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Nomenclature

the cross-sectional area (m?)

Ca, Mg, K or Na in the extraction solution (mg/1)
the activity of the anhydrous smectite

the activity of the hydrous smectite

activity of the water

exchange capacity of the clay (meq/100 g)

Ca, Mg, K or Na in the blanks (mg/1)
groundwater at a dilute density (= 0.01 g/cm?)
the volume of NH4OAc used in extraction=(20)
dielectric constant of bulk fluid

the diffusion rate

half the distance between clay layers (m)
air-dried sample weight in gram

the average hydrodynamic diameter of the particles
elementary electric charge (1.602 x 107" C)
the total void ratio

macro pore ratio

micro pore ratio

the specific gravity

excess mole Gibbs free energy of mixing
hydraulic gradient

threshold gradient

the critical hydraulic gradient

the flux (m?)

the diffuse double layer parameter(1/m)

the hydraulic conductivity (m/s)



=

eq

equilibrium constant of the interlayer hydration reaction
intrinsic permeability (m?)

Boltzmann’s constant (1.38 x 1072* J/K)

moisture correction factor (=0.89)

the molar mass of dry smectite (kg/mol)

the ionic concentration of the bulk fluid (number/m?)
porosity of the clay

micro porosity of the clay

number of moles of water in the interlayer adsorption or desorption
reaction

the stacked layers of per particle

the swelling pressure (Pa)

gas constant (8.31 J/mol/K)

suction (MPa)

total specific surface area measured by EGME

the outer interlayer surface area

the nondimensional midplane potential

the specific molar volume of the interlayer water (m*/mol)
Margules parameter for the hydrous smectite

Margules parameter for the anhydrous smectite

Margules parameter of the solid solution reaction

water content in percentage

mole fraction of the anhydrous smectite

mole fraction of the hydrous smectite

the mass fraction of smectite in the clay

the nondimensional potential at distance x from the clay surface
nondimensional potential at the clay surface

swelling pressure measured from free swell-compression test
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Pa
Pim
a, b, Py,
A, n, ng, a
AHﬁ’,T0

ACY

swelling pressure measured from loading swell-compression test
swelling pressure measured from constant-volume test
residual water content (-)

saturated water content (-)

the potential at distance x from the clay surface

surface potential of clay surface

the potential at distance d from the clay surface

the dynamic viscosity of water (Nm™2s)

the unit weight of water (Nm™)

bulk dry density of smectite (kg/m3)

distance function

1/47m in the esu system

the bulk dry density of the clay (kg/m?)

the density of the non-smectite minerals or impurities (kg/m?)

fitted parameters

the standard enthalpy of reaction at reference temperature

he standard heat capacity of the reaction at constant pressure
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ATR micro-attenuated total reflectance spectroscopy
CEC cation exchange capacity
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DLS dynamic lighting scattering

DDL diffuse double layer theory

EBS the engineered barrier system
EGME ethylene glycol monoethyl ether adsorption method
EDXRF  energy-dispersive X-ray fluorescence

FTIR fourier-transform infrared spectroscopy
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SEM scanning electron microscope
TEM transmission electron microscopy
P&A permanent plugging and abandonment for wells



Abstract

Compacted bentonite clays as engineered barrier can be exposed to elevated temperature
(i.e., due to the decay heat from waste in HLW disposal, and the geothermal around oil and
gas wells). Understanding the temperature effects on hydro-mechanical behaviour of bentonite
is important for the design and performance assessment of engineered barrier systems and
plugging and sealing the wells and boreholes. The clay barrier is expected to maintain a high
swelling pressure, low hydraulic conductivity, and long-term integrity under elevated
temperatures. This thesis presents an investigation of temperature effects on swelling pressure
development, hydraulic conductivity, and erosion behaviour of compacted bentonite at a range
of dry densities.

A bespoke high-pressure, high-temperature constant rate of strain system (CRS) was
designed and constructed to conduct two series of investigations on: 1) the hydro-mechanical
properties of Volclay bentonite compacted at different temperature ranging from 20°C to 80°C
during and after saturation; and ii) the erosion behaviour at elevated temperatures. The
experiments of the first series were carried out on a range of compacted samples (dry densities
1.1, 1.4 and 1.7 Mg/m>). The results showed that with the increase of temperature, the swelling
pressure decreases whilst the hydraulic conductivity increased. Furthermore, the rate of
swelling pressure development was found to be considerably enhanced at elevated
temperatures. The results indicated that the hydro-mechanical response of the clay to elevated
temperature is strongly linked with the exchange of pore water in clay microstructure, which
is facilitated by the reduced retention capacity of water in the clay system and by changes to
the viscosity and density of water.

The diffuse double layer theory (DDL) was revisited to include micro/macro aspect of
clay system for the calculation of swelling pressure. A model for swelling pressure of
compacted bentonite at different temperatures was proposed. It combined the regular solid-
solution theory and the diffuse double layer theory into a thermodynamic framework for the
evolution of hydrous and anhydrous smectite at different temperatures. This new model was
assessed by comparing the predicted swelling pressure and experimental data for calcium
bentonite and sodium bentonite. The results showed that the consideration of temperature
effects on pore evolution and distance between clay aggregates improves considerably the
prediction of the swelling pressure by DDL at elevated temperature. The research presented
offers an improved method for assessing the swelling pressure development of compacted
bentonite, which incorporates the evolution of micro/macro pore at elevated temperature.

The experimental results of erosion of compacted bentonite at elevated temperature
showed that the concentration of the eroded bentonite particles increased with increasing
temperature. The results indicated that bentonite erosion does not significantly reduce the
physical stability of a generic bentonite plugs for applications in plugging and abandonments
of wells. However, the temperature effects on chemical transport processes in compacted clay
requires further studies to underpin safety assessment of bentonite plugs.
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CHAPTER ONE

1. Introduction

1.1. Research background and motivations

The waste generated by extraction and mining, oil and gas production, and nuclear
activities requires safe isolation to protect the geo-environment (IEAE, 1983; Yong et
al., 2006). Without appropriate isolation, the migration of pollutants can result in huge
cost of land remediation and incalculable consequences for the preservation of water
resources. Therefore, it is necessary to develop a better understanding of the challenges
in geo-environmental engineering and to improve the knowledge and technologies for
management of geo-environmental resources (Yong et al., 2006; Sedighi, 2011; Bag,
2011).

Bentonite is a natural clay, which forms from volcanic ash and contains a large
proportion of montmorillonite (Pusch and Yong, 2006). Montmorillonite is a typical
smectite clay mineral with a three-layer crystalline structure. Bentonite has been
recommended and used for plugging water wells, oil and gas wells, seismic shot holes,
mining shafts and exploratory holes (e.g., James, 1996; Wheaton et al., 1994;
Englehardt et al., 2001; Holl and Scheuermann, 2018; Holl, 2019; Towler et al., 2020).
Bentonite-based materials are also considered for one of the engineered barriers in the
geological disposal facilities for high-level radioactive waste (HLW) (SKB, 2011;
ENRESA, 2000; INC, 2000; NAGRA, 2002; AECL, 1994; ANDRA, 2005; NDA, 2010;
CAEA, 2006). As shown in Fig.1.1, the multi-barrier sealing system is comprised of
waste canister, clay buffer material, and host rock (natural geology). The gap between
host rock and canister is filled with compacted clay buffer. At the time of emplacement,
the clay buffer is partially saturated and undergoes a non-isothermal re-saturation phase
at which the clay buffer exerts a relatively large swelling pressure to the canisters and

the host rock.
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Re-saturation of the clay
buffer

Heat transfer from
waste canister
} 400-500 meters of bedrock

‘ Bentonite buffer
. L ‘ h and tunnel backfill

Compacted
clay buffer +——

Fig. 1.1. The sealing system for geological disposal of high-level radioactive nuclear
waste (Image from Posiva Oy, 2020).

Another application of bentonite as an engineered barrier is to seal abandoned oil
and gas wells. Permanent plugging and abandonment (P&A) is necessary to minimise
the leakage of hydrocarbons to the surrounding biosphere and atmosphere through the
wellbore and preferential pathways. As shown in Fig.1.2, previous studies have
revealed critical problems with the performance and integrity of cement due to potential
cracking and corrosion under certain fluid composition, temperature and pressure
conditions that can lead to the failure of isolation zone (e.g., Celia et al., 2005; Davies
etal., 2014; Kiran et al., 2017; Ahmed and Salehi, 2021). Cement has been traditionally
used for plugging of wells. However, this solution has been challenged due to
insufficient knowledge of the integrity and long-term sustainability of such plugs
(Flopetrol, 2019; Achang et al., 2020). There is a pressing need to develop new
techniques and apply alternative sealing materials with efficiency in the complex

downhole conditions for the abandonment of wells.

14


https://www.liebertpub.com/doi/full/10.1089/ees.2019.0333#B29

Annular Cement

Leakage through casing and
annular cement

Perforations

Reservoir Layer

Fig. 1.2. Potential pathways for leakage along an abandoned well (after Celia et al.,
2005).

At present, many hydrocarbon wells across the major fields such as North Sea and
Golf of Mexico are approaching a stage that the production is no longer profitable or
feasible (Davies et al., 2014; Celia et al., 2005; Kang et al., 2016). In the standard of
NORSK (2004), alternative plugging materials are explored to meet the requirements
for performance and safety prescribed for cement-based plugs. The success of field
trials in many regions have introduced changes in the regulations by recommending
bentonite as an alternative plugging material for well plugging (Englehardt et al, 2001;
Carl, 2004; Towler et al., 2016). In terms of using clay plugs in well abandonment,
bridging/clogging and early hydration during operational process are the challenges in
the placement of the bentonite plugs (AMEC, 2016). The fundamental knowledge
regarding the hydration process and swelling behaviour of compacted bentonite needs
to be well understood for the use of bentonite plugs in different well conditions (e.g.,
high temperature and high-pressure wells).

The thermal, hydraulic, mechanical, and chemical phenomena in the sealing
process are highly coupled (e.g., Dixon et al., 1999; Borgesson et al., 2001; Rutqvist et
al., 2001; Singh, 2007; Pusch, 2008; Lloret and Villar, 2007; Cleall et al., 2013; Gens
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et al., 2021; Pogacnik et al., 2016; Pandey et al., 2017; Li et al., 2021). The clay buffer
in the disposal of HLW is expected to experience a period of 100 to 10,000 years under
elevated temperatures arising from the radiogenic heating sources inside canisters
(Pusch and Yong, 2006; Sedighi, 2011). The management of HLW needs to consider
the implications caused by heating from waste. In the majority of geological disposal
concepts, temperature is required to be maintained below 100°C through spacing
between heat generating canisters (Bel and Bernier, 2001; JNC, 2000; SKB, 2006;
ANDRA, 2005; Johnson et al., 1994; Sedighi, 2011). In the context of well plugging,
the geothermal gradient is influenced by the depth of wells. Average temperature at
2000 m depth is likely to be approximately 60°C in the UK (Busby, 2010). Importantly,
the natural geothermal gradient at the location of the plugs will influence the evolution
and performance of a borehole seal following emplacement. Maintaining a high
swelling pressure and very low permeability under elevated temperatures is a key
performance criterion for the clay buffer to control the potential release and migration
of highly toxic radionuclides to the surrounding biosphere. Elevated temperature is
expected to affect the important hydraulic properties and mechanical behaviour of clays,
which is associated with the evolution of sealing material.

In literature, there are two conflicting observations regarding the temperature effect
on swelling pressure of compacted bentonite: i) swelling pressure increases with
increasing temperature (e.g., Cho et al., 2000; Pusch et al., 1990; Bag and Rabbni, 2017;
Ye et al., 2013); ii) swelling pressure decreases with increasing temperature (e.g.,
Lingnau et al., 1996; Villar et al., 2010). The swelling process and the associated
swelling pressure dynamics under elevated temperature are not fully understood. For
evaluating the feasibility and optimizing the performance of bentonite clay, it is
important to develop a better understanding and improve the knowledge of temperature
effects on the swelling behaviour of compacted bentonite.

The bentonite clay will swell instantly when subjected to water and fill the voids

or cracks, providing sufficient sealing of the repository. Due to the restricted condition,

16



the generated swelling pressure acts uniformly on the surroundings, which may cause
the rock failure in sealing repositories (Pusch and Yong, 2006; Sellin and Leupin, 2013).
The development of swelling pressure is a key function of the barrier material. It
requires to be high enough to ensure good sealing performance without disturbing the
stability of the host rock (Karnland et al., 2010; Wang et al., 2012; Li et al., 2010;
Delage et al., 2010). The swelling pressure of bentonite is dependent on many factors
such as the density, the concentration in pore water, water content, and compaction
method (Komine and Ogata, 1999; Wang et al., 2012; Karnland et al., 2008; Pedarla et
al., 2012; Zhu et al., 2013; Bag, 2011). Several methods including empirical and
semiempirical models, diffuse double-layer models, molecular dynamics simulation,
and thermodynamic models have been developed for the estimation of the swelling
pressure (Fredlund, 2006; Singhal et al. 2014; Tu and Vanapalli 2016; Sato, 2008;
Schanz et al., 2013; Sun, 2017; Sun et al., 2015; Hsiao and Hedstrém, 2017; Du et al.,
2021).

The pore structure of compacted bentonite can be altered during heating and drying
processes, which impacts on the hydraulic properties and the mass transport (e.g., Ma
and Hueckel, 1993, Saiyouri et al., 2000; Salles et al., 2009). The complex pore space,
with pore sizes spanning several orders of magnitude, contributes to the differences in
water types and their properties in bentonite (Kozaki et al. 2008; Bradbury and Baeyens,
2002; Bourg et al. 2003; Wersin et al. 2004). The pore size distribution is of great
significance for understanding how transport by diffusion occurs in bentonite (Appelo,
2013). The evolution of the micro/macro fabric system of compacted bentonite at
elevated temperature contributes to the change of pore size distribution.

The presence of groundwater flow can potentially erode bentonite because of
generating colloidal particle of bentonite (Bessho and Degueldre, 2009; Albarran et al.,
2014). The effect of bentonite colloids on contaminants transport has been studied for
evaluating the stability of bentonite and performance assessment (Mdri et al., 2003;

Missana et al., 2008; Albarran et al., 2011; Bouby et al., 2011). Previous studies focused
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on the surface erosion of bentonite particles caused by a groundwater flow at the
interface of a compacted bentonite, i.e., considering the effects of the inflow rate and
ionic strength of the groundwater (Baik et al., 2007; Missana et al., 2003), but without
thermal effects that could exist in nearfield scenarios. The above overview reveals a
knowledge gap: the effect of temperature on the sealing performance and erosion
behaviour of bentonite with different dry densities is poorly understood, but of

significant practical importance in geotechnical applications.
1.2. Aim and objectives

The aim of this research is to advance the understanding of the temperature effects
on hydro-mechanical behaviour of compacted bentonite as a sealing material. The work
consists of experimental and theoretical studies. The laboratory experiments involve
the measurements of swelling pressure and hydraulic conductivity at various dry
densities as well as the colloid generation from the erosion of compacted bentonite.
Two immediate areas of applications of the new knowledge created in this research are:
(1) Compacted bentonite buffer in the context of geological disposal of high-level
radioactive waste; and
(2) Compacted bentonite as alternative plug for hydrocarbon well abandonment.

The experimental programme of research aims to develop the fundamental
knowledge required on the performance of the bentonite-based sealing in these two
applications. The specific objectives of the project are as follows:

(1) To quantify the swelling pressure development and the evolution of hydraulic
conductivity of compacted bentonite during hydration and under different temperatures
through laboratory tests;

(2) To develop an understanding of the effects of microstructure evolution of compacted
bentonite under different temperatures on swelling pressure and hydraulic performance;
(3) To develop an assessment model for swelling pressure by integrating the regular

solid solution model into the diffuse double layer model;
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(4) To evaluate the micro/macro evolution of saturated clay and the swelling pressure
development under elevated temperature.

(5) To investigate the erosion behaviour at elevated temperature.
1.3. Outline of the thesis

Chapter 1 summarizes the research background, the aims and objectives of the
study, and outlines the structure of this thesis.

Chapter 2 provides a detailed literature review on the nature of bentonite, hydration
of compacted bentonite, the measurements of swelling pressure of compacted bentonite,
the temperature effects on swelling pressure and hydraulic conductivity, the theoretical
method for the prediction of swelling pressure, and colloid generation for compacted
bentonite.

Chapter 3 presents the properties of Voclay (SPV) bentonite used for this research
and the experimental methods. Physical properties including natural water content,
specific gravity, particle size distribution, Atterberg limits are described. The
development of compaction methodology to achieve the targeted uniform density is
presented. Physico-chemical properties including total specific surface area, external
specific surface area, cation exchange capacity and mineralogy and chemical
composition of clays are presented. The determination of total specific surface area
using ethylene glycol monoethyl ether (EGME) adsorption method was adopted. The
determination of external specific surface area is based on BET theory by using nitrogen
gas. The detailed description of the experimental program for the tests is presented.

Chapter 4 presents the hydro-mechanical test results. In the first test series, the
swelling pressure of compacted bentonite samples at different dry densities were
measured by increasing temperature from 25°C to 80°C. In the second test series, the
compacted bentonite samples were saturated at different temperature. The elapsed time
against swelling pressure and calculated hydraulic conductivity are presented. The

influence of hydraulic gradient on hydraulic behaviour were also studied.
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Chapter 5 presents the result of improved model for the prediction of swelling
pressure at ambient temperature based on Gouy-Chapman diffuse double layer (DDL)
theory. The theoretical prediction considers the effects of the clay particle size and the
evolution of micro/macro pores for compacted bentonite. This improved model was
applied to the prediction for ten different products of bentonite. The comparisons
between theoretical prediction and experimental values are presented.

Chapter 6 presents the prediction of swelling pressure of three different types of
bentonites at elevated temperature based on DDL theory. The estimated swelling
pressure is compared with the results from classic DDL theory and the experimental
data from literatures. The regular solid solution model is introduced to characterise the
hydration of smectite. The suction variations at different dry densities are estimated.
The evolution of micro/macro pore at elevated temperature and the temperature effects
on the formation of clay particles for different compacted bentonite are presented.

Chapter 7 shows the results of surface erosion of compacted bentonite at isothermal
conditions. During the tests, the samples at the same dry density were subjected to
different temperature, respectively. The analysis of the turbidity of the collected outflow
solution was conducted. The chemical analysis of the concentration of the eroded
solution was completed by conducting dynamic light scattering measurement. The
elapse time against the concentration of the eroded solution is presented.

Chapter 8 lists the main conclusions of this thesis and suggestions for further work.

The references and the appendix are listed at the end of thesis.
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CHAPTER TWO

2. Literature review

2.1. Introduction

Compacted bentonite is being considered as an important component of the
engineered sealing system in many repositories designs, i.e., H12 repository concept
(JNC, 2000) and Posiva’s KBS-3V disposal concepts (SKB, 2006). due to its favourable
physical and chemical properties. For example, a key component of the engineered
barrier system (EBS) in the disposal of high-level waste in crystalline rocks is clay
buffer. It has critical functions in the overall safety and performance of the disposal
system, including: i) reducing the water percolation around nuclear waste canisters and
the associated reduction of corrosion rates of the canisters, ii) providing a stable
mechanical environment for canisters via its high swelling potential, and iii) retarding
radioactive nuclides (e.g., Pusch and Yong, 2006; SKB, 2006). In many repository
concepts, compacted bentonite bricks are stacked around the waste canisters in the EBS
(Andra, 2005; Martin et al., 2006; Juvankoski, 2010; Wang et al., 2013) with initial
small cavities or voids between the bricks (Gatabin et al., 2016; Chen et al., 2017; Jia
et al., 2019). In general, the voids are filled with pellets. That would require a choice of
sealing material with impermeable properties to ensure these engineering voids would
not be potential pathway for fluids.

