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Summary

This thesis presents an investigation of hydro-geochemical processes in the
framework of coupled thermal, hydraulic, chemical and mechanical (THCM)
behaviour of unsaturated soils. Based on a mechanistic approach, several theoretical
aspects of the modelling of hydro-geochemical behaviour are advanced.

The hydraulic processes investigated include liquid and vapour transfer due to
chemical osmosis. These are addressed via an explicit coupling with chemical
variables. The chemical processes accommodate the transport of multicomponent
chemicals by advection, diffusion and dispersion mechanisms, subjected to
homogeneous and heterogeneous geochemical reactions. Multicomponent diffusive
flow is treated with diffusion driven by chemical, electrical and thermal potentials
under charge conservation conditions in multiple ionic systems.

A numerical solution based on the use of the finite element method for spatial
discretisation and the finite difference method for temporal discretisation is developed
to solve the governing equations for flow and deformation.

In terms of chemical reactions, advanced geochemical features are introduced via the
coupling of the geochemical model, PHREEQC with the coupled THCM model,
COMPASS. Both equilibrium and kinetically controlled geochemical reactions are
considered in the reactive transport model. To couple chemical transport and reaction
models, a sequential non-iterative approach is adopted. In addition, an algorithm for
porosity modification from mineral precipitation/dissolution reactions has been
established.

Verification of the approach proposed has been addressed via a series of bench mark
tests. Good results have been achieved for the theoretical and numerical
implementation of hydraulic and chemical behaviour in the model.

The new model is then used to investigate non-isothermal hydro-geochemical
processes under the effects of thermal diffusion. The results reveal the importance of
thermal diffusion, the so called Soret effect, on the reactive transport of chemicals.

The new model has then been applied to investigate relevant hydraulic and hydro-
geochemical processes in a swelling clay, via a series of simulations of laboratory
based experiments. This is supported by the development of a new approach to
investigate hydration/dehydration effects on porosity evolution and transport
processes. With respect to moisture flow, the results obtained are in close agreement
with experimental results from water infiltration tests. The results also indicate that
the inclusion of the new hydration/dehydration model significantly improves the
prediction of water transport and re-saturation time. Considering the behaviour of
dissolved chemicals and the composition of minerals/exchangeable ions, the results
obtained are in good agreement with experimental results, providing confidence in the
ability of the model to simulate the hydro-geochemical processes.

As the result of this study, it is claimed that a new approach for assessing hydro-
geochemical processes in unsaturated soils has been developed, which can be
employed under variable THCM conditions. Based on the application of the work to
the case of a compacted swelling clay, the developed model is also shown to be an
appropriate prediction model for that material.
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Chapter 1 Introduction

1.1 Introduction

Geoenvironmental engineering faces serious challenges with the management of ground and
water contamination, waste disposal, energy demand and greenhouse gas emissions due to
anthropogenic activities and their consequences (Thomas, 2006). In fact, sustainability of the
geoenvironment is highly affected by the continued depletion of non-renewable natural
resources and imposing physical, chemical and biological impacts to the geoenvironment
from the various anthropogenic stress generators, representing an increasing threat to the
subsurface environmental quality and the public health (Yong et al., 2006). Hence, there is a
pressing need to develop a better appreciation of the anthropogenic stresses imposed on the
geoenvironment and to improve the knowledge and technology for appropriate management

of our geoenvironmental resources (Yong et al., 2006).

Understanding hydro-geochemical processes in subsurface soil and groundwater is essential
in order to approach the sustainable engineering solutions for the management of the
environmental contaminants. The investigation of the various anthropogenically-induced
contaminations in subsurface soil and groundwater, such as the accidental release of
contaminants, disposal of hazardous wastes, agricultural and soil management practices may
involve complex transport and geochemical reactions in the soil-water-chemical system,
usually defined as reactive transport of chemicals. This area of research can also include the
irreversible changes to the properties of soil material induced by chemical reactions (Yaron et
al., 2008) and requires advanced understanding of the hydro-geochemistry and interactions in

the soil-water-chemical system.

Modelling of the reactive transport of chemicals inherit all of the difficulties associated with
the individual disciplines of hydro-chemical transport and geochemistry which can involve
multiple chemicals, reaction heterogeneities and various time-scales. In many
geoenvironmental challenges, hydro-geochemical processes are also coupled with physical,
chemical and mechanical behaviour. The study of the reactive transport of chemicals under
coupled physical, chemical and mechanical problems has been the interest of many studies
and evolved with developments in various disciplines due to the various challenges, e.g.
ground contaminants, energy demand, anthropogenic atmospheric carbon dioxide and global

warming (e.g. Stephansson et al., 2004; Thomas, 2006; Datta et al., 2010). The degree of
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complexity due to the coupling phenomena between physical, chemical and mechanical

behaviour depends on the geo-material and the conditions related to the engineering case.

The developments in numerical modelling capabilities for simulating hydro-geochemical
processes under coupled behaviour and conditions are among the most important steps
forward in the assessment and prediction of geoenvironmental solutions. Such models provide
an integrating focus for the wide range of geo-engineering disciplines and represent the basic
physical, chemical and mechanical processes which can include the effects of heat, water,
chemistry and mechanics. It is well accepted that numerical simulation can be used to
illustrate technical understanding, via development of conceptual models and validation with
experimental data. Numerical simulation can then be used to test various scenarios at a
fraction of real cost and predict future behaviour. Computer modelling is also non-destructive;
data can be easily produced at all locations and can be produced in reduced time periods
compared to experimentation. However, it is critical that models and processes are correctly
understood and used only in relevant circumstances; otherwise important processes may be

omitted from simulations which can yield to incorrect interpretation.

The overall aim of this research is to advance the numerical simulation of hydro- geochemical
processes in unsaturated soils under coupled thermal, hydraulic, chemical and mechanical
modelling framework. The research also aims to develop the theoretical understanding and
include advances in the experimental knowledge of the hydraulic and chemical/geochemical
behaviour in the coupled numerical modelling platform. The specific emphasis is on the
developments to the hydraulic and chemical reactive transport processes in compacted

swelling clays (smectite clays) under coupled THCM behaviour.

The developed coupled numerical model would be of particular interest in simulation of the
coupled physical and chemical behaviour of compacted swelling clays (bentonite) as
proposed for the buffer material in geological containment of high level radioactive waste.
Engineered Barrier Systems are likely to be subject to thermal, hydraulic, chemical and
biogeochemical processes, such as heat release due to radionuclide decay, multiphase flow,
swelling of buffer material, radionuclide diffusive transport, waste dissolution and chemical
reactions. Hence, the performance assessment of the compacted clay buffer, as a component
of the Engineered Barriers System (EBS), includes analysing complex interacting and coupled

thermal, hydraulic, chemical/geochemical and mechanical processes (Yong et al., 2010). In
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addition, the properties and characteristics of compacted bentonite, i.e. smectite dominated
clay, are highly affected by the microstructure of the swelling minerals constituents which in
fact, control the transport properties of water and chemicals in the system (Pusch and Yong,
2006).

Understanding the highly complex hydro-geochemical behaviour of compacted clay buffer in
high level radioactive waste (HLW) repository is a challenging problem and requires
advanced conceptual and theoretical models, comprising multiphase, multicomponent
processes and the multilevel structural material effects. In particular, studies related to the
smectite mineral hydration and the long-term chemical and mechanical stability of the barrier

are among the key issues in the long-term performance of multiple barrier HLW repositories.

There are still essential research and development required for modelling the coupled
processes in compacted swelling clays as the buffer candidate. Inclusion of processes such as
bentonite hydration mechanism, microstructure evolution, existence of different states of
water in the bentonite, existence of a threshold hydraulic gradient for water flow and thermo-
osmosis has been suggested in conventional formulation of THM models (Steefel et al.,
2010). In terms of chemical/geochemical and biological processes, the models need still more
development to reach the stage of sophistication to be coupled with THM platforms (Pusch,
2008). Further integration of C and THM models and processes for simulating coupled
THMC processes has been also suggested as a critical research and developments required in
this field ( Steefel et al., 2010).

The study objectives of the thesis are presented in section 1.2. In section 1.3 the background
of the research is presented. The scopes of the work and limitations are discussed in section

1.4. Finally an overview of the structure of the thesis and the chapters is given in section 1.5.

1.2 Study objectives

Within the development of the numerical simulation of the coupled thermo-hydro-chemo-
mechanical behaviour of unsaturated soils, the research presented in this thesis focuses, on the

advanced modelling of the moisture flow and the reactive transport of chemicals. In
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particular, the hydro-geochemical behaviour of compacted bentonite suggested as the buffer

in geological disposal of HLW is studied as an application cased of the developed model.
The main objectives of this study are to:

i) Develop a theoretical framework for the transport of multiple chemicals under
variable saturated and non-isothermal conditions and the key coupling effects

between chemical/geochemical processes (C) and THM processes.

i1) Integrate an advanced geochemical model into the coupled THCM numerical
model to calculate the chemical reaction under both equilibrium and kinetically

controlled conditions.

iii)  Include the impacts of microstructure evolution of compacted swelling clays, in

particular, smectite rich clays, in the modelling the transport processes.

1v) Investigate the hydro-geochemical behaviour of compacted swelling clays under

coupled THC effects and compare with experimental results.

1.3 Research background

This work is undertaken at the Geoenvironmental Research Centre at Cardiff University
where considerable research, including the development of the numerical computer code
COMPASS (COde for Modelling PArtially Saturated Soils), has been performed prior to the
study. This section provides the context to this work, and is not intended to replace more

detailed reviews of literature in chapter 2 or the theoretical formulation in chapter 3.

A theoretical model of coupled transient heat and moisture transfer in unsaturated soil was
developed by Thomas (1985). In this model the vapour flow was modelled by incorporating
the diffusive flow proposed by Philip and de Vries (1957) and de Vries (1958), and the latent
heat of vaporisation was also introduced following Luikov (1966). The principle of mass
conservation was employed for moisture flow and the conservation of energy used for heat
transfer. Non-linearity of material parameters was then incorporated in the works presented by

Thomas (1987), Thomas, (1988a) and Thomas, (1988b). Revised time-stepping schemes were
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investigated under the mentioned coupled TH model by Thomas and Rees (1988) and Thomas
and Rees (1990).

Following an experimental investigation into the behaviour of unsaturated sand surrounding a
heating rod, Ewen and Thomas (1987) and Ewen and Thomas (1989) amended the vapour
transfer diffusivities of the numerical model to simulate coupled heat and moisture transfer
processes in unsaturated soil. A numerical simulation in terms of moisture content and
temperature was carried out by Ewen and Thomas (1989) including vapour transport via a
diffusive mechanism. Thomas and King (1991) presented a theoretical heat and moisture
formulation cast in terms of capillary potential and temperature and found good agreement
with the Ewen and Thomas (1987) experiments. Thomas and Sansom (1995) extended this
formulation to include elevated pore-air pressures and validated via comparison to
experimental works on sand and clay. This formulation was presented in three-dimensions
including work on pre and post-processing, visualisation and parallel computation by Sloper
(1997) and Thomas et al. (1998).

Mechanical behaviour and deformation was introduced examining seasonal ground
movements by Thomas and Rees (1990; 1993), with an isothermal coupled hydro-mechanical
numerical model presented by Thomas et al. (1992) utilising the non-linear elastic state-
surface approach proposed by Lloret and Alonso (1985). This model was applied to seasonal
ground movements in the work presented by Thomas and Zhou (1995). An elasto-plastic
coupled Thermo-Hydro-Mechanical (THM) model was presented by Thomas and He (1994)
and Thomas and He (1995) using the elasto-plastic model of Alonso et al. (1990). Ramesh
(1996) applied the THM model to simulate temperature, moisture and void ratio distributions
of montmorillonite subjected to heating/hydration. The work also involved investigation of
isothermal volume change behaviour of compacted kaolinite in suction controlled tests.
Thomas and Cleall (1999) extended the THM model to include highly expansive behaviour.
Using the developed model, a numerical simulation of large scale experiments were presented
by Mitchell (2002), Thomas et al. (2003), Melhuish (2004) and Cleall et al. (2006) which
included investigation into the microstructure behaviour of bentonite and the effects on

resaturation of the buffer.

Chemical processes were first introduced as non-reactive chemical solute transport for a

single species (Thomas and Cleall, 1997). Hashm (1999) developed the model to two-
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dimensional coupled moisture and reactive multiple chemical solute transport by linking the
non-reactive transport code with the geochemical model, MINTEQA?2 (Allison et al., 1991).
The model was applied to simulate a series of leaching cell experiments to study the
migration/sorption behaviour of some of the heavy metals. Seetharam (2003) developed the
multicomponent chemicals reactive transport module of the coupled THCM model. The
geochemical reactions were calculated by the geochemical model, MINTEQA2 using two
different coupling schemes to solve transport and reaction equations. The coupled THCM
model was used to simulate the reactive transport of chemicals in a small scale laboratory on

compacted bentonite under heating and hydration (Seetharam et al., 2006; Cleall et al., 2007).

A number of theoretical and computational developments have recently been made in the
model focusing mainly on the behaviour of compacted bentonite as the buffer in HLW
geological repository and to model the large scale THM behaviour of the repository. Sing
(2007) presented an experimental and numerical investigation on the heat and moisture
transfer in compacted bentonite and kaolinite with special attention to the vapour transfer in
compacted clays. Modifications to the existing vapour theory were suggested and introduced
in existing THM behaviour. Siddiqua (2008) presented an investigation into the elevated
temperature effects (70-200 °C) on the THM processes in the model. A pore gas transfer
equation and thermo-osmotic effect was developed to account for elevated temperature.
Vardon (2009) extended the COMPASS model to accommodate three-dimensional THM
behaviour in geological repository, including the development of a high-performance
computing algorithm using both multi-threaded and message-passing programming paradigms
to enable simulations to be completed in significantly reduced time. The model was utilised
for simulation of the THM behaviour of a large-scale experiment, carried out at an
underground research laboratory in Sweden. More recently, Thomas et al. (2011) presented
the inclusion of biological aspects to the coupled THCM model. The work deals with early
developments to include some biological impacts on coupled transport phenomena through
unsaturated porous media. The THCMB model presented incorporates biodegradation kinetics

of organic substrates.
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1.4 Scopes and limitations

The scope of the work undertaken in this thesis and in particular the limitations that are

anticipated are listed below:

e Numerical approximation is used to find a solution to the system of coupled
differential equations. In particular, the finite-element method is used to provide a

spatial solution and the finite-difference method used to provide a temporal solution.

e Soil is assumed as a homogeneous medium acknowledging the fact that that soils
exhibit some degree of heterogeneity, and this may be partly accommodated in this
study as the assumption of homogeneity only applies within an individual element.

Therefore, different soil types may be used within an analysis.

e The chemical transport equation is applicable for miscible chemical flow only.

Immiscible chemical flow is not considered.

e Soil hysteresis behaviour such as found in the moisture retention behaviour in
wetting/drying paths has not been included in the model. This is due in part to a lack

of experimental evidence and potentially complex wetting/drying path.
e The effect of osmotic potential on the deformation behaviour is not considered.

e Vapour transport is assumed to be diffusive. At higher temperatures, elevated air
pressure gradients may occur, leading to increased vapour movement. This has not
been included in the theoretical formulation. Hence the temperature range, which can
be modelled, is between 0 and 100 °C in accordance with the moisture flow
formulation. However, the range of temperature validity in the geochemical model

depends mainly on the limitation of the thermodynamic data for reactions.

e The constitutive model implemented for stress/strain behaviour is valid for slightly

and moderately expansive soils.
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1.5 Overview of the thesis

A brief description of each chapter is presented below.

Chapter 2 contains a selective review of the current literature salient to the work contained in
the developments presented in the remainder of the thesis, including a review of the recent
coupled THCM experimentation and modelling aspects of compacted bentonite buffer
behaviour. A targeted review of the development of numerical strategies to efficiently solve

coupled transport and geochemical problems is also presented.

The theoretical formulation for thermal, hydraulic and mechanical behaviour and geochemical
reactions of the linked geochemical model is presented in chapter 3. The main focus is to
present the development in the governing equations for the reactive transport of
multicomponent chemicals. In chapter 4 the numerical formulation of the solution of the
governing differential equations representing heat, moisture, air, multicomponent chemical
and deformation behaviour is presented. The coupling scheme adopted for solving the

chemical transport and reaction problems is also presented in this chapter.

Chapter 5 presents the verification and validation of the numerical model against analytical
solutions, alternative numerical solutions and experimental results. This chapter will only
focus on the verification and validation related to the developments made in the scope of this
thesis, in particular in the chemical reactive transport. It is noted that the numerical model has
already been verified for a number of test cases involving coupled moisture flow, air flow,

heat transfer, chemical transport, and deformation.

Chapter 6 presents a numerical simulation of the reactive transport of chemicals under
coupled thermal, hydraulic, chemical framework. In particular, based on the development of
the theoretical formulation, presented in chapter 3, the effects related to the combined
electrochemical and thermal diffusion potentials on the reactive transport of ionic species in
compacted clays are investigated. The simulations have aimed to initially test the numerical
model behaviour under coupled THC condition and more importantly to investigate how the
coupled electrochemical and thermal diffusion affects the distribution of chemicals in the

system.
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In chapter 7, a theoretical model is presented to include the microstructural evolution of
smectite minerals (as the major clay component of compacted bentonite) in modelling of the
transport processes. The hydrate water in the microstructure of compacted bentonite and its
variation is evaluated and modelled with an approach proposed based on a geochemical solid-
solution reaction. The inclusion of the effects of the hydrate water located in the
microstructure on the flow behaviour of confined compacted bentonite is presented. Two
series of simulations are reported, the first under isothermal conditions and the second under
thermal gradients using the proposed model. The results are compared and validated against

experimental results.

Chapter 8 presents the results of an application of the model via simulation of a laboratory
experiment reported on the hydro-geochemical response of compacted unsaturated smectite
clay subjected to heating and hydration. The problem considered in the simulation is a
thermo-hydraulic laboratory test on a sample (600x70 mm) of compacted bentonite for
relatively long term (7.6 years) and reported by Villar et al. (2008) and Fernandez and Villar
(2010). The sample is subjected to heating at 100 °C on the bottom side and hydration through
the top surface with granitic water at 1.2 MPa. The focus is to simulate the reactive transport
behaviour of major ionic species and the variations in the geochemistry of aqueous-clay
system under the influence of opposing thermo-hydraulic gradients. The major geochemical
reactions including precipitation/dissolution of multiple minerals and ion exchange process
are investigated. The results of simulation are compared with the experimental data providing
a validation test on the model for complex and coupled behaviour similar to the condition of

the buffer in HLW repository condition.

Chapter 9 presents the conclusions drawn from this work, and suggestions are made for

further research.
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2.1 Introduction

The nature, functionality, properties and the behaviour of soils have been the subject of
numerous studies for a long time in various fields of science and engineering. Hence, many of
the processes are well established in the literature. In terms of the coupled physical, chemical
and mechanical behaviour of unsaturated soils, this study focuses mainly on the behaviour of
compacted swelling clays and in particular compacted smectite clays (bentonite), as an
application case of the developments made in this research. Compacted bentonite has been
suggested as the buffer candidate in relation to the underground disposal of high level nuclear
waste (HLW). The modelling of the hydro-geochemical behaviour of compacted bentonite
under geological repository conditions is a challenging task which involves difficulties related
to the material and to the various processes and time scales involved. This chapter mainly
aims to provide a state of the art review on the coupled physical, chemical and mechanical
properties and behaviour of compacted smectite clays and the research programs including

experimental and numerical investigations.

The advances in the understanding of the key processes related to the thermal, hydraulic,
chemical and mechanical behaviour of compacted bentonite in repository conditions has been
utilised in developing numerical modelling as an assessment tool of the performance and the
quantification of uncertainty, risk and reliability. In this chapter a selective review is
presented of the recent developments in the experimental works and the numerical modelling

of the behaviour of compacted bentonite.

In section 2.2 the key elements of the physical, chemical and mechanical processes involved
in evolution of compacted bentonite as the buffer candidate in repository conditions are

briefly reviewed.

The microstructure evolution of compacted bentonite has a profound effect on hydraulic and
chemical flow behaviour due to the presence of smectite minerals as the primary solid
component of the most of the commercially available bentonite clays. Section 2.3 provides a
review on the micro- and macrostructure and the fabric of compacted bentonite. The basic

microstructure of smectite minerals is briefly reviewed in this section.

The process of water uptake and hydration/dehydration is discussed in section 2.4. Section 2.5

deals with the water and the physical state of pore water in compacted bentonite. As an
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important issue of the modelling of the water and chemical flow, the physical state of water
located in different levels of pore scale in compacted bentonite is also concerned. The
developments in the modelling of the moisture transport in compacted bentonite and its

linkage with the microstructure evolution is presented in section 2.6.

Diffusion acts as the major mechanism of chemical transport, especially in compacted
swelling clays. Section 2.7 reviews the current knowledge of the ionic diffusion and effective
parameters in compacted smectite clays (bentonite). Temperature effects on the diffusion of
ionic species with special focus on thermal diffusion i.e. Soret effect, are also dealt with in

section 2.8.

Sections 2.9 and 2.10 present reviews on the recent experimental and numerical investigation
of the coupled thermal, hydraulic, chemical and mechanical behaviour of compacted bentonite

under similar conditions to the buffer in repository conditions.

Section 2.11 covers some of computational aspects and recent developments of the reactive
transport modelling of multicomponent chemicals in porous media. Different schemes for
coupling chemical transport and reactions to efficiently solve coupled transport and

geochemical problems are also reviewed in this section.

Finally, in section 2.12, summary and conclusions are drawn from the above discussions.

