. It was observed that volume change due to drying 

increased with the increase in the bentonite percentage. The kaolin specimen reached 

shrinkage limit state earlier than the clay mixtures containing different percentages of 
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bentonite clay. The shrinkage limit was considered to be the water content at which the volume 

change was zero with a change in water content. The observed shrinkage limit water contents 

for kaolin, MKB1, and MKB2 were 28%, 20%, and 15%, respectively. The shrinkage limit of 

soil decreased with the increase in bentonite content. The shrinkage rate, however, was found 

to be similar for these three cases. 

 

 

 

Fig. 7.1. VSC data of slurried clays  

7.2.2. Suction stresses 

 The SWCC data in terms of degree of saturation vs. suction (ψ) were obtained for 

kaolin and clay mixtures in Fig. 7.2 using the SWCC data of θ  vs. ψ and VSC data of Fig. 

7.1. The suction value of a clay mixture at a given saturation increased significantly with the 

increasing bentonite content in the mixture. The air-entry value (AEV) of the mixture was also 

increased with increase in the bentonite content. Air-entry value of soil represents the suction 

corresponding to the air-entry into the largest pore of the soil. The increase in AEV indicates 

the increase in fineness of soil. The AEV of kaolin is around 0.6 MPa whereas for MKB2, 
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where 50% of the mixture contained B2, the value was 4 MPa. The residual zone was distinct 

for kaolin but was indistinct for mixtures containing bentonite. The SWCC response of 

mixtures was qualitatively similar to bentonites as shown elsewhere (Gapak and Bharat 2018). 

The drying SWCC data using degree of saturation vs. ψ  representation (Fig. 7.2) were used 

to understand the development of effective stresses during the drying process by the suction 

stress approach for the clays from the initial slurry state. Figure 7.3 presents the SSCC of 

different clay mixtures based on the effective degree of saturation. A value of 0.094 was used 

for residual degree of saturation for kaolin and zero for the mixtures. A variation of 0.094 – 

0.14 did not influence the SSCC behavior. The negative suctions stress (-σs) is equal to the 

effective stress in this case due to zero external stress. The SSCCs of clays and clay mixtures 

of this study were qualitatively similar to SSCCs of sands, silts, Spergau kaolin and NX illite 

in the past studies by Lu et al (2010) and Baille et al (2014). The magnitude of suction stress 

induced in Indian kaolin due to drying was quantitatively comparable to Spergau kaolin and 

the induced stresses in MKB2 were smaller than NX illite (Baille et al. 2014). Suction stress 

decreased (i.e., negative values on x-axis) with increasing suction by following 1:1 line until 

the suction reached (a minimum value) slightly higher than the bubbling pressure (i.e., AEV) 

of the respective clay. The minimum values of suction stress increased (higher negative value) 

with the addition of percentage bentonite in the clay mixture. Further increase in the suction 

decreased the degree of saturation (Fig. 7.2) and simultaneously increased the suction stress 

(or decreased the effective stress) for all the clays. The characteristic increase-and-decrease 

behavior of the SSCC for the kaolin clay might have been due to the dominant influence of 

surface tension forces and forces arising from the negative pore water pressure at high suction 

values (Baille et al. 2014). However, the increase in percentage of bentonite in clay mixture 

did not influence the qualitative nature of the SSCC behavior suggesting insignificant local 

forces effect as opposed to the observed plastic characteristics of the kaolin – bentonite 

mixtures. 
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Fig. 7.2. Drying SWCCs of slurried clays 

 

Fig. 7.3. Suction stress characteristic curves of clays during drying 
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7.3 Wetting induced effective stresses in compacted bentonite 

 The suction-controlled swelling pressure tests were conducted, for estimating the 

swelling pressure change with suction, by controlling the suction in the range of 90 – 5000 

kPa. The swelling pressures evaluation with time under different controlled suctions for B1 

bentonite at ρd = 1.45 Mg/m3 were presented in Fig. 7.4. The swelling pressure evolution data 

with distilled water without suction control was also presented along with the other results for 

comparison. The swelling pressure evolution curves for different suctions followed 

independent paths due to the restriction on the water availability for larger pores whose suction 

values are smaller than the applied suction. The swelling pressure evolution with time for 

suction values ψ ≤ 296 kPa showed a bimodal behavior similar to the case with distilled water 

as presented in Chapter 5. The development of swelling pressure was delayed with increase 