In repositories, the compacted bentonite is subjected to elevated temperature and
the intrusion of groundwater, with the associated physico-chemical processes during
the operational period. This chapter presents a literature review of the physico-chemical
processes in compacted bentonites, including swelling mechanism, swelling pressure
tests, temperature effect on hydro-mechanical behaviour, swelling pressure prediction

for compacted bentonite, and the surface erosion of compacted bentonite.
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2.2. Nature of bentonite

Bentonite as a sealing material is widely available in many product forms (pellets,
chips, gravel, grout, and powder) due to its ability to reshape to the surroundings and
heal any cracks which may occur. Bentonite clay will expand and form a nearly
impermeable barrier once in contact with water. The permeability of bentonite is
remarkably low, less than 10" cm/s, with specific value depending on the fabric. In
addition, the latent hydration characteristic of swelling, which is a critical parameter in
the design, can cater to the change of environment around the formation. The water
absorption ability of bentonite is controlled by the charge, hydration energy and the
properties of exchange cations, and its swelling ability depends on the size of small
particles, high surface area, and porosity. The main mineral composition of bentonite
is montmorillonite, and the accessory components can be other clay minerals (e.g.,
kaolinite or illite), quartz, feldspars, gypsum, calcite, pyrite, and different iron
oxides/hydroxides. The chemical and physical properties of bentonite are mainly

determined by the montmorillonite.
2.2.1. Characteristics of montmorillonite

The structure of montmorillonite comprises an alumina octahedral sheet
sandwiched between two silica tetrahedral sheets. The centre cation of the octahedron
is AI** with six hydroxyls at each corner, whereas the centre cation of the tetrahedron
is Si** with four oxygen atoms at each corner. The process of replacement of one
structural cation with another cation without modifying its chemical structure is referred
as isomorphous substitution (Uddin, 2018). For example, Si** may be replaced by AI**
in tetrahedra and the replacement of AI** by Mg?*, Fe?*, Fe®* may occur in octahedra.
The substitution results in a net of negative charge for montmorillonite. As shown in
Fig. 2.1, the space between layers contains exchangeable cation and water. This
characteristic enables the bentonite to swell many times its original volume. Due to the

variety of cations between interlayer regions in bentonite, it has developed several kinds
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of products such as sodium bentonite and calcium bentonite.

Swelling contributes to decreasing the size and connectivity of pores, thus
physically impeding the convective transport of solutes and gases. Subsequently, the
length of the diffusive flow path or the tortuosity would increase, and the tortuous flow
path promotes the contact and reaction of contaminants with interlayer surfaces once

completely hydrated (Gates et al., 2009).

Fig. 2.1. Diagram of the unit structure of montmorillonite (Steinmetz, 2007).
2.2.1. Structure of compacted bentonite

The pore system of compacted bentonite can be simplified by two scales of porosity
(Pusch, 1982; Gens and Alonso, 1992; Delage et al., 2006): i) the interlayer porosity
that includes the spaces between the unit layers of montmorillonite (microstructure) and
i) the macro porosity that represents the pore spaces between the particles and
aggregates of particles (macrostructure). The interlayer hydration or dehydration
process can only alter the distance between the clay microstructure units (interlayer
distance) by adding or removing discrete layers of water (Push and Yong, 2006). In a
steady state or equilibrium, the amount of water in micro pores of compacted bentonite
has a negligible contribution to the macroscopic flow and is considered to be immobile
(Pusch and Yong, 2006; Chen et al., 2020).
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The behaviour of compacted bentonites is determined by the interactions between
the aggregates and particles (Pusch, 2001; Lloret et al., 2003). Montmorillonites are
organized in quasicrystals that consists of multiple stacked unit layers. From the
observations by transmission electron microscopy (TEM), it is suggested that
quasicrystals are dynamic and flexible (Laird, 2006). Large quasicrystals may break up
into several smaller ones, and this process is reversible. The number of layers per clay
particle varies with the amount of water content (Delage et al., 2006).

There are different statements about the number of unit layers in a stable particle
of smectite, eg.: 1 to 16 (Sposito,1984); 2 to 3 (van Olphen,1977); 4 to 10 (Marcial et
al., 2002); 3 to 50 (Schanz and Tripathy, 2009). The number of clay platelets per particle
was found to be ranging from 3 to 7 for Na-montmorillonite in compact materials
(Pusch, 2001; Melkior et al., 2009). Liu (2013) assumed this value ranges from 1 to 3.5
for Na and Ca dominated compacted bentonite in the prediction. The formation of clay
particle is related to the specific surface area, affecting the interactions force between
layers as well as the adsorption and reaction. The specific surface area of edges of a
particle has been reported to be approximately 1 to 5 % of the external surface area
(Holmboe et al., 2012, Tournassat et al., 2003), which has a negligible effect on the
calculation of total external surface area. The total specific surface area of smectite
(8SA¢otq1) can be established based on the lamellar structure of smectite (Chen et al.,

2020):

SSAtotar = SSAext + S5Aine + SSAgqges 2.1)
where, SSAggges 15 the surface area of the layer edges; SSA,y; 1s the external specific
surface area; SSA;y, is the internal specific surface area. SSA;,q; can be measured
through Ethylene Glycol Monoethyl Ether (EGME) technique. SSA.,; is measured by
the gas sorption test or the calorimetric methods. SSAg44es can be estimated by the

Atomic Force Microscopy (AFM) (Cadene et al. 2005).
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2.3. Swelling mechanisms of bentonite clays

During the hydration of bentonite clays when exposed to aqueous solution, the
breakdown of the clay particles was observed by using SEM (Scanning electron
microscope), FTIR (Fourier-transform infrared spectroscopy), and ATR (micro-
attenuated total reflectance) spectroscopy (Katti and Katti, 2001). The reduced particle
size was related to increased misorientation of the clay platelets. For instance, Saiyouri
et al. (2004) observed that the particle size decreased from 350 to 10 layers with a
decrease of suction. In confined condition, the swelling of montmorillonite clays is
characterised by an increase in the interparticle spacing and a reduction of the
interaggregate pores (Delage et al., 2006).

This hydration process is influenced by many factors such as relative humidity,
temperature, pressure, net layer charge, substitution location, and interlayer cation
(Zhang et al., 1993; Laird, 2006; Anderson et al., 2010; Sun et al., 2015; Villar and
Lloret, 2004; Segad et al., 2013; Smith et al., 2006). Two mechanisms for the swelling
of bentonite clays are reported: (i) crystalline swelling and (ii) osmotic swelling (Zhang
and Low, 1989; van Olphen, 1977; Hensen and Smit, 2002; Anderson et al., 2010;

Pusch, 2015; Sing et al., 2006), and these are described below.
2.3.1. Crystalline swelling

Initially, water uptake occurs due to the clay surface hydration. Cations and water
molecules enter the interlayer space, resulting in increasing the space eventually. This
process is referred to as the crystalline swelling. It was reported that the crystalline
swelling was in the range of 9 to 20 A from interlayer spacings (Anderson et al., 2010).
For instance, the basal spacing for Na-montmorillonites increased from 9.7 A in the dry
state to 12.6 A, 15.6 A and 18.6 A corresponding to one, two, or three water layers,
respectively (Holmboe et al., 2012; Villar et al.2012). The results from simulations (e.qg.,
Hensen and Smit, 2002) also confirmed that the crystalline swelling occurs in the

interlayer region. The thickness and volume of water that can be absorbed on the clay
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surface is determined by the properties of exchangeable cations and the charge density
of clay surface.

Crystalline swelling is affected by interlayer cation nature, relative humidity or
water activity, dry density and swelling conditions (free or confined) (Imbert and Villar,
2006; Karnland tal., 2011; Komine et al., 2009; Lloret et al., 2003; Schanz and Tripathy,
2009; Villar et al., 2012; Villar and Lloret, 2008). Using analysis from X-ray peaks,
Pusch et al. (1990) presented the hydrate thickness for different types of cations as
shown in Table 2.1. Using this data, Khan (2012) estimated the water content of
bentonite with the same specific surface area and found that the Na-type bentonite
absorbed more water compared to other bentonites. This might explain the high
swelling capacity for sodium-type bentonite. The presence of multivalent (e.g., Ca®*,
Mg?*) exchangeable cations in the interlayer of montmorillonite leads to an increase of
attractive force. On the other hand, for monovalent (e.g., Na*) exchangeable cations,
the interlayer attractive force decreased (Wilson and Wilson, 2014; Anderson et al.,
2010).

Table 2.1 The evaluation of thickness in A (1A=10 nm) for dehydrate montmorillonite

and hydrate layers (Pusch et al.,1990)

Cations 0 hydrate 1 layer 2 layers 3 layers
Mg? 9.52 12.52 15.55 18.6
Ca? 9.61 12.5 15.25 -
Na* 9.62 12.65 15.88 19.36
K* 10.08 12.5 16.23 -

2.3.1. Osmotic swelling

The osmotic swelling results from the concentration difference between the clay
surface and the bulk solution. This phenomenon is induced by the repulsion between

the formed diffuse double layers on platelet surfaces. Although most of the total surface
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charge of montmorillonite is located within the interlayer region, DDL is unable to form
due to the limited space. Part of the total charge is located on the external surfaces of
quasicrystals (Laird, 2006), where DDL can be formed.

As the cations move close to the negatively charged surface, the difference in
concentration results in cations diffusing from regions of high concentration to regions
of low concentration. The separation of basal spacing is limited for Ca-type
montmorillonites (Holmboe et al., 2012; Michot et al., 2013). Due to osmotic forces
that may exist on the outer surfaces of particles, water molecules that cannot enter the
interlayer spaces are attached to outside particles. This phenomenon is called “inter-
particle osmotic swelling” (Madsen and Miiller-Vonmoos, 1989; Segad et al., 2010). It
has been discussed that the external surface of clay particles also plays an important
role in the swelling behaviour of clay (Laird, 2006; Liu, 2013; Madsen and MUler-
VVonmoos, 1989).

The osmotic swelling is strongly influenced by the type of cations. If monovalent
cations enter the interlayer space, distances between clay platelets can be larger than 40
A due to osmotic swelling (Meleshyn and Bunnenberg, 2005; Michot et al., 2004).
While for divalent cations, the influence of osmotic swelling seems to be limited due to
ion-ion correlation forces, and the repulsion in the diffuse double layer water reduces
(Kjellander et al., 1988). As discussed earlier, this might explain the superior swelling

capacity of sodium-type bentonite compared to calcium-type bentonite.
2.4. Swelling pressure tests for compacted clay

The use of bentonite-sand mixture is often preferred for the reason of increasing
heat transfer and mechanical strength (Cui, 2017). Compared with pure bentonite, the
mixture of bentonite and sand yields the same void ratio at higher yield stress (Wang et
al., 2013). In situ stress state is the original stress status in the rock before excavations
or other perturbations. The maximum swelling pressure of bentonite-based material

must be lower than the in situ minor stress. For instance, this minor stress is 7 MPa in
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the underground research laboratory of Bure site, France (Delage et al., 2010; Tang et
al., 2011), 3-4 MPa at Tournemire site, France (Barnichon and Deleruyelle, 2009), and
4-5 MPa at Mol site, Belgium (Li et al., 2010). The magnitude of swelling pressure
depends on the final dry density of bentonite in the mixture (Wang et al., 2012, Cui,
2017).

The prevailing method for measuring the swelling pressure of compacted bentonite
is a constant-volume test where no volume change is allowed during saturation. The
method has been used in many experimental investigations on the swelling pressure of
compacted bentonite (Pusch, 1982; Komine and Ogata, 1994; Villar and Lloret, 2004;
Karnland et al., 2007; Villar and Lloret, 2008; Komine et al., 2009; Schanz and Tripathy,
2009; Pusch et al., 2003; Cho et al., 2000; Villar et al., 2004; Lee et al., 2010; Ye et al.,
2014). As shown in Fig. 2.2, the measurement of swelling pressure of compacted clays
can be achieved by conducting free swell-compression test, loading swell-compression
test and constant volume test (Sridharanet al., 1986; Li and Wang, 2003). These three

experimental methods can be carried out in the consolidation apparatus.

Void ratio &g
A
B Free swell-compression
Loading swell-compression
Constant volume
test
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Fig. 2.2. The measurement of swelling pressure of compacted bentonite by using
different methods (after Sridharan et al., 1986, and Schanz and Al-Badran, 2014).
In the free swell-compression experiment (A-B-C), water is added at point A, the

sample swells fully until point B, and load is applied until the void ratio returns to the
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initial value at point C as shown in Fig. 2.2. Then the measured vertical stress is marked
as the swelling pressure (0g5;). The second method is the loading swell-compression
test (A-B-E). Several identical samples are required by applying different loads. After
swelling, different void ratio will be obtained under different loads. The intersection of
the straight line connecting the points of the corresponding tests with the horizontal line
representing the initial void ratio in the void ratio; vertical pressure space gives the
swelling pressure (a5, ). The third method is the constant volume test (A-D). To prevent
the volume change of the sample at phase AD, the vertical stress is kept adjusted until
no vertical deformation is measured (o), which is equivalent to the magnitude of
swelling pressure. Sridharan et al (1986) compared the results and found no definite
relation from these three methods. Constant volume test is widely used in laboratory

due to its merit, i.e., a single specimen is needed, and the test is relatively rapid.
2.5. Temperature effect on swelling pressure of compacted bentonite

A large body of research has shown that elevated temperatures have considerable
effect on hydraulic and mechanical behaviour of compacted clay buffer (Villar et al.,
2010; Bag and Rabbani, 2017; Ye et al., 2013; Ye et al., 2014, Tripathy et al., 2015;
Villar and Lloret, 2004; Cho et al., 2000; Zihms and Harrington, 2015; Tang et al, 2008;
Pusch et al, 1990; Daniels et al., 2017; Kalea and Ravi, 2019).

Early studies by Pusch (1980a) showed a drop of swelling pressure of compacted
MX-80 bentonite (Na-montmorillonite) at 90°C compared to that at 20°C. This was
explained by reduction of water in interlayer and inter-particle spaces of the clay system
at elevated temperature. Tripathy et al. (2015) reported similar observations and
suggested that the decrease of swelling pressure of compacted MX-80 bentonite at
elevated temperature was associated with induced changes in the electrical potentials.
By comparing bentonites with different dominant cations, Pusch et al. (1990) suggested
that the effect of temperature on swelling pressure of compacted bentonite depends

largely on the type of the dominant cation. For example, in Ca-dominated bentonite the
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swelling pressure decreases with temperature, while in compacted Na-bentonite the
swelling pressure increases with temperature. The latter observation conflicts with the
previous work by Pusch (1980a). In the experimental study by Ye et al. (2013), the
swelling pressure of a compacted Na-bentonite (GMZ01) was found to increase
between 20°C and 40°C, in partial support of the work by Pusch et al. (1990). Villar
et al. (2010) studied the swelling pressure of compacted FEBEX bentonite (Ca/Mg-
type) and reported a reduction of swelling pressure between 30°C and 40°C, but
insignificant changes between 60°C and 80°C, an observation which did not fully
support the findings by Pusch et al. (1990). Similar observations were reported by Cho
et al. (2000) who studied the swelling pressure of Ca-bentonite at the range of 20°C to
80°C. However, a recent study by Bag and Rabbani (2017) showed that the swelling
pressure of a Ca-type compacted bentonite (Bikaner bentonite) increases at higher
temperatures.

Experimental investigations of temperature effects on swelling pressure of
compacted bentonite provide rather conflicting observations when associated with the
type of dominant exchangeable cation in smectite minerals. Some observations on
compacted sodium-rich smectite bentonite, e.g., MX-80, indicate that by increasing
temperature the swelling pressure decreases (Pusch, 1980a; Tripathy et al., 2015), while
others indicate increasing swelling pressure (Pusch et al., 1990; Shirazi et al, 2010,
Pusch et al, 2003). Similarly, experimental studies on compacted bentonite where
divalent cations (Ca** and Mg*") are the dominated exchangeable ions indicate that
swelling pressure can either increase or decrease with increasing temperature (Villar et
al., 2010; Cho et al., 2000; Ye et al., 2013). Apart from the decrease of swelling pressure
at elevated temperature, it was found that the amount of water uptake was less than that
at the ambient temperature, and the heating contributed to the reduction of test duration
(Daniels et al., 2021). These opposing observations suggest the need for further
experimental investigations, coupled with suitable explanations of the effect of

temperature on swelling pressure in clays.
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2.6. Temperature effect on hydraulic conductivity of compacted bentonite

In this section, the method for the calculation of hydraulic conductivity of bentonite
clay is presented. The flow through clay as a fine-grained soil is commonly accepted as
Darcian. In addition, the hydraulic conductivity of compacted bentonite can be related
to hydraulic gradient. The temperature effect on hydraulic conductivity of compacted

bentonite is discussed.
2.6.1. Hydraulic properties at different hydraulic gradients

Darcy’s law is the most widely used formulation for the flow in coarse-grained
natural soils. This is illustrated by the black line in Fig. 2.3. It has been found that
Darcy’s law is not a sufficiently accurate description for the flow in some fine-grained
soils containing highly active clay minerals, such as montmorillonite (Alabi et al.,
2012). A more appropriate flow relationship is described by the red line shown in Fig.
2.3, where Q is the flux (m?); 4 is the cross-sectional area (m?); K is the hydraulic
conductivity (m/s); i is hydraulic gradient; iy is defined as an apparent threshold, below
which no flow occurs; and i. is defined as the critical hydraulic gradient, below which
flow occurs but non-Darcian (Yong and Warkentin, 1975). The main difficulty in
obtaining such a relationship is in the long time required for measuring clay’s
permeability, particularly for compacted clays. The application of high hydraulic
gradient may be a solution to overcome the problem. However, the applied hydraulic
gradients may be far from those anticipated in actual conditions. Dixon et al. (1999)
showed a summary of applied hydraulic gradients at the range of 10 to 10° for the
tests of low permeability soils. To investigate the hydraulic conductivity of bentonite,
Dixon et al. (1992) adopted the high initial hydraulic gradients and the data did not
support the concepts of threshold and critical gradients. Furthermore, dry densities at
0.76 Mg/m> and 1.09 Mg/m? and hydraulic gradients at the range of 2.5 to 400 were

taken (Dixon et al., 1999). There were no critical or threshold gradients.
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Fig.2.3. The graphical definition of critical gradient ic and threshold gradient io (after
Dixon et al., 1992).

2.6.1. Temperature effect on hydraulic conductivity

Pusch (1980b) reported that the saturated hydraulic conductivity of compacted
bentonite increased when temperature increased to 70°C. Similarly, Cho et al. (1999)
reported that for compacted bentonite samples with dry densities ranging from 1.4
Mg/m? to 1.8 Mg/m?, the hydraulic conductivity at 80°C was 3 times larger than that at
20°C. Zihms and Harrington (2015) investigated the hydraulic performances of
bentonite by conducting a series of thermal cycles and found hydraulic conductivity to
be sensitive to temperature changes. Pusch et al. (1990) discussed that the changes in
microstructure of montmorillonite at elevated temperature had strong influence on the
hydraulic conductivity of compacted bentonite. It was found that temperature could
induce changes in the clay fabric and porosity redistribution (e.g., Romero et al. 2001;
Sedighi et al., 2018). Other researchers suggested that the changes in water properties
such as water density and water viscosity at elevated temperature could influence the
observed hydraulic conductivity of compacted bentonite (Hopmans and Dane, 1986;

Cho et al., 1999; Delage et al., 2000). By combining the effects of flow channels (fabric)
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and water properties, Ye et al. (2013) developed a satisfactory prediction of variations
of saturated hydraulic conductivity with temperature. In their model, the predicted
values are overestimated compared with experimental values by assuming that the
temperature effect on intrinsic hydraulic conductivity is ignored. Suggestions were

presented that temperature affects the pore structure of bentonite as well.