2.2 Physical, chemical and mechanical processes in unsaturated
compacted bentonite buffer in geological disposal of HLW

According to most concepts proposed by the organisations responsible for disposal of HLW,
the radioactive waste canisters will be placed at several hundred meters depth in crystalline
rock, salt, argillaceous rock or clay deposits. Compacted smectite clay (i.e. compacted
bentonite) has been suggested as the buffer candidate that provides the embedded medium for
canisters with very high tightness for minimizing percolation of groundwater, with sufficient
bearing capacity for minimizing movement of the heavy canisters and being sufficiently soft
to transfer only a fraction of the stresses generated by tectonic movements to the canisters
(e.g. Pusch, 1994; SKB, 1999; Posiva, 2006; Pusch, 2008; Yong et al., 2010). The main
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attributes making compacted smectite clays suitable for use as buffer in EBS are (Yong et al.,
2010; Steefel et al., 2010):

e Adequate thermal conductivity to transfer heat away from the canister so that the

canister can be maintained at a temperature equal to 100°C or below.

e Very low hydraulic conductivity that prevents percolation of the ground water around

canister and limits the rate of canister corrosion.

o High swelling potential, that provides the self-sealing and tightness that makes
possible self sealing of openings within the Engineered Barrier System and of gaps

between the bentonite with the rock and with the radioactive waste canister.

e Low diffusion coefficient and high buffering/attenuation capacity which are essential
for reduction and control the transport of radionuclides, and to attenuate the transport

of corrosion promoting ions from the rock.

e Low microbial activity in highly compacted bentonite which reduces the impact on
clay minerals with respect to transmission through mechanisms of weathering and

dissolution over long time period.

Three major phases in the evolution of the bentonite buffer in geological HLW repository
conditions can be identified (Pusch and Yong, 2006; Pusch, 2008; Steefel et al., 2010). The
compacted bentonite buffer is initially partly saturated when installed around waste canisters
in a repository. The first phase is the initial water uptake after emplacement which can take
place over a period of 0 to 100 years dependent on repository design (Wersin et al., 2007).
The re-saturation phase is under the thermal effects, sourcing from the canister. Processes
involved in the evolution of the bentonite buffer include thermally induced distribution of
initial pore water in the clay during the early thermal phases (Tong et al., 2009; Thomas et al.,
2009). The second phase is dominated by heat input from the waste canister with a significant
time-varying temperature gradient, with the temperature initially increasing and then
returning to ambient over a period of 100 to 10,000 years. The third phase is the long-term
hydro-geochemical period with tectonic or glacial processes under ambient or reduced
temperature conditions from a thousand to a million years. The possible external changes that

the groundwater might undergo in the long-term, can affect the geochemistry of the bentonite
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buffer. Major chemical processes that may affect the chemical stability of the bentonite buffer
after water saturation include dissolution and precipitation, conversion of smectite in the
buffer to non expansive mineral forms, and cementation by precipitated complexes (Pusch
and Yong, 2006).

The engineered barriers around the waste will provide a long period of containment,
depending on the environment and the materials used, during which much of the radioactivity
of the waste will decay. The engineered barriers hinder the mobilisation of radioactive
contaminant generated form the waste for hundreds of thousands of years. It is expected that
the transport of chemical species occurs very slowly by the diffusion mechanism in

compacted clay buffer.

At the canister side, compacted clays buffer will be exposed to the heat released from
radioactive waste. As a result, the heat flux is transferred through the three phase system of
solid-water-gas which induces a moisture re-distribution from the initial pore water
distribution in the clay during the early thermal phases (e.g. Thomas et al., 2009). At the other
side of the buffer (at the clay/rock interface), water uptake and saturation can occur as a result
of water flow through the fractures in rock or the water which exists in the host geological
medium. Due to the low permeability of compacted bentonite, the process of water uptake and
re-saturation is considered as a slow process which has been estimated to take place during
the first hundred year of the repository life-time (SKB, 1999; Nagra, 2002; Wersin et al.,
2007; Yong et al., 2009).

Figure 2.1 presents a schematic of key processes related to thermal, hydraulic, chemical and
mechanical behaviour of compacted bentonite buffer under repository conditions. A source of
water is shown to be found in the Excavated Disturbed Zone (EDZ) of the host rock. The
location of the canister is shown schematically with the three phase conceptual diagram
adjacent to the canister. The various processes associated with the THCM behaviour are
coupled in a complex manner. In addition, all the processes operate at different time scales
and intensities which make the problem of prediction and modelling difficult (Yong et al.,
2009).

2-5



7 5
"
0L
7 5
?2& & *&
$) &*
5 *
& E * $%
# ) )$ &* #&
7 5
7 +)0 # 4
( ( 1
D +..19 Z ) +..@9 ! 0AA@ 3
&
5 5 (
) +.0.3) &
2 (



Chapter 2 Literature Review

uptake leads to increased volumes of the microstructure units in terms of density increase and
decrease in the porosity of wetted portion. In the constrained swelling condition of the buffer,
increasing the swelling pressure of wetted portion causes the local compression of un-wetted
portion elements (Pusch and Yong, 2006). On the other hand, higher temperature and the

induced dehydration and drying cause local shrinkage in the area close to the heater.

Chemical processes will occur within the buffer as the results of the elevated temperature, re-
distribution of moistrure and water intrusion from the surrounding geological formation. The
pore fluid composition can be affected due to the exposure to the host rock water with a
different chemical composition. Pusch and Yong (2006) has described the migration of
calcium, chloride and sulphate ions, which increase the salinity in the hot part or cause
accumulation of minerals such as halite and gypsum which contribute to corrosion of the
canister as the most important chemical processes within the buffer and at the interface of
buffer and canister. Concerning geochemical reactions related to the compacted clay buffer,
dissolution and precipitation of minerals, ion-exchange reaction (for example conversion of
Na-bentonite to Ca-bentonite), illitisation and dissolution of smectite mineral have been

reported as the major reactions (Seetharam et al., 2007; Steefel, 2010).

2.3 Compacted bentonite (micro- and macrostructure evolution)

A representative element of partly saturated compacted bentonite can be considered to consist
of fabric units (i.e. geometrical arrangement of soil fractions) with associated pores in
different size and structure separating them. At macroscopic level, the solid-pore system of a
compacted bentonite is a complex of clay aggregates or peds with the associate macropores
between them. Inside each ped or aggregate, the system consists of several particle clusters
and the micropores between particles. Each particle includes stacking of individual unit layers
of smectite minerals (Yong, 1999; Hueckel et al., 2002; Pusch and Yong, 2006; Likos and
Wayllace, 2010). The different fabric units and associate pores are shown schematically in

figure 2.2.

At the molecular level, smectite unit layers are made up of series of two basic crystal
structural units (e.g. Grim, 1962; Yong and Warkentin, 1975, Mitchell, 1993; Sposito, 1984):



cccccececececececececcecececceccecccececceccecceccecceccecceccecceccceccecccceccceccoccecceccecgeagcecceccccceccccc

voF A 3 & &
5 )
Y & e
- 5 5 )
& &
1 +)°? 3)
1 # +..@3)

I'$), * &F*F * $% '& *
* ($ ) + ?PUCGCET *

* 8% &) (% * sw (&8 o) $%8 $) &(& G
2 &' ($ )
$) & $* * *
$% + 0& ($)

* $H )&(&
" & )& (%) * & *
12 $ +- 34433

| * 3 * $% $) * % * '$ $ &* & ($ ) - &% $* ) G

($ ) - ++ $<&* & &*

$) & R S &' ($ ) G ) K : & ( *x & ($ ) _ $) & G

+)+ # ( ( 1
D OAAA3 # % ( 1: ( 3
( ) 1+..+3
+)? 5
& )
L& 1 (( 3 1! 3
5 5 5 16 3
& 5 )
5 ( (
) 5 5 &
& ( & 1 0A/+3)
> (

3<7



(
6 N 65
L <!
H 65
* ) 7))
7 +)? #
&
(
(
Y
&
)

7))

)$

1 +)?3)
( & +)7?)
( ()
$ &*
#
9% ) * )
v
%5 (
& D +../3
&
1 0A/+3)
F
&
5
(
)

3<8



Chapter 2 Literature Review

e Partial replacement of Si** by AI** in a tetrahedral sheet or of AI** by Mg?" in an
octahedral sheet (a process known as isomorphous substitution) results in a net

negative charge on the unit layers.

o At the edges of unit layers, tetrahedral silica sheets and octahedral sheets are
disrupted, and primary bonds are broken. This leads to the hypothesis of positively

charged edges of unit layers.

Charge deficiencies that result from isomorphous substitution are balanced by exchangeable

cations located between the unit cell layers and on the surfaces of particles.

The structural elements and fabric units of compacted smectite can therefore be summarized

and arranged in the size order as (Yong, 1999, 2003):
e Unit layers with associated interlayer porosity between unit layers
e Unit particles with associated micropores or intra-layer porosity between particles

e Particle aggregates or clusters and the associated macropores between microstructural

units

In accordance with the concept presented above, three porosity scales can be identified in

compacted smectite clays:

e The interlayer porosity corresponding to the interlayer space which contain cations

and water molecules (generally <2 nm),

e The micro/mesoscopic porosity corresponding to the space existing between particles

(in the range of 2—50 nm),
e The macroscopic porosity corresponding to the inter-aggregate voids (>50 nm),

There are different statements about the number of individual layers in a stable particle of
smectite and it generally depends on the type of interlayer cations and suction value. Sposito
(1984) stated that one to sixteen unit layers can be stacked; face to face, to form a unit
particle, depending on the interlayer exchangeable cation and the estimation method. van

Olphen (1977) estimated that typical sodium montmorillonite particle consists of 2-3 lamellas
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or unit layers. Marcial et al. (2002) reported that in Na-smectite, the stacked clay layers which
form the wall of inter-particle pores contains 4-10 layers. However, the number of lamellas in
a typical particle depends on the electrolyte concentration in the liquid phase as well (Yong
and Warkentin, 1975).

The compaction of smectite clays by applying external stress results primarily in the reduction
of macro- and micropores. Therefore the ratio of total macro- and micro porosity to the
interlayer porosity decreases considerably in compacted smectite clays (Likos and Lu, 2006).
In fact, the contribution of the interlayer porosity to the overall porosity increases with the

partial smectite dry density.

In one-dimensionally compacted smectite clays, the unit layers or lamellas are oriented
preferentially in a direction normal to that of sample compaction. However the effect may be
less marked in the presence of non-smectite particles (Bourg et al., 2006). The charge
conditions within the stacks, which contain 3—5 unit layers in Na montmorillonite and about
10 unit layers in Ca montmorillonite, are different from those at the external surfaces of the
stacks in the sense that only cations are present in the interlayer space while complete

electrical double-layers are formed at the outer surfaces (Pusch, 2001).

2.4 Water uptake and interaction with compacted bentonite

Water uptake into anhydrous smectite microstructure units starts via hydration forces initially
and continues subsequently via diffuse double layer forces (van Olphen, 1977; Pusch and
Yong, 2006). The first mechanism of water uptake referred to as hydration or crystalline
swelling is a process whereby initially dry expansive clay minerals sequentially adsorb a
limited numbers of discrete layers of water into the mineral interlayer. Hydration process is
driven primarily by the energy associated with the initial hydration of exchangeable interlayer
cations and hydrogen bonding or charged surface-dipole attraction effects associated with
solid-liquid interactions, occurring in the immediate vicinity of the clay particle surfaces
(Likos, 2004). Interlayer hydration is determined by the layer charge, inter-layer cations,

properties of adsorbed water and particle size (Yong, 2003).
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conditions while the micropores among particles remain dry. After contacting with the water
solution, the particles swell and fill the micropores, the aggregates or clusters also swell
following the swelling of particles further after filling micropores. During this process,
initially thick unit particles may split into several thinner units comprising fewer layers while

maintaining a constant interlayer distance.

Salles et al. (2008; 2009) provided a multiscale understanding of the hydration of smectite
saturated with sodium or other cations using thermoporometry in combination with X-ray
diffraction. Based on the results of the aforementioned study and comparison with other
results reported in the literature, they proposed the following hydration sequence picture for
smectite clays (Salles et al. 2009):

1. At very low relative humidity (RH), hydration of particle surfaces is started. At this
stage, particle surfaces (or “external” surfaces) are hydrated with one layer of water

molecules.

2. For relative humidity higher than 10%, water enters in the interlayer space. Hydrating
the cations and partially the “internal surfaces” occurs at this stage. Simultaneously,

water fills completely the mesoscopic porosity, i.e. micropores.

3. At 54 % relative humidity, the mesoscopic porosity for Li or Na-montmorillonites is
filled. The next step is the further filling of the interlayer space, producing an increase

of the interlayer distance, i.e. crystalline swelling.

4. The breaking of particles into smaller particles occurs and concurrently the increase of

the volume of the mesoscopic porosity.

Figure 2.6 present a schematic of the water uptake sequences presented by Salles et al. (2009)
and discussed in the above statements. The mechanisms of hydration/swelling of clays, and
particularly the equilibrium between the filling of the mesopores and the filling of the

interlayer space, are strongly dependent on the interlayer cation (Salles et al, 2009).
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contribute very little to fluid migration, whereas the micropores and macropores are likely to
act as major fluid pathways (Pusch et al., 1990; Hueckel, 1992; Ichikawa et al., 1999). As a
result, the available pore water for movements of water and ionic-species in compacted
bentonite is practically reduced to the pore water in intralayer/micropore between the particle
and those in the macropores. From a modelling view point, the hydrated water in the
interlayer (immobile water) is attributed to the solid phase and its transport should be

considered concurrent with the particles deformation (Hueckel, 1992).

With regards to the physical state of water and chemical ions in compacted bentonite, three
types of water can be identified (Bradbury and Bayenes, 2003; Bourg et al., 2003; Wersin et
al., 2004; Steefel et al., 2010), including:

e Interlayer water containing only water and cations. The cations balance the fixed

charge of the unit layers.

e Diffuse double layer containing cations and anions. Excess amount of cations

normally exists to balance the charge of the clay surface.

e Bulk or free pore water. This portion is charge balanced as aqueous solutions. This
fraction of pore water can be also regarded as the available geochemical porosity in

which the aqueous geochemical reactions take place.
Figure 2.8 shows a schematic of different water in compacted saturated bentonite.

As mentioned previously, compaction process of bentonite results primarily in the reduction
of macro porosity (Likos and Lu, 2006), hence by increasing dry density of compacted
bentonite, the contribution of interlayer porosity to the overall porosity increases. In other
words, major fraction of the pore water in compacted bentonite is located in the interlayer
pore space and in micropores between the unit particles which is affected by the diffuse
double layer or the electrified surface reactions (Wersin et al., 2004; Pusch and Yong, 2006;
Van Loon et al., 2007; Murrinen et al., 2007). The proportion of each kind of above-
mentioned water depends on the compaction degree of bentonite, but also on the ionic

strength through its effect on the thickness of the diffuse double layer (Van Loon et al., 2007).
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interlayer at dry densities 1570-1760 kg/m> and at dry densities 980-1570 kg/m’, respectively.
The contribution of interlayer porosity to the total porosity increases with the dry density until
only interlayer pores are present for the dry densities more than 1750 kg/m® (Kozaki et al.,
2001; Bourg et al., 2006).

0.8 -

0.6

Interlayer water fraction

04

08 1 1.2 1.4 16 1.8
Bentonite dry Density (x10° kg/im?)

Figure 2.9 Model prediction of the volume fraction of the average interlayer porosity in saturated Na-
bentonite as a function of partial montmorillonite dry density (Adopted from Bourg et al. 2006)

Bourg et al. (2006) derived a relationship between the interlayer fraction and partial dry
density of saturated Na-bentonite for dry densities between 980 and 1750 kg/m’. The
calculation was based on the specific surface area of the clay originally presented by Kozaki
et al. (2001). In this model, two or three layers of water have been assumed as the adsorbed
water between layers in the dry densities less than 1750 kg/m’. Figure 2.9 shows the plotted
interlayer water fraction at the different dry densities based on the proposed model by Bourg
et al. (2006). As it can be seen, more than approximately 80% of the water exists in the

interlayer space at dry densities higher than 1500 kg/m’.

The structure and other properties of adsorbed water would change with temperature resulting
in transferring the interlayer water to the macro/micro porosity under non-isothermal
conditions (Ma and Hueckel, 1993; Villar and Lloret, 2004). Accurate estimation of the

amount of available pore water or porosity for the transport of water and chemical species is
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an important issue in order to model the hydro-geochemical behaviour of compacted

bentonite under unsaturated and non-isothermal conditions in HLW repository.

2.6 Moisture transport and microstructure in compacted bentonite

The moisture flow in unsaturated compacted bentonite is strongly influenced by processes
taking place within the microstructure of the clay grains during the hydration (e.g. Thomas et
al., 2003; Krohn, 2003). Although the general two-phase moisture flow (liquid water and
vapour) assumptions and consideration are normally applied for describing the hydraulic
behaviour of compacted bentonite, water migration between the micro/macropores and
interlayer space due to the hydration acts as a sink or source for the pore water in a variable
suction or temperature environment. As stated previously, the water is immobilised in the
interlayer space and swell at the same time, thereby reducing the available pore space in a

constrained condition (Pusch and Yong, 2003).

Concerning the understanding of moisture process in compacted bentonite, for some
experiments, modelling of the moisture transport tends to over-predict the rate of saturation.
As an example, Thomas et al. (2003) showed that the modelling of moisture transport using
traditional unsaturated hydraulic conductivity, which assumed an increase in hydraulic
conductivity with increasing water content, over-predicts the rate of saturation of the buffer in
a full-scale experiment conducted at Atomic Energy of Canada Limited’s (AECL’s)
underground research laboratory. They found that the experimental results could be in
agreement with the numerical modelling results through modification of the hydraulic
conductivity and flow rate. The study suggested that the expansion of the microstructure of
the bentonite, as the material becomes saturated, would tend to reduce the void spaces in the
macrostructure, as the material, was constrained from overall swelling. The result in turn is

likely to reduce the material’s hydraulic conductivity.

Cui et al. (2008) presented an experimental investigation on unsaturated hydraulic
conductivity determination of a compacted sand/bentonite mixture. Three infiltration tests
were undertaken under either constant-volume conditions or free-swell conditions. In order to
calculate the hydraulic conductivity, the total suction changes were monitored at different

locations along the soil specimen. The results under constant volume conditions indicate that
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when suction was decreasing (during infiltration), the hydraulic conductivity presented an
initial decrease followed by an increase after a certain suction value. They explained this
phenomenon by the fact that wetting under constant-volume condition reduced the volume of
macro-pore family in the soil, thus decreasing the soil permeability and when the macropores
disappeared, the suction became the only factor which drove the water flow and the hydraulic
conductivity increased with further decrease in suction. This hydraulic conductivity
corresponds to the equivalent value of a soil having a microstructure unchanged during

wetting.

In order to consider the effects of hydration and microstructure evolution on water transport, a
few models have been suggested in the literature. Xie et al. (2004) presented a hydro-
mechanical model which included the microstructure swelling based on the diffuse double
layer theory. According to their proposed model, total porosity is divided into interlayer pores
and interparticle (macro) pores. The interlayer porosity is calculated via DDL theory with
assumption of parallel arrangement of plates. In order to model the moisture flow, the
intrinsic permeability variation was considered as a function of the interparticle or effective
porosity. Hence the variations of the available porosity with chemical variations in the system
were modelled using DDL theory. However, this model assumes a variation of the interlayer
porosity in unsaturated condition based on a power function with respect to degree of

saturation.

Kréhn, (2003) provided some commentary on the variety of conceptual models and how the
flow and absorption rates may affect the micro-structure. Figure 2.10 presents the conceptual
diagrams provided by Krohn, (2003), on how the comparative flow and interlayer hydration
rate may affect the absorbed water content in the bentonite. The interlayer space is the
micropores where the water can be absorbed during the hydration and swelling process. In
figure 2.10 a low hydration-to-flow concept is shown (left), whereby the pores in which flow
can occur are only negligibly modified by the flow process. In fact, the rate of water exchange
between the interlayer hydration is slow. On the other hand the interlayer space has swollen

more quickly than the transport, restricting the pores available for flow (figure 2.10, right).

Krdhn, (2003) concluded that the conceptual very low hydration to flow ratio is in
contradiction to experimental observations which show that uptake of liquid water cannot be

significantly increased by applying hydraulic pressure (Pusch and Kasbohm, 2001). In other
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specifically in compacted expansive clays is dominated by the diffusion mechanism. The
transport process is in fact, highly affected by the specific microstructure evolution and
surface electrostatic forces of the clay minerals (Pusch and Yong, 2006). The diffusion of
charged species in compacted bentonites compared to diffusion in free water is influenced by
geometrical factors caused by the complex microstructure of the smectite clay (Leroy et al.,
2006).

Several experimental investigations have been conducted to understand the diffusion of ionic
species in compacted smectite clays (e.g. Muurinen, 1994; Kozaki et al., 2001; 2005; Garcia-
Gutiérrez et al., 2004; Muurinen et al., 1985; 2004; Van Loon et al., 2007; Sato, 2005; Glaus
et al., 2007). The theoretical understanding of the effective mechanisms of the diffusion of
ions in compacted bentonite has also been advanced (e.g. Lehikoinen et al., 1995; Ochs et al.
2001; Bourg et al. 2003, 2006; Leroy et al. 2006). The experimental studies have shown that
the diffusion rate and the effective diffusion coefficients of neutral species, anions and cations

vary considerably with the type of chemical species in compacted bentonite.

