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Reactive transport of chemicals in compacted bentonite
under non-isothermal water infiltration

Majid Sedighi®”, Hywel R. Thomas?, Philip J. Vardon >

Abstract

This paper present an investigation of coupled thermal, hydraulic and chemical behaviour of
compacted bentonite buffer under heating and hydration conditions of the geological disposal of high
level nuclear waste. The study presented provides further insight into the evolution of hydro-
geochemistry of the compacted bentonite and the clay microstructure effects through a numerical
modelling development of the reactive transport of multicomponent chemicals. The
application/validation case study is based on a series of laboratory tests on heating and hydration of
compacted bentonite for a period of 0.5 to 7.6 years reported in the literature. The effects of
microstructure evolution during hydration and dehydration on the transport phenomena are included
via a new approach that links the geochemistry of clay hydration/dehydration with the transport
properties. The analysis results related to the moisture flow and chloride transport demonstrate close
correlation with the experimental results by the inclusion of the effects of microstructure evolution in
the transport phenomena. The results of numerical analysis of reactive transport of chemicals
highlight the importance of accessory minerals present in bentonite on the distribution of some
anionic species. The behaviour of major cationic species is shown to be mainly governed by the
transport processes. Further insights into the processes associated with the elevated temperature
effects of clay buffer are presented and discussed that are captured from the modelling results of clay-

water-chemical system under coupled thermal and hydraulic conditions.
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1. Introduction

The application of swelling clays in a compacted form is envisaged as a key component of the
Engineered Barrier System (EBS) in geological concepts for the disposal of high level radioactive
waste (HLW). It has been shown that the engineering behaviour of compacted swelling clays is
strongly coupled with the hydro-geochemical processes that can occur in the clay-water-chemical
system (e.g. Push and Yong, 2006; Steefel et al., 2010). Under variable thermal, hydraulic and
chemical environment of the geological repository, geochemical interactions between the ionic
species, clay and accessory minerals can induce considerable changes on the physical, chemical and
mechanical behaviour of the clay buffer. An in-depth understanding of the multiphase,
multicomponent and interacting hydro-geochemical system of the clay-water and its evolution under
chemically-coupled processes is therefore important for the performance assessment of the compacted
clay buffer. The study presented here aims to provide further insight into the evolution of hydro-
geochemistry of compacted bentonite through coupled modelling of thermal, hydraulic and chemical

processes.

An evolutionary phase in the operational life of the clay buffer under the conditions of the HLW
repository starts after the emplacement of the buffer in the depositional holes where the partially
saturated compacted bentonite can be exposed to an elevated temperature at the boundary adjacent to
the HLW canister (heating) and re-saturation at the interface with the host rock (hydration).
Considerable attempts have been made over the last three decades or so to study the physical,
chemical/geochemical and mechanical behaviour of compacted bentonite buffer under heating and
hydration effects through experimental studies at different scales (e.g. Martin et al., 2000; ENRESA,
2000; Cuevas et al., 2002; Villar et al., 2008a) and numerical modelling investigations that have been
tested against the results of laboratory, mock-up and in-situ heating and hydration tests (e.g.
Guimarées et al., 2007; Cleall et al., 2007; Samper et al., 2008; Zheng and Samper, 2008; Villar et al.
2008b; Steefel et al. 2010). There are also numerical modelling studies on the long-term behaviour of
compacted bentonite as part of the engineered barrier systems (e.g. Arcos et al., 2008; Yang et al.,