2.7. Theoretical prediction of swelling pressure

The magnitude of swelling pressure of compacted bentonite is related to the nature
of the bentonite material including the mineralogy, the specific surface area, the cation
exchange capacity, and the characteristics of pore water (i.e., solution concentration
present in the pore water). It is known that physico-chemical forces are responsible for
the development of swelling pressure in saturated bentonite. There are several
approaches for the prediction of swelling pressure of compacted bentonite including the
Gouy-Chapman diffuse double layer model, empirical models, and thermodynamic
models. The most popular theory for ionic distribution was developed by Gouy (1910)
and Chapman (1913), referring as the Gouy-Chapman diffuse double layer theory. It
states that the interaction force between two double layer depends on the ion
concentration at the midplane, which is given by the osmotic pressure (Bolt, 1956). This
approach has been widely used for the description of clay compressibility in the clay-
electrolyte system (Sridharan and Rao, 1973; Sridharan and Jayadeva, 1982; Mitchell,
1993 Marcial et al., 2002).

Komine and Ogata (1996) applied a theory that the swelling pressure is caused by
the repulsive and attractive forces between two parallel layers and proposed a new
model for predicting the swelling pressure of compacted sodium bentonite. Their result
showed this method could only be applied when the swelling pressure was below 3
MPa. One assumption of the Gouy—Chapman DDL theory is that the attractive forces

between layers are ignored. Many researchers focused on predicting the swelling
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pressure by employing the Gouy—Chapman DDL theory (e.g., Pusch et al. 1990; Yong
and Mohamed, 1992; Sridharan and Choudhury, 2002; Tripathy et al. 2004). Based on
the established relationship between swelling pressure and void ratio for clays
(Sridharan and Jayadeva,1982; Tripathy et al., 2004), Schanz et al. (2013) found out the
prediction was acceptable at low dry densities (below 1.4 Mg/m?), but underestimated
the experimental data at higher density. Therefore, an attempt to establish the
relationship between the total void ratio and theoretical void ratio from diffuse double
layer in the calculation was made, and the comparison showed a good agreement with
experimental data for six other bentonites.

Low (1979) demonstrated that the relationship between swelling pressure and the
mass ratio of montmorillonite to water agreed with an empirical equation and its
validity was examined through laboratory investigations (Viani et al, 1983). Although
the simplicity, the effects of ion concentration doesn’t embody in this empirical
equation for the prediction of swelling pressure.

Sposito (1972) suggested the swelling pressure at equilibrium could be calculated
from the thermodynamic properties of clay, governed by the difference in vapour
pressure between the clay-system and the solution. Karnland (1997) expanded the
conservative thermodynamic model with an additional osmotic term considering the
ions might enter the clay water system along with the saturating solution and change
the partial free energy of water. The improved thermodynamic model is available for
predicting swelling pressure in saturated sodium chloride solution. Agus and Schanz
(2008) developed a method for predicting swelling pressure of bentonites based on
thermodynamic relationships between swelling pressure and suction. The sorption
isotherm of bentonite is required to be known in their model, which is applicable only
for samples saturated with distilled water (the effect of ion concentration was not
considered).

Liu (2013) proposed a mechanistic model to predict the swelling pressure of

compacted bentonite-based materials in distilled water or diluted saline solutions. The
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advantage of this model comes from the combined use of a thermodynamic relationship
to describe the crystalline swelling and diffuse double layer model for the osmotic
swelling. Considering the presence of the salinity condition in repositories and its
influences on swelling pressure, Navarro et al. (2017) proposed an approach based on
the macro- and microstructure characteristics to describe the behaviour of MX-80

bentonite, but its applicability required improvement for high salinities.

2.8. Colloid erosion from compacted bentonite clay

When in contact with flowing groundwater, clay particles may detach from the
surface and be dispersed in the form of colloidal suspension in cavities of fractures.
This process is generally referred to as the bentonite erosion as it results in a loss of
material (Pusch, 1983; Alonso et al., 2018). The erosion of compacted bentonite reduces
the sealing material as it is accompanied with decrease of density. If the bentonite is
allowed to swell, swelling pressure of compacted bentonite decreases. Another concern
is that advection in the sealing material can increase the transport rate of radionuclides,
resulting in shortening of the lifetime of the barriers (Baik et al., 2007; Missana et al.,
2008; Schaefer et al., 2012).

In the context of HLW disposal, the free swelling of bentonite into fractures could
reduce the buffer density, which in turn could decrease the swelling pressure between
canisters and host rock. As shown in Fig. 2.4, the diffusion of bentonite colloids into
the flowing groundwater occurs from a solid state to a liquid form. The erosion is
affected by many factors such as flow velocity, water chemical composition and
fracture conditions (Birgersson et al., 2009; Missana et al., 2011; Pusch, 1999; Schatz
et al., 2013). Considering the scenario of bentonite-rock interface, Pusch (1983) found
that the penetration rate of the bentonite into a fractured rock is related to the density
and the fracture width. The erosion of the bentonite gel depends on its shear strength

and the groundwater flowing rate in the fractures. The dominated force will be the
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diffusion if there is no hydraulic gradient for the separation of colloid particles (Kallay

etal., 1987).
Rock
Deposition
hole Fracture
Bufter
A B C D
Solid mass Gel Fluid Water

Fig. 2.4. Conceptual model of bentonite that swells from the deposition hole and
penetrates into a fracture (Birgersson et al.,2009).

Pusch (1999) performed a study on the colloid formation from compacted MX-80
buffer that had penetrated fractures although this work was focused on colloids with a
relatively larger size between 2 and 50 um. The erosion of sodium bentonite and
calcium bentonite, namely Kunigel-V1 and Kunibond, respectively, can happen at flow
velocities ranging from 10 to 10 m/s (Kurosawa et al., 1999). It was concluded that
the effect of bentonite colloids on radionuclide transport can be negligible for the
performance assessment of geological disposal of radioactive waste in Japan. Missana
et al. (2003) studied the colloid formation of FEBEX bentonite in a confined system
and found the concentration of particles increased with increasing the water flow rate.
Similar conclusions were obtained from the study of Baik et al. (2007).

The erosion rates were estimated under various chemical conditions in colloid
generation experiments (Missana et al., 2011; Albarran et al., 2014; Baik et al., 2007).
The eroded amount of clay seems to be higher in saline water compared with that of in
non-saline water (Borgesson and Sandén, 2006). Neretnieks et al. (2009) found that the
release of bentonite particles stopped and ended up with the coagulation in high ionic
concentration. In a low ionic concentration, the repulsive forces caused by the cations
in the diffuse layer dominate over the attractive forces between particles. While at
higher ionic strength, the development of the diffuse double layers was restricted and

the attractive van der Waals force can become stronger than the repulsive force at some
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distance.
2.9. Summary

In this chapter, the structure of montmorillonite and the microstructure of
compacted bentonites were presented. The swelling mechanisms of bentonite including
crystalline swelling and osmotic swelling during the hydration process were described.
The laboratory methods for the determination of swelling pressure of compacted
bentonite were discussed. The parameters affecting the swelling pressure of compacted
bentonite were reviewed. The current knowledge of temperature effects on swelling
pressure and hydraulic conductivity of compacted bentonite was reviewed. Previous
theoretical work on the estimation of swelling pressure of compacted bentonite were
presented. It was found that these models did not provide satisfactory predictions for
the swelling pressure of compacted bentonite at different temperature. Further, the
factors that affect the erosion of bentonite were discussed. It was noted that the
understanding of bentonite erosion at elevated temperatures was limited, despite its
importance in the context of HLW disposal and P&A. Overall, the review demonstrated
knowledge gaps in the hydro-mechanical behaviour of compacted bentonite. This thesis
addresses some of these gaps and provide an improved understanding of hydro-
mechanical behaviour of compacted bentonite as engineered barrier considering the

thermal effects.
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CHAPTER THREE

3. Material and Methods

3.1. Introduction

This chapter presents the properties of bentonite, and the details of bentonite
characterisation and methods of constant-volume swelling pressure tests and erosion
tests for compacted bentonite. In section 3.2, the physical properties of studied
bentonite are presented, and the relationship between suction and water content of
compacted bentonite is described. To investigate the hydro-mechanical behaviour of
compacted bentonite at different temperature, a bespoke experimental setup was
designed and developed which is presented in section 3.3. The setup includes i) a
stainless-steel load cell, ii) a pressure controller that controls injection pressure and
fluid flow, 1i1) a temperature control system, and iv) a data logging system. Section 3.4
describes the details of compaction of clay samples. The testing methods of swelling
pressure and erosion are presented in section 3.5 and section 3.6, respectively. A

summary is presented in section 3.7.
3.2. Characterisation of bentonite

A commercially powdered bentonite (Voclay SPV200) supplied by AMCOL (UK)
was used in this study. The properties of the Voclay bentonite are presented in Table 3.1.
The bentonite soil used was a mixture of dioctahedral montmorillonite with smaller
amounts of quartz, plagioclase, K-feldspar, pyrite, gypsum, opal-C/cristobalite and a
trace of kaolinite. The analysis of the chemical compositions of bentonite powder was
undertaken using Energy-dispersive X-ray fluorescence (EDXRF). The clay fraction
less than 2 um of bentonite is a mixture of dioctahedral montmorillonite with traces of
illite/mica and kaolinite. The hygroscopic water content was determined by oven drying

at 105<C.
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Table 3.1 Physical and chemical properties of the bentonite used in this study

Properties Value

Clay fraction (%) 56

Montmorillonite content (%) 86.8

Accessory minerals (%)

Quartz 3.9

Plgogioclase 5.6

K-feldespar 0.9

Pyrite 0.2

Gypsum Trace

Compositions (%) Si02=62.30, Al,03 = 19.13, Fe203=10.31, CaO
=3.70, K»0 = 1.39, MgO =1.52, P,0s = 0.38,
TiO2=10.39

Hygroscopic water content (%) 12

Liquid limit (%) 409

Plastic limit (%) 52

Specific gravity 2.74

External surface area (m2/g) 20.0

Total surface area(m?/g) 528

CEC (meq/100g) 94

Exchangeable cations (meq/100g) Na*= 56, Ca?*= 30, Mg?*=7, K*=1.0

Particle size distribution

As shown in Fig.3.2, the particle size distribution was obtained by dry sieving and
hydrometer test. Clay powder samples were size distributed by using a series of sieves
from 0.075 mm to 4.25mm as shown in Fig. 3.1a. Hydrometer tests were conducted
according to ASTM D422-63. According to the different settling rates, the estimated
size of clay particles at various intervals were recorded. Fig. 3.1b presents the
hydrometer test that the graduated cylinder with the cloudy liquid contains the clay
sample in the water-dispersant solution. This was prepared by dissolving 33 g of sodium
hexametaphosphate and 7 g of sodium carbonate in distilled water to make 1 L of
solution. The temperature in the bath was monitored to ensure measurements are taken

at a constant temperature.
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(@) clay powder and sieving (b) hydrometer test

Fig.3.1. The tests for the determination of particle size distribution of Voclay.
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Fig. 3.2. The particle size distribution of Voclay bentonite in this study.

Liquid limit and plastic limit tests

The liquid limit and the plastic limit of clay samples were determined by fall-cone
test and dynamic shear test, respectively, based on BS 1377-2(1990). The liquid limit
is defined as the moisture content at which a soil passes from the liquid to the plastic

state. There are two types of methods for the measurement of the liquid limit of soil.
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The first is Casagrande test, where a paste of soil and water are placed in a shallow cup,
the paste is cut into two parts with a deep groove and the cup is then dropped repeatedly
in a standard manner until the groove has closed owing to the flow of the paste. The
second one is a cone penetrometer test. This is a static test allowing for more
reproducible results, while the Casagrande test is more susceptible to discrepancies due

to operators. Therefore, the method of fall-cone test was adopted.

For the fall-cone test, the paste was prepared by mixing the bentonite powder (with
particles smaller than 0.425mm) with water and leaving it to saturate for 24 hours. Care
was taken in placing the penetrometer by ensuring smooth surface of the soil paste and
the positioning the tip of the cone as close to the surface as possible. The cone was
released from this position and the penetration value was recorded. The amount of water
was altered to allow for a range of penetration values between 15 mm to 25 mm to be
recorded and the result was shown in Fig. 3.3. The liquid limit of the soil was

determined from the graph at a cone penetration of 20 mm.
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Fig. 3.3. Fall-cone test (a)The penetrometer setup with sample; (b) Results of liquid
limit.
The plastic limit is defined as the moisture content at which a soil becomes too dry

to be in a plastic condition. For determining the plastic limit, approximately 20 grams
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clay powder was added to water, leaving the mixture in room temperature until the mass
become plastic enough to be shaped into a ball. Approximately 8 to 12 grams of the
moistened soil was used to roll the ball by hand. If the soil could be rolled to a thread 3
mm thick without crumbling, the process was continued until the soil crumbled. The
crumbled parts were collected and placed in a tared aluminium, oven dried at 110<C to
a constant weight to estimate the water content. The measured water content provided

the plastic limit.
Specific gravity

The particle density of the bentonite clay was obtained by pycnometer tests
according to BS 1377-2(1990). Fig. 3.4 presents the equipment for vacuuming the
bottles. The amount of powder was around 5 grams. To make sure the clay powder
completely contacting with water, one should be cautious when adding as the clay
powder might stick to the neck of bottle. To obtain reliable results, the soil was left
under vacuum for at least 48 hr until the height no longer changed. According to BS
1377-2(1990), the air was gradually evacuated by using the desiccator until no more air

bubbles were observed.

Vacuum pump

Desiccator

Pycnometer

Fig. 3.4. The setup for the measurement of the particle density of clay powder.
Specific surface area

Specific surface area (SSA) exhibits a significant influence on the properties of
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clays, such as liquid limit (Warkentin 1972; Churchman and Burke 1991) and swelling
potential (Dasog et al. 1988). Generally, there are two approaches used to determine
specific surface area of clays: (1) to measure external surface areas by the adsorption
of simple molecules, such as the application of BET theory by using nitrogen as the
adsorbate (Brunauer et al. 1938), and (2) to measure the total surface area by the

adsorption of polar liquids (Tiller 1990).

The Gemini 2360 Surface Area Analyser was used to measure the external surface
area of clays with the use of nitrogen based on Brunauer-Emmett-Teller (BET) theory.
Since the molecular dimension of nitrogen are known, the surface area of the sample in
the unit of m?/g can be obtained by calculating the number of molecules of nitrogen

required to form a monolayer.

The measurement of the total surface area was determined by the adsorption of
ethylene glycol monoethyl ether (EGME) (Tiller, 1990; Cerato and Lutenegger, 2002).
The arrangement of the setup is presented in Fig. 3.5. Before mixing with 20 mL of
EGME desiccant, approximately 110 grams of 40-mesh anhydrous calcium chloride
was placed in an oven for 1 hour to remove any residual moisture. The clay powdered
sample was oven-dried at a temperature of 120 <C for 24 hours. Around one gram of
clay soil was spread into the bottom of the aluminium tare, and the mass of the clay soil
was determined with an accuracy of 0.001 g. Then, 3 mL of EGME was added and
mixed with a gentle hand swirling motion to ensure full contact with the sample and
create a uniform slurry. The tares were placed in a glass sealed vacuum desiccator and
left for 20 minutes. Finally, the desiccator was evacuated by using vacuum pump
providing a vacuum of 760 mm Hg. The tares were weighed after 8 hours. One
measurement was taken 16 hours after the first evacuation, and again after 24 hours. If
the difference between two readings was larger than 0.001 grams, the sample was put

back and evacuated again for another 2 hours.
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Fig.3.5. The setup for the EGME tests.

Cation exchange capacity

Desiccator

The bentonite clays have cation exchange capacity (CEC) that is able to hold

positively charged ions due to its negatively charged surface. The cation exchange

capacity and exchangeable cation composition of the clay was obtained by displacing

the exchangeable cations by 1 M ammonium acetate (NHsOAc) at pH=7.0 which was

prepared by dissolving 375 g NH4OAc in distilled water and making up to 5 litres and

adjusting pH to 7.00 with acetic acid 10% (Reeuwijk, 2002). 20 mL of 1 M NH4OAc

was mixed with 2 grams of air-dry clay powder. The soil-solution slurry was shaken for

2 h in the shaker. The solution was then separated from the solid by a centrifuge until

the samples were clear for 15 minutes. The concentrations of Na, K, Ca and Mg were

subsequently analysed by inductively coupled plasma optical emission spectroscopy

(ICP-OES). The calculation of CEC is followed by:

(ag-bp)*c*mcf

Exch. Ca=
10%20%d,,
(as-by)*c*mcf
Exch. Mg=-—--——
10%12.15%d,,
(as-by)*c*mcf
Exch. K=—-"Y——
10%39%d,,
as-by)*c*mcf
Exch. N3=L

10723%d,,
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where, ag; (mg/l) is Ca, Mg, K or Na in the extraction solution. b; (mg/l) is Ca, Mg, K
or Na in the blanks. d,, is air-dried sample weight in gram. mcf (=0.89) is moisture

correction factor. ¢ (=20) is the volume of NH4OAc used in extraction.
Water retention curves

As shown in Fig.3.6, the chilled-mirror hygrometer (WP4C) was used for the
measurement of total suction of clay with controlled water content. The instrument
WP4C was supplied by the METER GROUP. WP4C directs the light beam onto a
mirror, which reflects into the photodetector. When condensation occurs on the reflector,
the photodetector senses the change in reflectivity. Then, a connected thermocouple to
the mirror records the temperature at which condensation occurs. A green LED flashes

and beeps when it reaches the final values.

There are three modes including the precise, continuous, and fast modes. The
precise mode ensures accurate water potential readings through repeated operations.
Typical reading time is between 10 and 15 minutes. The continuous mode can be used
for long-term monitoring of samples that take a particularly long time to reach vapor
equilibrium, such as plant samples and wet soil samples with water potential greater
than -0.5 MPa. In fast mode, the measurement takes 3 to 5 minutes with a reduced
accuracy. Though the temperature control of this WP4C is ranging 15<C to 40C, large

temperature differences between sample and block needs longer reading times.

Before conducting the measurement, it is necessary to make sure the cleanness
inside chamber that would affect the readings. Verification standards provide salt
solutions that have a specific molality and water potential. In this way, the reading can
be checked and the error can be avoided. The potassium chloride (KCl) verification
standards are available to be used with very high accuracy The reading of the KCl
standard at 20 <C should be —2.19+0.05 MPa MPa, and at 25 <C the reading should be
—2.22 £0.05 MPa MPa.
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Seiphoori et al. (2014) applied a microcell for the determination of the total suction
at a given void ratio. For this study, a similar microcell was made of brass that contains
specimens 5 mm high with a diameter of 30 mm. A thread lid was screwed tight with a
solid base to provide constant volume conditions. The top of the lid was perforated to
provide the possibility of water exchange in vapour form with the surrounding
environment. A standard ASTM steel mesh number 200 (opening equal to 75 pum) was
placed at the top of the specimen to prevent migration of the fine material particles. The
mixtures of clay powder with different amount of water were sealed in plastic

containers for two days to ensure the homogenisation of the water in the specimen.

Mesh #200

Lid with holes

(a) (b)
Fig. 3.6. (a) WP4C dew point chilled mirror hygrometer; (b) Microcell component
with a compacted sample.
The generated points were recorded by the measured suctions at different dry
densities. The van Genuchten’s relationship (van Genuchten, 1980) was adopted for the
description of the relationship between water content and suction:

Osat—0r
=06, +—2 T — (3.5)

[1+(ags)T-m]™
where, ay and m are fitting parameters, s is suction (MPa). 8, and 6,,; are residual
water content (-) and saturated water content (-), respectively. In Fig. 3.7, the van
Genuchten model is used to plot with experimental data. The parameters required to fit

with experimental data are provided in Table 3.2.
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Fig. 3.7. The volumetric water content with suction for compacted Voclay

bentonite

Table. 3.2 Parameters for the water retention curves of compacted Volclay bentonite.