in the suction. A measurable swelling pressure was recorded only after ~6.5 hrs with suction 

value of 4391 kPa. The suction controlled tests were stopped after 14 days even though the 

swelling pressure data at higher suction values showed an increasing trend due to the 

limitations associated with the osmotic technique. The cellulose acetate membrane degrades 

due to microbial attack after 14 days (Tripathy et al. 2011). 
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Fig. 7.4. Swelling pressure evolution with time for bentonite B1 at ρd = 1.45 Mg/m3 at 

different suction values 

  The SWCCs in terms of suction vs. degree of saturation for B1 and B2 bentonites, 

compacted at two dry densities of 1.45 and 1.8 Mg/m3, were shown in Fig. 7.5 – 7.6. The 

swelling pressure variations with suction from the suction-controlled osmotic tests for 

different bentonites and densities were also presented in the same figures utilizing the third 

axis. Degree of saturation for the bentonites compacted at 1.45 Mg/m3 dry density, however, 

did not reach 100% saturation in the lower suction range, suggesting more amount of required 

time for reaching the hydraulic equilibrium, albeit swelling pressures reached an equilibrium 

value as shown in Fig. 7.4. The aging of cellulose acetate membranes (Tripathy et al. 2011) 

limited the suction-controlled swelling pressure tests to only 14 days. On the other hand, the 

computed degree of saturation of bentonites compacted at 1.8 Mg/m3 based on the measured 

water contents for ψ ≤ 1000 kPa was more than 100%. The error in the computed degree of 

saturation arises from using a constant water density of 1 Mg/m3.  Several studies in the 

literature reported increasing the water density to a value between 1.4 and 1.872 Mg/m3 

(Martin 1960; Villar and Lloret 2008; Zhang and Lu 2018) depending on the soil compaction 

effort and bentonite plasticity. The degree of saturation values were thus adjusted to 100% 
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when the computed saturation values were higher than 100%. The swelling pressure 

continuously decreased with increasing suction similar to the degree of saturation for lower 

densities (Fig. 7.5a and 7.6a). On the other hand, the swelling pressure decreased with 

increasing suction while the clay remained saturated with degree of situation value of 100% 

(Fig. 7.5b and 7.6b). 

 

Fig. 7.5a. Swelling pressure and degree of saturation variation with suction for B1 at ρd= 

1.45 Mg/m3 
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Fig. 7.5b. Swelling pressure and degree of saturation variation with suction for B1 at ρd= 1.8 

Mg/m3 
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Fig. 7.6a. Swelling pressure and degree of saturation variation with suction for B2 at ρd= 

1.45 Mg/m3 

 

Fig. 7.6b. Swelling pressure and degree of saturation variation with suction for B2 at ρd= 1.8 

Mg/m3 
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higher compaction density were consistent with Calcigel bentonite results from Baille et al. 

(2016).  

 

Fig. 7.7a. Variation of suction stress, effective stress, and swelling pressure with suction for 

B1 at ρd = 1.45 g/cm3 
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Fig. 7.7b. Variation of suction stress, effective stress, and swelling pressure with suction for 

B1 at ρd = 1.8 g/cm3 
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Fig. 7.8a. Variation of suction stress, effective stress, and swelling pressure with suction for 

B2 at ρd = 1.45 g/cm3 

 

Fig. 7.8b. Variation of suction stress, effective stress, and swelling pressure with suction for 

B2 at ρd = 1.8 g/cm3 
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different inundation pressure. Specimens attained hydraulic equilibrium within 7 days by 

completing the collapse. The AEVs of the wetting SWCCs under different inundation 

pressures were nearly same and was 0.37 MPa. The degree of saturation was higher for 

specimens with larger inundation pressure in the unsaturated zone of SWCC. The degree of 

saturation of the specimen at 1 MPa under 100 kPa inundation pressure was 52% whereas 

under 800 kPa inundation pressure was 73%. Figure 7.11 shows the collapse potential 

variation with suction for three inundation pressures. Collapse potential increased sharply with 

decreasing suction during the wetting up to AEV, but only an insignificant amount (~1%) of 

collapse was noticed beyond the AEV for all the studied cases. The collapse potential further 

increased with the inundation load for a given value of suction. The observed variation was 

was consistent with the results obtained in Chapter 4 for wetting induced collapse without 

the suction control. The variation in the void ratio during collapse under controlled wetting 