A comprehensive analysis of literature data by Bourg et al. (2003) for the diffusion of tracer
molecules in compacted bentonite has shown that only neutral and cationic species can
diffuse in the interlayer water, diffuse layer and the free pore water. It has been found that due
to the very limited space in the interlayer, the double layers overlap and the electric potential
becomes considerably large leading to a complete exclusion of anions from the interlayer
water (Pusch et al., 1990; Wersin et al., 2004). The interlayer water thus contains exclusively
cations and the total concentration of the cations in the interlayer is constant and independent
of the composition of the water in macropore space (Van Loon et al., 2007). Increasing the
ionic strength of the free pore solution, decreases the exclusion effect because the double
layers are compressed (Van Loon et al., 2007). These effects have an important impact on the
diffusion of anions through such media (van Schaik and Kemper, 1966; Leroy et al., 2006).
The diffusive behaviour of ions cannot be characterized by a single diffusion coefficient and
porosity value, but is a complex function of the physico-chemical properties of the medium,

the solute and the pore solution.

Garcia-Gutiérrez et al. (2004) studied the diffusion properties of a Spanish bentonite (FEBEX
bentonite) to chloride tracer **Cl" compared with HTO (neutral and conservative tracer,

tritiated water). Effective diffusion coefficients for *¢Cl" and HTO were measured in through-
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Melkior et al. (2009) reported that the ratio of the effective diffusion coefficients of *’Na*

over HTO is greater than one and ranges between 1 and 8.

The increased diffusion of cations has been explained either by interlayer diffusion (Bourg,
2003; Bourg et al., 2006; Glaus et al., 2007), or by diffusion in the diffuse double layer (DDL)
that surrounds the negatively charged clay surface and contains an excess of cations (Van
Schaik and Kemper, 1966; Ochs et al.,, 1998; Leroy and Revil, 2004; Leroy et al., 2006;
Appelo and Wersin, 2007; Jougnot et al., 2009).

The above mentioned findings result to a conclusion that in general larger values for the
effective diffusion coefficients of cations and smaller values for anions than those for water
tracers (neutral species) have been commonly found in the case of compacted clays and
compacted bentonite (Bourg et al.,, 2003, Appelo and Wersin, 2007). Also the results of
investigations of the diffusion of anions and cations suggest that the accessible porosity and

the geometrical factor are likely to be different for the various tracers in compacted bentonite

Towards the realistic diffusion behaviour in compacted bentonite, different diffusion regimes
under different porosity levels are required (e.g. Appelo et al., 2010). It requires the modelling
of diffusion of ions under different rates. Since Coulombic forces act between all pairs of ions
in an electrolyte solution, the diffusion of a charged ion in pore water is not entirely a random
(i.e. inde;iendent) motion. In other words, when charged species are present in solution, the
motion of one charged species will influence the transport of another and additional physical
constraint is manifested globally due to the ion-pair forces. The macroscopic effect of the
Coulombic forces between the ions is typically modelled by incorporation of the electrical
field (Boudreau et al., 2004). Thus, the concentration and flux of one ion become linked to

those of the other ions.

2.8 Diffusion under non-isothermal conditions

Due to the heat generation of the nuclear waste, large thermal gradients will arise in the
engineered barrier system, i.e. the compacted bentonite buffer and the near field around the
repository. Temperature affects the transport process directly through thermally induced

diffusion. In addition to the direct influence of thermal diffusion, due to the temperature
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dependency of coefficients and effective factors of transport mechanisms, it can indirectly

affect the transport process under non-isothermal conditions.

It is well established that under non-isothermal conditions, a temperature gradient can induce
mass flow due to thermal diffusion, i.e. the Soret-Ludwig effect or Soret effect (Ludwig,
1856; Soret, 1880). The Soret coefficient is defined as the ratio of the thermal diffusion

coefficient to the molecular diffusion coefficient (K™).

Several studies have been conducted on the thermal diffusion in electrolyte solutions (e.g.
Snowdon and Turner, 1960; Leaist and Hui, 1990; Engelhardt and Macdonald, 1997).
However, few experimental investigations have been reported on the thermal diffusion in
soils, especially in the case of compacted clays (Thornton and Seyfried, 1983; Rosanne et al.,
2003, 2006).

At ambient temperature, the Soret coefficient has been reported in the order of 10~ (K™ for
binary solutions (Snowdon and Turner, 1960; Lerman, 1979; Lasaga, 1998). Both positive
and negative values have been reported for mixed electrolytes (e.g. Leaist and Hui, 1990).
The absolute values of the Soret coefficient are usually on the order of 1072 ~102 (K™) for
usual aqueous solutions or organic mixtures (Platten, 2006). It has been also found that the
Soret coefficient is dependent on the concentration of the solution (Leaist and Hui, 1990;
Engelhardt and Macdonald, 1997). Negative Soret coefficients have also been reported, but

are usually small in magnitude (Leaist and Hui, 1990)

Thornton and Seyfried (1983) reported an average value of around 4x107 (K™") for multiple
ionic water in sea sediments. However, their experimental results on the thermal diffusion in
sediment-sea water system indicated the different values of the Soret coefficients for different
ions in the range of 10 (K™'). Rosanne et al. (2003, 2006) also reported an experimental
comparison on thermal diffusion of NaCl solution in glass powder, mica and argillite clay.
They found that the Soret coefficients for mica and glass powder are very close to the values
reported for the Soret coefficient of NaCl in water. However, the values corresponding to the
argillite clay was found to be five times larger than the value in free water, attributing to the
electrostatic interaction with clay surfaces (Rosanne et al., 2006). The results of non

isothermal diffusion experiment by Rosanne et al. (2003, 2006) show that the solute transfer
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is enhanced by thermal diffusion and the Soret coefficients range between 5x10~ and
1.3x1072 (K.

It is noted that in addition to the direct mass flux due to the thermal diffusion, temperature has
an influence on the molecular diffusion and the effective diffusion coefficient. This
phenomenon in aqueous systems has been well studied and established in the literature. In
general, the self/tracer diffusion in pure solvent can be related to temperature using the
Stokes-Einstien definition for self diffusion (e.g. Robinson and Stokes, 1059; Cussler, 1995).
At variable temperature but fixed composition and pressure, self or tracer diffusion coefficient
of ions in pure solution can be extrapolated from one to another temperature based on Stokes-
Einstein relationship. The variation of diffusion coefficient through this relationship is more
affected by the changes due to the viscosity dependency on temperature rather than due to the

direct temperature variation (Cussler, 1995; Oelkers, 1996).

2.9 Experimental studies on the coupled thermal, hydraulic, chemical
and mechanical behaviour of compacted bentonite

A number of experimental investigations have been reported on the coupled physical,
chemical/geochemical and/or mechanical (i.e. THCM) behaviour and processes in compacted
bentonite under repository conditions. The investigations have been conducted mostly at
laboratory scale (e.g. Villar et al., 1996; Cuevas et al., 1997, 2002; Martin et al., 2000,
ENRESA, 2000; ENRESA, 2006; Singh, 2007; Villar et al., 2008a; Villar et al., 2008b;
Goémez—Espina and Villar, 2010; Fernandez and Villar, 2010) and some in mock-up and large
scale under FEBEX project (e.g. ENRESA, 2000; 2006). Most of the experimental studies on
THCM behaviour of compacted bentonite has been carried out as part of a major research
study in the framework of FEBEX project (ENRESA, 2000, ENRESA, 2006). FEBEX
project has aimed to study the transient state of the near field for a high level radioactive
waste repository in crystalline rock according to the Spanish Reference Concept (ENRESA,
1995). In this disposal concept the canisters enclosing the conditioned waste are placed
horizontally in drifts and surrounded by a clay barrier constructed of highly compacted
bentonite blocks. The experimental work of the FEBEX project consisted of three main parts

including an in situ test under natural conditions and at full scale (Grimsel, Switzerland); a
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mock-up test at almost full scale (CIEMAT, Madrid); and a series of laboratory tests to
complement the information from the two large-scale tests. Under FEBEX project, an
extensive laboratory tests has been conducted to complement the information and obtain
information on the thermal, hydraulic and geochemical processes in the bentonite buffer
(ENRESA, 2000, ENRESA, 2006).

The results of these experiments have helped to improve the understanding of the behaviour
of compacted bentonite under coupled THCM conditions and to identify the major processes
affecting the hydro-geochemical behaviour of clay buffers under non-isothermal conditions of
the repository. In addition, the results have been used for development and calibration of the
computational tools for further applications in long term assessment analysis. In the
following, a review on the recent laboratory tests conducted on coupled THCM processes on

compacted bentonite is presented.

In order to investigate changes in pore water chemistry of compacted bentonite resulting from
simultaneous heating and hydration, Villar et al. (1996) and Cuevas et al. (1997) carried out
an experiment on FEBEX bentonite compacted at dry density of approximately 1620 kg/m>.
The bentonite sample (diameter of 150 mm and height of 146 mm) was heated at the top at
constant 100 °C. At the bottom, deionized water was supplied for hydration. The test lasted
for 2619 hours. They reported the distribution of the final water content and the geochemistry
and pore water composition. A redistribution of salts was observed which was explained by
the advection as water comes in, convection near the heater and diffusion due to concentration
gradients. The results suggested that the electrostatic repulsion on clay surfaces seemed to
reduce the mobility of sulphate ions with respect to chloride. The thermal gradient also

affected the distribution of the exchangeable cations.

As part of the FEBEX project, Cuevas et al. (2002) carried out a thermo-hydraulic experiment
on bentonite compacted at dry density of 1650 kg/m’. The main objective of this work was to
simulate the transport behaviour of major soluble ions under the influence of opposing
thermo-hydraulic gradients. The specimen was 0.025 m long and 0.05 m in diameter. Water
was injected under a pressure of 1.1 MPa at the top of the cell. Two different thermal
gradients were examined, in order to ascertain the effect of temperature in the observed
processes. These include a high-temperature gradient, between 100 and 60 °C (16 °C/cm) to

simulate regions closer to the container, and a low-temperature gradient, between 60 and 35
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°C (10 °C/cm), to simulate zones near the host rock. The hydration processes was simulated
by using two types of water, including granitic water to simulate the conditions of the outer
part of the barrier and saline water, which simulates the situation in the internal part of the
barrier where water is loaded with the ionic species dissolved during its inward movement.
The experiments have been conducted for short periods of 10-16 days. The results of the
experiment indicated that the advective transport of ions from the cold end toward the hot end
during the initial stages of experiment controlled the behaviour of major dissolved ions. As a
consequence, ionic concentrations were built up at the hot end. Chemicals were also reported
to be transferred backward by diffusion mechanism from the hot end toward the cold end
during the saturation phase. While chloride ions showed conservative behaviour, the
remaining major soluble ions were influenced by precipitation-dissolution and ion exchange
reactions. The short-distance/short-time scales of these experiments accelerated saturation and
ion transport phenomena, which may have hidden the long-term alteration produced during

the high temperature/low water content transient period near the heater.

Go6mez-Espina and Villar (2010) conducted a thermo-hydraulic test on compacted MX-80
bentonite (dry density 1720 kg/m® with an initial water content of 16%. The experiment has
been part of the Temperature Buffer Test (TBT) project, which is a full-scale test for HLW
disposal that aims at improving the current understanding of the thermo-hydro-mechanical
(THM) behaviour of buffers with a temperature around and above 100 °C during the water
saturation transient. The test was performed in a cylindrical cell with internal diameter of 70
mm and sample length of 200 mm. The compacted bentonite sample was subjected to a
simultaneous heating and hydration at opposite ends for a period of 496 days. A constant
temperature was applied at the bottom and top of the specimen equal to 140 °C and at 30 °C,
respectively. Deionised water was injected on top at relatively low pressure equal to 0.01
MPa. The water uptake and distribution of water content and dry density along the bentonite
were conditioned by the thermal gradient. In terms of moisture transport, the results of
Gémez-Espina and Villar (2010) indicated that water did not penetrate into the column
beyond the area in which the temperature was higher than 100 °C. A convection area was
found to be formed in the hydrated region where the liquid water and dissolved ions has
transferred by advection towards the heater. As the water reached the area with high
temperature, it evaporated which resulted in precipitation of minerals in the region close to

the heater. The composition of the pore water along the column was shown to be affected by
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advection, interlayer exchange and dissolution/precipitation processes. Thenardite (anhydrous
sodium sulphate mineral), calcite and dolomite were the mineral phases controlling the
concentration of the main ions in the pore water, in addition to halite near the heater. The
cation content of the pore water was conditioned by the changes in the smectite interlayer,
since exchangeable monovalent cations (especially sodium) were replaced by divalent cations
(especially calcium), except in the coldest zone. In addition, near the heater the number of
equivalent positions in the smectite interlayer decreased. The thermal and hydraulic treatment
did not cause significant changes in the smectite or the other mineral phases content of the

bentonite (Gémez—Espina and Villar, 2010).

Among the laboratory tests started in the framework of the FEBEX project and continued in
the NF-PRO project, a series of experiments were performed under conditions in which
compacted bentonite was subjected simultaneously to heating and hydration, in opposite
directions and similar to the condition of the clay barrier in the repository. In particular, a
series of long term laboratory experiments were conducted under heating and hydration
conditions on a 600 mm (length) and 70 mm (diameter) cylindrical compacted FEBEX
bentonite reported by Villar et al. (2007); Villar et al. (2008a); Villar et al. (2008b) and
Fernandez and Villar (2010). At the bottom part of the cells a constant temperature of 100 °C
was maintained. On top of the cell temperature was controlled and fixed at room temperature
(20-30 °C) using a circulation water tank. The granitic water was injected through the upper
surface under a pressure of 1.2 MPa. Villar et al. (2008a) and Ferndndez and Villar (2010)
reported the results of seven tests performed in the mentioned cells which included 0.5, 1, 2
and 7.6 years lasting experiments under the mentioned conditions. At the end of each test, the
cell was disassembled and geochemistry of the bentonite and pore fluid composition was
studied through a series of post-mortem geochemical laboratory analysis. The results of
hydraulic and geochemical behaviour were reported by Villar et al. (2008b) and Fernandez
and Villar (2010). The results indicated that after 7.6 years, no significant mineralogical
alteration of the montmorillonite was observed. However, as a consequence of the hydration
and of the heating, two types of processes occurred along the bentonite column. In the coldest
zones, the hydration of the bentonite diluted the bentonite-pore water and caused the
dissolution of highly soluble accessory minerals, such as sulfates and carbonates. Chloride
moved with the hydration water towards the hottest zone as a conservative anion by

advection-diffusion affected by anion exclusion. The dissolution of sulfates and carbonates
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with the hydration water caused changes to the composition of the exchangeable ions in the

interlayer.

Singh (2007) studied the heat and mass movement in compacted MX-80 bentonite and
Speswhite kaolin. Non-isothermal tests were carried out, with and without applied hydraulic
gradients. The specimens were compacted to a dry density of 1600 kg/m’ with different initial
water contents providing specimens with the diameter of 100 mm and height of the 100 mm.
The temperature at the bottom of the cell was maintained at 85 °C by a circular heater. At top
of the specimen the temperature was controlled at 25 °C by circulating water from a water
bath at constant temperature. Distilled water was injected at 600 kPa pressure. The
temperature and relative humidity was monitored in-situ along the depth of the specimen. A
series of post-mortem analysis was also conducted to obtain the variation of the pore fluid
composition in the column. The results showed the gravimetric moisture content decreased
near the hot end when the temperature gradient was applied due to moisture movement in
vapour phase away from the hot region to the cold region. The amount of drying was found to
be dependent on the initial moisture content. The dry sample had higher drying compared to
the wet sample. The accumulation of ions including chloride, nitrate and sulphate near the

cold end indicated that the liquid moisture moves towards the hot end from the colder region.

The FEBEX in situ test was performed in a gallery excavated in granite in the northern zone
of the Grimsel underground laboratory operated by NAGRA in Switzerland. The test includes
the heating system, the bentonite barrier and instrumentation, monitoring and control systems.
The drift is 70.4 m long and 2.28 m in diameter. The test zone is located in the last 17.4 m of
the drift where heaters, bentonite and instrumentation were installed. The test zone was sealed
with a concrete plug. The main elements of the heating system are two heaters (1 and 2),
separated horizontally by 1 m, which simulate full-sized canisters. Heaters are designed to
maintain a maximum temperature of 100 °C at the steel liner/ bentonite interface. The in situ
test began in February 1997 and the Heater 1 was switched-off in February 2002. Dismantling
of heater 1 was performed from May to September 2002. A comprehensive post-mortem
bentonite sampling and analysis program was designed to characterize solid and liquid
phases, measure physical and chemical changes induced by the combined effect of heating
and hydration; and test THM and THC models (ENRESA, 2006).
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The experimental programmes and the achieved results reported have assisted to improve
understanding of the major hydraulic and chemical transport and reactions in compacted
bentonite under similar conditions to the compacted buffer in HLW repository conditions.
They have provided valuable information about the major physical and chemical processes,
and the response of the bentonite and the trends of variations in longer periods which have
been adopted to validate or calibrate the computational models. However, the results of these
studies all are limited to relatively short periods of time compared with the long term

exposure of the buffer to thermo-hydro-geochemical effects.

2.10 Computational studies on the coupled thermal, hydraulic, chemical
and mechanical behaviour of compacted bentonite

A number of coupled thermal, hydraulic, geochemical (and mechanical) computational
simulation studies have been presented on the behaviour of compacted bentonite as the buffer
candidate for the HLW disposal. The majority of these modelling studies have been based on
the available experimentations on THCM behaviour of compacted bentonite and in order to
calibrate and illustrate the capabilities of the models. However, the short- and long-term
THCM behaviour of the compacted bentonite and the engineered barrier systems have also
been the subject of several numerical modelling investigations. A review on some of the
recent numerical modelling studies reported on the coupled THCM behaviour of compacted

bentonite is presented below.

Under the FEBEX project, a coupled thermal, hydraulic, geochemical and mechanical model,
FADES-CORE-LE was presented (ENRESA, 2000). The model is an extension to the existing
model, TRANQUI (Xu et al., 1999). The chemical reactions assume local equilibrium
approach and share an extensive thermodynamic database taken from the EQ3/6 geochemical
code. Chemical processes which can be modelled include homogeneous (e.g. speciation, acid-
base and redox) and heterogeneous reactions (e.g. mineral dissolution and precipitation,
adsorption, ion exchange, gas solution-exsolution). The model also considers radioactive
decay processes. However, the model is limited to two-dimensional domains. In this model
deformation variable is also coupled with moisture, heat and chemical flow equations. This

model is able to handle various geochemical reactions. This model was specifically
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developed to simulate small to large-scale experiments carried out as part of FEBEX project
to assess the long-term behaviour of bentonite clay barriers in the deep nuclear waste

repositories.

A numerical simulation of the coupled THCM behaviour of compacted bentonite was
presented by Xie et al. (2006) based on the laboratory scale of simultaneous heating and
hydration experiment reported by Cuevas et al. (1997). In this study, a two-phase and non-
isothermal multi-species reactive transport model was developed and implemented in the
object-oriented and process-oriented simulator GeoSys/RockFlow. Geochemical reactions
were incorporated by coupling of GeoSys/RockFlow to the geochemistry code PHREEQC?.
The reactive transport modelling included heat transport, two-phase flow, multicomponent
transport and geochemical reactions in the liquid phase, i.e. ion exchange, mineral
dissolution/precipitation under equilibrium reactions. The simulation results showed good
agreement with those reported from experimental investigations. It was observed that during
the experiment the highly soluble minerals like calcite, halite and gypsum strongly
determined the pore water chemistry. In terms of moisture transfer, the model presented by
Xie et al. (2006) incorporated the effects of interlayer/microscopic swelling under constrained
condition on the flow of water based on the approach proposed by Xie et al. (2003). In this
approach the effective permeability is modified via the swelling of the interlayer and
microstructure based on a DDL calculation. In the simulations, it was shown that swelling
significantly slows down the saturation process, because swelling reduces the porosity in the

bentonite sample.

Seetharam (2003); Seetharam et al. (2006) and Cleall et al. (2007) presented a numerical
simulation of coupled THCM behaviour of a small scale heating and hydration laboratory test
on compacted FEBEX bentonite, reported by Cuevas et al. (2002). This was achieved via the
application of a numerical model, COMPASS, which implements a fully coupled THCM
formulation for unsaturated soils, including certain aspects of geochemical reactions by
linking geochemical model MINTEQA2 (Allison et al., 1991). The simulation consisted of a
25 mm compacted bentonite under a temperature gradient of 10 °C/cm. Granitic water was
injected at the pressure of 1.2 MPa from the cold side similar to the conditions presented by
Cuevas et al. (2002). The major concern on this numerical modelling has been on the

capabilities of the model. The reactive transport of major ionic species in compacted bentonite
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was simulated under thermo-hydraulic conditions of the experiment. In terms of heat and
moisture transfer, good correlation was observed between the experimental and numerical
modelling results. For all ions, the model showed a good qualitative and a reasonable
quantitative agreement with respect to the experimental results. However, an overestimation
of ion concentration at the hot end and underestimation at the hydration end for all the ions
was observed. The model also predicted the final concentration of the exchange complex to be
close to that of the initial values correlating well with the experimental observations. The
precipitation/dissolution of trace minerals (calcite, dolomite, anhydrite and halite) under
equilibrium condition has been considered in this study. The model presented, was not
capable to simulate the chemical reactions under kinetically controlled condition. In this
simulation an elastic model was assumed and acceptable trends in porosity variations was
observed. Further applications of the developed numerical model and capabilities for

simulation of coupled THCM behaviour were also presented by Seetharam et al. (2007).