2008).
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The coupled modelling study presented in this paper is based on a notable series of laboratory-scale
heating and hydration tests on compacted FEBEX bentonite reported in the literature (Villar et al.,
2007; Villar et al., 2008a; Villar et al., 2008b; Fernandez and Villar, 2010). The series of heating and
hydration experiments described above have been carried out on cylindrical samples of FEBEX
bentonite, compacted at dry density around 1650 kg/m® and tested for periods 0.5, 1, 2, and 7.6 years.
Figure 1 presents a schematic of the heating and hydration experiments whose results have been used.
The results of geochemical post-mortem hydro-geochemical analysis of the heating and hydration
tests have been reported by Villar et al. (2008b) and Fernandez and Villar (2010) that provide
extensive data and important insight into the evolution of hydro-geochemistry of the compacted
bentonite at the end of experiments. However, data presented and knowledge gained is mainly based
on the analysis after completion of the tests (i.e. 0.5, 1, 2, and 7.6 years) in which the conditions of the
tests were different from the thermal and hydraulic conditions inside the sample (in-situ conditions)
during the heating and hydrations. Specifically, the concentration of ionic species have been measured
in the laboratory at a solid to liquid ratio of 1:4 and at 20 'C that are different from the in situ

conditions at the end of the tests associated with each slice of the sample.

The numerical modelling and investigation presented aims to i) provide a more comprehensive
understanding of the transient hydro-geochemical processes during the heating and hydration tests on
compacted bentonite (hereafter: transient analysis), ii) obtain a better understanding of temporal
evolution of the soil-water-chemical system that is not directly possible to obtain from the
experimental results and iii) examine the validity of the numerical model developed and applied
against an experimental dataset at the end of the transient analyses considering similar temperature
and water content conditions applied in the post-mortem experiments (hereafter: post-mortem

analysis).

An important aspect in the prediction of behaviour of compacted clay buffer is related to the effects of
microstructure of bentonite on the flow of water and transport of chemicals (Yong, 2003).
Comparisons between the results of modelling investigations and experimental data have highlighted

the importance of microstructure processes in moisture flow in compacted bentonite (e.g. Thomas et
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al., 2003; Sanchez et al., 2012; Thomas and Sedighi, 2012). Theoretical approaches have been
proposed to describe the effects of microstructure deformation (expansion/shrinkage) on hydraulic or
hydro-mechanical behaviour of compacted bentonite (e.g. Thomas et al., 2003; Kréhn, 2003; Xie et
al., 2004; Sanchez et al., 2012; Navarro et al., 2014). The effects of clay-water-chemical interactions
are also manifested in the transport of chemicals as experimental studies show that the effective
diffusion coefficients of ionic species vary considerably with the type of chemical species in the
compacted bentonite (e.g. Kozaki et al., 2001; Muurinen et al., 2007; Van Loon et al., 2007; Wersin et
al., 2004). In this study we consider the effects of microstructure of compacted bentonite and its
evolution on moisture flow and chemical transport. We adopt a new approach proposed by Sedighi
and Thomas (2014) by which the hydration and dehydration of microstructure of compacted bentonite
and its associated porosity are calculated directly from thermodynamics of hydration/dehydration of

smectite.

A summary of the governing formulations and the numerical model is first presented. The procedure
of analysis, material properties, initial conditions and boundary conditions applied in the simulations
are discussed in detail. The results of simulations are presented that include two stages of analysis: i)
the transient analysis of evolution of thermal, hydraulic and chemical/geochemical variables in the
domain under the same conditions that have been applied in the heating and hydration tests by Villar
et al. (2008b) and ii) the post-mortem geochemical analysis of the results from stage i) that are based
on the same thermal and hydraulic conditions applied in the geochemical post-mortem analysis as
reported by Fernandez and Villar (2010). The results are compared with those reported from the
experimental tests, enabling to identify key hydro-geochemical processes involved during the test and

examine the accuracy of the model under the conditions of the application case.

2. Coupled thermal, hydraulic and chemical formulations and numerical model

The numerical investigation presented was carried out by extending the capabilities and theoretical
aspects of a coupled thermal, hydraulic, chemical and mechanical model (THCM) (COMPASS) (e.g.
Thomas and He, 1997; Seetharam et al. 2007; Vardon et al., 2011; Sedighi et al., 2016) through i)

development of a theoretical formulation for multicomponent chemical transport under coupled

4
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thermo-hydraulic conditions (Sedighi et al, 2011; Thomas et al., 2012), ii) inclusion of microstructure
effects in transport phenomena by developing a chemistry-based micro porosity evolution model
(Sedighi and Thomas, 2014) and iii) integration of the geochemical model PHREEQC into the
transport model to form an integrated reactive transport model under coupled THCM formulation (i.e.