conditions (i.e., variation in suction) was shown in Fig. 7.12. The initial void ratio of the 

specimen at air-dry state (before inundation) was also shown in the figure against a large 

suction value (~5 MPa) for all the inundation loads. The void ratio sharply decreased with 

decrease in suction during wetting up to the AEV and was nearly constant due to further 

wetting until full saturation. Therefore, it was expected in the wetting induced collapse tests 

that the effective stress increases due to wetting until the suction value is equal to the AEV 

and becomes constant. Figure 7.13 shows the computed effective stress variation with the 

suction for various inundation loads based on suction stress approach. In contrast to the above 

understanding based on the void ratio variation, the computed effective stress decreased 

(suction stress increased) during collapse due to wetting until AEV and nearly become 

constant after the AEV. The decrease in effective stress or increase in suction stress during 

the wetting induced collapse based on suction stress approach cannot be supported by the 

fundamental understanding of effective stress concept. The suction stress approach was thus 

not useful for understanding the volume change behavior.  
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Fig. 7.9. Collapse potential with time for kaolin under 400 kPa inundation pressure at 

different suction values 

 

Fig. 7.10. Wetting SWCCs of compacted kaolin under different inundation loads 
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Fig. 7.11. Collapse potential variation with suction for compacted kaolin under different 

inundation loads 
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Fig. 7.12. Void ratio variation with suction for compacted kaolin under different inundation 

loads 

 

Fig. 7.13. Effective stress variation with suction for compacted kaolin under different 

inundation loads 
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in effective stress resulted in increase in the swelling pressures during the wetting process in 

isochoric at higher compactions densities. However, for bentonites compacted at lower 

densities, the effective stress increased with suction up to a maximum value but reduced 

beyond that suction although the swelling pressure decreased continuously. In the suction 

controlled collapse test, the effective stress decrease during the wetting induced collapse, 

which is opposite for a practical situation. The suction stress approach was thus not useful for 

understanding effective stress development due to hydro-mechanical loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 8 

CONCLUSIONS 
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  The key objective of this research work was to understand the hydro-mechanical 

behavior of clays of different mineralogy. An extensive laboratory testing program was 

undertaken on three commercially procured clays namely, kaolin and Indain bentonites (i.e., 

B1 and B2). The study focused on the collapse behavior of kaolin and swelling pressure 

development in compacted bentonite. The present study also emphasis on the development of 

effective stress due to hydro-mechanical load in the studied clays. 

 

  A detailed investigation was carried out on the collapse nature of kaolin. Wetting-

induced collapse behavior of compacted kaolin under different inundation pressure was 

studied under the influence of pore-fluid chemistry. The effect of pH, salt concentration, and 

dielectric pore-fluid environment on the clay behavior was analyzed using sedimentation and 

collapse tests. The collapse test results were well verified with the sedimentation test data, 

SEM images of lyophilized specimens, and edge isoelectric point (IEPedge). The influence of 

inundation fluid and inundation pressure on the fabric changes and collapse potential was 

explained in detail. The results were summarized in Chapter 4. Based on the study, the 

following salient conclusions were obtained. 

  

Conclusions from Chapter 4: Wetting-induced collapse behavior of kaolin: influence of 

fabric and inundation pressure 

1. The mode of particle association in kaolin was dispersed in the presence of distilled water 

as pH > IEPedge and EF in the presence of the solution with pH < IEPedge based on the 

sediment volume test data. The observed sediment volume increased five-fold due to the 

change in pH from 6.5 to 3.1, which changed the particle association from dispersed to 

EF. The particle association also changed to EF with the increase in salt concentration up 

to 0.1 mol/L. The increase in salt concentration beyond 0.1 mol/L NaCl did not increase 

the sediment volume as the particle association remained the same. The dielectric constant 

of the pore medium directly influenced the sediment volume as the mode of association in 

the medium dielectric constant fluids was “mixed” and in low dielectric constant fluids 

was EF. The sediment volume increased four-fold due to the decrease in the dielectric 

constant from 77.8 (distilled water) to 2.78 (kerosene).  
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2. The kaolin exhibited volumetric collapse behavior due to inundation with different pore 

fluids under mechanical loading. The collapse mechanism, however, was physicochemical 

in nature as observed from the particle associations. The magnitude of collapse potential 

was a function of the inundation fluid and inundation pressure. The particle association 

changed from EF to dispersed fabric due to the water inundation, which exhibited the 