Guimardes et al. (2007) presented a numerical simulation by coupling the reactive transport of
chemicals with an existing THM model, developed by Olivella et al. (1994). Special attention
has been given to phenomena likely to be encountered in clay barriers used as part of
containment systems of nuclear waste. In the model, the total analytical concentrations
(including precipitated minerals) are adopted as basic transport variables and chemical
equilibrium is achieved by minimizing Gibbs free energy. As regards to
precipitation/dissolution, both equilibrium and kinetic models are included. To evaluate the
capabilities of the model, a simulation of a compacted bentonite under simultaneous hydration
and heating was presented by Guimardes et al. (2007). The simulation was based on the
experimental study presented by Cuevas et al. (1997) on simultaneous heating and hydration
as presented previously. In addition, an example of application of the developed numerical
model was also briefly described by Guimardes et al. (2006) which involved the simulation of
a case of a large-scale in situ heating test of that simulates the conditions of a repository for

high-level nuclear waste (ENRESA, 2000).

A numerical THC model of FEBEX in situ test was presented by Samper et al. (2008). THC
predictions of the in situ test have been performed with INVERSE-FADES-CORE code. THC
predicted concentrations systematically overestimated measured values near the heater and

showed gradients sharper than those of measured data. They suggested that the discrepancy
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could be overcome by considering bentonite swelling/shrinking and improving the estimate of
water evaporation at heater-bentonite interface. Preliminary results from a coupled THCM
model of a heating and hydration experiment on FEBEX bentonite indicated that geochemical
results improve when changes in porosity caused by swelling are considered. The
observations from the numerical simulation indicated that the spatial distribution of the
chloride ions is the result of the combined effects due to the pore water evaporation near the
heater, water condensation some distance away from heater, dilution due to inflow of granitic
groundwater, advective displacement of the hydration front, and the solute diffusion which

tends to dissipate solute gradients (Samper et al., 2008).

Yang et al., (2008) conducted a numerical simulation of coupled saturated/ unsaturated water
flow, heat transfer and multi-component reactive solute transport to evaluate the long-term
geochemical evolution in bentonite, concrete and clay formation for a potential geological
radioactive waste repository. The model consisted of a bentonite buffer having a thickness of
0.75 m, a concrete sustainment (0.20 m in thickness) and the clay formation with a thickness
of about 24 m. Simulations were carried out with a general-purpose multicomponent reactive
transport code, CORE2D V4 for a period of one million years. Changes in formation porosity
caused by mineral dissolution/precipitation reactions were taken into account. The focus of
this simulation was on evaluating the trends of long-term geochemical evolution in a potential
repository due to interactions of pore water and solid phases. In terms of moisture transfer, the
bentonite buffer becomes fully saturated in a short period of 20 years. The results of the
numerical simulation indicated that dissolution of calcium silicate hydrate (C-S-H or CaO-
Si0,-H,0) in concrete causes an increase in pH from neutral to up to 13 in bentonite buffer
during the whole time period. After CSH minerals in the concrete are exhausted, pH starts to
decrease in the whole system. In addition, mineral precipitation can reduce the pore space in
the bentonite close to the bentonite—concrete interface due to diffusion of a hyper-alkaline

plume from the concrete.

Arcos et al. (2008) presented a series of numerical simulations on the long-term geochemical
evolution of bentonite and its pore water in the evolving geochemical environment due to
climate change. The bentonite buffer in the KBS-3 underground nuclear waste repository
concept designed by the Swedish Nuclear Fuel and Waste Management Co. (SKB) has been
the subject of this study. The simulations were conducted by using PHAST v.1.2 (Parkhurst et
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al., 2004), which is the result of coupling a transport code, HST3D, and a geochemical code,
PHREEQC (Parkhurst and Appelo, 1999). One simulation focused on the modelling of the
thermal stage (i.e. 1000 years) whilst another two series of simulations were used to model
the average interglacial period (i.e. 60,000 years). The influence of changes in climate has
been tested using three different waters interacting with the bentonite: present-day
groundwater, water derived from ice melting, and deep-seated brine. The model domain
included a bentonite buffer barrier surrounding the copper canisters and the iron insert where
spent nuclear fuel will be placed. The results from the simulations indicated that pore water
chemistry is controlled by the equilibrium with the accessory minerals, especially carbonates.
pH is buffered by precipitation/dissolution of calcite and dolomite, when present. The
interaction of granitic groundwater with the bentonite blocks has minor effects on the
chemical evolution of the pore water. In contrast, the intrusion of ice-melting water, which
can be very dilute but alkaline (pH=9.6), modifies substantially the composition of pore water
and bentonite. Due to the effect of a thermal gradient on the bentonite behaviour, the
modelling results showed a redistribution of accessory minerals (anhydrite and silica) and
cation exchange occupancy in accordance with what has been observed in large-scale

experiments and natural analogues.

Computational modelling investigations have shown that temperature has a profound effect
on hydraulic and chemical behaviour of compacted bentonite. In addition, although a very
small percentage of commercially available bentonite consists of accessory minerals such as
gypsum and calcite, these minerals have shown a considerable impact on the pore fluid
composition under the heating and hydraulic conditions. In general, the results of the
computational modelling for the re-saturation or long term performance of the compacted clay
buffer indicate important developments in the capabilities of the models, although most of the
modelling studies and developed models have some limitations in terms of the processes

considered or the degree of coupling THCM behaviour.
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2.11 Computational schemes and developments in modelling of the
reactive transport of multicomponent chemicals

A variety of computational models and codes has been developed during the last three
decades for simulating chemical transport in combination with biogeochemical reactions. The
capabilities of the models for the reactive transport of chemicals have been advanced using
the developments to the theory and computational aspects both in the area of transport
processes and geochemical reactions. Seetharam (2003) presented a comprehensive review of

developments in the reactive transport models by that time; hence it is not repeated here.

For any given reactive transport model, there are two main numerical strategies that require
attention. Firstly, numerical schemes are required to solve the partial differential equations of
transport processes and the non-linear algebraic or partial differential equations representing
the equilibrium or kinetically controlled chemical reactions, respectively. Secondly, a method
is required by which the governing equations for transport process and chemical reactions are
coupled in an efficient manner. In this section, a review on the background and developments

to methods for solving transport and reaction equations are presented.

Several methods have been proposed for solving the coupled transport and reaction equations,
e.g. direct substitution approach (DSA); the mixed differential equation and algebraic
equations (DAE), sequential iterative approach (SIA), sequentially non-iterative approach
(SNIA) and sequentially partly-iterative approach (SPIA) (Samper et al., 2009). The main
proposed and applied computational schemes for solving coupled transport and reaction

governing equations can be categorised into (Steefel and MacQuarrie, 1996):

e Global implicit method, One-step or Direct Substitution Approach (DSA): in this
method the governing equations including both transport and reaction terms are solved
simultaneously which leads to a fully coupled system of equations. The chemical
equations are substituted into the transport equations and it is solved applying the

Newton—Raphson method.

e Operator splitting technique, where the calculation for transport and reaction
equations is decoupled and the partial differential equation for chemical transport and
chemical reactions are solved sequentially. The sequential approaches including SI4,

SNIA and SPIA are among the proposed approaches in this category
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In the DSA method, the non-linear chemical equations are directly substituted into the
hydrological transport equations and the resulting sets of non-linear partial differential
equations are solved simultaneously using the Newton-Raphson method (Saaltink et al.,
2001).

In the case of sequential iterative approach (S4), the transport equations are solved first, then
using the results obtained from the transport step, values of chemical concentrations are

corrected. This procedure is repeated for every iteration within a time step.

Sequential non-iterative approach (SNIA) is a special case of SI4 where the chemical
equations are solved only once per time-step, i.e., after the transport step has achieved
converged results (Walter et al., 1994). A modified version of SNI4 scheme, known as the
Strang splitting method (Strang, 1968; Zysset and Stauffer, 1994) has also been proposed that
involves centring the reaction step between two transport steps. In this method analysing
time-step is divided into two equal steps, where transport equation is solved for the first half
time-step. Then the equations for chemical reactions are calculated, followed by repeating the

second half time-step transport calculation.

This has been suggested to improve the accuracy of SNI4 method. Recently proposed,
sequential partly iterative approach (SPIA) is an improved sequential technique (Samper et al.
2009). In this method after solving the transport equations, at a given time step, chemical
calculations are performed only at the nodes not satisfying a prescribed partly iterative
tolerance. In other words, iteration between transport and chemical equations is required only
in nodes where there is a large mass transfer between the solid and liquid phases (Samper et
al. 2009).

In the computational codes, presented for the modelling of reactive transport of multiple
chemicals under variable saturation and temperature (and deformation) conditions, different
schemes of solving the governing equations for the transport and chemical reactions have
been adopted to utilize the advancements in geochemical modelling and in THM models.
Table 2.1 presents a summary of the coupling schemes adopted for solving the transport and

reaction formulations in some of the reactive transport models.
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In general, the global implicit method provides more accurate results than operator splitting
methods but it requires excessive CPU memory and CPU time (Yeh and Tripathy, 1989;
Steefel and MacQuarrie, 1996; Saaltink et al., 2000; MacQuarrie and Mayer, 2005). In
particular, in the case of two and three dimensional problems, using DSA and DAE
approaches, the solution requires excessive CPU memory and CPU time (Yeh and Tripathy,
1989).

In a comparison study between different coupling schemes including DSA4, SI4 and SNIA,
Steefel and MacQuarrie (1996) concluded that in the case of multiphase and multicomponent
systems, using global implicit method becomes considerably difficult due to the size of the
required matrix for coupling and enlargement of sets of non-linear equations which must be
solved. Saaltink et al. (2001) also examined the efficiency and accuracy of DSA and SIA.
They showed that S/A4 particularly gives problems for cases with high kinetic rates and cases
with a high number of flushed pore volumes. On the other hand, the DS4 computational
behaviour is less affected by kinetics or large flushing rates than the SI4. Although DSA can
be applied to solve all coupled reactive transport problems, the SI4 is faster and requires less
computer memory for large grids and it is computationally a more efficient approach (Steefel
and MacQuarrie, 1996; Samper et al., 2009).

Steefel and MacQuarrie (1996) compared the results of simulations in simple cases using
different sequential coupling methods. They reported that SI4 sometimes gives the smallest
error to CPU time ratio, although in other cases, SNIA is more efficient. However, the
accuracy of SNIA is highly dependent on space and time discretisation and the type of
chemical reactions. Xu et al. (1999) also employed SNIA4 in addition to SI4 method and
compared the accuracy and numerical performance of using several test cases. They
demonstrated for a specific case that SNI4 is more efficient and requires less CPU time.
However, numerical dispersion was noticed and the accuracy also reduced. Therefore they
concluded that there is no clear proof that SN/A is better than S/4, and it mainly depends on
the choice of the chemical reactions and also on the time and space discretisation. Samper et

al. (2009) showed that numerically SNIA is two to three times more efficient than S/4.
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the Courant number. In order to minimize the errors with SNI4, the time step should be
limited to the values in which chemical species are not transported by advection fasther than a
single cell in one time step. This may restrict the simulation to the use of prohibitively small
time steps. It should be mentioned that the sequential iteration approach (SIA), in theory,
solves this problem. However, it has not been clearly demonstrated that this method provides

a robust solution method for advective transports (MacQuarrie and Mayer, 2005).

The interest in the recent developed reactive transport models has been mainly on coupling
transport of THM models with well established and advanced geochemical models such as
MINTEQA2 or PHREEQC. Some the recent models proposed as a linked transport and

reaction models are as follows:

Prommer (2002) presented a computer code PHT3D for general reactive transport
calculations, coupling MODFLOW/MT3DMS for transport and PHREEQC version 2 for
chemical reactions. The model uses a sequential non-iterative approach where the transport
processes are calculated during a time step, an input file is written for PHREEQC for
calculating reactions such as ion exchange and precipitation or dissolution of minerals, and

these steps are repeated for subsequent time steps until finished.

Seetharam (2003) presented a coupled THCM model (COMPASS) in which the geochemical
reactions are calculated via linking with geochemical equilibrium model (MINTEQA2)
presented by Allison et al., (1991). This model is capable of modelling the reactive transport
of multicomponent chemicals. Only equilibrium geochemical reaction can be calculated in
this model. Apart from modelling the processes under coupled THCM framework, both SI4
and SNIA have been adopted in this model. This capability can be used in the cases where
uncertainty of the accuracy of SI4 and SNIA exists; hence the modelling can be performed

under both coupling schemes for comparison.

The reactive transport code, HPI was presented by Jacques and Simtinek (2005) for
modelling reactive transport and biogeochemical processes in variably-saturated porous
media. HPI results from coupling the water and solute transport model HYDRUS-1D
(Simtinek et al., 2008) and PHREEQC version 2 (Parkhurst and Appelo, 1999). HP1 provides
most of the features and capabilities of the HYDRUS-1D and PHREEQC programs into a

single numerical simulator by using a sequential non-iterative coupling scheme. The HP/ is
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capable to model the transient water flow in variably-saturated media, transport of multiple
components, mixed equilibrium/kinetic biogeochemical reactions, and heat transport.
However, the capability of modelling the transport processes is limited to the one dimensional
analyses. Wissmeier and Barry (2008) presented a one-dimensional flow and solute transport
model in the unsaturated medium by implementing the moisture-based form of Richard’s
equation into the geochemical modelling framework PHREEQC. A second-order, cell-
centred, explicit finite difference scheme was employed for the numerical solution of the
partial differential equations of flow and transport. Geochemical reactions were coupled to
transport processes by non-iterative sequential operator splitting. The scheme is currently
limited to cases where changes in physical fluid properties and hydraulic flow characteristics
due to geochemical reactions are negligible. The model has got all geochemical capabilities of
PHREEQC including complex aqueous speciation, cation exchange, equilibrium phase
dissolution and precipitation, formation of solid solutions, redox reactions, gas phase

exchange, surface adsorption considering electrostatics and kinetic reactions.

Centler et al. (2010) provided a reactive transport code by coupling of Biogeochemical
Reaction Network Simulator (BRNS) to the flow and transport simulator GeoSys/RockFlow.
The Biogeochemical Reaction Network Simulator (BRNS) contains a solver for kinetically and
thermodynamically constrained biogeochemical reactions, and GeoSys/RockFlow, a
multidimensional finite element subsurface flow and transport simulator. The coupling

scheme is based on an operator splitting scheme.

From the above review it can be seen that various coupling schemes have been suggested to
solve the governing equations for chemical transport and reactions or to link transport and
reaction models. These schemes have been successfully applied and verified in various
models. It is noted that the computational performance and efficiencies of the various
suggested coupling schemes are basically affected by the type of the transport problems and

the degree of complexity in geochemical reactions.

2.12 Conclusions

This chapter presents a selected review on the hydraulic and chemical behaviour of

compacted bentonite including the effects due to the microstructure evolution. Recent
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developments in the experimentation and modelling studies of the coupled THCM behaviour
of compacted bentonite under thermo-hydraulic conditions of the buffer in HLW repository
were presented. Furthermore recent developed models of the reactive transport of chemicals

in porous media and the computational aspects were considered.

The review indicated that the moisture and chemical transport processes in compacted
bentonite are highly linked with the microstructure evolution of the smectite minerals in
bentonite and the surface interaction. In terms of hydraulic behaviour, interaction of water
with smectite minerals, as the major clay mineral component in compacted bentonite, has a
profound effect on the saturation rate of the buffer. It has been well established that when
water is adsorbed to the interlayer pore space of the smectite, the available pore space for
water and chemical flow reduces significantly. However, quantitative evaluation of the
amount and the rate of water exchange between immobile interlayer and mobile water/vapour

especially under variable suction and temperature is key parameter for inclusion of this effect.

In terms of chemical diffusion in compacted bentonite, generally significant low rate of
diffusion for anionic and high diffusion rate for cationic species has been found in
experimental investigations. These have been suggested to be related to the microstructure
and surface interaction. This effect requires the modelling of the diffusion under different

effective diffusion coefficient combined with electrostatic balance of pore fluid.

Although, the effect of thermal diffusion, i.e. Soret-Ludwig effect,'has been reported less
important in geological media compared with the molecular diffusion, limited information is
available on this effect and the quantitative evaluation in transport of chemicals in compacted
bentonite. Under non-isothermal conditions, further developments and investigations of the
diffusive behaviour of multicomponent chemicals, due to the effects of combined
electrochemical and thermal diffusion potentials could provide a better and more confident

understanding of the chemical processes under coupled THCM behaviour.

Available experimental results on coupled THCM behaviour of clay buffer under thermo-
hydraulic conditions have been used in literature for developments of assessment of the
capabilities of the computational models over the last few years. Various complexities have
been identified in terms of geochemical and mineralogical behaviour of the clay buffer. A

number of mineral reactions have been considered such as dissolution and precipitation of
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minerals, ion-exchange and illitization and dissolution. Indeed, all models developed for

studying reactive transport processes have some limitations.

The computational modelling of the reactive transport of multicomponent chemicals in porous
media has advanced over three decades. Most of the models developed during last few years
have adopted advancements in geochemical and transport modelling by combining separate

models using various coupling schemes.

In conclusion, although there are numerous models available none are comprehensive enough
to deal with all kinds of chemical transport problems. Especially, where nuclear waste
repository modelling is considered there are only few models available that are capable of
fully coupled THCM simulation on both three-dimensional and variably saturated conditions
in addition to incorporating more comprehensive geochemical reactions acting over various
time-scales. Moreover, these models have not yet been fully validated for all major
applications. They are still in their developmental stages and are used only as research tools.
Therefore, models, which give rigorous treatments to all aspects of coupling THCM

framework in compacted bentonite, need further consideration.
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3.1 Introduction

This chapter describes the theoretical formulation for thermal, hydraulic, chemical and
mechanical behaviour of porous media. The main objective is to present the developments in
the context of this dissertation to the formulation of hydro-geochemical behaviour of
unsaturated soils. Since the primary variables of the model influence each other (i.e. are
coupled), it is useful to present in reasonable detail the governing equations for all thermal,

hydraulic, chemical and mechanical behaviours.

The governing equations for coupled moisture, air, temperature, and deformation behaviour
have already been covered in detail elsewhere (Ramesh, 1996; Thomas and He, 1998; Cleall,
1998; Mitchell, 2002; Melhuish, 2004; Vardon, 2009). The formulation of the reactive
transport of multicomponent chemical transport was also presented by Seetharam (2003),
where the effects of geochemical reactions were included via a sink/source term in the
governing chemical transport equation using a geochemical equilibrium model, linked to the

transport model.

General aspects of the theoretical formulation are presented in section 3.2 including the basic
assumptions and the primary variables. The governing equation describing the moisture
transfer is developed in section 3.3 based upon the principle of conservation of mass and
treating moisture flow as a two phase flow process. The effect of the presence of dissolved
chemicals on the flow of moisture, i.e. osmotic potential effects, is included in the governing
equation for moisture transport. Air transfer is considered in section 3.4 considering air to be
a binary mixture of dry air and water vapour. Total air content is considered as sum of the
bulk air and the dissolved air in water phase. The governing equation of heat transfer is
presented in section 3.5 based on the conservation of energy and identifying conduction,

convection and latent heat of evaporation as the main mechanisms of transfer.

The governing equations for the reactive transport of multicomponent chemicals are
explained in section 3.6. The principle of mass conservation law is applied to the transport
equation of multicomponent chemicals. The general flux of each chemical component
includes advective, dispersive and diffusive fluxes. Both molecular and thermal diffusion
potentials are considered in the diffusive flux. In addition, developments to the chemical

transport model via inclusion of the overall charge conservation, i.e. the electro-neutrality
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condition, is included in the governing equation. A theoretical approach is adopted for

evaluation of the thermal diffusion coefficient or the Soret coefficient.

The homogenous and heterogeneous geochemical reactions are considered as a sink/source
term in the governing equation. The geochemical reactions are calculated utilising an

advanced geochemical model, PHREEQC version 2, adopted to solve mass action equations.

The governing equation for deformation is derived from considerations of stress equilibrium.
The general formulation for mechanical behaviour is detailed in section 3.7. Finally, a
summary of the formulation of flow and deformation and the developments made in this

chapter is presented in section 3.8.

3.2 Theoretical formulation-General aspects

Soil porous medium is considered to be a three-phase system, consisting of a solid skeleton,
pore water and pore air. The pore water consists of the components of dissolved chemicals
and dissolved air. The pore air is made up of dry air and water vapour. In the following,
formulation the flow of moisture, air and heat energy in a deformable porous media are
considered. Moisture is considered as the total water in the form of liquid and vapour. The
transfer of water and vapour is considered utilising the principle of conservation of mass, as is
the transfer of pore air. The pore air is considered as binary mixture of dry air and water
vapour. The dissolved chemical concentration is expressed as a vector of any number of
chemical species in the system in which the concentration of each species is treated as a

primary variable in this model.
The governing equations are expressed in terms of five primary variables; namely

e Pore water pressure (1))
e Pore air pressure (u,)
e Temperature (7)

e Dissolved chemical concentrations, e.g. for component i (c,) where i can be I to nc
components
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e Displacement (u)

The behaviour of all these variables is included within coupled thermo-hydro-chemo-

mechanical (THCM) formulation.

The driving mechanism of liquid water is considered as the total water potential or suction.
Heat transfer is governed by the conservation of energy, taking into account conduction,
convection and the latent heat of vapourisation, with radiation assumed to be negligible.
Advection, dispersion and diffusion are considered as the major mechanisms for chemical
transport. The mechanical behaviour is governed by an appropriate constitutive relationship,
e.g. an elasto-plastic relationship for a slightly swelling soil, via consideration of stress

equilibrium. All of the governing equations are then developed in a three-dimensional form.

3.3 Moisture flow

Transfer of moisture in unsaturated soils can be described as a two phase flow process,
comprising water transport as liquid and vapour. The volumetric water content, 6, is defined

as the sum of these phases:

0=6,+0, : 3.1

where 6 is the volumetric liquid content and 6, is the volumetric vapour content .