Dry density (Mg/m®)
Parameters 1.1 1.4 1.7
a (1/MPa) 0.030 0.020 0.022
M 0.585 0.626 0.630
s 0.342 0.356 0.384
0, 0 0 0

3.3. The experimental setup

A bespoke constant strain rate consolidation (oedometer) setup was designed and
constructed. The development was commissioned by the GDS Instruments. Instead of
applying stress increments manually with a typical oedometer, this equipment is
capable of gradually applying the load at a constant rate under controlled temperature.
Water injection and drainage are allowed through either the top or the base of the
apparatus, so that constant head permeability tests can be performed. Drainage is
through the base of the apparatus, thereby controlling the excess pore pressure. The
main advantage of this apparatus is that the completion time for a one-dimensional
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consolidation test can be shortened significantly for low permeability materials by

reduction of the excess pore pressure.

Fig.3.8 presents a schematic diagram of the experimental setup and pictures of the
complete cell. The equipment consists of 1) a stainless-steel load cell, i) a pressure
controller that controls injection pressure and fluid flow, iii) a temperature control

system, and iv) a data logging system.
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(b) (©)

Fig. 3.8. Experimental equipment: (a) schematic diagram of the developed setup:

constant strain high temperature, high pressure system; (b) the oedometer cell with
heating mats; (c) the oedometer cell with heat resistance cover mounted on the load
frame.
The loading system

The loading system consists of a load frame and a load cell. The cell rests on the
circular bottom plate that can move upward or downward when applying load. The load
frame is able to operate in velocity and displacement control mode via keypad or
software. In the technical specifications, the speed range can be controlled between
0.0000lmm/min and 89.9999mm/min. The load range is up to 50 kN. The
measurement components include a linear displacement transducer at the top of the
steel cover, and a load ram that connects with external S-Beam load cell and internal
sample.

The Linear Variable Differential Transformer (LVDT) local strain transducers
manufactured by GDS Instruments was used to measure the vertical volumetric
deformation of the sample with accuracy better than 0.1% of Full Range Output. The

range of LVDT is up to 50mm.
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High pressure controller

To provide a constant injection pressure, a high-pressure volume controller (200
cm?® volumetric capacity and 0 to 20 MPa pressure range with an accuracy of 0.1%) was
used. The resolutions of pressure and volume are 1 kPa and 0.1 mm?, respectively. The
pressure controller can measure the amount of water injected into the specimen during

the infiltration process.

Fig.3.9 Advanced pressure controller

Temperature control system

To ensure isothermal conditions during the tests, three heating pads were attached
at the top, middle, and bottom of the external surface of the sample holder. The changes
in cell temperature were monitored via a thermocouple fitted into the base of porous
plate. The temperature control system can maintain the isothermal temperature from
ambient temperature up to 80°C. The temperature equilibrium in the entire system is
usually achieved in a couple of hours. The expansion of the metal parts during heating
(usually for temperatures higher than 40°C) can affect the load cell readings, so an
increase of axial load ranging from 20 kPa to 170 kPa may be observed. These changes

in axial load were accounted for during calibration of the system.
3.4. Sample preparation

Compacted bentonite samples were formed by compacting the powder to the target
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dry densities using a specimen ring and a compaction mould. The compaction mould
has four parts including a base, a collar, a spacer, and connecting ring. The specimen
ring was placed on the base of the compaction mould. The collar and the connecting
ring were attached and tightened with bolts. Fig.3.9a shows the assembled compaction

mould.

In order to minimise the friction, the internal surface of the specimen and the spacer
were lubricated with silicon grease. The testing machine as shown in Fig.3.10 was used
to compact the samples by lowering down the cylinder to the pointed height, thus
achieving the target dry density. Vertical pressures in the range of 7 kN to 50 kN were
applied to the samples at a constant displacement rate of 0.2 mm/minute. Once a sample
reached the target height, the load was maintained for 10 minutes in case of potential
immediate rebound and internal fabric changes. Each compacted sample was then

immediately emplaced in the constant-rate consolidation cell for testing.

(a) Compaction mould (b) Testing machine

Fig. 3.10. The setup for the compaction of samples.

3.5. Swelling pressure tests

The swelling pressure of expansive clays was measured after a completion of
saturation from oedometer tests. There are three kinds of experimental methods to

measure the swelling pressure of clays, including free swell compression test, the
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loading swell compression test and constant volume test (Barckley, 1975; Sridharan et
al., 1986; Xianmin and Wang, 2003; Ye et al., 2014). In this study, the constant volume

test was used to determine the swelling pressure due to time-saving.
Calibration of the load cell against temperature

For calibration of the swelling pressure tests of compacted bentonite, a sample with
a dry density of 1.4 Mg/m? was used. Figure 3.12 presents the monitored temperature
of heating pads and inner sample with time. It takes around 1 hour to reach the target
temperature of sample (40°C). The temperature of heating pad kept increasing until the
monitored temperature of the inner sample reached 40°C. When increasing temperature
to 60°C and 80°C, the average heating pad temperature are accordingly 64°C and 87°C.
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Fig. 3.12. The evolution of temperature against time.

The swelling pressure tests were conducted for compacted samples at three
different dry densities of 1.1, 1.4, and 1.7 Mg/m’. After the compaction, the specimen
ring with compacted sample was placed in the chamber and confined between two
porous plates as shown in Fig.3.8. The external S-Beam load cell was fixed with the
restrained bar of the load frame. The load cell was placed at the position connecting the
top of the loading ram and the S-Beam load cell. Fluid inlet and outlet tubes at the base

of the cell were connected to the pressure controller. Two test series were conducted in
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this study. The first test series focused on studying the effects of temperature on the
swelling pressure using pre-saturated samples of compacted bentonite. For the second
test series of experiments, each sample was saturated at different temperatures while

the swelling pressure development was monitored.

3.6. Erosion tests

The generation of colloid bentonite is much closer to the realistic conditions in the
applications of HLW disposal and P&A. To identify the erosion process of confined
bentonite, the bottom porous plate was replaced by sintered stainless-steel filters with
the bespoke oedometer described in section 3.3. The sintered stainless-steel plate was
supplied by Mott Corporation. The average or nominal pore size of this plate is 100 um.
Two top openings were closed, and filter paper and thin film were placed on the top of
the specimen to ensure there was no outflow through top. As shown in Fig. 3.13, the
deionised water flow from the left bottom opening, the collected solution from the right
bottom opening was used for dynamic lighting scattering (DLS) measurement. The
DLS measurement is used to determine the concentration of the collected solution.
There was no volume change during the whole process. In this case, the development
of swelling pressure was monitored.

The Zetasizer NANO ZSP device from Malvern shown in Fig. 3.14a was used to
measure the Brownian motion of the particles to determine the size of particles. The
angle of scattering are 173 degrees. The single measurements lasted 60 s. The range of
measured sizes was from 0.3 nm to 10 pum. The particles or molecules in the suspension
cause the laser light to be scattered at different intensities. By using the Stokes-Einstein
relationship to analyse these intensity fluctuations, the speed of Brownian motion can
be obtained and hence the particle size. The proportionality of light counts measured
by the method of dynamic lighting scattering can be utilised for the concentration
determinations (Ledin, et al, 1993; Missana et al., 2003; Baik et al., 2007). The count

rate is determined by the number of particles in the scattered volume. The relationship
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between the concentration and the count rate for bentonite colloids was found to be
linear (Missana et al, 2008; Niemiaho, 2013). To obtain the calibration curve, the
bentonite suspensions were prepared with a known concentration from Voclay (SPV200)
bentonite.

Turbidity was measured in the unit of NTU (Nephelometric Turbidity Units), which
is correlated to the amount of particles in suspension and to their mean size. The
turbidimeter was used to measures the intensity of the light scattered at 90 degrees when
the beam passes through the water sample. The HI98703 turbidimeter is produced by
Hanna Instruments, which has an accuracy of £2% of reading plus 0.02 NTU with the
reading ranges from 0 to 1000 NTU. As shown in Fig. 3.14b, the right four bottles with
known turbidity (<0.1 NTU, 15 NTU, 100NTU, 750 NTU) were used to calibrate the
turbidimeter. The calibration can be performed with two, three or four points, which
means two, three or four bottles of standard solution were used for calibrating. The light
passes through the cuvette to reach the sample and the measurements may be affected
by flaws, dirt, dust, scratches, or fingerprints on the cuvette surface. To ensure accurate
measurements the outer surface of the cuvette was cleaned by silicon gel to remove

imperfections and scratches.

Specimen

MRS RS

Water inflow Collect solution

7 > i \ » DLS measurement

Fig. 3.13. A schematic of the erosion tests.
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(@) (b)
Fig. 3.14. The analysis of colloid solution: (a)The Zetasizer NANO device from

Malvern in DLS measurement (b)The setup for measurement of turbidity.
3.7. Conclusions

The properties of Voclay (SPV200) bentonite were presented in this chapter. The
physical and chemical properties of the bentonite, such as liquid limit, plastic limit,
specific gravity, specific surface area, cation exchange capacity and weighted average
valence of exchangeable cations are presented.

A compaction module was developed for specimen preparation. The relationships
between suction and water content at different dry densities were obtained from chilled-
mirror hygrometer. By applying van Genuchten model, the results indicated that the
sample with higher dry density contains more water compared with the sample with
lower dry density. In order to investigate the temperature effects on hydro-mechanical
behaviour of compacted bentonite, a bespoke oedometer with temperature control was
built for conducting swelling pressure tests and erosion tests. Both tests were carried
out at confined condition, i.e., no deformation was allowed. In erosion tests, the
chemical analysis was conducted after collecting the solutions. The designed setup
allowed for monitoring the evolution of swelling pressure. Details of the procedures for
sample preparation, constant volume swelling pressure tests, and erosion tests at
different temperatures were presented.
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CHAPTER FOUR

4. Elevated temperature effects on swelling and hydraulic

properties of compacted bentonite

4.1. Introduction

Previously reported observations of swelling pressure development in compacted
bentonite-sand mixture at elevated temperature have led to opposing conclusions.
Unambiguous answer to temperature effects on swelling behaviour of clays is critical
in the context of geological disposal of-high level nuclear waste, where the clay barrier
is expected to maintain high swelling capacity and low hydraulic conductivity for a
significant time under elevated temperatures. With the aim to address this knowledge
gap, this chapter presents an experimental investigation of temperature effects on
swelling and hydraulic properties of bentonite-sand mixture for a range of dry densities
and temperatures up to 80°C.

The aim of this study is to develop an improved understanding of the effects of
elevated temperature on two key engineering properties of the clay buffers, namely
swelling pressure and hydraulic conductivity. It is important to understand the hydro-
mechanical response of compacted bentonite to temperature increases, and the extent
to which such responses are interlinked with soil compaction and microstructure. In
section 4.2, detailed procedure for conducting two test series using the bespoke high-
pressure high-temperature constant strain oedometer is described. In section 4.3, the
results of two series of laboratory experiments are presented which are based on two
approaches for investigating the effects of temperature. The first set of experiments
focuses on investigating how temperature increase can influence the swelling and
permeability of saturated samples at ambient temperature. The second set of
experiments explores the clay response to a range of elevated temperatures during

saturation process. Swelling pressure development is recorded for both series of
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experiments. The hydraulic conductivity of samples is also measured at a number of
stages during the test to provide an understanding of the temperature effects on
hydraulic properties. The discussions and summary are presented in section 4.4 and 4.5,

respectively.

4.2. Experimental programme

Two series of experimental tests were conducted in this study:

Series A: In this series, the samples were first saturated at ambient temperature and
the swelling pressure resulting from the saturation process was allowed to reach steady
state before increasing the temperature. The swelling pressure development was
monitored until water intake and swelling pressure were stabilised. The temperature
was then increased from 25°C to 40°C and maintained until swelling pressure reached
new steady state. Temperature was subsequently increased to 60°C and to 80°C
following the same process and measurements. Fig. 4.1a presents a schematic diagram
of the controlled temperature procedure applied for the first test series. The hydraulic
conductivity of the sample was measured at each temperature after the steady-state
swelling pressure was reached, by creating a pressure gradient across the sample and
measuring the water flow rate. The hydraulic gradient was created by increasing the
base pressure while the top valves were kept open to atmospheric pressure. The
procedure applied here was similar to that adopted by Ye et al. (2013), Ye et al. (2014),
and Huasmannonva and Vasicek (2014). Darcy’s law was then applied to calculate the
hydraulic conductivity of the samples from the measured flow rate and the applied
hydraulic gradient. The range of hydraulic gradients created between the bottom
(injection point/upstream) and the top (downstream) of the sample was varied from
2000 to 20,000 (m/m), corresponding to increasing injection pressure from 100 kPa to
1 MPa. The GDS advance pressure controller was used to accurately record the volume

of water injected into the sample with time.
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Series B: In this series, each sample was saturated at different temperatures, and
the swelling pressure development was monitored. The experiments were conducted on
three samples compacted at dry densities of 1.1, 1.4, and 1.7 Mg/m?>. The aim was to
study bentonite behaviour under a range of low to high densities for which the
contribution of interlayer water to total water was known to change approximately
linearly (Sedighi and Thomas, 2014). The saturation was conducted under restrained
deformation (confined saturation).

Fig. 4.1b presents a schematic diagram of the controlled temperature procedure
applied for both types of experiments. The procedure of saturation was similar to that
described by Bag and Rabbani (2017) and Villar et al. (2010). During the tests, the
evolution of swelling pressure and volume of injected water were monitored and
recorded for given temperature. The hydraulic conductivities of the samples were then

measured after the swelling pressure stabilised at each temperature.
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Fig. 4.1. Temperature control with time for the two sets of experiments carried out: (a)
response of the saturated clay to temperature increase; (b) saturation at different

temperatures.
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4.3. Results
4.3.1. Temperature effects on swelling pressure

This section presents the results of swelling pressure under the effects of elevated
temperature from the experiments outlined in Section 4.1 as Series 4 and Series B. The
saturation of compacted bentonite is considered to be completed which is based on the
stabilisation of water intake and swelling pressure development (Villar et al., 2010).
The equilibrium of swelling pressure is defined as increasing up to a constant value (Ye
et al., 2013). In Series A, the equilibrium at different stages have been maintained for
at least 24 hours. In Series B, the measured pressure is registered as the maximum
swelling pressure after remaining constant. In addition, the final water content of each
sample at 25°C were measured by oven drying and found to be 51.2 % for 1.1 Mg/m?,
37.3% for 1.4 Mg/m*, and 32.2% for 1.7 Mg/m>. Accordingly, the calculated degrees
of saturation are 94%, 106%, and 144%, which are considered to be completely
saturated.

The magnitude of swelling pressure largely depends on the content of smectite in
compositions (Komine, 2004). The partial dry density of smectite can be obtained from

the dry density of clay and the smectite content (Idemitsu et al., 1996, Liu et al., 2003):

P = Xempa [1 = (1 = Xep) 2] @.1)
where, X, is the mass fraction of smectite in the clay (dimensionless), which is equal
to the clay fraction times the smectite content. p; represents the bulk dry density of the
clay (kg/m?®). p; denotes the density of the non-smectite minerals or impurities (kg/m?)
which is close to the density of smectite. Therefore, it is assumed to be around 2.8
Mg/m? for simplifications (Bourg et al., 2006). In this work, the comparison was made
with data of swelling pressure against dry density of smectite for different bentonite
clays at ambient temperature in existing literature (JNC, 2000; Schanz andAl-Badran,
2014; Lee et al., 2012; Schanz et al., 2013; Bucher and Miiller, 1989; Schanz and
Tripathy, 2009; ENRESA, 2000; Madsen, 1998; Imbert and Villar, 2006; Komine,
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2004;). The measured values of swelling pressure are relatively lower due to a smaller
dry density of smectite. The swelling pressure tends to be larger with a high dry density
of smectite at the dry density (i.e., 16.3 MPa for FEBEX at a bulk dry density of 1.7
Mg/m? and the calculated dry density of smectite is 1.36 Mg/m?, 3.5 MPa in this work

at the same dry density and the calculated dry density of smectite is 1.2 Mg/m?).
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Fig. 4.2. Experimental data for swelling pressure of different bentonite clays at

different dry density of smectite.

Figure 4.3 presents the results of swelling pressure of compacted bentonite when
temperature increases stepwise from 25°C to 80°C (Series A). CB1, CB2, and CB3
represent the samples with dry densities of 1.1, 1.4 and 1.7 Mg/m?, respectively. The
results show that the steady-state swelling pressure during saturation (at 25°C)
increases with the increase of the dry density of compacted bentonite, which is
compatible with observations reported in the literature (e.g., Tripathy et al., 2015; Cho
et al., 2000). The results also show that the swelling pressure decreases from the initial
value with increasing temperature.

At the initial saturation stage, only one peak in the swelling pressure evolution is

observed for CB3 (high dry density), corresponding to the steady-state, while two peaks
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appear for both CB1 and CB2 (lower dry densities), the second corresponding to the
steady-state. These observations agree with the study by Komine and Ogata (1994) that
the first peak does not exist at high dry densities but appears at relatively low dry
densities. In general, the high dry density yields high initial suction, i.e., larger water
absorbing capacity, which dominates in water uptake process, thereby showing a
continuous rise. For low density samples, the presence of the first peak is due to the
loss of shear strength at the aggregate level (Pusch, 1982). The two peaks for low
densities potentially result from the change of soil fabric. Before reaching the first peak,
the swelling of aggregates induces an increase of interparticle distance which in turn
generates a swelling pressure and shear stresses between the aggregates. Due to the high
water-adsorption capacity of bentonite, water molecules enter the interlayer space
between aggregates. The thick quasicrystal split into thinner ones, and deformable
aggregates are repositioned and divided, resulting in a slight decrease of swelling
pressure (Pusch, 1980a; Cui et al., 2000; Zhu et al., 2013). Matric suction dissipation is
dominated at the stage of first peak, while second peak develops slower controlled by

the osmotic suction (Singh et al., 2006).
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Fig. 4.3. Variations of swelling pressure of compacted bentonite with time for

experiments Series A.
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For the case of CB1 and CB2 samples, the swelling pressure decreases slightly
after the first peak, and as the hydration process continues, it increases again towards
the second peak. The phenomenon of double peak has been further reported in the
swelling pressure tests conducted by Ye et al. (2013) with GMZ01 bentonite compacted
to a dry density of 1.5 Mg/m? at 20°C and 40°C and Villar and Lloret (2008) using the

compacted FEBEX bentonite with a dry density of 1.7 Mg/m?® at room temperature.
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Fig. 4.4. The development of swelling pressure of compacted bentonite at different
dry densities with time from test Series B.

For CB3 sample, which has a higher density however, the rate of swelling pressure
development with time is smaller before reaching the final equilibrium. The overall
reductions of swelling pressure due to temperature increase from 25°C to 80°C for
samples CB1, CB2 and CB3 are 120, 250 and 440 kPa, respectively. This shows that
swelling pressure reduction is much larger for samples with higher densities.

Fig. 4.4 a-c presents the results of the experimental tests in Series B which were
focused on studying the swelling pressure development at different isothermal
temperature values. At higher temperature, the swelling pressure shows a decrease for
the samples with the same initial dry densities. For instance, the swelling pressures of
the sample with dry density of 1.7 Mg/m? are 3.8, 3.6, 3.4 and 3.3 MPa at isothermal
temperatures of 25°C, 40°C, 60°C, and 80°C, respectively. The results show that the
swelling pressure decreases with temperature. These observations are compatible with

data published by Villar et al. (2010) on compacted FEBEX bentonite.
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The results of experiment Series B show that by increasing temperature the
hydration rate accelerates which is presented in Fig. 4.5. The rate of swelling pressure
development is found to be much smaller at lower temperature. The time to reach the
maximum swelling pressure, which is considered to be the end of saturation, is longer
at low temperature than that of at higher temperature (e.g., for a dry density of 1.4
Mg/m?, 16.2 hours at 25°C, and 5.8 hours at 80°C). The time to reach the steady-state
of swelling pressure is the shortest for samples with the highest dry density. The
variation of the swelling pressure with temperature (Fig. 4.6), show an overall decrease

of the swelling pressure. These observations are consistent for both experimental Series

A and B.
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Fig. 4.6. Variations of swelling pressure with temperature for compacted bentonite for

Series A and Series B.