COMPASS-PHREEQC) (Sedighi et al., 2015; Sedighi et al. 2016).

The processes considered in the governing equations of the model are: i) heat transfer via conduction,
convection and latent heat of vaporisation, ii) moisture (water and vapour) flow due to thermal and
hydraulic driving potentials, iii) transport of multicomponent chemicals via advection, dispersion and
diffusion mechanisms and iv) heterogeneous and homogenous geochemical reactions that can occur in

the soil, water and air system.

2.1. Heat transfer and moisture flow
The governing equation for heat transfer considers the energy conservation given as (Thomas and He,

1997):

O|H(T—T,)éV +Lp0
i ;t o] _ —8VV - [-2,9T + L(pv, + p,v.) + A(T = T,)] @

where, H,. is the heat storage capacity. T and T, represent temperature and the reference temperature,
respectively. t is time and S8V represents the incremental volume, L represents the latent heat of
vaporisation. 8, is the volumetric air (gas) content. p; and p, are the water and vapour density,
respectively. v, and v, represents the vapour velocity and air velocity, respectively. A is the thermal
conductivity and A stands for the sum of the heat convection components. Further details related to

heat transfer parameters can be found in Thomas and He (1997).

The governing equation for moisture flow is based on mass conservation law. The flow of water
(liquid) in unsaturated porous medium is explained using Darcy’s law and the vapour flow is
considered to be driven by diffusion and advection processes (Thomas and He, 1997):

a(p1916V) + a(pv8a5v)

o or = OVV(ovi+ vy + pyva) )
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where, 6, is the total volumetric liquid content. v, represents the water velocity.

By considering capillary and gravitational potentials, the liquid flux, in an expanded form can be
written as (Thomas and He, 1997):

vy =k (E + Vz) 3
PLg

where, k; is the unsaturated hydraulic conductivity of soil. u; is the pore water pressure. g is the

gravitational constant and z stands for the elevation.
The diffusive component of the vapour flow is considered based on the formulation proposed by

Philip and de Vries (1957):

v, = [Datmsvav(l - 91) oh [Datmsvv (VT)a ( apO ah)] VT (4)

—vu, - 0 —
o) Pogs| Vi o vr \"ar tPogr

where D, 1S the molecular diffusivity of vapour through air, t,, is the tortuosity factor, v, is a mass

flow factor. p, is the density of saturated water vapour, h is relative humidity and s represents total
suction. [(VV%] denotes the microscopic pore temperature gradient factor and f is a flow area factor .

The flow factor reduces the vapour flow since the available flow area decreased at highe moisture

contents.
Further details related to moisture transfer equations can be found in Sedighi (2011) and Sedighi et al.

(2016).

2.2. Reactive transport of multicomponent chemicals

The formulations of reactive transport of chemicals are based on mass conservation. The geochemical
reactions causing gain or loss of each chemical component are considered via a sink/source term in
the transport formulation. The transport formulation considers the transfer mechanisms of advection,

diffusion and dispersion of multiple chemicals in the liquid phase.

It has been shown that anionic and cationic species diffuse at different rates in multi-ionic aqueous
system of compacted smectite. Therefore, the diffusion rate of each ion may deviate from that
calculated by the Fick’s diffusion law (Lasaga, 1979). It is therefore required that the condition of

electro-neutrality of the aqueous system should be implemented in the transport formulation of
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multiple ions. Sedighi et al. (2011) and Thomas et al. (2012) have presented a general formulation for
chemical transport in multi-ionic systems. The formulation considers diffusion under combined
molecular diffusion and thermal diffusion and satisfies the electro-neutrality condition of the pore
fluid system (a summary of the formulation is presented in Appendix A). It is noted that the
formulation only considers flow in the bulk fluid, i.e. the transport of chemicals does not include

diffusion via surface diffusion or interlayer diffusion processes.