Based on the principle of thermodynamic equilibrium, the volumetric liquid water and water
vapour (equivalent amount of liquid precipitated) are in equilibrium at any point (de Vries,
1958) giving:

n—6,
Py

where n is the porosity, g is the density of liquid water and p, is the density of water vapour.

6 =

v

Py (3.2)

The law of conservation of mass can be considered separately in liquid and vapour phases in

order to derive the general mass conservation for moisture transport.

The law of mass conservation dictates that the time derivative of the liquid water content is

equal to the gradient of the liquid flux. Mathematically this can be expressed as:
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‘é%(p,ﬁ,é‘V):—é’VV-(p,v,)—é'Vp,E,s (3:3)

where ¢ is time, V is the gradient operator and JV is the incremental volume. v, is the velocity

of liquid, E,; is a sink/source term representing vaporisation and condensation.

Similarly for the vapour phase, the law of conservation of mass dictates that the time

derivative of the vapour content is equal to the gradient of the vapour flux as:

2(00,50) ==V (p,v,) =WV -(p,v,)+ Vp,E,, (3.4)

where vy is the velocity of vapour and v, is the velocity of pore air.

The volumetric air content, 8,, can be expressed considering porosity and volumetric water

content as:

ea =n- 01 (35)
Substituting equations (3.2) and (3.5) into equation (3.4), the law of conservation of mass for

liquid vapour flow may now be expressed in terms of porosity and volumetric air content:

0
—é;(pvgaévV)z—pl(SVV'vv—WV'(pvva)+pIWEss (36)

Summing the equations of conservation of mass for liquid and vapour flow, i.e., equations

(3.3) and (3.6), gives the general equation of conservation of mass for moisture:

P g(e,ﬁmgt—(pﬁﬂ) =—p,VV.v, =V pv,) -V p,v,) 3.7)

The volumetric liquid may be expressed in terms of porosity and degree of saturation, giving;

6, =nsS, (3.8)

Where S; is degree of saturation of pore water.

Similarly, the volumetric air contents can be expressed in terms of porosity and degree of

saturation, as:

0, =nS, =n(1-S,) (3.9)

where S, is the degree of saturation of pore air.

3-5
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The term 0V, the incremental volume, is a summation of the void volume and solid volume.

Hence it can be shown that:

V =(1+e)sV, (3.10)

where JV is the increment volume of the solids and e stands for the void ratio of soil.

Substituting equations (3.8), (3.9) and (3.10) into equation (3.7) gives:

2, gt—[nS, (1+e)dV, ]+ gt—[pvn(l—S, )1 +e)V, =
—pl(l+e)§VsV.vl _p1(1+e)5VsV'vv —(1+e)5VsV'(pvva)

3.11)

Since the volume of the soil (solid) is assumed to remain constant, the term ¥, can be
eliminated from equation (3.11). Moreover, the porosity can be related to the void ratio as:
e

"= l+e) (3.12)

Substituting porosity from equation (3.12) and eliminating the volume of solid in equation

(3.11), the general mass conservation equation for moisture becomes:

P a(gts') * a[p”egf 1) FN RN T R B ST ER B

According to equation (3.13), the total moisture flux includes the components of liquid flux,

vapour flux due to vapour pressure gradients, and vapour flux arising from the bulk flow of
vapour due to movement of pore air. The flow mechanisms and flow laws that govern them

are discussed below.

3.3.1 Mechanism of liquid water flow

Liquid flow in unsaturated soils can be formulated using Darcy’s equation replacing the
hydraulic gradient with total water potential gradient (Yong and Warkenting, 1975; Lu and
Likos). Hence, the velocity of liquid water can be expressed in Darcy's equation for

unsaturated flow as:

v, ==k, Vy (3.14)

3-6
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where k; is unsaturated hydraulic conductivity and y is the total water potential.

The total water potential is defined as the energy with which water or liquid is held in a soil
and it might include the components of matric, osmotic, thermal, electrical and gravitational
potentials (Yong and Warkenting, 1975). In this study the total soil-water potential
components are considered as the sum of the effects related to the components of matric,
osmotic and gravitational potentials. The flow of liquid water due to electrical potential is not
considered in this study. The total soil-water potential, y, can therefore be expressed as the

sum of its components, given by:

Y=y,+ty,+y, (3.15)
where is ¥, stands for matric potential, ¥, is osmotic potential and y, is gravitational

potential.

Matric potential can be described as the result of the combined effects of capillary and
adsorptive potentials within the soil matrix (Philip, 1977; Derjaguin et al., 1987; Tuller et al.,
1999; Baker and Frydman, 2009). Dominant mechanisms for these effects include (Or and
Wraith, 2001):

e Capillarity caused by liquid-gas and liquid-solid-gas interface interacting within the

irregular geometry of soil pores.

e Adhesion of water molecules to solid surfaces due to short-range London van der
Walls forces and extension of these effects by cohesion through H bonds formed in the

liquid.
e Jon hydration and binding of water in diffuse layers

The term matric suction or tension is commonly used instead of matric potential mainly
because it is more convenient or intuitive to work with positive terms than negative values
(Or and Wraith, 2001). The absolute value of the total matric potential can be assumed to be
equal to the difference of water pressure and air pressure according to Sheng et al. (2008), and
Baker and Frydman (2009) which is equivalent to the definition of matric suction (s).

Fredlund and Rahardjo (1993) has defined a macroscopic definition for matric suction as the

3-7
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difference between pore air pressure and pore liquid pressure. Accordingly matric suction is

mathematically expressed as:

V,=—-S=u-u, (3.16)

Edlefsen and Anderson (1943) stated that in moist conditions where the effects of adsorptive
forces on the free energy of soil system are negligible, the capillary potential is synonymous
with free energy of the soil-water system. In this condition, the changes in free energy with
temperature are caused by the variation of the surface tension of water with temperature
(Edlefsen and Anderson, 1943; Fredlund and Rahardjo, 1993). Edelfsen and Anderson (1943)
expressed that the surface energy is solely a function of temperature. Temperature
dependency of surface tension of pure water (¢ ) was given by Edlefsen and Anderson (1943)
and Grant and Salehzadeh (1996) as:

E=a' +b'T (3.17)
where a' is equal to 0.11766 (N.m™") and 5'is 0.0001535 (N.m'K™") for pure water.

Phillip and de Vries (1957) stated that the change of soil-water potential is attributed to
temperature impact on interfacial tension of pure water. Thus, for unsaturated soils, suction is
dependent on the surface energy, which is in turn dependent on the absolute temperature.
Therefore, suction at any moisture content and temperature can be obtained by the following
relationship;

s=25s, (3.18)

§r

where s, and ¢& are the suction and the surface energy at the reference temperature 7,

respectively. ¢ is the surface energy at the actual temperature 7.

It is noted that the application of the mentioned expression for dependency of suction to
temperature is theoretically limited to the capillary component of matric soil-water potential
or capillary suction. In the case of compacted clays, Romero et al. (2001) stated that simple
dependency of suction on temperature based on surface tension can not solely explain the
variation of suction with temperature of a compacted clay (Boom clay). It was suggested that
at higher moisture values, the inter-aggregate porosity region presents a dominant capillary

storage mechanism containing bulk water. At this level of suction or saturation, temperature

3-8
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induced changes are mostly related to the changes in interfacial tension, thermal expansion of
entrapped air, releasing air entrapped water. At low water contents, the majority of water is
contained in the intra-aggregate porosity via adsorption storage mechanism of quasi-immobile
water. The latter mechanism is therefore dependent on clay microstructure and pore fluid
chemistry and temperature influence on chemical induced water adsorption potential (Zhang
et al., 1993; Romero et al. 2001). The temperature dependency of soil-water potential or

suction for compacted swelling clays will be discussed further in chapter 6.

The presence of dissolved solutes in soil water system can decrease the potential energy of
water and the vapour pressure relative to the reference state (pure water) (Or and Wraith,
2001). All inorganic salts and many large organic molecules are osmotically active.
Osmotically active solutes lower the potential energy of water in an ideal membrane (Or and
Wraith, 2001). An ideal membrane completely restricts the passage of ions while non-ideal
membranes do not restrict the passage of all the solutes present in the solvent as it passes the
membrane. A non-ideal membrane’s performance is reflected by osmotic efficiency or

reflection coefficient.

Clays can act as a semi-permeable membrane, defined as the ability of a material to prevent
the passage of a solute without affecting the passage of the solvent (Mitchell, 1993). The
osmotic potential can be represented as a function of the chemical concentration, temperature,
activity coefficient and osmotic efficiency or reflection coefficient as (e.g. Mitchell, 1993; Wu

and Cheing, 1995):

W, = —RTa)”Z y.ch (3.19)
i=1

where, R is universal gas constant, y; is the activity coefficient of the i chemical species in
aqueous. In this equation the unit for chemical concentration is mol/l, and nc represents the
total number of chemical components. w, denotes the osmotic efficiency coefficient or

reflection coefficient of the soil. y; is the activity coefficient of the i chemical component.

For ideal membranes which restrict the passage of all charged solutes, w, is equal to 1; for
porous media without membrane properties (e.g. sand), it is equal to zero. The value of
osmotic efficiency depends on the clay properties, i.c. surface charge, exchangeable cation,

porosity or density, mean pore water concentration, and temperature (Kharaka and Berry,

3-9
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1973; Fritz, 1986). Mitchell (1993) reported the significance of osmotically driven water flow
relative to hydraulically driven water flow in heavily over-consolidated clays and clay shale,

where the void ratio is low and the hydraulic conductivity is also very low.

Gravitational potential is determined solely by the elevation of a point to some arbitrary
reference point. When expressed as energy per unit weight, the gravitational potential is
simply the vertical distance from a reference level to the point of interest (Or and Wraith,

2001) and it is given as:

W, =P 82 (3.20)

where z is the elevation from the reference level and g is the gravitational constant.

In the case of compacted smectite clay soils, the organisation of the pore spaces and water in
the system is an essential issue for studying the soil-water interaction and mechanism. For
smectite type of expansive clays, mechanisms of water sorption and retention in the interlayer
pores results from the adsorption term of matric potential. Beyond the interlayer water
adsorption the effective mechanism in water uptake and retention stems from interactions
described by the osmotic potential (Yong, 1999). The water adsorption in smectite clays is
followed by developing air-water interface due the capillary term of matric potential. When
the pore water exists as capillary water at relatively high degrees of saturation, the capillary
effect is dominant in matric potential. When the pore water exists as adsorbed water films in
the soil, the adsorptive mechanism becomes dominant in the matric potential (Romero and
Vautat, 2002; Delage, 2002; Sheng et al., 2008; Baker and Frydman, 2009).

Fredlund and Raharadjo (1993) have shown that only the water pressure (u;) potential should
be used as the driving potential for the liquid water instead of matric potential, which includes
the effects of both water and air pressure. In fact, the variation of the moisture due to the air
pressure is reflected in the liquid transport through the dependency of soil water retention on
matric suction. Following Fredlund and Raharadjo (1993) and by incorporating the gradient
of total potential in terms of total water head, comprising water pressure head, osmotic head

and gravitational head, the velocity of the liquid flux can be given as:

Vu, V
v, =_k,(i+—-'”—”+Vz] (3.21)
PEg P&
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The gradients of osmotic head can be presented as the head due to the dissolved chemical

concentration gradients and temperature gradient:

oW, . OV
Vy, -—=%Vc, +—=2VT 3.22
W aC{lI d aT ( )

Considering the dependency of activity coefficient on chemical concentration, the derivative

of osmotic potential with respect to chemical concentration can be given as:

oy Olny,
—Z =—RTw y| 1+ —=~L 2
ac, ”}"( 5 cj,) (3.23)

Variation of the activity coefficient in the range of normal temperature is almost negligible;

therefore the derivative of osmotic potential with respect to temperature is obtained as:

a ne X
Xs — R0, 7, (3.24)

Substituting the expanded forms of matric, osmotic and gravimetric potentials and the
derivative of osmotic potential with respect to chemical concentration and temperature from
equations (3.23) and (3.24), into equation (3.14), the general equation for flux of liquid in

terms of primary variable is obtained as:

v RTw & Olny, ; R o ; |
v, = —k,[ u, ___&_z},i(p,_“?’_r)vc; _( pw,, Z}/’C;JVT+VZ:| (3.25)

/g P& T dInc), 8 5
In general, the hydraulic conductivity is influenced by a number of factors such as soil fabric,
pore fluid characteristics, particle size and particle distribution, void ratio, and mineralogical
composition (Yong and Warkenitin, 1975; Mitchell, 1933). Degree of saturation and
turbulence of flow are also known to affect the hydraulic conductivity. However, the

turbulence of flow may be neglected, as flow is slow in clays.

Unsaturated hydraulic conductivity has been often expressed as a power function of the

saturated conductivity, given as:

k, =k, (S)* (3.26)

where k4 is the saturated hydraulic conductivity and a , is the power number.
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The saturated hydraulic conductivity is itself a function of intrinsic hydraulic conductivity, K;

and viscosity of flowing fluid, y as (Mitchell, 1993):

k,, =—- (3.27)

Temperature variation influences the absolute viscosity. Kaye and Laby (1973) presented a
relationship between the dynamic viscosity of liquid water and the absolute temperature valid
in the range 273 < T < 373 (K):

U, =6612(T—229)"? x107 +0.5% (N.s.m™) (3.28)

3.3.2 Mechanisms of water vapour flow

As explained earlier, vapour transfer occurs as a result of two main mechanisms, namely;
diffusive and pressure flows. The bulk air is considered to be a binary mixture of water
vapour and dry air (Pollock, 1986) and is dealt with via a generalised Darcy’s law, following
the approach of a number of researchers (Carman, 1956; Alonso et al., 1988). Diffusive flow
is described by the theory proposed by Philip and de Vries (1957), for diffusive vapour flow

in unsaturated soil.

For small scale problems, Fredlund and Rahardjo, (1993) found that the elevation gradient or
gravitational potential has a negligible effect on air transfer. Therefore, the pressure gradient
is usually considered to be the only driving potential for air transfer. The rate of flow of air in

unsaturated soil can be defined incorporating Darcy’s law as:

v, =—k,Vu, (3.29)
where k, is the unsaturated conductivity of pore air. The unsaturated conductivity of gases in
soil is a function of the pore air properties and volume/mass of soil. As the properties of air
are generally assumed to be constant during the flow process, the volume/mass properties
control the air conductivity (Olson, 1963). In this study the volume/mass properties chosen

are void ratio and degree of pore air saturation; given as:

k,=k,(eS,) (3.30)
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Vp, = Z’;E VT (3.40)

Since the relative humidity due to matric potential is dependent on both temperature and
matric potential, i.e. suction; the gradient of 4, may be expressed as:
oh oh oh

vh =Dy, Dy n T 3.41
e = Via "3 VT 7 (3-41)

Similarly, the relative humidity due to osmotic potential is dependent on both temperature and

dissolved chemical concentration. Therefore, the gradient of A, is expressed as:

& Oh, Oh,

Vh_ = Vel +
g oc, or

(3.42)

Substituting the components of the gradient of water vapour density in equation (3.39) with
equations (3.40), (3.41) and (3.42), yields:

hh, [a" 0 VT] + poh [%Vua _n gy 4 I VT]

aT s oT }
Vp, = (3.43)
z0h, _ , Oh,
+ pohm[; P Vey +—2 VT} J

Grouping similar terms, gives:

oh oh
l:— pOhﬂ F:Ivul [pohn Os ilvu

Ve, = d on o, o ol [ O
[h h £o Lo v poh. Zm 4 poh }VT Z[poh = n}v i
C

T Pl g T Polin gy - ]

Similarly, the temporal derivative of water vapour density can be given as:

, O, \ow, [ oh,)ou,
op. | as [ TP e [
e 9 oh, oh, on o [ G
Po aT Ca
h h x| %a
+[hmhﬂ aT pO y 4 aT +p0 m aT:I 6t Zl:pohm ac;] at

i=1

The velocity of water vapour is obtained by substitution of the gradient of water vapour

density from equation (3.44) into equation (3.31):
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D _vrt6 oh D _vr0 oh

amms”- v v~_a m V _ atms” v v_a m V

[ p[ pOh,'r as ] ul |: P/ pOh;r as ] ua
D vr6 op, Oh, oh,

—J_ atms” v-v-a h h hiad'R h h VT
vy )\ [ o) ( n aT pO m aT p T oT ]} > (346)
D 7 7]
—_ Z atmvaTv a h ah,;z V cd

Experimental work carried out by Philip and de Vries (1957) suggested that the theory
They

proposed two refinements to the thermal gradient term. Firstly a flow area factor, f, was

defined in equation (3.46) was not fully valid at increased temperature gradients.

included to achieve a reduction of the vapour flow as the available flow area decreased at
. . . . . fqm\ 7/
higher moisture contents. Secondly a microscopic pore temperature gradient faCtO(VT"S;r/ T
v

was introduced, which is the ratio of the average temperature gradient in the air filled pores to
the overall temperature gradient. This factor takes into account the microscopic effect of heat
flow paths being shared between sections of solid and fluid paths, giving rise to microscopic
temperature gradients in the fluid filled pores, which may be much higher than the
macroscopic temperature gradients across the sample as a whole. Including these two

amendments into equation (3.46) yields:

D msVo T, 0 oh D,.wv,t0, Oh, .
[t ), By, [Pt Sy,
— D almsvv (VT ) ap ~rF’o ah:r ah
v, =4- [ e (hmh,r 2+ Polt e+ ooty | (VT (3.47)
— Z Dalmsvvrvea Zh:r VC'

Preece (1975) proposed an expression to evaluate the microscopic pore temperature gradient

factor, based on a proposed geometrical method (de Vries, 1966). This expression was

Arierrtes

developed for a sand soil as:

2
1+ BG,

1

(V7), N
1+ B(1-2G,)

vT

(3.48)

where,
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A, +4
MCLL) )y (3.49)

and;

—0 009<8, <n
n /

0.3333—0.325{"

G, = (3.50)

0.0033+]1.]]x(0.33—0.325n_0'09]61 O<91 <0.09
n

1q is the thermal conductivity of pore air, 4, is the thermal conductivity of pore liquid and 4, is
the thermal conductivity of pore vapour, which can be defined as:

A, =D, v,hL aa (3.51)

v alms V
t

where L is the latent heat of vaporisation.

Campbell (1985) represented an expression to evaluate the microscopic temperature gradient
factor for clay soils as a function of volumetric water content and clay fraction (f;) (Wu and

Cheing, 1995):

% =95+606, —85 exp{— [1-26£7), ]‘} (3.52)

Ewen and Thomas (1989) suggested two alterations to the extended vapour velocity equation
proposed by Philip and de Vries (1957). They suggested that the vapour flow area factor
should be presented in both temperature and moisture gradients terms. They also suggested
that the form of flow area factor needs to be modified and considered to be equal to the

porosity. Adopting these suggestions in the present work, vapour velocity can be written as:

Dalms VV z-V 00 ahm Dalms VV TV 9(1 ahm
[ p{ Pohn as :|Vu [ pl poh;z as Vua

— D almxvv (V T) ap 0 ahﬂ' ah
v, =4- [ T (hmh,, o7+ Poh s+ Poby = | VT (3.53)
— Z ‘DalmeVTVHG ahi! V
" ac

An experimental and numerical study conducted by Singh (2007) into vapour flow in high-

density clays under temperature and hydraulic gradients. It was proposed by Singh (2007) that
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additional modification factors are required to the vapour flow factors. Including the proposed

empirical correction factors suggested by Singh (2007), the equation can then be expressed as:

e 3
[” Dap¥ ),y Ol }Vu’ { g, D}, O }Vu

P * Os o) * Os
D,,v.n(VT), op, oh oh,,
___J —_—n —atms”y'" 0 iy, 4
v, +{ 1 T h.h, 3T + poh, == 57 TP h, —= 3T VT (3.54)

& D_vn oh
+ — atms " v h s V C
; 7, P, Po "3 d

where 7, and 7, are material dependent factors. For MX-80 bentonite these were initially
predicted to be 0.17 and 0.60 respectively. However, it was concluded by Singh (2007) that
both further experimental and numerical work is required to characterise the behaviour of
high-density clays. The form of the vapour flow factor, especially, may need to be re-
evaluated as a consequence of such work. It is acknowledged that the application of this
approach requires further research and development when considering the movement of

vapour in cohesive soils, especially in compacted swelling clays.

3.3.3 Governing differential equation for moisture flow

The components of flow for the liquid and vapour were defined in the previous sections. The
governing equations for flow are now included in the equation of mass conservation for

moisture flow, i.e. equation (3.13) and expanded in terms of its primary variables.

The first two terms of equation (3.11) can be expanded, which leads to the following

expression:

AY 0, 0
e(ﬂ:'Pv)'j““ e(l-S,) 2y +[P:S/+Pv(1—31)]a—j-

(3.55)
—p,(1+e>V-v.—p,(1+e)V-vv—(1+e>V-(pvv.)
Dividing equation by (7+e) and replacing e/(/+e) by n yields:
as, op
-p,)—+nll-§,))—+|p,S, + p (1 -
”(P/ Pv) Y "( 1) Y [,0, ! Pv( 1)] )6t (3.56)

_plv.vl —plv'vv _V.(pvva)
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Considering the third term, it can be shown that:

Oe _ agv
(1+e)ot o

where ¢, is the volumetric strain which by definition is the rate of change of void ratio with

(3.57)

respect to initial volume. Substituting this term into equation (3.56) gives:

as, op Os,
_ 1-8, )2 S 1-S
nlo=p )= +nll=S)—=>+ 10,8, + p,(1-5)1= (3.58)

-pV-vy=pV-v, “V'(pvva)
Matyas and Radhakrishna (1968) proposed that the degree of liquid saturation is a function of
the initial void ratio, the initial degree of liquid saturation, and the stress parameters, namely;
net stress, deviatoric stress, and suction. However, Alonso et al. (1988) found the influence of
stress on the degree of saturation to be relatively insignificant. The absolute value of total
matric potential can be assumed to be equal to the difference of water pressure and air
pressure, i.e. matric suction according to Sheng et al. (2008) and Baker and Frydman (2009).
Experimental study of Thyagaraj and Rao (2010) has shown that the osmotic suction affects
the water content/void ratio of compacted clays during the wetting path and its role therefore
might become important in determination of matric suction from the soil water characteristic
curve. However, the osmotic effects are neglected in soil water characteristic behaviour in this
formulation. In other words, it is assumed that the osmotic potential might only affect the rate
of moisture transport, not the equilibrium condition of water. It is noted that the effects of
gravitational potentials is ignored due to the negligible effects in compacted fine soils on the

variation of degree of saturation with total suction.