highest collapse potential (14%). The soil exhibited insignificant collapse (0.6%) in the 

presence of kerosene as the particle association remained in EF mode even after 

inundation with the kerosene. The collapse potential of soil was directly proportional to 

the dielectric constant of the pore fluid as observed from the water-ethanol mixtures. The 

measured pH of the pore fluid was consistently >IEPedge irrespective of the targeted pH 

values and the fabric was dispersed under the mechanical loading. The influence of pH on 

the collapse potential was therefore not obtainable. The collapse potential decreased 

consistently with the increase in electrolyte concentration from 0.01 to 0.1 mol/L NaCl 

under all inundation pressures. The collapse behavior of kaolin in the presence of different 

pore fluids was in accordance with the equilibrium sediment volume. The collapse 

potential was inversely proportional to the observed sediment volume.  

3. The collapse potential increased with inundation pressure up to a pressure corresponding 

to a minimum equilibrium void ratio and then decreased further. The peak collapse 

potential was maximum with water, but the inundation pressure corresponding to the peak 

potential increased with low dielectric pore fluids and in the presence of electrolytes. 

4. The results of the present work were qualitatively in agreement with the studies by Wang 

and Siu (2006a, 2006b) and Di Matteo et al. (2011) where the influence of fabric changes 

on compacted (very high) kaolin behavior was significant. The compacted kaolin 

specimen (at high solid/liquid ratio) exhibited irrecoverable collapse due to fabric changes.  

5. The present study is useful in understanding the collapse behavior of kaolin due to wetting 

under foundation loading. The results are useful for developing accurate theoretical 

models for effective stress estimation using the analyses based on the soil suction stress 

characteristic curve (Lu et al. 2010) and critical state concept (Sivakumar et al. 2010) 

under the influence of different physicochemical factors. The influence of initial 

compaction density on the collapse potential under different physicochemical factors 

requires further study. 
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 Swelling pressure evolution curve (SPEC) for different quality Indian bentonites was 

established under different compaction density. The effect of compaction density and 

bentonite quality on the pore-size distributions (PSDs) and clay fabric were analyzed for 

understanding the influence on SPEC behavior. The evolution of PSD and fabric during the 

water uptake process was analyzed for understanding the microstructural influence on the 

SPEC behavior. The results were presented in Chapter 5. The swelling pressure of bentonite 

is dependent on the initial compaction density and plasticity. A predictive model based on the 

linearization of the swelling pressure data using normalization dry density was proposed in 

Chapter 6. The model was validated with the literature data. The following conclusions were 

drawn out from Chapter 5 and Chapter 6. 

 

Conclusions from Chapter 5: Swelling pressure characteristics of bentonites in isochoric 

conditions by microstructural analysis 

6. Different stages of swelling pressure development were noted on the swelling pressure 

evolution curve. The swelling behavior of bentonites exhibited either a bimodal behavior 

or monotonously increasing behavior depending on the bentonite quality and initial 

compaction density. 

7. The drop in SPEC after the initial water uptake is due to the collapse of 10 – 100 µm pore 

size class present in the soil sample. The pore size class of 10 – 100 µm was insignificantly 

available in B2 specimen at the same compaction density which promotes the 

monotonously increasing swelling pressure without structural collapse. The SPEC 

followed monotonously increasing behavior for B2 due to the presence of insignificant 

amount of macro pore size class.  

8. The volume contribution of macro pore-size class 10 – 100 µm at ρd = 1.45 Mg/m3 

maximum for B1 which is responsible for the maximum structural collapse at this density. 

Further increase in the compaction effort decreased the volume of macro pore size class 

to insignificant value which prompted the change in SPEC from bimodal to monotonously 

increasing behavior.  

9. The increase in bentonite plasticity reduced the presence of macro pore size classes and 

altered the structural collapse behavior in SPEC. The volume of given smaller pore-size 

classes (≤ 10 µm) was higher in high plastic clay compared to low plastic clay for any 
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given density. The inter-particle distance in high plastic clay is smaller compared to low 

plastic clay bentonite at the same compaction density. The FESEM diagrams of B1 at 

different compaction densities showed no noticeable variation, but for B2 showed 

unnoticeable pores and very smooth surfaces. The FESEM figure for B1 showed the 

aggregate formation with several pores of different pore size classes for as compacted 

while the FESEM figure for B2 showed the aggregate formation with relatively smaller 

pore size classes at same density. 