4.3.2. Temperature effects on hydraulic conductivity

For both series of experiments Series A and Series B, once the swelling pressure
reached steady-state at a given stage of the test, the hydraulic conductivity of the sample
was measured under isothermal temperature. A linear relationship between flux and
time was observed at each equilibrium for all the test (i.e., the injected volume versus
elapsed time for CB1 is presented as shown in Fig. 4.7). The slight drop of volume
between different stages is possible due to an increase of the water pressure at base
interface when increasing temperature. The pressure controller automatically proceeds
from the feedback and further reduces the injected volume. The saturated hydraulic
conductivity was calculated based on Darcy’s law:

Q = KjiA (4.2)
where, Q is the water flux (m%/s), K, is the hydraulic conductivity (m/s); i is the
hydraulic gradient (m/m) and A is the cross-section area (m?). The variations of

hydraulic conductivity with water properties can be presented by:
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K, = Z—V;kp (4.3)

where, k,, is intrinsic permeability (m?), y,, is the unit weight of water (Nm™), and
W, is the dynamic viscosity of water (Nm™s). As shown in Fig. 4.8, with an increase
of dry density of smectite, the presence of the reduction of permeability can be observed
by comparing the data from literatures. Increasing dry density of smectite means the
width of flow channel is much reduced. The decrease of permeability at higher dry
density is related to the increase in viscosity caused by the main fraction of pore water
is mineral-adsorbed (Pusch, 1980b).
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In Series A, the results show that temperature has larger effects on the hydraulic
conductivity at low dry density (for the sample CB1, k increased from 1.2x107'? m/s at
ambient temperature to approximately 2.5x107'2 m/s as shown in Fig. 4.10.). The
increases of hydraulic conductivity at 40°C and 60°C are found to be limited for CB2
and CB3 compared to the values measured at 25°C. However, the increase of
temperature has less impact on the hydraulic conductivities for CB2 and CB3 compared
to that observed for CB1 when temperature is increased from 60°C to 80°C.

In Series B, the hydraulic conductivity was measured at different hydraulic
gradients as shown in Fig. 4.9. The hydraulic gradient was first increased for each
sample and then reduced gradually to the initial value. During each step the hydraulic
conductivity was calculated by knowing the flow rate and hydraulic gradient. The aim
was to establish an understanding of whether the hydraulic gradient caused changes to
the fabric and to what extent temperature would be important in this process.

Figure 4.10 presents the variations of hydraulic conductivity with temperature for
the two series of tests. For the case of CB1 (dry density of 1.1 Mg/m?), the overall
increase of hydraulic conductivity at 80°C is found to be much more significant in
comparison with that of the samples with higher dry densities (i.e., CB2 and CB3 with
dry densities of 1.4 Mg/m® and 1.7 Mg/m>, respectively). Less compactive effort is
needed for CB1, and the bonding between particles is the weakest. The force generated

by the accelerated flow might affects the stability of soil matrix, especially for CB1.
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Fig. 4.10. Variations of hydraulic conductivity with temperature for Series A and
Series B.

Fig. 4.10 presents the variations of hydraulic conductivity with hydraulic gradient
for different samples studied under Series B. The average values of hydraulic
conductivities were obtained based on starting values and final values through a cycle
of gradient path. A level of irreversibility can be observed with regards to the hydraulic
response of the samples to hydraulic gradients applied. These observations are
consistent with those reported by Dunn et al. (1984) on fine-grained soil samples. The
hydraulic conductivity of compacted bentonite clays decreases with the increase of
hydraulic gradient, while it is subsequently found to be irreversible and by decreasing
the hydraulic gradients from 20,000 to 2,000, the hydraulic conductivity is increased.

As already mentioned, the hydraulic gradient in our study was firstly increased
from low to high value, and then decreased back to the original low value. However,
Pusch (1980b) adopted different path, reducing the gradient from 10,000 to 1000 and
observed different hydraulic behaviour. They found that the hydraulic conductivity of
compacted bentonite was influenced by hydraulic gradients and decreased with the

decrease of hydraulic gradients at low bulk density. For denser samples, the behaviour

69



was different, and the hydraulic conductivity remained unchanged when decreasing the
hydraulic gradient. Dixon et al. (1999) investigated this phenomenon and indicated that
the hydraulic conductivity is gradient dependent. Increasing the hydraulic gradient led
to an increase of hydraulic conductivity of bentonite sample in low dry densities (0.76
Mg/m? and 1.09 Mg/m?). The experimental results from Al-Taie et al. (2014) showed
that the reduction of hydraulic conductivity appeared when hydraulic gradient was
beyond certain value. The shear stresses raised by the increase of injected pressure
could induce aggregate breakdown, particularly for the prominent parts with weakened
bonding. In addition, the impacts of applying high hydraulic gradients may also cause
migration of particles, resulting in clogging the pore spaces and subsequently reduction

of permeability.

4.4. Discussion

Microstructure of compacted bentonite changes with temperature and such effects
can explain the changes in the swelling pressure and hydraulic conductivity of
compacted bentonite with temperature. The system of compacted bentonite can be
described as an assemblage of particles with sizes at different length scales and the
associate multiscale pores. Fig. 4.11 presents a schematic of the compacted bentonite
and its microstructure. At least two scales of porosity can be described in compacted
bentonite which include micro porosity and macro porosity. Micro porosity constitutes
the pores between the clay layers (it is also called interlayer porosity) and macro
porosity includes the spaces between aggregates (inter-aggregate and intra-aggregate
pores are included within macro porosity) (Delage et al., 2006; Romero et al., 2011;
Massat et al., 2016).

The pore water in the system includes: 1) the interlayer water which exists in the
micro pores, i1) the water affected by the electrical surface charges (DDL water) which

exists in macro pores and iii) free water in macro pores for which the properties of bulk
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or free water can be assumed (Bradbury and Baeyens, 2003; Appelo, 2013).

The clay-water-chemical system responds to the temperature changes to establish
a new equilibrium in the clay system which is ultimately reflected in the evolution of
swelling pressure and hydraulic conductivity. Those responses and processes can be

categorised as below:
e Temperature effects on the properties of water
e Changes to the water clay interactions and retention

e Re-distribution of water between micro and macro structure
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Inter-aggregate pores Inter-particle pores  Inter-layer (i.e. intra-praticle) pores

Diffuse layer Stern layer

Quasicrystal
_AE B R H BB

‘; " smn ]: (Ej) Water molecule
a8, %@ s 22 T pad .
Basal M&%@ M@%Im;ﬂgﬁ (3  Exchangeable cations
spacing V—\ \j ( )i [ @  Anions
THw ?f\"éﬁp ‘b’?&’&\ e Lﬁ:ﬁ ECh N == 2:1layer lattice

Fig. 4.11. Microstructure of compacted bentonite at saturation.
4.4.1. Temperature effects on the properties of water

The physical properties of water, e.g., density (unit weight) and viscosity, vary
with temperature. The changes on water viscosity and density contributed to the
evolution of hydraulic conductivity with temperature (Villar et al., 2010). If intrinsic
permeability is assumed to be temperature independent (which is only the case of
coarse-grained materials and not compacted bentonite), the variations of hydraulic

conductivity with temperature could be calculated purely based on temperature
71



dependency of water density and viscosity by using Eq. (4.3). Figure 4.12 presents the

variations of hydraulic conductivity with temperature calculated using Eq. (4.3), i.e.,
Ky, = Z—W k,, for experiments series 4 together with the experimental data points.
w
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Fig. 4.12. Variations of hydraulic conductivity with temperature for experiments
Series A according to water viscosity and density changes.

The measured variations of conductivity with temperature cannot be attributed to
the changes in water properties alone, as the calculations based on Eq. (4.3) over-predict
the temperature effect for all clay densities. The results presented agree with similar
calculations for compacted FEBEX bentonite (Villar and Lloret, 2004). The
discrepancies between the calculation and experimental observations are related to 1)
the fact that the intrinsic permeability in compacted bentonite is strongly controlled by
microstructure (e.g., Chen et al., 2020), and i1) the physical states of water in micro
(interlayer) and macro pores are different. It has been shown that the viscosity of
absorbed water on mineral surfaces is higher than that of bulk water under normal
hydraulic gradient (Pusch and Yong, 2006). Therefore, the mobility of interlayer pore
water is considered to be limited and the interlayer water can be regarded as an

immobile phase. The exchange of water between the micro pores and macro pores can
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in principle increase the potential flow at elevated temperature as the ratio of mobile
water to the total water increases. It has also been shown that the interlayer water
density can be larger than that of free water (Lloret and Villar, 2007). Skipper et al.
(1991) estimated the interlayer water density to be 1.4 Mg/m?® for Mg-smectite and 1.1
Mg/m? for Na-smectite. Jacinto et al. (2012) calculated and obtained the range which
is from 1.17 to 1.09 Mg/m?® for MX 80 bentonite compacted at 1.6 Mg/m? dry density.
Fernandez and Rivas (2005) have shown that the interlayer water density is ranging
from 1.1 to 1.5 Mg/m® in compacted FEBEX bentonite. Wang et al. (2014a) indicated
that the interlayer density was 1.1 Mg/m® for the saturated MX-80 sample at a dry
density of 1.6 Mg/m®, which increases with increasing dry density.

The extent to which the temperature effect on water viscosity and density is
important in controlling the hydraulic conductivity has been studied by Villar and Lloret
(2004). They have shown that if only temperature dependency of water viscosity and
density are considered as controlling mechanisms for hydraulic conductivity, an over-
prediction of the experimentally measured values can be expected. The results in this
work support their conclusions and suggest that the intrinsic permeability of the clay
cannot remain the same at elevated temperature. The microstructure evolution with
temperature 1s complex and involves changes to the soil fabric and tortuosity which

ultimately affects the intrinsic permeability (e.g., Chen et al., 2020).
4.4.2. Changes to the clay water interactions and retention properties

The overall retention of water in the clay system is affected by temperature and
subsequently the main mechanisms of swelling pressure development in bentonite (i.e.,
crystalline swelling and osmotic swelling) are affected. It has been shown that the water
retention capacity of bentonite reduces at elevated temperature (Villar et al., 2010). It
is partly related to the fact that surface tension of water varies with temperature and
affinity of water to surfaces reduces as temperature increases. The osmotic effects are

rather more complicated as they involve the complex geochemical behaviour of multi-
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ionic system of pore water in macro pores including the activity of water, ionic species,
precipitation/dissolution processes.

Experimental observations of water retention behaviour of compacted bentonite at
elevated temperature indicate an overall decrease of water retention capacity at higher
temperature (Jacinto et al., 2009). At higher temperature, the total water content (after
saturation) tends to be lower. On the other hand, and as shown in Fig. 4.4, the time to
reach equilibrium (or reach the maximum swelling pressure) is longer at lower
temperature than that of elevated temperature. Such effects can induce changes to the
equilibrium and kinetics of water adsorption in the system which is therefore reflected
in the overall swelling pressure and hydraulic conductivity.

Temperature affects the properties of diffuse double layer where osmotic swelling
is dominating. As shown in Fig. 4.11, the diffuse double layer contains three types of
water: Stern layer water, diffuse layer water, and free water. The dielectric constant of
pore fluid and the Debye length (i.e., the maximum possible diffuse double layer
thickness) can change with the increase of temperature (Michell and Soga, 2005).
Tripathy et al. (2015) have shown that the decrease in the swelling pressure of
compacted MX-80 at elevated temperature is in several ways related to temperature
effects on the major parameters embedded in the electrical triple-layer (i.e., the clay
surface, the Stern-layer, and the diffuse double layer) theory. However, this prediction
of swelling pressure only fits well with the samples whose density is under 1.45 Mg/m®
when compared with experiment. In principle changes to the water interaction with
surfaces and chemical system, induce mobility and water exchange between the

microstructure which are discussed further below.
4.4.3. Re-distribution of water between micro and macro pores

It has been shown that the proportion of micro porosity (interlayer porosity) in
saturated compacted bentonite increases almost linearly with dry density (e.g., Bourg

et al., 2003; Sedighi and Thomas, 2014). For the sodium rich MX-80 bentonite,
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compacted at dry densities above 1.6 Mg/m® more than 50% of pore water is in the
micro porosity (Sedighi, 2011; Sedighi and Thomas, 2014). A large proportion of pore
water in macro pores is affected by the electrical diffuse layer at high dry densities and
thus there is a limited amount of bulk or free water. Bradbury and Baeyens (2003)
estimated that the free water only accounted for 1.1% of total pore water at a dry density
of 1.8 Mg/m? when compacted MX-80 bentonite was saturated under constant volume.
Similarly, Fernandez et al. (2004) reported that only 1.5% of total pore volume was
available for free water in compacted FEBEX bentonite at dry density 1.65 Mg/m?>. At
lower densities (below 1.6 Mg/m?), the largest proportion of water is in macro pores.
For example, only 20-30% of pore water at dry density of 1.2 Mg/m? is located in micro
pores (Sedighi and Thomas, 2014). Elevated temperature induces an exchange of pore
water between the interlayer and macro pores (Ma and Hueckel, 1992; Lloret and Villar,
2007; Sedighi et al., 2018). It has been shown that the interlayer porosity can shrink by
approximately 20% when temperature increases from 20°C to 80°C for a fully saturated
MX-80 bentonite at dry density 1.6 Mg/m? (Sedighi, 2011). Such exchange of water
between the micro pore and macro pore can reduce the contribution of the crystalline
swelling in the overall swelling pressure at elevated temperature. The effect is less
pronounced at lower densities as most of the water locates in the macro porosity.

The three key processes described above are strongly interlinked and assessing the
contribution of each process on the experimental observations may not be fully accurate
based on existing theoretical developments. It is anticipated that the exchange of water
between micro pores and macro pores play a significant role in the observed behaviour,
as this process can increase the potential flow at elevated temperature due to the
increase of the fraction of mobile water. From the experimental results it can be
observed that the swelling pressure drops more considerably in denser samples in both
Series A and Series B. For all densities at which hydration tests were carried out, an
acceleration of hydration at elevated temperatures are observed. This is largely related

to the fact that a larger proportion of water exists at macro pores and the mobility of
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water is facilitated at elevate temperature. The overall increase of water mobility is also
reflected in the hydraulic conductivity measured.

It is recognised that the clay particles shrink at elevated temperature due to the
decrease of interactions between surfaces and water (Jacinto, 2009; Sedighi et al., 2018),
but understanding of how the particles evolve (i.e., the number of individual clay layers
forming a particle) at elevated temperature is limited. The loss of absorbed water into
macro pores results in the decrease of crystalline component of swelling pressure.
Meanwhile, the proportion of mobile water in macro pores increases and the effects of
osmotic processes can be further enhanced.

The increase of hydraulic conductivity observed is partially related to the
reconfiguration of microstructure and porewater in the system. For the denser sample,
the volume of bulk water is lower after saturation, which explains why the change of
hydraulic conductivity is smaller than that of the looser sample. Furthermore, the
change of hydraulic gradient can result in the breakdown of aggregate with weak bond
and subsequently block the flow path (the appearance of clogging in macro pores)
which is evident in the variations of hydraulic conductivity observed in cycles of
analysis.

The evolution of swelling pressure and hydraulic conductivity with temperature is
controlled by a set of complex and strongly interlinked microstructural processes.
Overall, the exchange of water between the different pore scales which is facilitated by
the reduction of water retention properties of clay at elevated temperature is a critical
controlling process. Understanding how these processes are interlinked requires further
theoretical insights into the problem. The gap in knowledge is particularly evident at
particle level, i.e., how temperature affects the particle system (e.g., number of layers

forming a particle).
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4.4.4 Implications for plugging and abandonment of oil and gas wells

Compacted bentonite as an alternative plugging material to cement in the forms of
small pellets and large bullet shapes (Englehardt et al., 2001; Towler et al., 2016) have
been used for plugging of onshore well. At the depth of deployment of clay plugs, the
mechanical stability of plugs mainly depends on the magnitude of swelling pressure of
bentonite as the generated friction force against the casing wall. This is also related to
the length of a plug which prevents the plugs from moving upward or downward. The
guidelines of laboratory qualifications of bentonite clays recommend the shear bond
strength of larger than 1 MPa which is originally generated by swelling pressure (Oil
and Gas UK, 2012). Based on a series of successful field trial tests, an optimum range
of swelling pressure has been found to be between 0.69 MPa and 3.45 MPa so that
sufficient friction force can be generated to keep the plugs in place without damaging
the wellbore casing (Carl, 2004). Our study has generated new insights to the impacts
of temperature on the final swelling pressure and also the kinetics of swelling pressure
development which are important in the context of well plugging application.
Specifically:

1. It has been shown that the increase of temperature (representing the temperature
increase of the sample from ground level to the emplacement depth) generates a
maximum 30% reduction in the swelling pressure from 20°C to 80°C.

2. The hydration time (time to reach maximum swelling pressure) is considerably
reduced at elevated temperature. This observation has two implications: 1) rapid sealing
of the well by bentonite plug at depth which is an advantage (when setting time is
important) ii) accelerated hydration during emplacement which can cause unforeseen
friction with the wall.

3. The results show that for the case of the bentonite used, the magnitude of
swelling pressure and hydraulic conductivity at dry density of 1.1 Mg/m?®, might not be
sufficient for the purpose of wellbore plugging. The swelling pressure for the samples

compacted at 1.4 Mg/m? provides an adequate level of swelling pressure and hydraulic
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conductivity in this research. For further application, one aspects of future
investigations need to focus on the shear bond strength as required with a higher dry
density.

4. From the swelling pressure point of view, the use of dry unit weight of smectite
instead of gross dry unit weight (as it was used in Fig. 4.2) can provide a guidance for
the preliminary selection of the suitable commercial bentonite from plugging.

It is noted that the swelling pressure is only one of the key properties of a bentonite-
based plug and other properties such as hydraulic conductivity are equally important
and this requires further investigation. In addition, further research to examine the
behaviour under the specific fluid conditions of the plugging depth is critical (e.g.,

salinity impact).

4.5. Conclusions

The effects of elevated temperature on swelling pressure and hydraulic
conductivity of sodium-rich bentonite compacted at three dry densities were studied. A
bespoke high pressure, high temperature constant strain oedometer was designed and
commissioned to develop an understanding of 1) the swelling pressure response of pre-
saturated compacted bentonite to the increase of temperature and ii) the swelling
pressure development during saturation at elevated temperature. The measurements
were extended to evaluate the effects of elevated temperature on hydraulic conductivity
of samples studied for both series of experiments.

The results showed an overall decrease of swelling pressure with temperature
increase from 25°C to 80°C for all three dry densities studied. The swelling pressure
reduction was much larger for higher density samples, indicating a larger exchange of
pore water in the microstructure system of the clay. The response of samples saturated
at elevated temperature indicated an acceleration of the hydration rate to reach the new

pressure equilibrium. An increase of hydraulic conductivity with temperature was
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consistently observed across the densities studied. Larger increase of hydraulic
conductivity was observed for lower density samples. An enhanced hydraulic
conductivity was observed with increasing hydraulic gradient, which was further
pronounced at elevated temperatures. The responses observed were explained with the
rearrangement of pore water in the microstructure and with changes to water mobility

due to changes of its physical and retention properties with temperature.
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CHAPTER FIVE

5. Prediction of the swelling pressure of compacted bentonite

5.1. Introduction

Prediction of the swelling pressure of compacted bentonite in the engineered
barriers system is important in all sealing concepts. The ion distributions adjacent to
the charged clay surfaces is an important factor for understanding the swelling
behaviour of bentonite clay. In this chapter, a model for predicting the swelling pressure
of compacted bentonite is proposed and presented which is based on regular solid-
solution theory and diffuse double layer theory. The procedures used to establish the
variation of swelling pressure with dry density of smectite and at elevated temperature
in compacted bentonite are presented.