If the initial void ratio of a soil sample is controlled and the sample is remained confined the

variation of degree of saturation can be expressed as a function of total suction, i.e.:

S, =8,(s) (3.59)
Based on equation (3.18), matric suction is also dependent on temperature. Therefore,
temporal derivative of the degree of saturation can be expressed in terms of partial derivatives

with respect to the primary variables as:
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(3.60)

oS, _ S, 0u, 35, 0w (85, ps)or
o Os ot 0Os ot ds oT | ot

The first term in the left side of equation (3.58) can be expressed, with appropriate

substitution from equation (3.60), as:

as,
o =p )=t = o
B oS, ou, 3 oS, Os BS as, ou, )
{n(p, P+l p{a aT) +nlp = p,)— at}

With substitution from equation (3.45) the second term of the left side of equation (3.58) can

also be expressed as:

op
R
”( I) o
oh, |y, op, oh,, oh, |ar
(1 S,{ Pohe —¢ } = +nll-S )[hmh” ar Pl t Pl o |G (3.62)
i {poh, 6;: ] oh, dcy

(1 S )Z pO r a
It can be shown that:

de, _ on _ 98 _ rpdu
Py —(1+e)at-m at—mPat (3.63)

where &, is the volumetric strain and ¢ is the strain vector. The strain matrix P and the

differential operator m” will be defined in section 3.7. The third term of equation can

therefore be expressed as:

0
[p1S1+Pv(1" agtv =[p,S,+pv(l—S,)]mTP%—z’; (3.64)

Substituting v, v4 and v, from equations (3.25), (3.29) and (3.46), respectively into the right

side of the governing equation for moisture transport, with some re-arrangements of similar

items, the right side of equation (3.55) can be presented as:
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oYV —=p Vv, -Vp,v, =

vr (" " or '”aT

i=1

&|kRTw dlny, Oh ;
+ ~y,{1+ ——|- D,,.v.np,h, —= Nc, — p,k,Vz
§|: g 7:[ alnc", ams Vv Po aC:i:iV d pl !

k, oh,, oh,,
l:_—g—+Dalms vnpoh;z a :lvul |: pvka_Dalms vnpohﬂ a ]Vu

(VT), ap oh, . x k,Ro,
~ +[—Da,mvvn (h h, =2+ poh, ==+ p,h, 6TJ > Ig

e or

(3.65)

Finally, the governing equation of moisture flow can be represented in a simplified form as:

C %y +c, or

ou
fea at *Cu ot

n at T at la at

=V.[K,Vu]+V- [K,TVT]+ V. [K, Vu,]+V [Z K,Cch;:| +J,
i=1

where:

as
Cy =-n(p, —Pv)a—s'—n(l =S5,)poh,

CIT =

Cla =

le, =

m

ap 0 ahm

oS,
- —+n(-S)H) h h —+ ph —=
n(p, —p,) oT n( /)( Py Poly aT

+p0hm

as oh,
n(p, - p,)—=+n(1-S,)ph, ==
Os Os

oh
n(1-S)poh,
oc,,

C. =[S0, +(1-5)p,]m"P

K, = E =D,y v, 1P h

0
w=pk,+D, v nph

k, oh

m

7 Os

whe G+ Pokn T+ Pobe G

i=

aims " v

" s

Oh

g

)

or

nc R
(VT), (h P op, 5 oh, N ah”,)_ k,Ro

L1

Vi€

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)
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ley

k,RTw dlny, oh
=— Zyl 1+ L+ D, v.nph, —=
g ( dInc, } ams VP00 m ot (3.75)

J, =V (= pkVz) (3.76)
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3.4 Dry air transfer

Dry air can be considered to consist of two forms in unsaturated soil, i.e. bulk air and
dissolved air, (Rodebush and Busswell, 1958). The gradient of air pressure drives the transfer
of bulk air. The bulk air flow can be determined by the use of Darcy’s law. The flow of
dissolved air is also considered as advective flow within the pore liquid. Henry’s law is used

to define the proportion of dry air contained in the pore liquid.

The general law of conservation of mass dictates that the temporal derivative of the dry air
content is equal to the spatial derivative of the dry air flux. Mathematically this can be

expressed as:

0
5;[(00 +Hs01)pda5V]=—5VV'[pda(vn +Hsvl)] (3'77)

where H; is Henry’s volumetric coefficient of solubility and p4, is the density of dry air.

Substituting equations (3.5) and (3.10) into equation (3.77) yields the mass conservation

equation in terms of degree of saturation, porosity and void ratio:

2[(S, +H.S,punli+ eV, ==+ V.V [, (v, + H,v,)] (3.78)

As stated previously, since 6V, is constant, this term can be eliminated from equation (3.78).

Substituting n(1+e) = e and S,=1-S}, yields:

%[(1 =8, + H,S,Jpael=—~(+e)V-[p,(v, + Hv))| (3.79)

Expanding the first term of equation (3.79) gives:

0
a[(l“S/ +HS, )pdae]=
(3.80)
o 0 oS oS
pda(l_Sl +HsSI)—a_j+e(l_Sl +H3SI) g:a —epda 6fl +epdaHs at’

Grouping similar terms yields:
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0
5(1 ~-S,+H.S,)pe=

(3.81)
Oe 0 oS
pda(l_Sl +H3SI)5;+e(l—Sl +HsS/) g:a +epda(Hs _1)_;

Substituting equation (3.12) into equation (3.81) and dividing the resultant equation by (71+e)
whilst replacing e/(1+e) by n yields:

(1=5,+H,5) 2

op oS
1-S,+ HS, )% H -1)—=
Pua (l+e) 5t+n( T I) ot +npda( s )at

(3.82)
—V'[pda(va +HJVI)]
Substituting equations (3.57) and (3.63) into equitation (3.82) yields:
Ou op oS
1-8, +H.S,)m"P—+n(1-S,+H,S,)—2+np,(H, —-1)—L =
pda( / s I)n ot ( i s l) ot pda( s ) ot (3.83)

_V'[pda(v. +Hsvl)]
Following the approach proposed by Thomas and Samson (1995), the density of dry air, i.e.
Paa, 18 determined. As stated previously, the air phase in soils is considered to be a mixture of
dry air and water vapour. It has been found that the behaviour of this mixture obeys the laws
of a mixture of ideal gases to a sufficient degree of accuracy (Geraminegad and Saxena,

1986). The partial pressures of dry air and vapour can be expressed as:

u, = pyR,T ' (3.84)

and,

u, = p,RT (3.85)

where R, and Ry, are the specific gas constants of vapour and dry air respectively.
Partial pressure of air can be given by applying Dalton’s law of partial pressures:

U, =Uy, T U, (3.86)
To determine the dry air density, equations (3.85) and (3.86) are substituted into equation
(3.84) that yields:

e (3.87)
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The partial derivative of equation (3.87) with respect to time can be expressed as follows:

s _ 1 O, P OT R Op,
oo RJT o T*oax R, ot (3.88)

It is noted that the last differential term can be obtained from equation (3.45).

Substituting for the time derivative terms of degree of saturation from equation (3.60) and
density of dry air from equation (3.87), velocity of pore liquid and pore air from equations
(3.25) and (3.29), respectively leads to the governing equation for air transfer in terms of

primary variables. The governing equation for air transfer is therefore given as:

o o~ or, % . o
Ca[ at +Ca7' at Cga 6t +Z ac, at au at
nc (389)
=V [Kalvu1]+ v [K"TVT]+ V- [Kaﬂvua]+ v |:Z KachC;:l + Ja
i=1
where;
6S, Rv ahm
Ca = =nps,(H, —1)Z (S, + 1S, )E:(p‘)h” E) (3.90)
as
C,r =-np, (HS —1)6—’
pPs R on Oh o, )| (3.91)
H,S, ) £ =2 pohy =2+ poh ==+ by —
+n(S + {T R (p T as +p0 m as m' as |
Coo = 1p4(H, =1)—-+nlS, + H,S p S
w =neu(H, )as nSe +H, ’{RdaT Rda ™ (3.92)
R oh
=nlS +HS )| -——p,h —Z
Cog =S H, '( R, as] (3.93)
Cow = [S,p, +(l—S,)pv]mTP (3.94)
pa’ Hs
K =__a_.k
Ton (3.95)
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Rw” nc ;
KaT _—pdaHs —/-g},’c‘j (396)
pd Hs
K, =puhk,—Le"ck
aa pda }/I 1 (3 '97)
Ro, (. &y,
K, =—p.H,—Zyc,i1+ -
acy Pua 11 7, yrcd( dln C,’, ] (398)
J, =V-(~p, HkVz) (3.99)
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3.5 Heat transfer

Heat transfer is widely regarded to occur via three mechanisms namely conduction,
convection and radiation (Jakob, 1949). Heat transfer is also found to occur due to chemical
concentration gradients, i.e. Dufour effect which has not been found to be of significance in
soils (Mitchell, 1993). Therefore, Dufour effect is ignored in this study. The heat transfer due
to radiation mechanism is also ignored, as its influence is assumed to be negligible. The effect

of latent heat of vaporisation is included.

The law of conservation of energy is applied to form the general equation of heat transfer. The
law of conservation of energy for heat flow dictates that the temporal derivative of the heat

content, £, is equal to the spatial derivative of the heat flux, Q. This may be expressed as:

a(Qa fV) =-V-(6VQ) (3.100)

The heat content of unsaturated soil per unit volume, i.e. Q, is assumed to be the sum of soil
heat storage capacity (H.) and the contribution resulting from the latent heat of vaporisation

(L). It therefore can be defined as:

Q=H(T-T)+LnS,p, (3.101)

where 7, denotes the reference absolute temperature. L is the latent heat of vaporisation.

Following the approach presented by Ewen and Thomas (1989) the heat capacity of

unsaturated soil, H,, at reference absolute temperature, 7,, may be defined as:

Hc = (1 - nxpsps + n(CpISlpl + vaSapv + deaSapda) (3.102)
where Cps, Cpi, Cpv, and Cpu, are the specific heat capacities of solid particles, liquid, vapour,

and dry air respectively and p; is the density of solid particles.

Following Thomas and He (1995), three modes of heat transfer are considered: thermal
conduction obeying Fourier’s law, convection of heat associated with liquid and vapour flow,

and latent heat flow. The heat flux per unit area, Q, is determined therefore as:

Q = _Z’TVT-F L(vvpl + v:pv)+

3.103
(Cplvlpl +vavvp1 +vavapv +deavapdaXT_Tr) ( )
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where Ar is the coefficient of thermal conductivity of unsaturated soil. The coefficient of
thermal conductivity of unsaturated soil has been found to be a function of degree of

saturation, following Thomas and King (1991) it can be given as:

Ar = 2(S)) (3.104)
The first term in equation (3.103) reflects the transfer of heat due to conduction. The second
term reflects latent heat flow with vapour movement. Heat convection is considered in the
third term comprising components of movements due to liquid phase, vapour phase associated
with a vapour pressure gradient, vapour phase associated with the bulk flow of air, and the air
phase. Substituting heat content, 2, from equation (3.102) and heat flux, Q from equation
(3.103) into equation (3.100) yields:

2 (H.(T =T+ LnS,p, )V ] =

v — VT + L(v,p, +V,p,)+ P (3.105)
(Cplv[pl + vavvpl + vavapv + deavapda)(T - Tr)

Substituting equation (3.10) into equation (3.105), and cancelling the term &V yields:

d d _
EIHC (T—T,)(1+e)]+5;[LnSapv (1+e)]=

o[- AT L P+ VL) + e (3.106)
-V e
(Cplvlpl +vavvp1 +vavapv +deavnpda)(T_Tr)

The first term of the left hand side of equation (3.106) can be expanded further which yields:

8 _ o r_1H)2
'6,—1[H0(T—71)(1+€)]—Hc(1+6) > +(T T,)at[Hc(1+e)] (3.107)

Considering the second term of equation (3.107) with substitution from equation (3.102) and

rearranging the terms gives:

OSH.T-T)1+o)=+H.0+0) 2+
or 5 o (3.108)
(T—Tr )E[Cpsps +n(_ Cpsps +CpISIpI +vaSapv +deaSapda)]

Expanding equation (3.108) further and substituting n(/+e) = e yields:

3-28



Chapter 3 Theoretical Formulation

d B oT
5;[HC(T—T,)<1+e)]—+Hc<1+e)5+

Oe Oe
Cpsps _é?—'-n(—cpsps +CpISIpI +vaSapv +deaSapda)_é;
3.109)
0 as oS op (
T-T )— C,p—-C —L+C_ (1-8 X
( )at e w1~ CrP G T ERn =507
op oS
+C, ,(1-8)Lt%= _C -1
] pda( 1) ot pda Pda o
Noting that % =(1+e)? % and rearranging similar items, equation (3.109) becomes:
' '
0 or
—|H.(T-T)(1+e)|=H,(1+e)—
S HT-T)(+ol=H.(+e)—
- n -
C 1+e)? —
pps(+e) —
on
+(_ Cpsps +CplS1pI +vaSapv +deaSapdakl+e)2 —é}_ (3'110)
+(T-T,) as
+e(CplpI —vapv _deapda)_a_t[
apv apda
_+eva(1—S,)a—t+edea(1—S,)7 |
Considering the second term of equation (3.106), and substituting n(/+e)=e yields:
0 0
—\|LnS 1+e)|=—|LeS,p, ' 3.111
~[nS.p.(+ &)= —[LeS,p] @3.111)
Expanding equation (3.111) yields:
0 op oS, Oe
—|LnS l+e)l=L(A-S,)e—-—Lep, —+L(1-S — 3.112
—[LnS,p, 1+ &)= LA -S)e—x— Lep, —L+ LU=S)p, — (3.112)

Substituting equation (3.57) and (3.63) into the last term of equation (3.112) and
rearrangement of the like terms yields:
op, _ I as,

on
—+L(A-S l1+e)’ — 3.113

Substituting equations (3.110), and (3.113) into equation (3.106) yields the governing

2{ins,p,(+e))= LA-5))e

equation for heat flow as:
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on
C 1+e)? —
psPs(1+€) py

+(—Cp3ps +CP,S,p, +C,S,p, +C S apda)(1+e) ——+

eCuPr = C b = Craabus) 5 +€C(1-8) 2
(3.114)
+eC,,(1-S,) ap;,,,
or oS, on
+H. (1+e)—+ L(1 - —L+IL(-S l1+e)’ —=
H.( )5t ( ! Py Py ( Dp,(1+e) a
— L VT+L(v,p, +V,p,)
V. (1+e)
+(Cplvlpl +vavvpl +vavapv +deavapda)(T_Tr)
Dividing equation by (7+e) and substituting e/(1+e)=n, yields:
_ on -
C 1+e)—
sPs(1+e) 5
on
+(=Cp, +C S0+ CpSupy + CoiaSupas X1+ ) 2
(T—-T) ot
! oS op
+n(Cp,p,—Cmpv—deapda)a—t'+nva(l—S,) =
ap, (3.115)
+nC_,(1-S =
I h pda( 1) ar |
oT op oS, on
+ H.—+L1-8 Y Inp, —L + L(1-8,)p,(1+e)=— =
H.— (I=8)n . L.~ (1-S)p,( e)at ,
v.| AV LV P YVP)
+(Cpvip +C LV, +C VP, +deav:pda)(T_Tr)

Substituting the temporal derivatives of porosity from equation (3.63), degree of saturation
from (3.60), vapour density from equation (3.35), dry air density from equation (3.87) into the
left hand side of equation (3.115) and equations (3.25), (2.29) and (3.45) for the velocity

terms of liquid, air and vapour, respectively, yields;

oc' oc, ou

aul oT
¢ +C res g T Cra ot

T at T at Ta a’

e (3.116)
=V~lf<nw/1+v~[1<nvr1+v-u<nwal+v-[zK,c,,wsLJT
i=1

where;
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- as, oh, ||
—n(Cplpl _vapv -.deapda)g_ncp"(] _Sl)poh” W
T-r
r R, oh,,
Cp = +nC (1= 8)) 2= pohty 2 (3.117)
-_ L(] - SI )npohx —bs— + an" Os |
— r aS W T
n(cplpl _vapv deapda) asl
oh, oh, op
+nCW(l—S,)[poh,K+pohm =t b, aso]
(T-T,) (
_ w1 Pa
Crp = +nC o (1-5)) (3.118)
oh,, oh, 9P,
—ndea(l S )Rda [pohn os +p0h’" Os +h h Os j|‘
oh,, oh, 9P, oS,
_+ Hc+L(1—S,)n[poh,, s + Poh, == 3 +h,h, as} Lnp, 3 |
- as oh,, ) |
n(Cp,,D, _vapv —deapda)——a_I+nCPV(l—S’)p0h” a—
(T-T. oh
—-— — 1 - m
Cr, = #1185 L= nC o (=8 3 . (3.119)
oOh,, 653
_+ L(l——S,)npoh,,E- Lnp, s ]
_ R _ n 9h
Cr, _H(T T){nC (1=8)-nC_ (A=S)p=+ L Sn e poh, ac (3.120)
T
Cro =T =T XC S, +CSupy +CrauSupas )+ L(1= 5, )p, Jm™ P (3.121)
D vr10 oh,, V7,0, oh
_ atms” v vYa T— T atms v v 4 h z
Lp, ) Poh, 3s -(T-T.)C,.p P Poltz "5
Ky, = T K (3.122)
Y
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[ DatmsVyTy0a . (VT), 90 ohy Ohyy ]
kjRw, nc ;
Kpp=|-(T-T,)C 10 L2 F y. 3.123
T r/7-pl¥ PIg 2, i“d ( )
DymsVyT0a (VT) op oOh oh
! 0
_+(T-Tr)vaPI amsplv ST (hmhn' 57 POm =7+ POk —a}"—}
i D _vrt6 oh i
L arms v'v.a h m
pl P/ pO 4 as
D,,.v,t,06, oh,, k
KTa = +{vapvka +deapdaka +vapl —1_——_p0h;t ——Cplpl _'I_}(T_Tr)
P Os V¥4
(3.124)
+Lpk,
kRTw Olny, D _vrt6 oh
-(r-T L Zyll+ L+ L ams v v_a nh z
Tc
! D, vrt,0 oh, (3.125)
+ (-1, p P2 gy O
Ca
Jr=(T-T,)C,pV (kVz) (3.126)
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3.6 Reactive transport of multicomponent chemicals

The combined effect of all the, hydrological, physical and geochemical processes on
multicomponent chemical transport must satisfy the principles of conservation of mass and
the principle of conservation of charge (e.g. Lasaga, 1979; Lichtner, 1995).The governing
equation for reactive transport of multicomponent chemicals is formulated from the principles
of mass balance and charge conservation. The reactive transport of multicomponent chemicals
is described in terms of a set of chemical components with the stoichiometries of species that
appear in the fluid. Since terminology of chemical species or species may be repeatedly used
when the mechanisms or the processes are described, the distinction between species and
component is critical. Species and phases exist as real entities that can be observed in nature,
whereas components are simply mathematical tools for describing composition (Bethke,
1996).

The law of mass conservation for every chemical component describes the transport of a
dissolved chemical component and the associate chemical reactions. The chemical reactions,
in fact, accounts for the rate of gain or loss of chemical component due to homogenous and
heterogeneous geochemical reactions (Lichtner, 1995). Following Lichtner (1995) and
Seetharam (2003), the law of conservation of mass for the i chemical component can be
written in a general form for unsaturated porous media as:

L(ociov)+ Z(5,07)=-ovV-3, (3.127)

J; is the total chemical flux that represents the major hydraulic and physical processes
affecting the transport of chemical in porous media, s; denotes a geochemical sink/source term
in mass conservation equation which stands for the amount of i chemical component which
is produced or depleted due to geochemical reactions. The geochemical sink/source term in
the governing chemical transport equation is evaluated using geochemical model PHREEQC
version 2 which is coupled with the transport model. The geochemical sink/source term is the

resultant of the homogenous and heterogeneous geochemical reactions in the system.

One of the fundamental properties of an aqueous solution is that it is electrically neutral on
macroscopic scale (Lichtner, 1996; Bethke, 1996). The general form of charge conservation
can be obtained by multiplying the mass conservation equation by the charge of i component

and summing over all components (Lichtner, 1996). Accordingly, if equation (3.127) is
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multiplied by the associate charge of the component for every component and followed by

summing over all components, the general charge conservation is obtained:

JVZ( 0cm,,)+5VZ (6,Fzs,)+VY V-Fz3, =0 (3.128)
i=1
where z; is the charge of i species and F is the Faraday constant.