The mass conservation alongside electro-neutrality condition has been adopted to develop the

governing equation for the transport:

N¢
d(0;c;6V) 09(6;s;6V
( latl ) o latl ) _svy. v —Zelripijwj — 0,5, DT VT — D,,,V¢; (5)
j=1

where, c; is the concentration of the i"™ chemical component, s; a geochemical sink/source term which
stands for the amount of the i" chemical component that is produced or depleted due to geochemical

reactions. D;; is the effective molecular diffusion coefficient of the i chemical due to the chemical

gradient of the j™ chemical component, D] represents the thermal diffusion coefficient of the "

chemical. D,,, is the matrix of the effective dispersion coefficients. 7; is the tortuosity factor of the i"

chemical component.

The molecular diffusion and thermal diffusion coefficients can be presented as (Thomas et al., 2012):

diny; z;D2c; diny;
D--:—5--D-°<1+ ‘)+ L D01+ 6
ij k! dinc; Zczlzl%D’gckzl J dlng; ©)
*0 0 e *0
; z:D¥ c: Q
DI = -D0c;—= + b ZZ-C'DQ; 7
{S e g dinge 24719 R ¥

where, §;; is the Kronecker’s delta. D is the self-diffusion coefficient of the i™ chemical component
in free water. z; stands for the ionic valence of the i chemical component and Q}O is the heat of

transport of the j™ chemical component.
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The components of geochemical sink/source term presented in the governing equation of chemicals
are calculated using a geochemical model which was linked to the model. This was achieved by
coupling the geochemical model PHREEQC version 2 (Parkhurst and Appelo 1999) with the transport
model (Sedighi et al., 2016). In relation to the application considered in this work, the geochemical
modelling features that were coupled to the transport model and tested include i) equilibrium
reactions, applied to precipitation/dissolution of minerals, ii) kinetically controlled reactions, applied
to precipitation/dissolution of minerals and iii) lon exchange processes, considered under equilibrium

conditions.

2.3. Numerical model

The numerical solution to the formulations of the heat transfer, moisture flow and chemical transport
has been achieved by the application of the finite element method and the finite difference method
(Thomas and He, 1997; Seetharam et al., 2007). The Galerkin weighted residual method has been

adopted by which the spatial discretisation is developed.

The solution adopted for the reactive transport formulation of chemicals is based on an operator
splitting approach in which the governing equations for the transport (and mechanical) formulation
and the geochemical reactions are solved sequentially (Steefel and MacQuarrie, 1996). The operator
splitting approach has been extensively adopted in the development of reactive transport models in
various forms including sequential iterative approach (SIA), sequentially non-iterative approach
(SNIA) and sequentially partly-iterative approach (SPIA). Examples of established reactive transport
codes are HYDROGEOCHEM (Yeh and Tripathy, 1991), CrunchFlow (Steefel and Molins, 2016);
PHREEQC (Parkhurst and Appelo, 1999), THOUGHREACT (Xu et al., 2004), HPx (Jacques and
Simtnek, 2005), CORE 2D (Samper et al., 2009) that adopt operating splitting approaches and are

widely applied in various fields.

In order to couple the chemical transport model and the geochemical reaction model (calculated by
PHREEQC version 2), a sequential non-iterative approach (SNIA) was adopted. In summary, the

chemical transport equations are separately solved at each time step and the concentrations of
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chemicals calculated are then used for the geochemical modelling using PHREEQC. The values of
dissolved chemical concentrations corrected after the geochemical modelling are returned into the
transport module for the next step of analysis. The coupled reactive transport model presented here
has carefully been tested and verified against several benchmarks that are presented in details
elsewhere (Sedighi et al., 2016). Appendix B provides a description of the numerical and

computational aspects of the model.