In section 5.2, the diffuse double layer (DDL) theory is introduced and applied for
the prediction of swelling pressure. In section 5.3, an improved model for swelling
pressure calculation based on DDL theory is proposed. In section 5.4, the calculated
values of swelling pressure from the proposed model are compared with the
experimental data for ten different types of bentonite from literature. The applicability
of the proposed method is tested, and the influence of the formation of clay particles on
the dry density of smectite against swelling pressure of compacted bentonite were also

studied. A conclusion is presented in section 5.5.

5.2. Theoretical background
5.2.1. DDL theory

Bentonite clays have a high swelling potential which is mainly due to the presence
of a high proportional montmorillonite clay mineral (Pusch and Yong, 2006).

Montmorillonite is negatively charged as the result of isomorphous substitutions. An
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electrical double layer is formed when the surface of clay is exposed to a fluid (Bolt,
1956; Mitchell 1993). The closer to the clay surfaces, the higher concentration it
exhibits due to the absorbed cations. Hence, the difference in concentration leads to the
cations diffuse away from the clay surfaces for the charge balance. Water molecules
and the exchangeable cations move towards the clay surface and into the interlayers
space, driven by the equalization of potential and charge deficiencies between the clay
surface and solution.

According to the Gouy-Chapman diffuse double layer theory (DDL), the
interaction force between two clay layers depends on the ion concentration at the
midplane and is equivalent to the osmotic pressure in that plane (Bolt, 1956). The
swelling pressure is the difference between the osmotic pressure in the midplane and
the osmotic pressure in equilibrium solution (Bolt, 1956). Bolt (1956) and van Olphen
(1964) proposed a method for calculating the swelling pressure in a clay—water
electrolyte system. Sridharan and Jayadeva (1982) improved the procedure given by

Bolt and van Olphen and the equations are as follows:

p = 2nokT (coshu — 1) (5.1)
J(2coshz — 2 coshu) = (g) ZsoDlnokT (5.2)
qu J(2cosh y1—2 coshu) dy = —kd (-3)

K = 22 (1) (5:4)

e = Gg¥ySSAyd X 108 (5.5)

where p is the swelling pressure (Pa), ny is the ionic concentration of the bulk fluid
(number/m?), k is Boltzmann’s constant (1.38 x 1072 J/K) and T is the absolute
temperature (K). u is the nondimensional midplane potential, x is the distance from
the clay surface, y is the nondimensional potential at distance x from the clay surface,
¢ is the distance function and =z is the nondimensional potential at the clay surface.
Y. is the unit weight of water, SSA,,, is the total specific surface area of soil (m?/g), B

is the exchange capacity of the clay (meq/100 g), d is half the distance between clay
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layers (m), K is the diffuse double layer parameter (1/m), e’ is the elementary electric
charge (1.602 x 107" C), gy is the permittivity of vacuum and is equal to 1/4m in the
esu system (Partheniades, 2010). D is the relative dielectric constant of bulk fluid (80.4
for water), the n, (ionic concentration of bulk fluid) value is considered as 10 M
(Schanz et al., 2013), which refers to distilled water, e is the void ratio, G, is the
specific gravity of solid particles. As shown in Fig. 5.1, Y, means surface potential.

Y and Y, means the potential at distance x and d from the clay surface.
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Fig. 5.1 A simplified schematic of the diffuse double layer formed between two
parallel surfaces of clay platelets.

The simplified model with two single clay platelets is presented in Fig.5.1. The
determination of the swelling pressure using Eq. (5.1) requires the nondimensional
midplane potential function, u. For the given properties of the bentonite (i.e., e, B,
SSA;or, Mo > and v) and the corresponding values of d values were calculated from Eq.
(5.5). From Eq. (5.1), the magnitude of swelling pressure depends on the value of d
(half the distance between parallel clay layers). K is calculated from Eq. (5.4). The

values of z and u can be determined from Eq. (5.2) and Eq. (5.3).

5.2.2. Swelling pressure calculation by DDL theory

In this section, the predictions of swelling pressure of compacted MX-80 bentonite
and FEBEX bentonite are presented by applying the DDL theory from Eq. (5.1) to Eq.

(5.5). The parameters for the determination of the relationship between swelling
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pressure and dry density are shown in Table. 5.1. The deviation between experimental
data and predicted values for swelling pressure is disused below.

Table 5.1 Physic characteristics of two kinds of bentonite

Name MX-80? FEBEX®
Dominated cations Na Ca
Specific density (Mg/m?) 2.76 2.7
Montmorillonite content (%) 75 92
CEC (meq/100g) 0.73 1.02
Specific surface area (m?/g) 562 725
Weighted average valency of cations 1.14 1.67

2 Data from Bucher and Miiller, 1989; ® and ¢ Data from ENRESA, 2000

Figure 5.2 presents the variations of swelling pressure and the dry density of MX-
80 and FEBEX bentonite. For compacted MX-80 bentonite, the prediction seems to fit
well the experimental data when the dry density is smaller than 1.5 Mg/m’. The
deviation between predicted swelling pressure and experimental values turns into larger
at relatively high dry densities (ranging from 1.5 to 1.7 Mg/m?). For compacted FEBEX
bentonite, the predicted values were overestimated compared with the measured values
when the dry density is smaller than 1.4 Mg/m?®. However, there was an overestimation
when the dry density is denser than 1.4 Mg/m?, and the deviation between predicted
swelling pressure and experimental values becomes larger.

The deviations between experimental swelling pressure and theoretical swelling
pressure in Fig. 5.2 might be caused by many reasons which can be concluded as
follows: (1) poorly developed or partially developed diffuse double layer, (i1) reduced
specific surface area because of formation of clay particles, (ii1) surface and ion
hydration at close particle distances,(iv) non-uniform size of clay plates, (v) existence
of electrical attractive forces, (vi) presence of multivalent cations, (vii) effect of ion
size, (viil) anion adsorption, and (ix) particle size (Bolt, 1956; Sridharan and Jayadeva,
1982; Mitchell, 1993; Schanz and Tripathy, 2009; Schanz et al., 2013). Efforts have

been made to develop an appropriate relationship between the u and Kd by obtaining
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the empirical equation from experimental data (Schanz and Tripathy, 2009; Schanz et
al., 2013; Sun, 2017). Using the model proposed by Sridharan and Jayadeva (1982), the
result shows that it also does not truly represent the conditions present in a clay-water
system. The influence of hydration force between interlayers cannot be neglected. As
cations and water molecules enter the interlayer space, the overlapping double diffuse
layers is not the reason that contributes to the repulsive force between clay layers but
rather by the existence of structurally modified water in the vicinity of clay surfaces
(Low, 1991). Yong and Mohamed (1992) stated that the repulsive forces arising due to
interaction of clay layers at close particle spacing are primarily caused by the hydration
of ions. At higher dry densities, the interlayer hydration force between clay platelet
surfaces and exchangeable cations is dominated (Schanz and Tripathy 2009). For dry
densities of the clay greater than 1.4 Mg/m?>, the development of swelling pressure can
primarily be due to the hydration forces, and the predicted values from the diffuse

double layer theory are much greater than the measured ones.
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Fig. 5.2. Comparison of experimental and theoretical swelling pressures from DDL
theory of sodium and calcium bentonites (* Data from Bucher and Miiller, 1989; ® Data

from ENRESA, 2000).

5.3. Revisiting the DDL model for the prediction of swelling pressure

In DDL theory, the simplified two clay platelet model has been used to predict

84



swelling pressure by assuming that the clay particles consist of a single unit layer. The
original model has a number of assumptions that contribute to over or under-estimation

of swelling pressure of compacted bentonite. The model is revisited:

(1) The formation of tactoids can influenced the surface area of the montmorillonite
as a much larger particle with the diffuse double layer only fully manifesting itself on
the outside surfaces (Manassero et al, 2016). A possible reduction of the specific surface
area due to the formation of the clay particles has not been considered in the DDL theory
(Schanz and Tripathy, 2009). A relationship between external specific surface area
(8SA.y¢) and total specific surface area (SSA;,¢) can be established based on lamellar
structure of bentonite, and the SSA,,; can be expressed as Eq.(5.6) for bentonite

(Tournassat et al. 2011, Chen et al., 2020),

SSAo
SSAexe = —tet (5.6)

S

where SSA.,. is the outer interlayer surface area (i.e., effective specific surface
area). SSA;,; 1s a constant which can be measured by experimental techniques such as

EGME (Ethylene Glycol Monoethyl Ether). ng is the stacked layers of per particle.

Saturated Clay aggregates
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Fig. 5.3. Schematic of pore system of compacted bentonite
(if) The DDL water forms the transition zone from the clay surface to free pore

water (Appelo, 2013), which appears in macro pores as shown in Fig. 5.3. The amount
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of diffuse layer water poorly developed due to the limited interparticle space (Ben et
al.,1987; Marcial et al., 2002). The total void ratio (e) in the improved model given by
Sridharan and Jayadeva (1982) can be modified by using the macro pore ratio €,,4rco-

The total void ratio is presented as follows (Sedighi and Thomas, 2014):

n=1- ’;—d (5.7)

Nmacro = N — Npicro = % (5.8)
Nmicro = Xns %pflm (5.9)

P = Xsmpall = (1 = Xom) 4] 7 (5.10)

where n is porosity, G is the specific gravity of the clay, p, represents the bulk dry
density of the clay (kg/m®). p;,, denotes the density of the non-smectite minerals or
impurities (kg/m®). N,0cr0 and N are macro micro porosity of the soil,
respectively. p5™ represents the dry density of smectite (kg/m®). v; denotes the
specific molar volume of the interlayer water (=17.22 m*/mol). mg,, means the molar
mass of dry smectite (=378.79 kg/mol). n. means moles of the adsorbed interlayer
water. In fact, the hydration state of the interlayer is related to multiple factors such as
the type of absorbed cations, the water activity, and the temperature. With the presence
of crystalline swelling, it is considered that smectite display basal spacings normally
determined by X-ray diffraction represents water layer hydration states. For example,
the basal spacing is 1 nm, which is equivalent to no water layer. The basal spacing is
1.25 nm when there is 1 water layer. The crystalline swelling of homoionic Na- or Ca-
montmorillonites seems to be unable to exceed three water layers (Norrish, 1954;
Kozaki et al., 1998). The value of n. is equal to 4.5 corresponding to two interlayers
water. X, means the total amount of interlayer water with respect to the hydrate state
of smectite when relative humidity is equivalent to 100%, X, is the mass fraction of
smectite in the clay (dimensionless). Ransom and Helgeson (1994) described the mass

action law as:

86



log K.q = log (1_th) 2 (2Xps — 1) + nclogay,o (5.11)

Xns 2.303RT
where K., represents the equilibrium constant of the reaction.W; denotes the Margules
parameter for the binary regular solid-solution of hydrous and anhydrous smectite
components at reference temperature (25 °C) and pressure (1 bar) which is independent
of pressureand temperature (Ransom and Helgeson, 1994). R is gas constant. T is the

temperature (K). In this model, the Eq. (5.5) can be modified as follows:

SSA¢tot

d x 10° (5.12)

€macro = GsYw R

Assumed the properties of bentonite (i.e., e, B, SSAs:, Ny , and v) are known, the
procedures can be concluded to predict the swelling pressure as shown in Fig. 5.4:
(i) To obtain the hydration fraction of smectite X, through thermodynamic
parameters W; and K.
(i)  Given that the smectite content is known, the micro porosity can be calculated
from Eq. (5.9).
(ili)  According to the previous studies of the formation of the clay particles, the
unit layer per particle ng can be assumed. The half the distance between clay
layers d can be obtained by Eq. (5.12).
(iv)  The physical characteristics of bentonite are known. The nondimensional
midplane potential u and the nondimensional potential at the clay surface z
can be calculated from Eq. (5.2) and Eq. (5.3).

(v) From Eq. (5.1), the theoretical swelling pressure can be determined.
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Fig. 5.4. The procedure for calculation of the swelling pressure for a given dry density

with the proposed method.

5.4. Validation of the proposed model

To examine the accuracy, the improved model was applied to the prediction for the
swelling pressure of ten kinds of bentonites which can be classified into sodium
bentonite and calcium bentonite. The type of bentonite is named after the respective
dominant absorbed cation in the smectite. The characteristics of those bentonite
including specific density, CEC, specific surface area, montmorillonite content and
weighted average valency of cations are shown in Table 5.2. At ambient temperature
(=20°C), the thermodynamic parameters Xp; for MX-80 (sodium bentonite) and
FEBEX (calcium bentonite) obtained by Eq. (5.11) are presented in Table 5.3 (Sedighi
and Thomas, 2014). In this model, due to the lack of experimental data for the
determination of Xj, it is assumed that the hydrous fractions of smectite for sodium

and calcium bentonite are 0.76 and 0.88, respectively.
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Table 5.2 Physic characteristics of different types of bentonite

Name Bentonite S-2° Calcigel® Kunigel-V1°  Kunigel”  Voclay(SPV200)¢  Voclay® MX-80' GMZ-01)
Dominated cations Ca Ca Na Ca Na Na Na Na
Specific density (Mg/m?) 2.78 2.8 2.70 2.79 2.74 2.84 2.88 2.71
Montmorillonite content (%) 92 80 48 48 56 71 80 75
CEC (meq/100g) 0.97 0.74 1.04 0.76 0.94 1.05 1.35 0.78
Specific surface area (m?/g) 615 650 525 389 528 560 615 570
Weighted average valency of cations 1.66 1.90 1.46 2 1.39 1.43 1.49 1.47

¢ Data from ENRESA, 2000; ¢ Data from Schanz and Tripathy, 2004; ¢ Data from Japan Nuclear Cycle Development Institute, 1999; f Data from Komine and

Ogata, 1996; ¢ Data from this research; " and ! Data from Komine et al., 2009; | data from Schanz and Al-Badran, 2014

Table 5.3 Thermodynamic parameters related to the water retention calculations of compacted clays (Sedighi and Thomas, 2014)

Name of bentonite Type of bentonite LogK.q W Xns
MX-80 bentonite Sodium -1.42 -2420 0.76
FEBEX bentonite Calcium -2.79 -3330 0.88
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The theoretical swelling pressure for different bentonite are presented with
comparison with the experimental data at various dry densities of smectite in Figure
5.4. The swelling pressure of compacted bentonite increased with dry density of
smectite corresponding to dry density of samples, which is consistent with the
observations in previous study (Komine and Ogata, 1999; Zou et al., 2018). The results
from DDL theory cannot be used to explain the swelling behaviour for highly
compacted bentonite. While the calculations of swelling pressure show a good
correlation with the measured swelling pressure at different dry densities of smectite
after considering the influence of the formation of clay particles. Especially in high dry
density of smectite (corresponding to high dry densities), the predictions of swelling
pressure are well improved the experimental data compared with the DDL theory. By
modifying the specific surface area due to the formation of particles and void ratio, the
results show that the prediction of swelling pressure at high dry densities is well
improved with a comparison of experimental values.

For calcium bentonite including Calcigel bentonite, FEBEX bentonite, Bentonite
S-2, and Kunigel, when the dry densities are smaller than 1.4 Mg/m?, the predictions
by adopting a higher nyvalue show a better agreement with experimental data. For dry
density of smectite larger than 1.4 Mg/m>, taking a lower ngvalue exhibits a better
correlation.

For sodium bentonite like MX-80 (Bucher and Miiller, 1989), the prediction fits
well with experimental data when dry density is smaller than 1.45 Mg/m? by assuming
ng is equal to 2, while the calculations seem to have a better agreement with
experimental data by taking a higher value of ng than 3 at higher densities.
Interestingly, for Kunigel bentonite, in the case of assuming ng=4, the prediction fits
well when the dry densities are smaller than 1.3 Mg/m>. Based on the prediction, it
should be taken a high value of n; when the bentonite is denser than 1.5 Mg/m>. The
above predictions prove that the value of ng changes with dry density of smectite. For

the rest bentonite in this research, the speculation is not thoroughly presented due to the
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lack of data in a wider range of dry density of smectite.

In general, sodium bentonite has a greater swelling potential than calcium bentonite,
and the sodium bentonite contains a number of small tactoids, while calcium bentonite
has a few large tactoids (Segad et al., 2012; Black and Miller, 1961). The fraction of
interlayer water in the compacted calcium bentonite found to be smaller than that of in
the compacted sodium bentonite (Warr and Berger, 2007). In addition, the drive force
between clay platelets during hydration might be the reason for the difference in
swelling behaviour of sodium bentonite and calcium bentonite. In clay dispersion,
monovalent counterions always lead to a monotonic repulsion between the clay
particles, while an attraction due to ion-ion correlations presents with divalent
counterions (Segad et al., 2010). That might be the explanation for the formation of clay

tactoids with void ratio for compacted bentonite.
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compacted bentonite.

In this chapter, a model to predict the swelling pressure of compacted bentonite

was developed by combining the regular solid-solution theory and the diffuse double

layer theory. The thermodynamic parameters Margules parameter (W) and logarithm

of the equilibrium constant K,, were used to characterise the adsorption of interlayer
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water in sodium bentonite clay and calcium bentonite clay. Therefore, an improved
understanding of how micro/macro pore was developed for the prediction of swelling
pressure of compacted bentonite at different dry densities of smectite. Modified
equations were suggested in terms of the relationship between void ratio and the number
of unit layers per particle of clay. A close agreement between the computed swelling
pressure and the reported experimental data was demonstrated for both sodium and
calcium bentonite. The results showed considering the crystalline swelling improved
the prediction of swelling pressure, particularly at relatively higher dry density of
smectite. Only considering the osmotic pressure at diffuse double layers is inadequate
as the crystalline swelling can be dominating. The reduced specific surface area was
used in the proposed model since the formation of particles has a significant influence
on the swelling pressure. The average number of clay platelets was found to be in the
range 2 to 4 when the dry density of smectite was below 1.7 Mg/m?. The variations in
clay platelets size and the interaction between absorbed cations might result in the
difference in the swelling behaviour for sodium bentonite and calcium bentonite. Future
work can be focused on the transport parameters, e.g., hydraulic conductivity, obtained
from macroscopic measurements for the characterisation of tactoids formation

(Manassero et al., 2016).
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CHAPTER SIX

6. Prediction of swelling pressure at elevated temperature

6.1. Introduction

In the context of the engineered barrier system (EBS) in geological disposal
concepts for HLW, the clay buffer can be exposed to an elevated temperature sourcing
from the heat generated by the HLW (JNC, 2000; SKB, 2006; ANDRA, 2005;) and the
water intrusion at the interface with the host rock as result of hydration. Elevated
temperature can affect the equilibrium state of water in the interlayer and induce an
exchange of water between the interlayer porosity and macro porosity (Villar and Lloret,
2004). The combined effects of temperature on the mechanical properties of bentonite
clays need to be investigated to ensure the safety of both geotechnical structures and
the surrounding environments.

Currently, theoretical studies considering the temperature effect on the swelling
behaviour change of bentonite are limited. In this chapter, an improved model based on
the diffusive double layer theory is presented to predict the swelling pressure of
compacted bentonite at elevated temperature. The micro-structure effects on the
development of swelling pressure at elevated temperature are discussed based on the
quantitative analysis.

It is known that the repulsion between double layers increases with increasing
temperature based on the calculation of DDL theory, resulting in the increase of
swelling capacity (Pusch et al., 1990; Ye et al., 2013). This is conflicting with the
observations in a number of previous experimental investigations (Pusch et al.,1990;
Villar et al., 2010; Tripathy et al., 2015, Lee et al., 2010). Therefore, an improved model
to predict the swelling pressure at elevated temperature has been aimed to develop in
this research and is presented in this chapter. Section 6.2 introduces the regular solid
solution model and the proposed model for the characterisation of micro pores in

compacted bentonite. Section 6.3 presents the method to obtain the thermodynamic
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parameters of the solid solution model at elevated temperature. The comparisons
between theoretical swelling and the measured swelling from experiments for different
bentonite are presented. In Section 6.4, the discussion on the formation of clay stacks
at elevated temperature for calcium and sodium type bentonite has been presented. The

summary is presented in Section 6.5.