The electro-neutrality in principle is associated with two separate physical requirements, if the

charge is assumed to be conserved over geochemical reactions, i.e. Z (6,Fz,;s,)=0. These
i=l

two conditions related to the physical processes, i.e. non-reactive transport, may be given as
(e.g. Lasaga, 1979; Boudreau et al., 2004):

1. The total charge should be conserved, i.e. no net charge condition, given as:

> 20, Fz,c,)=0 (3.129)
i=1

2. No electrical current should run through the solution, i.e. no current condition, given as:,

ZV (Fz,J,) (3.130)

The major mechanisms for the physical processes, i.e. non-reactive transport, comprise the
processes of advection, dispersion and diffusion in general. The mechanisms of transport of

chemicals and the governing equations are discussed in the following section.

3.6.1 Transport processes and mechanisms

The chemical flux of i/ component in general consists of contributions from advective,
diffusive and dispersive transport mechanisms (Bear and Verruijt, 1987; Lasaga, 1998), given

as:

J, =JM g0 P (3.131)

where, JA* | J™and JP*P stand for advective, diffusive and dispersive flux, respectively.
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Each of the effective transport mechanisms are discussed separately as follows:

3.6.1.1 Advection

Advection describes the movement of solutes carried by the water flow and can be defined by
a convective flux component. In fact it involves simply the spatial translation of dissolved
chemical species at the rate of movement of the bulk fluid (Steefel, 2007). The rate of
transport via advection is the average linear velocity defined in equation (3.25), in the
direction of flow. The advective flux may be given as (e.g. Bear and Verruijt, 1987; Lasaga,
1998; Seetharam, 2003; Steefel, 2007):

JM =clv, (3.132)

where v, represents the velocity of liquid water which is calculated using equation (3.25).

In order to consider the osmosis effects on the advective flux, it has been suggested to reduce
the advective flux by a reduction factor as a function of osmotic efficiency (e.g. Malusis and
Shackelford, 2002; Manassero and Dominijanni, 2003) as:

Ad j
JAY =(1-w, )}V, (3.133)
where w; is the osmotic efficiency coefficient. In an ideal membrane, no chemicals can move

with liquid which is reflected properly with this equation.

3.6.1.2 Diffusion

The process of diffusion is the spreading of the solute molecules through the fluid by virtue of
their kinetic motion, even when the fluid is at rest (Crank, 1975). The forces driving the
diffusion of an aqueous species under isothermal condition, within a solvent reference frame,
are stemmed from both chemical potential and electrical potential gradients, i.e. the
electrochemical potential gradient (Miller, 1966; Lasaga, 1979, Oelker, 1996, Cussler, 1997).
It is also well established that under non-isothermal conditions, a temperature gradient can
also induce mass flow due to thermal diffusion, i.e. Soret-Ludwig effect or Soret effect (e.g.

Lasaga, 1998; Platten, 2006).
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The diffusion process in clays and more specifically in compacted swelling clays is highly
affected by the specific microstructure evolution and surface electrostatic forces of the clay
minerals (e.g. Jougnot et al., 2009; Oscarson, 1994; Pusch and Yong, 2006; Van Loon, 2007;
Appelo and Wesin, 2007). As a result, the diffusion rate of an ionic species may vary with the
type of moving ion in the system which consequence a macroscopic electrical field in pore
fluid. This requires the modelling of diffusion process under coupled chemical and electrical
potential effects to maintain the balance in the electroneutrality of pore fluid. Under non-
isothermal conditions and in multiple ionic systems, the diffusion flux has to be obtained due

to electrochemical and thermal diffusion i.e. Soret effect, potentials.

In order to incorporate the electro-neutrality condition in both molecular and thermal
diffusion explicitly, the general derivation of diffusion flux in aqueous system under coupled
chemical, electrical and thermal potentials is revisited in this section. The derivation follows a
similar to that approach proposed by Lasaga (1979) for multicomponent diffusion under
isothermal condition and adopted by various researchers (e.g. Lichtner, 1995; Oelkers, 1996;
Boudrau et al., 2004; Appelo and Wersin, 2007). However, thermal diffusion is included as an

additional component of the diffusion flux in the approach proposed.

Lasaga (1998) presented the total diffusive flux of a chemical component due to the coupled

electrochemical and thermal potentials based on the irreversible thermodynamics:

IO =1 [V, + FzV]-L, % (3.134)

where, the first term of the equation represents the diffusion flux due to the chemical and
electrical potentials and the second term represents the thermal diffusion, where, L; stands for
the phenomenological transport coefficient due to electrochemical potential and L;; represents
the phenomenological coefficient of thermally induced chemical diffusion for the i chemical
component. y; represents the chemical potential and z is the charge of the " chemical
component, respectively. F denotes the Faraday's constant, & refers to the electrical potential

of the solution and T is the absolute temperature.

The chemical potential of a chemical species in a non-ideal solution is a function of chemical
concentration, activity coefficient and temperature, expressed as (e.g. Lasaga 1979; Oelker,

1996):
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M, =u +RTIn(y,c;) (3.135)
where, 4” denotes the chemical potential at reference state. R is the gas constant. y; is the

activity coefficient of the i/ chemical component; which accounts for the non-ideality of the
aqueous solution, i.e. aqueous concentration effects. The activity coefficient decreases with
increasing ionic strength up to 0.lmol/kg and it is always lower than the concentration,
because charged ions reduce the activity of each other in solution through interactions
(Merkel et al., 2005).

Following Lasaga (1998) and Ballufi et al. (2005), if the spatial derivative of the gradient of

chemical potential, i.e.,Vu, is replaced by its derivatives with respect to chemical

concentration and temperature, the diffusion flux can be given as:

o ) L
JPT = —L..{%Vc; +inv¢}—ﬂ[r@'—+—"’—]w

u
0 rp or L (3.136)
- - ~— -/
Electrochemical diffusion Thermal diffusion

The term inside the second bracket in the coefficient for thermal diffusion is known as the

heat of transport (Q").

The heat of transport is mathematically a combination of the derivative of chemical potential
with respect to temperature and the ratio of thermally induced diffusion off-diagonal
phenomenological coefficient to the on-diagonal diffusion coefficients (Ballufi et al., 2005)
as:

o Ly
Q,. —Tﬁ"' Lii (3137)

The heat of transport corresponds to the energy state of the diffusing ions in the regions with
different temperatures which directly corresponds to the entropy of transport (Agar et al.,

1989; Balluffi et al., 2005).

The phenomenological coefficients of diffusion for each component L;;, can be approximated

from their respective tracer diffusion coefficient in water (Lasaga, 1979; Oelkers, 1996) as:

_ D

Lu’ RT

(3.138)
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where D} refers to the tracer diffusion coefficient of the subscripted component in pure water.

Substituting the phenomenological coefficient using equation (3.138), following Lasaga
(1979), and the heat of transport, defined by Ballufi et al. (2005) from equation (3.137) into
equation (3.136), the diffusion flux is represented as:

0 i 0 i 0. ~*

i =-%%‘_§ciivc;, _Diekz, ;"TFZ' Vqs————D‘Rc;z LT (3.139)
Under isothermal conditions, the diffusive flux is limited to the first and second terms which
is identical to the diffusive flux for multicomponent chemicals presented by several
researchers (e.g. Lasaga, 1979; Boudrau et al., 2004; Appelo and Wersin, 2007). The third

term represents the effects of including thermal diffusion in a multi-ionic system.

Overall electroneutrality requires that no electrical current, should run through the solution

(after Lasaga, 1979), i.e., equation (3.128). Incorporating the no electrical current condition,

ie. Y z,J, =0,yields:
j=1

1 Ou, F 0
Zz Dic, RT % =2 Ve, +222D°cd 2T V(D+Zz Dic, g7V =0 (3.140)

The gradient of electrical potential can therefore be determined explicitly from equation
(3.140) as:

nc R VR 1)
Y z,Dc; # ~Ve; +Y z,Djc)| =4 VT
RT f=l acd j:] RT

Vo =— (3.141)

F e ,
210 ./
E z;Dc;

=

Note that the derivative of chemical potential with respect to chemical concentration is given

as (Oelkers, 1996):

. Olny,
O, _ RT |y, oY (3.142)
oc, ¢, dlnc,
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Substituting the electrical potential from equation (3.141), following the approach proposed
by Lasaga (1979) for derivation under isothermal conditions; and the derivative of chemical
potential with respect to chemical concentration from equation (3.142) into the diffusion flux,

the expanded form of diffusion flux equation is obtained as:

[ olny ) DO e oy, ) ]
—D,"[1+ 17 ]Vc;+ﬂi—Zz‘D9(l+——y’—)ch

i Olnc, iZfDock =l dlnc)
= o oy : (3.143)
i i z, D¢ S J
"'D,.OCd WVT-F—;C—E—— ZID;)Ci IZVT

2 N0 .k j=1
sz‘chd

| k=1 .
Equation (3.143) represents the diffusion process comprising two compartments of chemical
(molecular) diffusion and thermally induced mass diffusion considering the effects related to
the electrical potential sourcing from different diffusion coefficients. Accordingly the degree
of the coupling of the ions diffusion depends on the relative concentration gradient which
yields to a component or species dependant diffusion coefficient both for molecular and

thermal diffusion. The diffusive flux can be expressed in a simplified form as:

IP"=>"D)Vec, + D]VT (3.144)

Jj=1
where the molecular diffusion coefficient and thermal diffusion coefficients can be

represented as follows:

_ D’c! dlny,
D;=-5UD,°(1+61”')+ 2D, ¢4 szf(l+—yL)

i nc J 3.145
dlnc), 22D dlnc} (3.145)
k=1
r 0 i Q’ z. D%, & 0 i Q;
T __D! i i i i i D
D D/c + > z,Djc, 277 (3.146)

i d 2 nc
R1 2 0 _k j=
J=1
E z;,D,c,

k=1

where §;; is the Kronecker’s delta function which it is equal to 1 when i=j and equal to 0 when
i#.

The degree of coupling of thermal diffusion with the overall mass diffusion is determined by

the heat of transport. The heat of transport and the Soret coefficient are related to each other.
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The heat of transport for a single ion in a dilute solution (Q;° for the i component) is related

to the Soret coefficient,S” (Agar et al., 1989; Newman, 1991; Rosanne et al., 2006). This

relationship can be given as:

Q° =RT*S; (3.147)
In a concentrated solution, the heat of transport can be related to the Soret coefficient, by

considering the thermodynamic correction factor, i.e. (Hﬂ‘lf_thich reflects the non-
dlnc,

ideality effects in the concentrated solution. The relationship between heat of transport and
the Soret coefficient for a single charged ion yields (e.g. Snowdon and Turner, 1960; Leaist
and Hui, 1990):

Q; T Olny
—— =8| 1+ —= 3.148
RT? dlnc, ( )
Replacing the heat of transport in equation (3.146) with equation (3.148) gives:
; Olny, z,D%, & : Olny,
D' =D S"{ 1+ Pt At z, D% ST 1+ L
' L dlnc) ) & 2.2,DjeiS; olnc) (3.149)

20 k j=1
szchd

k=1
As mentioned in chapter 2, few experimental studies have been reported on thermal diffusion
in clays. In the absence of sufficient experimental data, a theoretical approach is adopted and
suggested here for approximation of the Soret coefficient which can be incorporated in the

diffusion flux equation in order to study the overall effects of thermal diffusion.

In an effort to provide a theoretical interpretation for the heat of transport, Agar et al. (1989)
proposed a hydrodynamic theory for the heat of transport. The similarity between the heat
sink and source surrounding a moving particle and the existence of the electrical charge sink
and source in a dipolar molecule led Agar et al. (1989) to suggest that the moving particles are
surrounded by thermal dipole moments. Based on a hydrodynamic approach, Agar et al.
(1989) provided a theoretical formulation for standard heat of transport of ions in infinite
dilute electrolyte solution at temperature 25 °C. They have shown that standard heat of
transport can be related to the structure and dynamics of the solution through the velocity

field induced by the ionic motion and the entropy density of the solvent around the ion. The
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theoretical approach suggested analogies between the heat of transport and dielectric
properties of the solutions. According to the theoretical approach proposed by Agar et al.
(1989), the heat of transport of i component at reference temperature, i.e. 25 °C, and in a
dilute solution can be obtained as a function of ion tracer diffusion and its valence. The

simplified form may be given as:

0;° = Az} D} (3.150)
where 4 is a constant value depending on the hydrodynamic boundary condition. Agar et al.,

(1989) have calculated 4 equal to 2.48x10'? and 2.20x10'? for two different hydrodynamic

boundary conditions.

The heat of transport in equation (3.147) can be substituted by its theoretical approximation
from equation (3.150) and the Soret coefficient for a single charged ion in a dilute solution is

obtained as:

210

T
S.
! RT?

(3.151)

This theoretical approach can be incorporated in the diffusive flux in equation (3.143), in the

absence of experimental data on the Soret coefficient in multiple ionic systems.

The diffusive flux in porous media is generally modified by replacement of the tracer
diffusion coefficient in water with the effective diffusion coefficient in porous medium
(Lasaga, 1998). The effective diffusion coefficient in porous material is calculated by
incorporating some modification factors to the tracer diffusion coefficient in water which
accounts for medium geometry and liquid content (Hu and Wang, 2003). The value of the
effective tracer diffusion coefficient can be given as (Hu and Wang, 2003; Van Brakel and

Heertjes, 1974) as:

D, = nS,7é6D} (3.152)

where, T is the turtuosity factor and J stand for constrictivity coefficient.

Constrictivity in general term has been used to describe a decrease in the apparent diffusion
coefficient of tracer caused by pore-size variability (Van Brakel and Heertjes, 1974). In the

case of compacted swelling clays, it evidently reflects in some way the properties of water
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molecules that are vicinal to the basal surface bounding interlayer (Bourg et al., 2006). The
constrictively can be contributed to the two components of geometrical constrictively, due to
the pore space topography and an electrostatic constrictively which accounts for the
electrostatic interaction between charge surface minerals and ionic species, i.e. diffuse double
layer effects, (Sato et al., 1995; Jougnot et al., 2009). The latter effect also reflects the
membrane behaviour of clay, i.e., osmosis behaviour. Complex effects due to the physico-
chemical properties of the porous medium, the solute and the pore solution control the
diffusive behaviour of anions and cations in clay (Van Loon et al., 2007). These effects result
in a preferential flow path for different ions, i.e., different diffusion coefficient for different

ions as discussed in chapter 2.

A general species dependant turtuosity factor, 7; is considered in this formulation which
reflects the effects of tortuous path and constrictivity together. The later will be discussed and
expanded in chapter 6 for the case of compacted smectite clays. The tracer diffusion

coefficient is therefore presented as:
D, =nS,z,D; (3.153)

The temperature dependence of the free solution diffusion coefficient can be expressed using
the Stokes-Einstein relationship as (Robinson and Stokes, 1959; Lerman, 1988; Cussler,

1995):

(or), = (00), = ((Z)) : (3.154)

where 7 stands for the viscosity of solvent. The variation of diffusion coefficient through this
relationship is more affected by the changes due to the viscosity dependency on temperature

rather than due to the direct temperature effect.

It is noted that the activity coefficient of the ions is calculated using Davis equation in
diffusion module. The Davies equation for activity coefficient is valid for ionic strength

ranging between 0.1 and 0.7 mol/I (Langmuir, 1997), given as:

logy, = —A'zf(lfﬁ —0.31) (3.155)
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where, A’ is a temperature dependent parameter and I stands for ionic strength (i.e.

1=0.5)0.001c},z})-
i=]

3.6.1.3 Dispersion

Due to the irregular shapes of grains and pores, local fluid velocities inside individual pores
deviate from the average pore velocity and leading to a mixing process that is
macroscopically similar to mixing caused by the diffusive transport (Steefel, 2008). The term
mechanical dispersion is often used to describe mixing and spreading of solute due to the
heterogeneity of the microscopic velocities in the motion of the fluid in terms of averaged and
measurable quantities (Bear and Verruijt, 1987). This process is caused by three microscopic

processes occurring in the pore channels (Mangold and Tsang, 1991; Oelkers, 1996):

e Mixing within individual pore channels due to differences in velocity of the molecules
between those in the middle of the channel and those subject to dragging forces along
the pore walls (i.e. friction between mineral grains and fluids leads to relatively slower

flow rates along grain boundaries).

e Mixing caused by differences in pore channel sizes and hence velocities along the
flow path (i.e. the velocity of solutes flowing in a porous medium varies according to

flow path).

e Differences caused by the branching of flow channel paths in the solid matrix
(turtuosity) (i.e. at each pore space juncture there is both a mixing and a splitting of

the flow streams).

These three mixing processes cause spreading the solute both in the direction of the flow,
termed longitudinal dispersion, and in directions perpendicular to the flow, called transverse

dispersion. This can be represented by (Bear and Verruijt, 1987):

I =nSD, Ve, (3.156)
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where, D,, is the coefficient of mechanical dispersion and is considered to be a function of the

average velocity (Pickens and Gillham, 1980).

(3.157)

where |v| is the absolute average velocity of advection flow, a; and ar are longitudinal and
transversal dispersivity parameters, respectively. dmn denotes the Kronecker delta. v, and v,

are the velocities of water in different spatial directions (e.g. x and y)

The chemicals are carried with the liquid flow; therefore the effects of osmosis are also
applied to the dispersion. In other word, in an ideal membrane, the osmosis effects prevent the
migration of chemicals with liquid water transfer. If the osmotic effects are also included
similar to the adaptation in equation (3.133); in the case of three dimensional transports, Dy,

yields to a square matrix (3x3):

-aTIV|+(aL—aT)% (e, ar) M (e, ar) IVI —
—(-0,)L| (2, —a )2 oz+oz—a—i o, —ay )
D,=(-a)¢| (@-a M M+ (e, T)M (o~ Iy (3.158)
(@, ar) Ivl (aL—aT)%ll aTM'"(aL_aT)‘%:"

3.6.2 Geochemical reactions

In order to calculate the geochemical reactions, i.e. the sink/source term in the mass
conservation equation, an advanced geochemical model, PHREEQC version 2, (Parkhurst and
Appelo, 1999) was linked to the chemical transport model. A sequential approach was
incorporated for coupling the transport model and the geochemical model which will be
discussed in detail in the following chapter. In this coupling approach chemical transport
equations are solved first. Then the achieved converged value for each node is transferred to
the geochemical code. The values of chemical concentration and geochemical parameters are
then updated via the geochemical modelling. The procedure is repeated for all subsequent

time-steps.
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PHREEQC version 2 is a computer program designed to perform low-temperature aqueous
geochemical calculations. The chemical reactions in and between aqueous, mineral and gas
phases can be modelled using this model. PHREEQC version 2 is capable to model both
equilibrium controlled and kinetically controlled geochemical reactions. The solid-solution

reactions, surface-complexation, and ion-exchange reactions can be modelled too.

In general, PHREEQC is based on an ion-association aqueous model and has capabilities for
speciation, saturation-index and batch-reaction. Non-equilibrium reactions can also be
modelled, including aqueous-phase mixing, user-specified changes in the elemental totals of
the system, kinetically controlled solid-liquid heterogeneous reactions, and to a limited extend
kinetically controlled aqueous homogeneous reactions. Kinetic reactions can be model with
user-defined rate expressions. Rate expressions written in the Basic language are included in

the input file, and the program uses the Basic interpreter to calculate the rate of reactions.

Modelling the reactions in equilibrium with fixed-volume or fixed-pressure gas phases has
been provided in PHREEQC; as well as modelling formation or dissolution of ideal,
multicomponent or nonideal, binary solid solutions. The generalized two-layer model of
Dzombak and Morel (1990), a model with an explicitly calculated diffuse layer (Borkovec
and Westall, 1983), and a non-electrostatic model (Davis and Kent, 1990) have been
incorporated for modelling surface-complexation reactions. Surface complexation constants
for two of the databases distributed with the program (phreeqc.dat and wateq4f.dat) are taken
from Dzombak and Morel (1990); surface complexation constants for the other database
distributed with the program (minteq.dat) are taken from MINTEQA2 (Allison et al., 1990).
Ion-exchange reactions are modelled with the Gaines-Thomas convention and equilibrium
constants derived from Appelo and Postma (1993) are included in two of the databases
distributed with the program (phreeqc.dat and wateq4f.dat).

The activity coefficient of ions can be calculated by different equations including Davies
equation and extended Debye-Hiickel equation (valid up to 0.7 mol/l). For high ionic
concentrations (up to 6 mol/l), PHREEQC version 2.12 included an implementation of the
Pitzer specific-interaction activity coefficient formulation which can be simply used though

"pitzer.dat" database.
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Any number of solution compositions, gas phases, or pure-phase, solid-solution, exchange, or
surface-complexation assemblages can be defined in PHREEQC. Batch reactions allow any
combination of solution (or mixture of solutions), gas phase, and assemblages to be brought
together, any irreversible reactions are added, and the resulting system is brought to
equilibrium. If kinetic reactions are defined, then the kinetic reactions are integrated with an

automatic time-stepping algorithm and system equilibrium is calculated after each time step.

Detailed information about the theoretical and numerical formulations of the geochemical
model can be found in Parkhust and Appelo (1999).

The geochemical features which have been so far linked and verified (presented in chapter 5)

include:

e Equilibrium reactions, tested for precipitation/dissolution of minerals
¢ Kinetically controlled, reactions tested for precipitation/dissolution of minerals
¢ lon exchange process, tested under equilibrium conditions

The surface complexation features of PHREEQC such as the calculation of the diffuse double
layer are not linked explicitly with transport module. However, this feature can be used to

calculate the distribution of chemicals in DDL space.

Mineral precipitation and dissolution during the reactive transport can‘change the water and
chemical flow properties as the variation of the mineral volume during
precipitation/dissolution can change the available porosity for the flow processes. Porosity
feed back from geochemical model has been also implemented in the computational code.
The volumes of solid minerals which can be accumulated or dissipated after
precipitation/dissolution calculation are likely to change the flow parameters. The porosity is
modified after geochemical calculation and its modified value is sent back to the hydraulic
and chemical transport modules, which modify the transport characteristics such as hydraulic

permeability or diffusion coefficient of chemicals.