3. Case study and simulation details

The case study presented here is based on a series of heating and hydration experiments on FEBEX
bentonite, compacted at dry density around 1650 kg/m?® reported by Villar et al. (2008a,b) that have
been carried out for a period of 0.5 to 7.6 years. As shown in Figure 2, the experimental tests included
the hydration of compacted clays samples by an aqueous solution from the top of the sample at 1.2
MPa (infiltration pressure) and at ambient temperature (20-30 °C) while an elevated temperature has
been applied at the bottom of the cell (100 °C). The size of the cylindrical samples was 600 mm

(height) and 70 mm (diameter).

An axi-symmetric analysis has been carried out on a discretised domain to 500 unequally sized
elements (4-noded axi-symmetric elements). In order to prevent numerical instability and improve the
convergence, the first 200 mm in the heating side (bottom) and the hydration side (top) of the sample
were discretised into smaller elements (equally sized 1 mm elements). Equally sized 2 mm elements
were used in the 200 mm distance in the middle of domain. The maximum time-step allowed in the
numerical analysis was 500,000 seconds. The time steps were allowed to the maximum allowed value
by a rate of 1.05. If the convergence criteria are satisfied within a specified numbers of iterations, the
time-step was allowed to increase otherwise, the time-step was reduced to a lower value to achieve

convergence.

Geochemical analysis of the pore fluid composition at the initial water content (14% gravimetric) and
temperature at 25 °C was carried out using PHREEQC by considering the equilibration of the whole

clay-water system with pure water at pH 7.72 and atmospheric CO, partial pressure (PCO, =~107°°).
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The quantities of the soluble minerals and exchangeable cation contents of the bentonite were adopted
from the average values for the FEBEX bentonite provided by Fernandez et al. (2001). Following
Fernandez et al. (2001), dissolution-precipitation of minerals including calcite, halite and gypsum and
ion exchange reactions was considered in the modelling. The coefficients for exchange reactions
reported in ENRESA (2000) were employed. For mineral reactions the database of PHREQQC
(phreegc.dat) was wused. A summary of the thermodynamics parameters of mineral
dissolution/precipitation and ion exchange reactions is provided in Table 1. The results of
geochemical modelling of the pore water composition are presented in Table 2. The chemical

composition of the aqueous solution injected to the system is also presented in Table 2.

A coupled thermal, hydraulic and chemical analysis was carried out to obtain the transient evolution
of key variables in the domain that include temperature, pore water pressure, ionic species in the pore
fluid and a set of geochemical variables in the domain including minerals, exchangeable ions and pH.
(Referred as the transient analysis). Figure 3 shows the thermal, hydraulic and chemical initial and
boundary conditions applied that were adopted based on the conditions of the experiments. Constant
temperature and water pressure at the top of the domain equal to 298 K and 1.2 MPa, respectively,
was considered. A fixed temperature equal to 373 K and impermeable boundary condition to water
flow was applied at the bottom of the domain. The boundary conditions for the chemical components
at the top of the domain were considered to be fixed concentration whilst at the bottom of the domain,
an impermeable boundary was considered. At the radial boundary, a heat flux was applied,
representing the potential heat loss from the cell. The heat loss can theoretically be calculated that is
equal to 2.3 W/m?/K. This value is obtained by considering a 15 mm PTFE casing having thermal
conductivity of 0.25 and 15 mm foam insulation with thermal conductivity of 0.4 W/m/K (Villar et al.
2008b). A lower value of heat flux, i.e. 1.78 W/m?/K, was used in the simulation compared with the
calculated theoretically due to potential layer of air trapped in the radial boundary of the sample that
may have provided an extra isolation layer. The radial boundary is considered to be impermeable to
fluid. Precipitation/dissolution of calcite has been considered as a kinetically controlled reaction in the

transient analysis whilst mineral reactions have been considered as equilibrium reaction for other

10
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minerals involved. The kinetic rate of calcite reaction was adopted from the equation and parameters

presented in the phreeqc.dat data base of PHREEQC.

