EFFECTIVE STRESS DEVELOPMENT IN KAOLIN AND
BENTONITE CLAYS DURING THE HYDRO-MECHANICAL
LOADING

A
Report

Submitted in partial fulfillment of the requirements

of the degree of

DOCTOR OF PHILOSOPHY
by

Chinumani Choudhury
Roll No. 136104006

Indian Institute of Technology Guwahati
Department of Civil Engineering
April 2019

1
TH-2372_136104006



INDIAN INSTITUTE OF TECHNOLOGY

%ﬂ‘oﬂ I %?
F/ q% GUWAHATI, ASSAM, INDIA
oo Department of Civil Engineering

CERTIFICATE

This is to certify that the thesis entitled “Effective stress development in
kaolin and bentonite clays during the hydro-mechanical loading” submitted by
Chinumani Choudhury to the Indian Institute of Technology Guwahati, for the award
of the degree of Doctor of Philosophy in Civil Engineering is a record of bonafide
research work carried out by her under my supervision and guidance. The thesis work,
in my opinion, has reached the requisite standard fulfilling the requirement for the degree
of Doctor of Philosophy. The results contained in this thesis have not been submitted in

part or full to any other University or Institute for the award of any degree or diploma.

Dr. T.V Bharat
Associate Professor
Date: Department of Civil Engineering
IIT, Guwahati
Guwabhati - 781039, India

TH-2372_136104006



wir,  INDIAN INSTITUTE OF TECHNOLOGY
i q% GUWAHATI, ASSAM, INDIA

@, ) o e . .
© ofTechnd Department of Civil Engineering

STATEMENT

I do hereby declare that the matter embodied in this thesis is the
result of investigations carried out by me in the Department of Civil
Engineering, Indian Institute of Technology Guwahati, Guwahati, Assam,

India.
In keeping with the general practice of reporting scientific
observations, due acknowledgements have been made wherever the work

described is based on the findings of other investigators.

Date: Chinumani Choudhury
IIT Guwahati

TH-2372_136104006



In sweet memory of my beloved mother

After all the hard works and efforts, |1 would like to dedicate
this study to my heavenly mother.

TH-2372_136104006



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 (IEPeqge). 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/m? 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 (P.) 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 (P.) and severity of collapse (Jennings and Burland
1962; Bell and Culshaw 2001)

Collapse Potential, P. (%) 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 (¢).

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

11
TH-2372_136104006



(at very high @) 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 (¢).
In contrast to these observations, the compressibility and dynamic properties of the kaolin

(at very high ¢) 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 Si** at the center of a tetrahedron with O*~ at the vertices
and the gibbsite sheet consisted of AI** 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, O termination sites on the silica face, and both OH and O?*"

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 Si** with AI** 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 &-potential is zero. The &-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
(IEP+tace) 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 IEPr.c. is found to vary in the range of 2—4 and [EPedge 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 &-potential
measurement, as the Smoluchowski equation is applicable only for spherical particles

(Gupta 2011).
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Moreover, the IEPegg 1s 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 IEPeqge 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 < IEPeqge is observed
to be EF due to Coulombic attraction between the negative face and positive edge, but
the arrangement is dispersed when pH > IEPcq4ee 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 (HLN'W) 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

16
TH-2372_136104006



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 a