6.2. A model for the prediction of swelling pressure

This section presents the method of predicting swelling pressure at elevated
temperature considering the effective void ratio. According to the solid solution model,
the hydrous fraction of smectite can be estimated from the curves of suction and water
content. Then, the effective void ratio for compacted bentonite is calculated from the

hydrous smectite and applied for the estimation of swelling pressure.
6.2.1. Regular solid solution model

The interlayer hydration and dehydration of smectite can be described as a solid
solution geochemical reaction between the interlayer water molecules and a symbolic
hydrous and its homologous anhydrous counterparts of smectite (Ransom and Helgeson,
1995):

hydrous smectite = anhydrous smectite +n.H,0 (6.1)
where n. represents the number of moles of water in the interlayer adsorption or
desorption reaction, given as the moles of water per smectite half formula unit, i.e.,
O10(OH)2 (Ransom and Helgeson, 1994). The mass action law action for reaction can

be written as:

_ aas*(aHzo)nc

Keq = (6.2)

QAhs

where K, is the equilibrium constant for the reaction of the dehydration, ay,, is the
activity of H20 in the aqueous phase, and a,s and ay; represent the activities of the
anhydrous and hydrous smectite in the solid solution, respectively. The a,; and apg
can be expressed as:

Ags = Xgs * Ags (6.3)
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Ans = Xps * Ans (6.4)

In which x,; and x,; mean mole fraction; 4,5 and A, denotes activity coefficients.

Combined with Egs. (6.3) and (6.4) into Eq. (6.2), the equilibrium constant can be
described as:

log Keq = log (1 th) +log(Ags) — log(Aps) + nclogay,o (6.5)

In a regular binary solid solution, the excess mole Gibbs free energy of mixing (G,;) is
described by

Grs = WeXnsXas (6.6)

where W, (J/mol) denotes the Margules parameter for the binary regular solid solution

of hydrous and anhydrous smectite components which is independent of temperature
and pressure.

Vieillard et al. (2011) adopted two Margule parameters, W, and W,, with W;, #

Wg,. Therefore,

We1+2Xas(We2—We1)
2.303RT

(1 - Xas)2 (6‘7)

log (Aas) =

We2+2Xas(We1—We2)
2.303RT

(1 - Xns)? (6.8)

log(Aes) =
The formulas of log(A,s) and log(A,s) were presented in the study by Ransom and

Helgeson (1994) when W;; = Wy,. In Eq. (6.5), it is assumed
¢ = log ( ) + nclogay,o (6.9)

Substituting Egs. (6.6), (6.7) and (6.8) into Eq. (5), then
¢ = logKeq — (m)[( ns)*Wer — (1 = Xpe)*Wop + 2Xps(1 — Xpg) (W —

We1)] (6.10)
Where R is gas constant (8.314 Jmol1K™) and T is temperature (K). From the vapour
adsorption isothermal data, the thermodynamic parameters of the reaction, including
the Margules parameter Wsq, Wg,, and equilibrium constant (logK.,) can be

determined. These are calculated from a non-linear interpolation between (¢ =
log ( )) and (Xp,5) (Vieillard et al, 2011). By assuming that no more than two layers
of water molecules are formed near the vicinity of clay surface in the interlayer space
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(Sedighi and Thomas, 2014) and the activity of water ay,, is equal to 1, the fraction

of hydrous smectite (X) to substitute Eq. (6.9) into Eq. (6.10) can be obtained.

6.2.2. Prediction of the effective void ratio

In DDL theory presented in previous chapter, the simplified two clay platelet model
was used to predict the swelling pressure by assuming that the clay particles consist of
a single unit layer. It was assumed that the clay platelets are uniformly dispersed, and
the distance between the clay platelets is identical. The formation of tactoids influences
the surface area of montmorillonite as larger particles with the diffuse double layer only
fully manifesting itself on the outside surfaces (Manassero et al, 2016). A possible
reduction of the specific surface area due to the formation of the clay particles has been

discussed in Chapter 5. The theoretical swelling pressure can be computed by:

p = 2nokT(coshu — 1) (6.11)
B 1
J(2coshz — 2 coshu) = (E) PP (6.12)
u 1
fZ (2 coshy—2coshu) dy = —Kd (6.13)
K = [ (mot) (6.14)
EoDkT .
€macro = Gsyw%d x 10° (6.15)

S

where p is the swelling pressure (Pa), ny is the ionic concentration of the bulk fluid
(number/m®) , k is Boltzmann’s constant (1.38 x 1072 J/K), T is the absolute
temperature (K), u is the nondimensional midplane potential, x is the distance from
the clay surface, y is the nondimensional potential at distance x from the clay surface,
¢ is the distance function, z is the nondimensional potential at the clay surface, y,, is
the unit weight of water, SSA;,; is a constant which can be measured by experimental
techniques such as EGME (Ethylene Glycol Monoethyl Ether), ng is the stacked TOT
layers of per particle. , B is the exchange capacity of the clay (meq/100 g), d is half the
distance between clay layers (m), K is the diffuse double layer parameter (1/m), e’ is
the elementary electric charge (1.602 x 107'° C), g, is the permittivity of vacuum and
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equal to 1/4m in the esu system (Partheniades, 2010), D is the relative dielectric
constant of bulk fluid (80.4 for water), the n, (ionic concentration of bulk fluid) value
is considered as 10~* M, which refers to distilled water, e,,4.r is the macro pore ratio,

G, is the specific gravity. The calculation of the macro void ratio can be obtained by:

n=1- ’;—d (6.16)

Mmicro = Xns wett ™ (6.17)

PE" = Xempall = (1 = Xom) 7417 (6.18)
Mimacro == Nmicro (6.19)
€macro = —mire (6.20)

1-Nmacro

where n is porosity, G is the specific gravity of the clay, p, represents the bulk dry
density of the clay (kg/m®). p;,, denotes the density of the non-smectite minerals or
impurities (kg/m®). M40 and N are macro micro porosity of the soil,
respectively. p5S™ represents the bulk dry density of smectite (kg/m®). v;; denotes the
specific molar volume of the interlayer water (=17.22 m®mol). mg,, means the molar
mass of dry smectite (=378.79 kg/mol). n, means moles of the adsorbed interlayer
water.

If the properties of bentonite (i.e., e, B, SSA¢t, Ng , and v) are known, the
swelling pressure can then be calculated at different temperature as shown in Fig. 6.1.

The steps of calculations include:

(1) To obtain the mole fraction of hydrous smectite X through thermodynamic
parameters Wg,, Wg, and logKe,.

(2) Given that the smectite content is known, the micro porosity can be calculated
from Eq. (6.17). The macro void ratio can then be calculated from Eq. (6.20).

(3)  Due to the formation of the clay particles, the unit layer per particle ng can be
multiple. In this model, n; is assumed to be integer, ranging from 2 to 5 for
compacted bentonite. The half the distance between clay layers d can be

obtained by Eq. (6.15).
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4) Based on the physical properties of bentonite the nondimensional midplane
potential u and the nondimensional potential at the clay surface z can be

calculated from Eq. (6.12) and Eq. (6.13).

(5)  From Eq. (6.11), the swelling pressure can then be calculated.

/ Specific gravity of soil solids, Gs\

‘ For a given dry density ‘ Base exchange capacity, B
Specific surface area, SSAtwt
n=1-— P—d .
Gy lon concentration, ng
A _ Nmacro
macro —
1 —Mimacro S5450: Temperature, T
Mnacre — N — Nmirco — €macro = Gsyw 7sd o
Permittivity of vacuum, &

Z / Dielectric constant of the fluid, D
L e Boltzmann constant, k
Mmirco hs _—
_ [2Zngvie’

msm pd
\{ £, DkT /

Xns j " 1 B 1
dy = —Kd [2coshz — 2 cosh i) = (,) o
z +/(2cosh y — 2 cosh u) (2cosh z — 2 coshu) S) |2gyDngkT
] e

{ logKeq, Wgi, Wes

f

‘ The sorption isotherm data ‘

p = 2ngkT(coshu — 1) ‘

Fig. 6.1. Procedure for the determination of swelling pressure for a given dry density

with the proposed method based on the diffuse double layer theory.

6.3. Validation of the model for swelling pressure of compacted bentonite at

elevated temperature

This section presents the validation results of swelling pressure of compacted
bentonite at elevated temperature from the proposed model. The thermodynamic
parameters are determined from empirical equation and water/vapour adsorption
experimental data. The comparisons with experimental data are showed for three

different bentonite clays, and the evolution of micro/macro pore is presented.
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6.3.1. Thermodynamic parameter for FEBEX bentonite and MX-80 bentonite

The behaviour of FEBEX bentonite at elevated temperature, including swelling
pressure and sorption isotherm, has been well studied. The retention curves and
swelling pressure obtained for different dry densities and temperatures have been
reported by Lloret and Villar (2007) and Villar et al. (2010). The relationship between
suction and water content can be expressed by the following empirical relationship

(Lloret and Villar, 2007):

S 2
Y
e~ N(m=ng) p—a(T-To)

w=(a+bn)[l+ (P (6.17)

where, w is the water content in percentage, n denotes the porosity, s means the suction
in MPa, and 7 means the temperature in Celsius degree. The values of fitted parameters
a, b, Py, 1, n, ny, a, and T, are 10.4, 41.89, 12.68 MPa, 0.211, 7.97, 0.4,
0.00647 °C! and 20°C, respectively 10.4.

Using the Equation (6.17), the predicted retention curves at 1.5 Mg/m?, 1.6 Mg/m?,
1.7 Mg/m?® have been used for the rest of calculations. Temperature considered for
testing the model varies from 20°C to 80°C. Therefore, the sorption isotherm data at

different densities and temperature are obtained. Based on the Eq. (6.9) and Eq. (6.10),

the variations of ¢ (= log (1;—:5’”)) and X is presented as shown in Fig. 6.2. It is
assumed that the activity of water is equal to 1. Then the fraction of hydrous smectite
during saturation will be obtained. The thermodynamic parameters (W;, and Wj,) are
temperature independent. For compacted FEBEX bentonite, the thermodynamic
parameters are obtained from the sorption isotherm data at 20°C and presented in Table
6.1. The dashed lines in Fig. 6.2 are plotted by Eq. (6.10). The R-square for fitting
curves are ranging from 0.39 to 0.99. The fitting curves does not show a high correlation
at relatively higher temperature. It is assumed that one molar mass of smectite

constantly has two molar mass of absorbed interlayer water. The reason might lie on

the decrease of micro pores as the loss of absorbed water at elevated temperature.
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Fig. 6.2. Variations of ¢ with X at different temperature for different dry densities of
compacted FEBEX bentonite: (a) 1.5 Mg/m?®; (b)1.6 Mg/m?; (c) 1.7 Mg/m>. The dash

lines are fitting curves by Eq. (10).

The physico-chemical properties of MX-80 bentonites are adopted from the study
by Tripathy et al. (2014). The specific gravity, the montmorillonite content, clay
fraction, cation exchangeable capacity, specific surface area, and weighted average
valency were found to be 2.76, 76%, 84%, 88.44 meq/100g, 640 mz/g, 1.47. The
measured swelling pressure under temperature change was present in study of Tripathy

et al. (2015).

The thermodynamic parameters of the solid-solution model, including the
equilibrium constant of the reactions and Margules parameters are derived from
water/vapour adsorption experimental data (Villar, 2005). The water retention curves
of compacted MX-80 bentonite at dry densities of 1.5, 1.6, 1.7 Mg/m>were taken at
20°C. As shown in Table, Wg1 and Wa, are independent of temperature change. The

thermodynamic parameters are obtained through Eq. (6.9) and Eq. (6.10). As the lack
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of water retention curves of compacted MX-80 bentonite at different temperature, the
equilibrium constant of the reaction at different temperature can be obtained by

(Langmuir, 1997):

(logKeg)r = oo (L 1) 4 2% (0 1) 2% 105 (L) 4 (logKe)r, (6.19)

2.303R \Ty 2.303R

where AH? T, (cal'mol™) is the standard enthalpy of reaction at reference temperature

(Ty), and AC;,’ is the standard heat capacity of the reaction at constant pressure (c
cal'molK™"). Temperatures T and T, are in Kelvin. The parameters Xis and logK,q

at 25 °C and 70 °C are calculated from Eq. (6.18) and shown in Table 6.2.

With the increase of temperature, the fraction of hydrous smectite (X;,) decreases
for both two kinds of bentonite. The relationship between suction and water content for
compacted Voclay bentonite is presented in Table 3.2. Then Margules parameters
We1, W, and logK,, at25 °C can be obtained. Based on the equilibrium constant of
the reaction at different temperature, logK,, at 40 °C, 60 °C, 80 °C can be calculated
from Eq. (6.18). The thermodynamic parameters of compacted Voclay bentonite at

different densities and temperature are presented in Table 6.3.
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Table 6.1 The thermodynamic parameters of compacted FEBEX bentonite at different densities and temperature

Temperature 1.5 Mg/m* 1.6 Mg/m? 1.7 Mg/m?
(°0) Xs logKeq Wai Waa Xns logKeq Wai Waa Xhs logKeq Wai Waa
20 0.971 -6.140 -24490 -71520 0.963 -6.697 -27920 -81690 0.912 -7.099 -31270 -85990
40 0.853 -5.586 0.849 -6.099 0.833 -6.546
60 0.783 -5.507 0.787 -5.530 0.783 -5.849
70 0.773 -4.880 0.773 -5.305 0.763 -5.557
80 0.736 -4.549 0.744 -4.987 0.743 -5.272

Table 6.2 The thermodynamic parameters of compacted MX-80 bentonite at different densities and temperature

Dry density 1.5 Mg/m?3 1.6 Mg/m? 1.7 Mg/m?
Temperature (°C) 20 25 70 20 25 70 20 25 70
Xhs 0.890 0.826 0.446 0.958 0.942 0.450 0.941 0.950 0.570
logKeq -1.016 -0.941 -0.205 -1.081 -1.006 -0.270 -1.340 -1.265 -0.529
Wai 1501 2639 246
Waa -8183 -8251 -8743
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Table 6.3 The thermodynamic parameters of compacted Voclay bentonite at different densities and temperature

Temperature 1.1 Mg/m? 1.4 Mg/m* 1.7 Mg/m?
(°O) Xns logKeq Wai Waa Xs logKeq Wai Wao Xns logKeq Wai Waa
25 0.96 -1.132 2853 -2340 0.97 -1.280 2167 -3056 0.98 -1.630 1265 -5638
40 0.94 -0.910 0.95 -1.058 0.97 -1.408
60 0.82 -0.594 0.86 -0.742 0.93 -1.092
80 0.54 -0.262 0.63 -0.410 0.79 -0.760
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6.3.2. Comparison between the experimental and theoretical swelling pressure

By assuming the values of the average number of layers per particle are ranging
from 2 to 5, the calculated swelling pressure with a comparison of experimental data at
different temperature are shown in Fig. 6.3, Fig. 6.4, and Fig. 6.5 for FEBEX bentonite,
MX-80 bentonite, and Voclay bentonite, respectively. The red lines are the predicted
results from Gouy-Chapman theory and unable to predict the swelling pressure at
elevated temperature. The predicted swelling pressure increases with the increase of
temperature according to Gouy-Chapman DDL theory, which conflicts with
experimental observations. In the proposed model, the theoretical swelling pressure
drops with increasing temperature which fits with the trend of experimental data. For a
given void ratio, the increase of ng leads to an increase of d according to Eq. (6.15).
The larger the value of ng, the lower swelling pressure can develop. Due to the

uncertainty of ng, it is assumed to be in the interval of 1 to 5 for compacted bentonite.

The temperature effects on the change of ng is different because of the type of
dominated cations. It can be concluded that the values of ng increased with the increase
of temperature compared with experimental swelling pressure for compacted FEBEX
bentonite, ranging from 3 to 5. While for compacted MX-80 bentonite, the

corresponding values of ng; shows a decrease.
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Fig. 6.3. Comparison of measured swelling pressure as a function of temperature with

the predicted pressure for compacted FEBEX bentonite.
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Fig. 6.4. Comparison of measured swelling pressure as a function of temperature with

the predicted pressure for compacted MX-80 bentonite.
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Fig. 6.5. Comparison of measured swelling pressure as a function of temperature with

Figure 6.6 shows the ratio of macro pores where osmotic pressure arises from
increased with temperature. The theoretical results show that macro pore ratio shows a
linearly increase by increasing temperature as plotted with dash lines in Fig. 6.6. The
increase of macro pore has been explained as a consequence of the transfer of
microstructural (interlayer) water to the macrostructure triggered by temperature (Villar
and Lloret, 2004; Vidal and Dubacq, 2009). The mass of water in macro pores increases
with temperature, which contributes to accelerate the movement of water. That is

consistent with the observations of the change of hydraulic behaviour at elevated
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the predicted pressure for compacted Voclay bentonite.

temperature for both sodium and calcium bentonite.
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Fig. 6.6 The evolution of macro pore ratio with temperature change for three kinds of

compacted bentonite. The dash lines are fitting curves.

6.4. Discussion: Temperature effects on the formation of clay particles

The value of ng is independent of temperature. The predicted swelling pressure
decreases at elevated temperature which is consistent with the trend in experimental
investigations for both types of bentonite clays. Compared with experimental data, ng
changes with increasing temperature. The formation of tactoids has influenced the
surface area of the montmorillonite as a much larger particle with the diffuse double
layer only fully manifesting itself on the outside surfaces (Schanz and Tripathy, 2009;

Manassero et al, 2016).

The ng values if the back calculations from experimental data of compacted
FEBEX bentonite (Ca dominated) are used, ranging from 3 to 5 at different dry densities,
are greater than those for compacted MX-80 bentonites (Na dominated). The average
number of clay platelets or lamellae forming tactoids increases with an increase in the
valence of cations in the soil solution (Manassero et al, 2016). Thuresson et al. (2017)
found that the percentage of charged clay platelets which are neutralized by divalent
cations was equal to or larger than 0.8, the increase in number of platelets per tactoid
with temperature was observed both in simulations and experiments. That increase was

getting smaller when temperature was up from 55°C to 90°C.

Due to the variation of the dominated force between particles, the particles of Ca-
montmorillonite are generally made up of a larger number of stacked unit layers than
Na dominated bentonites. For compacted sodium bentonite, the force between particles
is more likely to being repulsive with monovalent cations. According to the trend in Fig.
8, ng of experimental data showed a decrease with temperature. With monovalent
counterions in the system solely, the electrostatic interaction between the particles is
repulsive, whereas when multivalent counterions are introduced, the interaction can be
attractive due to the electrostatic ion-ion correlation effects (Thuresson et al, 2017). The
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enhanced attractive electrostatic ion-ion correlation interactions with temperature leads
to a large aggregate and a reduced osmotic pressure (Thuresson et al, 2016). This can
be understood from the observations in Fig.6.4 for compacted MX-80 bentonite. The
use of Eq. (6.15) to estimate the external surface area at elevated temperature provides
a new perspective in the DDL calculation. Further work needs to be on the assurance

of n, theoretically or experimentally.

Temperature effect on the formation of particles is likely to be different for different
type of bentonite clays. The drop of swelling pressure was both found in experimental
investigation. It can be concluded that the reduction of hydration force for between
interlayer is mainly responsible for the decrease of swelling pressure. The denser the
sample, the larger proportion of interlayer water is found (Pusch, 2015). The poor
prediction of original DDL theory is attributed to the limited volume of DDL water,
particularly at relatively high dry densities. The proposed model in this paper for the

consideration of temperature effects on the fraction of hydrous smectite is necessary.