The water content and temperature applied during the experimental post-mortem geochemical
analysis were 400% gravimetric water content (i.e. the ratio of liquid/solid was 4:1) and 25 C,
respectively (Fernandez and Villar, 2010). These values can be different from the water content and
temperature at the corresponding locations in the sample after the completion of experimental tests or
transient analysis (0.5, 1.0, 2.0 and 7.6 years). Changes in the water content and temperature during
post mortem tests will affect the geochemical equilibrium of the soil-chemical-water system; hence
the composition of ions resulting from the transient analysis at the end of the tests should be re-
analysed to replicate the experimental conditions (water content and temperature) in which the post
mortem experiments were carried out. This step of analysis (post mortem analysis) will enable the
comparison of transient analysis with post mortem experiments, i.e. provide a validation. The results
of numerical simulations including temperature, water content and geochemical variables obtained
from transient analysis at 0.5, 1.0, 2.0 and 7.6 years were used as initial inputs for calculating the pore
water composition of the samples using PHREEQC under the water content and temperature of post

mortem experimental conditions of the experiments (i.e. 25°C and 400% gravimetric water content).

In summary, the experimental data used to develop the simulations and comparison with the results of
analysis include i) transient temperature profile and ii) water contents profile and pore fluid chemistry

based on the geochemical post-mortem analysis at the end of the tests reported.

4. Material properties

4.1. Thermal and hydraulic behaviour

The material constants including density of water, density of solid, specific heat capacity of solid,
liquid and vapour, latent heat of vaporisation, Henry’s constant and specific gas constant for gas
vapour were obtained from the literature (Mayhew and Rogers, 1976 and ENRESA, 2000). The value
reported by ENRESA (2000) was used for the reference thermal conductivity of compacted FEBEX

bentonite. The moisture retention relationship used is based on the van Genuchten’s equation (van

11
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Genuchten, 1980) and the parameters provided in ENRESA (2000) for compacted FEBEX bentonite.
Table 3 presents a summary of key thermal and hydraulic properties adopted for the simulations.
Using the moisture retention relationship provided, the initial degree of saturation (58.6%)

corresponds to a suction value equal to approximately 90.0 MPa.

As discussed in the introduction section, studies of the hydraulic behaviour of compacted bentonite
have indicated that the expansion/shrinkage of the clay microstructure during hydration/dehydration
show profound effects and control on the moisture flow in compacted bentonite (e.g. Thomas et al.,
2003; Sanchez et al., 2012). As shown in Figure 3, the porosity system of compacted bentonite can be
conceptualised at least by two scales of porosity (Sedighi and Thomas, 2014): i) “micro porosity” that
comprises the pore spaces between the unit layers of smectite or lamellas, (also called interlayer
porosity) and ii) “macro porosity” that includes pores between the particles (inter-particle pores) and
between the aggregates of particles (inter-aggregate pores). “Micro porosity” is always fully saturated
and hydration and dehydration processes, therefore, changes the interlayer distance between the clay
platelets by adding/removing water molecules. The interlayer hydration and dehydration of smectite
involves adsorption or desorption of one to three discrete layers of water molecules between the clay
platelets (Push and Yong, 2006). The crystalline structure of the mineral remains unchanged during
the hydration/dehydration process (Ransom and Helgeson, 1994). The water molecules within the
interlayer space of smectite (micropores), combined with a small portion of water attached to the
particle external surfaces, constitutes a proportion of water that is considered to be immobile
compared with that located in macropores (Pusch et al., 1990; Hueckel, 1992). The pathways for
water flow and transport of ionic-species in compacted bentonite are practically reduced to the
spaces/pores between the particle and aggregates. The macro porosity is (in contrast to the micro
porosity) a two-phase system that can contain both liquid and vapour. Water molecules can be

exchanged between these two scales of porosity.

Thomas et al. (2003), Sedighi (2011) and Thomas and Sedighi (2012) have introduced a form of
modified hydraulic conductivity that includes the effects of microstructure swelling on hydraulic

conductivity. The concept is based on the assumption that the porosity available to water flow is

12
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limited to the macro pore spaces between the clay particles and the water that exists in the interlayer
porosity is practically immobile. A general form of the modified relationship for the hydraulic

conductivity of compacted bentonite is given as follows (Sedighi, 2011):

0i
t = (1= 5) ksarS? ®)

where, kg, is the saturated hydraulic conductivity (ks,: = 3.5 X 10~** m/s for compacted FEBEX
bentonite) and £ is a constant which has been given as 3 for the studied clay (Villar et al., 2008a). 6;;

is the volumetric water content of microstructure (interlayer volumetric water content).