 

Conclusions from Chapter 6: Swelling pressure prediction for compacted bentonites and 

bentonite-sand mixtures 

10. The estimated swelling pressures based on the GC theory, at a given dry density, increased 

with the soil water density (ρw), to account for hydration forces during the bentonite 

wetting. The results are qualitatively in agreement with the measured swelling pressure 

data of different bentonites at different compaction densities, but the measured swelling 

pressure data are severely undermined, albeit at ρw = 1.36 Mg/m3.  

11. The variation of swelling pressure with dry density in the zone–II, where 1.45 Mg/m3 < 

ρd < 1.7 Mg/m3, represented different mechanisms, such as hydration and diffuse double 

layer formation, responsible for the swelling pressure development. The measured 

swelling pressure corresponds to any given dry density from zone – II is thus found to be 

the ideal normalization factor for establishing the entire swelling pressure – dry density 

relationship. Further, the swelling pressures of the different clayey soils are found to vary 

in the zone – II distinctly based on their plasticity. 

12. The empirical parameter in the predictive equation for swelling pressure is related to the 

plasticity of the clayey soil. The parameter takes a value of 0.3 for high – moderate plastic 

bentonites and takes a value of 0.5 for low plastic bentonites and bentonite-sand mixtures. 

The plasticity of the clayey soils can be inferred based on the measured swelling pressure 

at a given density chosen from zone – II.  

13. The proposed method is accurate and very simple in predicting the swelling pressures of 

clayey soils over a wide range of dry densities and plastic characteristics using a single, 

measured swelling pressure data point for the normalization. The method implicitly 
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considers all the factors that control the swelling pressure of the clay. This method is 

appreciably advantaged as it requires no knowledge of clay surface and pore–fluid 

characteristics, unlike the existing methods. 

 

 In the last chapter, the effective stress variation in clays of different mineralogy due to 

hydro-mechanical loads was studied. The suction stresses and effective stresses in kaolin, 

bentonite, and kaolin – bentonite mixtures were analyzed under hydro-mechanical conditions. 

The results were described in Chapter 7. Based on the study, the following salient conclusions 

were obtained. 

 

Conclusions from Chapter 7: Effective stresses of clays of different activity under 

different hydro-mechanical loads 

14. The characteristic increase-and-decrease behavior of the SSCC for the slurried kaolin 

during the drying process under no external stress was not influenced by the addition of 

bentonite. 

15.  The suction controlled swelling pressure tests on bentonites at higher compactions 

densities showed that the decrease in effective stress resulted in an increase in the swelling 

pressures during the wetting process in isochoric condition. These results were consistent 

with Calcigel bentonite results from Baille et al. (2016). The results were, however, 

distinctly different for bentonites compacted at lower densities. The effective stress 

increased with suction up to a maximum value but reduced beyond that suction albeit the 

swelling pressure decreased continuously.  

16. Further, the decrease in effective stress during the wetting induced collapse based on 

suction stress approach cannot be supported by the fundamental understanding of the 

effective stress concept. The suction stress approach was thus not useful for understanding 

effective stress development due to hydro-mechanical loading. 
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LIMITATIONS AND FUTURE SCOPE 

  

In this study, an attempt was made to understand the effective stress development in kaolin 

and bentonite clays due to hydro-mechanical loading. However, a few limitations of the work 

are noted and are highlighted below.  

1. The kaolin behavior was studied in the natural state without any pretreatment. Few 

studies in the literature treat the kaolin with sodium chloride solution for the 

homoionization. 
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2. The temporal variation of swelling pressure of the bentonites with the addition of 

different percentages of sand provides insights into the pore-size distribution and 

swelling pressure characteristics. 

3. The swelling pressure tests were terminated after noting a nearly constant value of 

pressure fore a couple of days. However, the degree of saturation was less than 100% 

for few cases indicating a very slow development of swelling pressure in densely 

compacted bentonites. 

 

The scope for future work based on the aforementioned limitations is given below: 

1. Measurement of collapse potential at different initial dry densities with different pore-

fluids to develop complete knowledge on the kaolin.  

2. Application of plasticity models for modeling the collapse behavior of kaolin. 

3. Measurement of swelling pressure evolution with time using different sand-bentonite 

mixtures. 

4. Development of a theoretical framework based on the measured data to explain the 

effective stress concept of collapsible and expansive clays.  
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