6.5. Conclusions

Based on DDL theory for the swelling pressure of compacted bentonite, an attempt
was made to consider the effects of the formation of tactoids on the theoretical
calculation. In addition, thermodynamic parameters were introduced to study the
fraction of hydrous smectite due to the dominated hydration force between interlayer,
particularly at relatively high dry densities. This approach was extended to investigate
the evolution of swelling pressure at elevated temperature.

There are two reasons to explain the drop of swelling pressure when increasing
temperature:
(1) The swelling pressure of compacted bentonite comprises of the hydration force
between interlayers and the osmotic pressure between the particles. Temperature
changes induces a water mass exchange between interlayer and intralayer/interparticle

space. The interlayer volumetric water content reduced with increasing temperature,
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and the dominated hydration force decreases consequently.

(2) The temperature affects the specific surface area due the formation of clay particles.
For compacted FEBEX bentonite (calcium type montmorillonite), the number of
stacked layers per particle increased due to the electrostatic ion-ion correlation effects.
While for compacted MX-80 bentonite (sodium type montmorillonite), the number of
stacked layers per particle decreased as the electrostatic interaction between the

particles is repulsive increasing with temperature.

115



CHAPTER SEVEN

7. Temperature effects on the erosion of compacted bentonite

7.1. Introduction

Compacted bentonite clays can expand into the fractures of the surrounding rock
(e.g., host rock repository) due to its high swelling capacity when it is subjected to water
(saturation process). Clay colloidal particles are formed in contact with the groundwater
in the fracture, leading to potential erosion of bentonite. The formation of colloidal
particles and their release is one of the important factors that can potentially contribute
to degradation of clay seal and enhanced migration of hazardous chemicals. Elevated
temperature influences the interaction energy between colloidal particles. Temperature
increase can enhance the colloid movement. Therefore, it is important to understand the
extent at which the colloid generation can be enhanced at elevated temperature to assess
the stability for sealing material.

In this chapter, the temperature effects on the formation of bentonite colloids are
discussed. A set of experimental investigations were conducted for the effects of
temperature of colloidal formation of compacted Voclay (SPV200) bentonite at 25°C
and 60°C. Section 7.2 introduces the design of the experiments and procedures of
measurements. In section 7.3, the results at different temperature from erosion tests and

the discussion are presented. The conclusion of this chapter is presented in section 7.4.

7.2. Experimental programme

To investigate the temperature effect on the colloid generation, the erosion tests on
compacted bentonite were conducted at 25°C and 60°C. In this experiment, the raw
material of Voclay bentonite was used. Approximately 15.5 gram of Voclay bentonite
powder with natural water content of 12% was compacted at the dry density of 1.4
Mg/m? for each specimen. The compaction procedures were same as that introduced in

Chapter 3 (section 3.3). Applying deionised water, the inflow rate of the pressure pump
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was set at 0.46 mm?/s (water velocity of approximately 9x 107 m/s). The volume of the
outflow was around 40 mL/day. The setup is shown in Fig. 3.8, the dynamic
experiments are conducted at constant temperature monitored by the internal thermal
sensor. Inside of the cell of the bespoke oedometer, the bottom porous plate is replaced
by sintered stainless-steel filters. The injected water was deionised with ionic strength
of approximately 10* M (=10 mol/dm?).

As described in Section 3.6, the turbidity of colloid solution was measured with
the turbidimeter. Further, the concentrations of collected samples was measured by
dynamic light scattering (DLS), which provided chemical analysis. A calibration curve
was established by measuring the response of photomultiplier (cps, counts per second)
at different and known concentrations of bentonite colloids. The known concentration
of bentonite colloids was prepared in a magnetic stirrer for ten minutes at ambient
temperature. For each data point, the average value was taken from three measurements.
As presented in Fig. 7.1, the relationship between the concentration and the count rate
in DLS measurement for bentonite colloids was found to be linear, which was consistent
with the results in previous study by Missana et al. (2011). The dash lines are used as
calibrated curves in literature and this study. Once the laser counts in DLS measurement
are known, the bentonite concentration will be estimated from the calibrated curve. To
obtain each data point, the average value of counts was taken from the same bottles of

colloid by measuring three times.
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Fig. 7.1 The calibration curve to determine bentonite colloid concentration.
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7.3. Results and discussion
7.3.1. DLS results

Fig. 7.2 shows the results of the turbidity measurements of the colloid solution
(daily measurements). Fig. 7.3 presents the evolution of the bentonite colloid
concentration converted from the DLS measurements. The plotted dash lines showed
the change of concentration with temperature. It can be observed that the equilibrium
concentration of colloidal solution was higher at elevated temperature (i.e., around 50
mg/L at 25°C, around 170 mg/L at 60°C). Correspondingly, the eroded mass increased
from 2 mg/day to 7 mg/day with increasing temperature. The total calculated loss
masses were 0.315g and 0.643g, respectively. Accordingly, the mass loss was 2% and
4.1% of the initial mass. The highest concentration among the daily collected samples
was up to 320 mg/ L. After approximately 50 days, the system reached a steady-state at
high temperature. The time taken to steady-state at low temperature was 60 days. This
is consistent with the change of the turbidity variations shown in Fig. 7.2. At steady
state, the value of the turbidity fluctuated between 20 NTU and 30 NTU at higher
temperature, and between 3 NTU and 5 NTU at 25°C. Fig. 7.4 presents the mean size
of the colloid particles at 25°C is 454 nm. The mean size of colloid particles at 60°C

was smaller than that at 25°C, which was about 185 nm.
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Fig. 7.2. The measured turbidity of colloids at different temperature.
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Fig. 7.5. The evolution of swelling pressure for compacted bentonite at a dry density

of 1.4 Mg/m? at different temperature.

When water is injected into an unconfined specimen of bentonite, the repulsion
forces between the bentonite layers decrease. This causes the specimen to swell until a
new equilibrium is established with a lower internal swelling pressure. Another reason
for the lower swelling pressure is erosion, which occurs when the force produces by
flow along the bentonite surface exceeds the force bonding the clay particles (Pusch,
1999). Fig. 7.5 presents the evolution of swelling pressure of compacted bentonite with
time. At the beginning of the experiments, the swelling pressure increases rapidly due
to the water uptake. The rate of absorbing water is apparently larger than the rate of
mass loss from erosion. The rising swelling pressure decreases due to the fully
saturation. While the swelling pressure started to drop as the continuous of mass loss
under constant inflowing water. The decrease of swelling pressure shows a constant rate
until equilibrium. The time to reach the peak value is shortened at 60°C compared with
that of at 25°C. The maximum values of swelling pressure are around 1500 kPa and
1200 kPa, respectively. With the continuous loss mass, the swelling pressure drops. For
example, this value reduces from 1500 kPa to 1200 kPa at 25°C after 90 days, i.e., a

20% reduction. At higher temperature, the reduction is 62%, i.e., the swelling pressure
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decreases from 1200 kPa to 460 kPa.

7.3.2. Temperature effects on the generation of colloids

A combination of the attractive van der Waals forces, repulsive electric diffuse
layer forces, gravity and the act of gradient of chemical potential contribute to the
movement of particles in water. Transport mechanism of particles in fractures has been
discussed that can be classified into (Birgersson et al., 2009):

(1) Radial transport by repulsion of the bentonite particles in still water (swelling).

(2) Tangential transport by fluid flow driven by a water pressure gradient (viscous flow
and erosion).

(3) Axial (vertical) transport driven by gravity (sedimentation)

The magnitude of erosion depends on the geochemical parameters of the
groundwater. The higher concentration, the smaller loss mass will be eroded (Missana
et al.,2011). Reaching the coagulation critical concentration (CCC), the bentonite will
stop releasing particles (Neretnieks et al., 2009). The critical coagulation concentration
(CCC) is the minimum concentration of electrolyte required to induce the coagulation
of a stable colloidal suspension (Hsu and Kuo, 1997). Above the CCC, the clay forms
a coherent gel that can resist the shear forces of the flowing water. At concentrations
below CCC, the bentonite keeps expanding and releasing colloidal smectite particle.
With the increase of distance, the hydration forces decrease, and the force between clay
particles are weakening by diffusion. The expanding bentonite gel grows increasingly
dilute, it becomes less viscous and can flow. At elevated temperature, the rate of
releasing clay particles into water has increased. Due to the presence of DDL,
temperature leads to an increase repulsion in the diffuse double layer (Pusch et al., 1990;
Ye et al., 2013).

Bentonite erosion happens when the groundwater velocities are in a range of 10
to 10 m/s (Kurosawa et al., 1999). From physical models and experiments performed
by Pusch (1999), it indicated a high flow rate could cause an erosion of a fully water

saturated bentonite clay with the critical flow velocities of 10 m/s for tearing off 0.5
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um particles, and 10 um/s for aggregates larger than 50 pm. Gravity produces
frictional resistance for larger particles. The smaller particles with a diameter of 0.1 to
0.2 um are less apt to be torn off than bigger aggregates. In this study, experimental
results in Fig. 7.4 show that the average sizes of the bentonite particles in colloidal

solution range from 237 nm to 1060 nm.

7.3.2. Temperature effects on physical stability of bentonite plugs in P& A

In this chapter, a simple calculation is conducted in the context of P&A. According
to the average hydrodynamic diameter d), of the particles, the diffusion rate D, is

calculated by using the Stokes-Einstein equation (Hiemenz and Rajagopalan, 1997):

_ kT
b= 127nd,, (7.1)

where k is the Boltzmann constant, 7 is the absolute temperature, # is the viscosity of
the water. The diffusion rates are 3.2 cm?/year at 25°C and 3.9 cm?/year at 60°C. The
traditional length of cement plug is at least 20 m (Towler et al., 2020). Baik et al. (2007)
assumed that 10 % of the host rock consists of a fracture pore space where bentonite
particle might escape. Bentonite clay plugs as an alternative sealing material is assumed
to be placed in an abandoned well with a diameter of 3.5 inches (=8.89 cm) (Tower et
al., 2016). The possible loss mass after time ¢ might be calculated with groundwater at

a dilute density of Cy=0.01 g/cm? (Grindrod et al., 1999):

Emplaced mass (g)~1.472h=173795.5 (7.2)

Loss mass (g)=~2Co(D,t/z)"*(2xrh)(0.1) (7.3)

In terms of longevity, the sealing material is expected to perform for at least 1000 years
as engineered barrier in the oil and gas industry (AMEC, 2014). Based on the
assumption of ¢ (=1000 years), the loss mass can be obtained from Eq. (7.3). The
fraction of loss mass is estimated to be small (i.e., at 25°C 3564.7/173795.5=0.020; at
60°C, the loss fraction is up to 3935.6/173795.5=0.022). Furthermore, the fraction of
loss mass after 10000 years is estimated to 0.114 and 0.126, respectively. Thus, the

erosion of bentonite by a flowing groundwater would not significantly reduce the
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physical stability. Compared with the weight of bentonite plugs, the magnitude of
swelling pressure is negligible (Towler et al., 2020). To evaluate the mechanical
stability of bentonite plugs, the failure mechanism of bentonite plugs is dependent on

other factors, like the salinity of flowing water and pressure, which can be conducted.

7.5. Conclusions

The free swelling of bentonite leads to volume expansion due to water absorption,
which in turn leads to colloid generation and density reduction of bentonite.
Considering the geothermal conditions in a repository and the presence of hydraulically
active fractures in the host rock, it is important to understand the temperature effects on
colloid detachment. In this chapter, the temperature effects on the erosion of the
bentonite surface were analysed.

Experimental results showed that surface erosion of bentonite was observed at the
water flow rate used (40 mL/day). The swelling pressure contributed to the release of
clay particles at the initial phase. Then a slower erosion rate was established with a
constant decrease of swelling pressure. At higher temperature, the time taken to reach
equilibrium state was shortened. Furthermore, temperature increased the colloid
generation rate. The increase of repulsion possibly contributed to the reduction of the
average colloid particle size at higher temperature. A simple simulation with in situ data
was conducted for performance assessment of well plugging and abandonment.
Although the swelling pressure showed a significant drop at elevated temperature with
a loss of mass, the erosion of bentonite would not affect the physical stability of
bentonite plugs. The change of hydraulic conductivity or chemical transport were

suggested for further studies to underpin safety assessment.
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CHAPTER EIGHT

8. Conclusions and further work

8.1. Conclusions

With the aim to advance the understanding of the hydro-mechanical behaviour of
bentonite at elevated temperature, this work presented and discussed the results of
several experimental and theoretical investigations.

A bespoke high pressure, high temperature constant strain rate oedometer was
designed and commissioned to develop an understanding of i) the swelling pressure
response of pre-saturated compacted bentonite to the increase of temperature and ii) the
swelling pressure development during saturation at elevated temperature. The
measurements were extended to evaluate the effects of elevated temperature on
hydraulic conductivity of samples studied for both series of experiments.

The properties of the Voclay bentonite were determined according to the standard
laboratory tests prior to experimental programme. The swelling pressure of compacted
bentonite was measured by constant volume tests at different temperature. The effects
of dry density, hydraulic gradients, and temperature on the swelling pressure of
compacted bentonite were investigated. The microstructure effects on compacted
bentonite at elevated temperature were studied.

The theoretical work based on the DDL theory was conducted for the estimation of
swelling pressure of compacted bentonite at different temperature. An attempt was
made to consider the effects of the formation of tactoids on the theoretical calculation.
The proposed model to predict the swelling pressure of compacted bentonite was
established by the combination of regular solid-solution theory and diffuse double layer
theory. The thermodynamic parameters were introduced to study the fraction of hydrous
smectite due to the dominated hydration force between interlayer, particularly at
relatively high dry densities. The experiments on surface erosion of compacted

bentonite at elevated temperature were conducted to explore thermal effects on the
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colloid generation.

This program aimed to fully characterise the bentonite and provide the technical
evidence to support the application for sealing repositories (i.e., HLW disposal and
P&A). The knowledge of the effects of elevated temperature on porosity and pore-water
in compacted bentonite is crucial for predicting the evolution of sealing materials
during the operational phase. To undertake detailed technical assessments of
performance under different conditions, it is of great significance to understand how
the selection of sealing materials for their hydro-mechanical behaviour meet the need
for desirable performance. Overall, the following conclusions are drawn.

(1) The swelling pressure of compacted Voclay (SPV200) bentonite increased with the
increase of dry density of smectite. The swelling pressure decreased with increasing
temperature from 25°C to 80°C for all three dry densities studied. The swelling
pressure reduction was much larger for higher density samples, indicating a larger
exchange of pore water in the microstructure system of the clay. The response of
samples saturated at elevated temperature indicated an acceleration of the hydration
rate to reach the new pressure equilibrium. The temperature effects on swelling
pressure were limited in terms of mechanical stability in the applications of HLW
disposal and P&A.

(2) An increase of hydraulic conductivity with temperature was consistently observed
across the densities studied. Larger increase of hydraulic conductivity was observed
for lower density samples. Increasing hydraulic conductivity was observed with
increasing hydraulic gradient, which was further enhanced at elevated temperatures.
These responses were explained with the rearrangement of pore water in the
microstructure and with changes to water mobility due to changes of its physical
and retention properties with temperature.

(3) An approach to predict the swelling pressure of compacted bentonite based on the
diffuse double layer theory was presented. Modified equations were suggested in
terms of the relationship between void ratio and the number of unit layers per

particle of smectite. The computed swelling pressure and the reported experimental
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data were presented for ten kinds of bentonite, and it was shown that the inclusion
of microstructure characteristics in the DDL theory can significantly improve the
accuracy of the prediction for a range of bentonite types and compaction degrees.
Among the parameters studied, considerable impact, yet a level of uncertainty was
found to be related to the specific surface area. By the modified DDL it was shown
that the formation of clay particles had a significant influence on the swelling
pressure. The relationship between size of aggregates and micro/macro pores was
rebuilt. Due to the unlikely presence of DDL water in interlayer spaces, the variation
of interaction forces between aggregates could be evaluated from knowledge of the
fraction of macro pores.

(4) A combination of regular solid solution model and DDL model was introduced to
characterise the development of swelling pressure of compacted bentonite at
elevated temperature. In this new model, the swelling pressure of compacted
bentonite comprises of the hydration force between interlayers and the osmotic
pressure between the particles. The distance between aggregates was modified as
the temperature effects on the properties of pore water. Through the estimation of
pore change, it was found that temperature changes induced water mass exchange
between interlayer and interparticle space. The interlayer volumetric water content
decreased with increasing temperature, and the dominated hydration force
decreased consequently. The advantage of this new model is that it provides the
evolution of micro/macro pore with the change of temperature, which allows for
better understanding the hydraulic and transport properties under temperature
variations.

(5) The temperature affects the specific surface area due the formation of clay particles.
For compacted FEBEX bentonite (calcium-montmorillonite), the number of
stacked layers per particle increased due to the electrostatic ion-ion correlation
effects. While for compacted MX-80 bentonite (sodium-montmorillonite), the
number of stacked layers per particle decreased as the electrostatic interaction

between the particles is repulsive increasing with temperature.
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(6) The increase of temperature increased the eroded rate of compacted bentonite. The
diffusion rate of clay particles increased at elevated temperature. The increase of
repulsion contributed to the average particle size of colloid decreases at higher
temperature.

Regarding to the application of Voclay (SPV) bentonite in HLW disposal and P&A
of wells, a range of dry densities of compacted bentonite are considered. In HLW
disposal, the lower boundary for saturated density of clay buffer is required to reach
1950 kg/m® (Posiva, 2009). The compacted Voclay bentonite at a dry density of 1.7
Mg/m? can be potentially applied as the hydraulic and mechanical properties meet the
requirement of design. In P&A, the dry density of bentonite plug is estimated larger
than 1.0 kg/m’® from the field tests (Towler et al., 2016). The compacted Voclay
bentonite at a dry density of 1.4 Mg/m® shows a much higher resilience under
temperature change. Overall, for further evaluation, temperature effects must be
considered to evaluate the colloid generation which can facilitate pollutants migration
through rock fractures. In situ tests and chemical process are needed to better

understand the effects of temperature in the sealing system from a long-term view.
8.2. Further work

As this research lays the focus on the applications of compacted bentonite in HLW
disposal and P&A, future investigation among the areas are following:

(@) In sealing repositories, the compacted bentonite can be subjected to the intrusion of
salinity water. Experimental work needs to be conducted with NaCl solution and
CaCl; solution to assess the hydro-mechanical behaviour of compacted bentonite.

(b) The average number of unit layers per particle could be estimated by the hydraulic
behaviour. The influence of pore changes at thermal effects on hydraulic
conductivity needs to be studied theoretically with a comparison of hydraulic
properties in previous studies.

(c) Inthe scenario of P& A, the shear strength and the lodgement pressure of compacted
bentonite as plugs are crucial for the emplacement work. These mechanical

properties depend on many factors such as the diameter of wells and the loading,
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and require further experimental investigations.

(d) For the considerations of both sealing repositories (HLW disposal and P&A), the
chemical effect on erosion of compacted bentonite needs to be considered for the
stability of sealing material.

(e) The stability of generated colloids at elevated temperature can possibly influence
the transport of radionuclides. In this area, work needs to be undertaken to
understand the chemical processes at elevated temperatures This investigation can

be extended for the application of HLW disposal for the safety assessment.
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Appendix: the evolution of size distribution of the eroded

solutions at elevated temperature

The following figures show the result of size distribution of the collected solutions

at 25°C and 60°C in DLS measurements. At 25°C, the presence of larger particles (>

1000nm) can be found before 50 days when the concentration of the collected eroded

solutions reaches stable. After 50 days, the size of particles in solutions are basically

less than 1000 nm. While at 60°C, the variation of the fraction of larger particles seems

to be insignificant. Increasing temperature tends to change the fraction of particles

whose sizes is ranging from 100 to 1000 nm.
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