The formulation of moisture flow (mass balance) has been applied to the total water content (sum of
the moisture content in micro pore and macro pore). We do not consider a separate mass balance
equation for the micro pore water evolution as i) we consider water in the interlayer to be immobile
and ii) we consider the system under equilibrium (i.e. mass exchange between the micro and macro is
instantaneous). The effect of micro porosity evolution is manifested in the water flux by the hydraulic
conductivity relationship that includes implicitly the effects of microstructure. It is noted that a double
porosity approach with an exchange term that considers a kinetically controlled exchange of water
between micro and macro pores would provide a more comprehensive approach. However, this was

beyond the scope of current study.

Comparisons between the experimental results and simulations that consider the modified hydraulic
conductivity in hydraulic flow formulations show a closer correlation with the behaviour observed in
experimental studies of both isothermal and non-isothermal water infiltration (Sedighi, 2011; Thomas
and Sedighi, 2012). Section 4.2 describes the approach developed to calculate the interlayer water

content.

4.2. Microstructure evolution during hydration and dehydration

Compaction of bentonite primarily reduces the macro porosity (Likos and Lu, 2006). Therefore by

increasing the dry density of compacted bentonite, it is expected that the contribution of interlayer
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porosity to the overall porosity increases. During hydration of smectite, a number of discrete layers of
water are entered into the variable pore space between the individual unit layers of smectite (interlayer
porosity). A maximum number of 3 to 4 layers of water molecules can be adsorbed in the smecite
interlayer that correspond to the basal spacing of approximately 1.70 to 2.0 nm, respectively (Laird,
2006). Models for prediction of the interlayer/micro porosity variation in compacted bentonite are
very limited (especially under variable suction or temperature). The existing prediction are based on
the variation of basal spacing between the interlayer platelets, observed in the XRD analysis by which
the porosity associated can be calculated by considering a homogeneous distribution of parallel clay
platelet in the system (Likos and Lu, 2006; Warr and Burger, 2007; Likos and Wayllace, 2010;

Holmboe et al., 2012).

Sedighi and Thomas (2014) have proposed a generic approach to calculate the interlayer
porosity/interlayer water content of compacted bentonite and its evolution with environmental
conditions (relative humidity and temperature) based on a geochemical model of
hydration/dehydration of smectite proposed by Ransom and Helgeson (1994). The interlayer
hydration and dehydration of smectite can be described as a geochemical reaction between water
molecules and a symbolic hydrous and its homologous anhydrous counterparts of smectite (Ransom

and Helgeson, 1994; Vidal and Dubaqt, 2009): described as:

Hydrous smectite (hs) S Anhydrous smectite (as) + n,,H,0

where, n,, is the number of moles of water present in the interlayer adsorption or desorption reaction,
given as the moles of water per smectite half formula unit, i.e. O;(OH), (Ransom and Helgeson,

1994).

Ransom and Helgeson (1994) have shown that solid solution reaction of interlayer

hydration/dehydration can be expanded as (Ransom and Helgeson, 1994):

log K., = log (1 _th> + s (2Xys — 1) + nyloga 9)
q Xns 2.303RT $ m w

14



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

where, K., represents the equilibrium constant of the reaction and X, represents the mole fraction of
the hydrous smectite. W, denotes the Margules parameter for the binary regular solid-solution of
hydrous and anhydrous smectite components at reference temperature (25 °C) and pressure (0.1 MPa)
which is independent of pressure and temperature (Ransom and Helgeson, 1994). R refers to gas

constant. a,, is the activity of water.