Following Steefel and Lasaga, (1994) and Sonnenthal et al. (2003), the permeability variation
caused by a change in porosity can be simplified form of the Kozeny-Carmen equation;

therefore:
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3
k, = km,(l) (3.159)

n,

where, ks and np are the saturated permeability and its associate porosity.

The computational aspects of porosity feed back will be discussed more in the following

chapter.

3.6.3 Implementation of mass and charge conservation laws

The total flux of each component due to the transport mechanism including advection,
diffusion and dispersion can be replaced from equations (3.133), (3.144) and (3.156),

respectively into the mass conservation, equation (3.127), giving:

%(9,0;5V)+ %(B,S,W) =v.[1-,))v,oV]-V-(us,D,Vc,V)

(3.160)

—v -(inS,r,DSVc,é'VJ—V (nS,7,DTVTsV)
j=1
In addition to the conservation of mass, the overall charge must be conserved as stated in
equation (3.128). This includes employing no-charge and no-current conditions explicitly
along with the mass conservation equation for non-reactive transport and for all components.
In addition, the electro-neutrality must be maintained during geochemical reactions. The
geochemical reaction model, PHREEQC version 2; considers the charge conservation in the
reactions by adjusting the concentration pH in the solution. When specified, a charge-balance
equation is used in initial solution calculations to adjust the pH or the activity of a master
species (and consequently the total concentration of an element or element valence state) to

produce electro-neutrality in the solution (Parkhust and Appelo, 1999).

So far, the no-current condition has been applied explicitly to drive the electrical potential in
diffusive flux. The advective and dispersive fluxes were not considered in that equation

because all ions move with same rate or speed by advection and dispersion. Mathematically,

this is also obtained by integration over no-charge condition, i.e. z gt-(nS Fz,c}éV)=0.
Jj=I

Lasaga (1979) and Boudreau et al. (2004) have shown that if overall charge conservation

equation is employed explicitly in combination with the nc conservation equations for mass,
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an over determined system of equations is obtained. To prevent this, Lasaga, (1979) proposed
that one of the concentrations and its derivatives needs to be eliminated from all the model
equations in order to obtain both conditions explicitly. Hence, a particular dependent ion and
it’s concentration is eliminated from the model and its actual concentration is calculated by
knowing the concentration of the remained nc-I components through the charge conservation
equation (Lasaga 1981; Boudreau et al. 2004). In other words, the mass conservation is solved
for nc-1 components where the diffusive flux will no longer contain the mutual dependant
concentration effects. The concentration of the dependant component is then simply
calculated by means of the no-charge constraint. Lasaga, (1979) interpreted that one of the
concentrations and its derivatives need to be eliminated from all the model equations in order
to obtain a solution to a multicomponent ionic diffusion problem. This later procedure is not,
however, a mathematical or physical necessity. It is instead one possible route to solve the

new set of equations (Boudreau et al. 2004).

Accordingly, a particular dependent ion is eliminated from mass conservation and its actual
concentration is calculated by knowing the concentration of the remained nc-1 components
through the no-charge condition. If the first component is arbitrarily considered as dependant

ion, its concentration can be calculated according to the charge conservation equation.

zich ==Y z,c} (3.161)
J=2 '

Substituting the concentration of the first component from equation (3.161) and its derivative
into equations (3.145) and (3.149), the molecular diffusion coefficient and thermal diffusion
coefficient for all components, except the dependent component i.e., first component is

obtained as:

dlnc,
D? =/ z.D%' ol dlny ’ (3.162)
v jiid 0 nYi1_ 0 1
+— ) - ) z, D’(H—*—alnc,ﬁ D1 Halnc},
(szk -z, D, )chd
\ k=2 J
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-

, dlny,
- D,."c;S,.T[l + -—"”—} +

dlnc)
D/ =1 z.Dc! e olny. * (3.163)
¥ it Z[D;’Sf (1 " —yf} - DsT (1 " ﬂ“—’l)]z <
& - dInc) dlnc) /I’
(zlle(:) —lelo)zkcz: s a a

L k=2
Diffusion flux for component 2 to nc does no longer contain the concentration of the first
component and its derivatives. Note that this flux is applied for nc-/ component. Hence, one
can now solve a reduced set of nc-/ differential equations to obtain the nc-I principal
concentrations. The concentration of dependent component is then simply calculated by

means of charge conservation, i.e. no-charge constraint.

Bethke (1996) stated that the electroneutrality condition is almost always used to set the bulk
concentration of the species in abundant concentration for which the greatest analytic
uncertainty exists. In practice, this component is generally selected as chloride (CI) because
most commercial labs, unless instructed otherwise, report a chloride concentration calculated

by a rough charge balance rather than a value resulting from direct analysis.

3.6.4 Governing equations for chemical reactive transport

To form the governing equation for the reactive transport of chemicals, the general mass

conservation presented in equation (3.160) is expanded as follows:

Substituting OV from equation (3.10) in (3.160) yields:

0 1nS,c,(1+ &)V, |+ 2 [nS,5,(1+ &)V, ] ==V - |(1 - @, )}, v,(1 + &)V,
ot ot

—V-[nS,D, Ve (1 +e)sV, |- V- {z nS,7,DIVe,(1+ e)5Vs:‘ (3.164)

j=2
—V - [nS,z,D7VT 1+ e)oV,]
Since the volume of the soil (solid) is assumed to remain constant, the term oV, can be
eliminated from equation (3.164). Moreover, by definition, it is known that n = e/(I+e).

Making these two changes to equation (3.164) yields:
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Aesid) , HeS) g [, i - s,

(3.165)
—v. [ZnS 7,DVe, } V. [nS,7,07vT]
The first term on the left-hand side of equation (3.165) can be represented as:
oleS,cy) _ s 9, nc), 951 4 5t e (3.166)

d+e)dt ™1 ot ot TP T+ e)ar

Substituting for the second and third terms for the time derivatives in the above equation from
equations (3.60), (3.57) and (3.63) will yield:

a(eS,c;)_ oc, i 08, oy, 08, gs oT
Areon "1 "% 5 o T 5 BT o
o5 2 . (3.167)
i { a i T ____l_!_
+nc, 2 o +S,c;m’ P Y

Substitution of velocity of water with the components from equation (3.25); mass

conservation equation for i component yields:

acy Os, 0S, Ou; i 0S; s oT

e e e L o
aS, du

+ncy =L+ Sioym PO =
—{1- ’—’V

( a’z)cd 0,8 u + ( - )cd Z?’, (3.168)

RTw, Olny

+{1- —~z 11+ L Ve, \
< ( [ kd p]g ;}/I( alncdj
—(1-@,)ikVz+ Y (nS,5,D, +nS,z,D Ne, +nS;z,DIVT
\ j=l

Note that the above equation is applied for the 2™ to nc” chemical components.

Grouping the similar items, with some rearrangement, the governing equation for the reactive
transport of multicomponent chemicals in terms of primary variables will yield for the i

chemical (/=2 to nc):
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oy, aT ou, oc, Os, du
Cc,,l at Cc,,T at + Cc a at Ccdcd at +Cc,,s at Cc,,u at
y (3.169)
-v.[k vul+v-[k vT]+V. [Z Kc,,c,,Vcd} +J,
where
_ i aSl
Cop=—ncy—" (3.170)
C . =nc 95, os
cal Os oT (3.171)
_ 08
Cepa =435 (3.172)
coes =15, (.173)
Coss =15, (3.174)
_ i T
Copp = Sieqm’P (3.175)
_ i kl
chl - —(1 a)ﬂ)cd p_g (3.176)
T
(1 w kd )+ nSlTiDi (3'177)
K. =(-w,)k % 1, aln” +8,n8,D,, +nS,z, D!
€aCq 7 /7d™ plg J al Y (3.178)
J, =—(1-o,)cikVz (3.179)

If charge is conserved in the reaction sink/source terms separately, the charge conservation is

applied for the 1** chemical component from equation (3.129) which yields:
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< 6cd o 05, Ouy | & ; 08, s 8T
LS, 5T XA oy Tt 2P s T
(3.180)

+Zz cda‘z Ou, +Z ScmePaa“ 0

Similarly, incorporating the sink/source term for the first component, the governing equation

is obtained in terms of primary variables as:

ouy ar , ) o O ou
+ ou _
Ccdl ot Cch 6[ c,a 6[ Z CaCa 61 c,,s ot Cc,,u ot 0 (3181)
where;
nc ) aS
- J
Con= =22 ei s (3.182)
nc aS a
= j 99 ds
Cor _/Z;z’nc" as oT (3.183)
nc aS
C,,=) zn})—+
‘ ,Z‘ 7 s (3.184)
Ccdcd = nSIZj ' (3.185)
Con =% (3.186)
C U = szS,cémTP (3.187)

=1
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3.7 Deformation behaviour

This section presents the theoretical background of deformation behaviour in the model. Since
the deformation behaviour is not under detailed investigation in this thesis, only the general
framework of mechanical/deformation model is provided for the sake of completeness. The
majority of the formulation for deformation behaviour has been previously presented by
Thomas and He, 1998; Cleall, 1998; Mitchell, 2002; Melhuish, 2004 and Vardon, 2009, based
on a elasto-plastic constitutive model, i.e., BBM developed by Alonso et al. (1990).

In this model, deformation is assumed to occur due to stress, suction and temperature. Any
deformation due osmosis effects is not dealt with in this work. It has been stated that the stress
state of soil in relation to volume change behaviour can be described by two independent
stress-state parameters (Fredlund and Rahardjo, 1993). The BBM uses this assumption and
uses two independent stress-state variables, net stress and suction. Alonso et al. (1990)
proposed an elasto-plastic work hardening constitutive model using net mean stress and

suction as the relevant stress variables. The net mean stress was defined as:

14
o =0—u, (3.188)
where ¢” represents the net stress and o is the total stress. In this work a tension positive sign
convention is adopted for stress, but the pore pressures, u;, and u, are defined as positive in

compression.

For an element of soil with unit length and a cross sectional area of dxdydz under a system of
three-dimensional stresses and body forces, the stress equilibrium equation in an incremental

form can be represented as:

Pdo" +Pmdu, +db =0 (3.189)

where b is the vector of body forces and P represents the strain matrix given as:

d 0 9

o 0 0 oz 0 dy
p=0 2 o 2 % 0 (3.190)

0 9 0

0 0 dy 0 % &

For a three dimensional analysis, the vector m’ is defined as:
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m’ =]l 110 0 0] (3.191)
To form a constitutive elasto-plastic model a series of relationships are required. These are
defined below (Britto and Gunn, 1987; Owen and Hinton, 1980):
e constitutive elastic relationship
e yield function, defining the yield surface in stress space
e flow rule, defining the direction and magnitude of strains produced during yielding
e hardening law, defining the relationship between plastic strain and material hardening

These requirements are discussed briefly as follows.

3.7.1 Constitutive elastic relationship

For a soil exhibiting elasto-plastic behaviour, during any increment of stress, the change of
strain dg is assumed to be divided into elastic and plastic components (Owen and Hinton,

1980). The incremental strain can be expressed as:

de =de€ +de? (3.192)
where d¢ is the incremental elastic component of strain, and d¢” is the incremental plastic

component of strain.

Thomas and He (1995), based on the proposed approach by Wang (1953), stated that the

incremental elastic strain may be written as:

de® =de;, +de; +der (3.193)

where ¢ is the strain vector, and the subscripts p, s, and 7, represent the components due to

change in stress, suction, and temperature respectively.

Based on generalised Hooke’s law, the constitutive elastic relationship, i.e. stress-strain

relationship can be described as follows:

do" =Dds, = D(da ~del —de; — de”) (3.194)

where D represents the elasticity matrix.
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It is assumed that the elastic deformation of partially saturated soil is due to changes in the net
stress and the suction under isothermal conditions, (Alonso et al., 1990). Suction changes are
also assumed that only produce volumetric strain. The elastic volumetric strain components

due to suction and temperature changes can be presented as (Thomas and He, 1995):

e xS dS
dap == Asds (3.195)
v (S+patms)
a Os Os
det =| —LdT + A —dT |=| 4 A — dT
&r (Vo + * 3T J ( rt+ ’6T) (3.196)

Where v is the specific volume, x; represents the slope of the specific volume-suction (v-s)
curve, in the elastic region, and pams, is the atmospheric pressure added to avoid infinite
values of strain as suction approaches zero. ar stands for the coefficient of thermal expansion,
and vy is the initial specific volume. The relationships were presented in simplified forms

using parameters 4; and Ar.

3.7.2 Yield function

The yield criteria function determines where stress starts to yield. Alonso et al. (1990)
proposed the use of two yield functions, the loading-collapse (LC) curve and the suction-
increase (SI) curve. The LC curve indicates that yielding occurs when pre-consolidation
stress reaches a critical stress value, po. The SI curve indicates that yield occurs when suction

reaches a critical value, s, .These two yield functions can be mathematically represented as:

E(p’q,s,p;)—_-qz—-Mz(p-}-ps)(po_p):() (3.197)
Fy(5,5))=5-5,=0 (3.198)

where g is the deviatoric stress, M is the slope of the critical state line, py is the pre-
consolidation stress, p; is related to the suction effect on the cohesion of the soil and sy is the

previously attained maximum value of suction.

Alonso et al. (1990) proposed the following equation, which defines the set of yield py values

for the associated suction values:
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/l(())—x)

(&J _ (p_éJ(*"* - (3.199)
p.) \p.

where pa is the pre-consolidation stress of saturated soil, p. is the reference stress, A(s) is the

stiffness parameter for changes in net mean stress for virgin states of the soil and A(0) is the

stiffness parameter for changes in net mean stress for virgin states of saturated soil.

Alonso et al. (1990) proposed an asymptotic expression for the prediction of the virgin soil

stiffness parameter, A(s), as:

AMs) = A(0)(1 = r)exp(- Bs) + 7] (3.200)
where S is a parameter controlling the rate of increase of soil stiffness with suction, and the

parameter r controls the maximum stiffness of the soil.

3.7.3 Flow rule

As yield occurs, the plastic strain increment is related to the stress gradient by definition of a
flow rule. This theoretical assumption is termed the flow rule as it governs the plastic flow
after yielding. Therefore, flow rules are required to define the magnitude of plastic strains
produced when the material is yielding. Alonso et al. (1990) proposed two types of flow
rules. An associated plastic flow rule for the SI surfaces and a non-associated flow rule for

the LC yield surface.

Thomas and He (1998) proposed the use of these functions as plastic potentials. The plastic

potential for LC yield surface O, as defined by non-associated flow rule is:

0, =a,q4°-M*(p+p,Xp, - P) (3.201)

The plastic potential for SI yield surface Q>, as defined by associated flow rule is:

Q, =s5-15, (3.202)

Assuming that the elastic strain increment is zero, ag; was defined by Alonso et al. (1990) as:
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 MM-M-3)(, x
R (1 - (o)) (3.203)

It is assumed that the strain increment is proportional to the stress gradient of the plastic

potentials which yields:

de’ =

o, 40,
e (3.204)

where y1 and y, are plastic multipliers which are determined through plastic consistency

conditions (Alonso et al., 1990).

Accordingly, the plastic strain increments associated with yield surface F is,

dQ
de? =, ——dp’ =xM*Q2p+p, - p,) (3.205)
d
def = x ——5}‘ = X12049 (3.206)

Where a4 is a constant derived from Ky, the ‘at rest’ stress state, where there is no lateral

deformation as defined by (Alonso et al., 1990).

The plastic strain increment associated with yield surface F, can be given as:

a9 _
ds

From the above discussions, the total plastic strain increment is considered as a sum of plastic

deg = x2 X2 (3.207)

strain increments due to stress changes and suction changes.

3.7.4 Hardening law

After yielding, the stress level at which further plastic deformation occurs is dependent on the
current degree of plastic straining. Josa et al. (1987) found there was a coupling between the

hardening of the two yield surfaces. The yield surfaces are controlled by the hardening

parameters pa and s, and they depend on the plastic volumetric strain incrementdef as:

del = de} +del, (3.208)
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The two hardening laws for the yield surfaces F; and F; are, respectively (Alonso et al.,

1990):

dp, v

= de? (3.209
py AH0)—x )
Bo__ v

= dey (3.210)

sO )'s —Ks

where /; is the stiffness parameter for changes in suction for suction virgin soil states.

3.7.5 Governing equation for deformation

As shown in section 3.7.1, the elastic stress-strain relationship can be related by the use of
elastic incremental constitutive matrix D. This elastic stiffness matrix is used to predict the
change in stress produced as a result of changes in volumetric strain. However, if this stiffness
matrix was adopted whilst plastic deformation was occurring it would over-predict the change
in stress. Therefore the stiffness matrix D must be modified taking account of the plastic
strain produced due to an application of load. The complete elasto-plastic incremental stress-

strain relation may now be formulated, after Owen and Hinton (1980):

do"=D,de, ' (3.211H)
Mitchell (2002) defined the matrix D, as:

D, =D- 2.09
ep T (3.212)
A, + (6—Q‘”) D—EW—‘,,
oo oo
where A, is the plastic modulus defined as:
A(0)—«x v 2
A =M (p+ M*Q2p+p, - .
,=M(p ps)/l(s)_xpo /1(0)_,([ 2p+p,-py) (3213)
The stress-strain relationship expressed in equation (3.211) may now be given as:
do’ =D, (ds—de; —de; —de]) (3.214)

Substitution of equations (3.195) and (3.196) into equation (3.214) gives:
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ds,
dT - de? 3215
T ) £;) ( )

The stress equilibrium equation (3.189) can be rewritten with substitution from equation
(3.215) as:

do" =D, (de - Ads — (A, + A,

P[DEP(PTdu + A.du, —(A, + A, 3—;)dT —Adu, —de? )] +Pmdu, +db=0 (3.216)

The governing differential equation for this approach can then be written as:

Cydu +C,dl +C,du, +C,da—-PD def +db=0 (3.217)
where;
Cu =PD, 4, (3.218)
- —4 4 9
Cor = PDep( A — 4, dT) (3.219)
C,, =-PD_, A, +mP (3.220)
C,. =-PD_P’ (3.221)
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3.8 Summary

This chapter presented the theoretical formulation for the thermo/hydro/chemical/mechanical
behaviour. The governing equations for moisture, air and heat transfer have been modified to
incorporate osmotic effects. Seetharam (2003) presented the effects of osmosis only on liquid
water transport and implicitly in the formulation while in the presented work; the osmotic
potential is calculated explicitly both in liquid water and vapour flow eqaution. Neglecting
included osmotic effect, the governing equations for the moisture and dry air transport are
identical to those proposed earlier (Ramesh, 1996; Thomas and He, 1998; Cleall, 1998;
Mitchell, 2002; Seetharam, 2003; Vardon, 2009). In terms of heat transport, osmosis effects
were included for the sake of completeness as it affects the formulation of fluid flux. In the
case of compacted swelling clay, further modifications to the flow properties and constitutive
equation will be provided in chapter 7 where in particular, a model for approximation of the

interlayer hydrate water is provided and the effects on flow behaviour will be expanded more.

The main contribution of this chapter is in the development of the reactive transport of
multicomponent chemicals. Charge conservation law was explicitly included in the derivation
of formulation. The diffusive flux was modified in order to include the effect of
electrochemical diffusion potential, developing due to migration of chemical with different
rate of diffusion as it is expected in compacted clays. The formulation of multicomponent
chemical diffusion proposed by Seetharam (2003) is based on Fick’s law of diffusion in
which the overall neutrality condition is not satisfied when ions migrate with different
diffusion coefficients. In the formulation of the general diffusive flux presented in this
chapter, the derivation forces for diffusion are derived from combined electrical and chemical

potential rather than from the chemical concentration potential.

In addition, the effects of thermal diffusion, i.e. Soret effect, was considered in an explicit
form which is combined with diffusion due to the electrochemical potential. A theoretical
approach for the Soret coefficient was adopted that can be applied in the absence of sufficient
experimental data. The individual requirements of overall charge conservation were included
in the formulation. Provided in this chapter, a general formulation for multi-chemical reactive
transport was presented where the advective flux, molecular and thermal diffusive flux and
dispersive flux have been considered as the main hydro/chemical potentials. The effects of

interlayer hydrate water and osmosis on tracer diffusion coefficient of ions in compacted
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clays were considered in a general turtuosity factor which can be different for different ions.

The later will be discussed more in chapter 6 for the case of compacted smectite clays.

Another highlight of the chemical governing equation is the coupling an advanced
geochemical model, PHREEQC version 2, in order to calculate the sink/source reaction term,
which represents the chemical reactions. PHREEQC version 2 has advantages over the
geochemical model, MINTEQAZ2 utilised by Seetharam (2003). The capability of modelling
kinetically controlled reactions, the implemented Pitzer’s equation for calculating activity
coefficient of ions in high ionic concentration solutions, and the availability of various
databases in the package are among the highlights of this model in the framework of the
modelling geochemical processes in compacted clays. The theoretical basis for the
geochemical reactions has not been covered in this chapter as the proposed model utilises an
existing geochemical model, PHREEQC version 2, for this purpose. Details information about
the theoretical and numerical formulation of PHREEQC version 2 has been provided by
Parkhust and Appelo (1999).

The effects of mineral precipitation/dissolution on flow parameter were implemented as a
porosity modification feed-back from the geochemical model. In other words, flow
parameters such as hydraulic conductivity, is modified due to variation in porosity with

mineral precipitation or dissolution.

Finally, the theoretical formulation for deformation proposed by Thomas and He (1998) based

on Alonso’s model has been briefly covered.
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