Sedighi and Thomas (2014) have shown that the interlayer porosity/interlayer water content that is
calculated as a function of the mole fraction of hydrous smectite in the interlayer
hydration/dehydration reaction of smectite. Accordingly, the interlayer volumetric water content can

be given as (Sedighi and Thomas, 2014):

Nm Vi
0i1 = Xns

pd" (10)

sm
where v;; denotes the specific molar volume of the interlayer water, mg,, is the molar mass of dry

smectite and pjj" represents the bulk dry density of smectite.

It is noted that as the interlayer space remains always saturated. Therefore, the porosity associated
with the microstructure (n;;) is equivalent to the interlayer volumetric water content (6;;)
Based on equation (9), the mole fraction of hydrous smectite can be calculated by knowing the

equilibrium constant of the reaction (log Keq), the Margules parameter (W, ) and the mole number of

hydrate water in a fully hydrated smectite (n,,,) at given temperature (T ) and water activity (Ah0)-

Assuming the molar volume of interlayer water to be same the same as that in macro pore, the activity
of water can be expressed in terms of the relative humidity (or total suction) of the macro pore or the

surrounding environment.

The thermodynamic parameters of the solid-solution model for pure smectites, including the
equilibrium constants of the reactions and the Margules parameters were reported by Ransom and
Helgeson (1994). The parameters have been derived based on calibration of the model against

laboratory based vapour adsorption data of powdered smectite samples. The equilibrium constant of
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the reaction (log Keq) varies with temperature (Ransom and Helgeson, 1995) that is calculated as a

function of the standard enthalpy of reaction (AHﬂ,Tr) at reference temperature (T,.) and the standard

heat capacity of the reaction at constant pressure, (AC,) given as (Langmuir, 1997):

AH?, /1 1 ACY /T AC? T
o8k = Gogig), + 2 (L 1) BB (T g G
0gKeq = (logKeq); +53037 7.  T) " 2303R\T, 23038 (1) (1)

In this study we adopted the thermodynamic parameters for the hydration/dehydration reactions for
homo ionic smectite presented by Ransom and Helgeson (1994) considering FEBEX bentonite as a
mixture of Ca, Mg and Na smectite. Table 4 present a summary of the parameters used to calculate

the micro porosity variation.

4.3. Chemical transport behaviour

Two series of parameters required for modelling the reactive transport of chemicals include i)
transport properties and ii) thermodynamic and kinetic parameters of the geochemical reactions. The
latter has been described in section 2 and the parameters used have been detailed in Table 1. The
transport parameters required are those related to the molecular diffusion and thermal diffusion

processes in according to Equations 5 to 7.

Garcia-Gutiérrez et al. (2004) studied the diffusion properties of FEBEX bentonite and have shown
that the accessible porosity for HTO agrees well with the total porosity, which implies that all the
pores in compacted bentonite are available for diffusion of neutral species. The accessible porosity for
the diffusion of chloride tracer was reported to be considerably smaller than the total porosity, even at
the lower densities, demonstrating a significant anionic exclusion. Their results indicated that the
accessible porosity for chloride is a small fraction of total porosity (2-3 %) at a dry density of 1650
kg/m®. The tortuosity factors for anionic and cationic species (t;) were therefore considered to be
different in this study. The effects of tortuous path and constrictivity (together) were included by
considering different effective porosities for diffusion of anionic and cationic species. A modified
form of the tortuosity factor proposed by Revil and Jougnot (2008) was is used in which the porosity

is replaced by the effective porosity. The relationship used to describe the tortuosity factor is:
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i B-1 _
1= (nkr)" (S —SHY (12)

where nfeff is the effective porosity for diffusion of the i" ionic species. Sfis the percolation

threshold for degree of saturation, suggested by Revil and Jougnot (2008). g and y are constants. In

this study the values of S,  and y were considered to be 0, 2.5 and 2.75, respectively.

The effective porosity for the anionic diffusion is described by:

Anions
e

Neff ~ =M —Ny —NppL, (13)

where n;;represents the interlayer porosity calculated from the hydration/dehydration model (based on

Equation (10) and npp, is the porosity associated with the developed diffusion layer.

The effective porosity for chloride diffusion has been given in the range of 0.02-0.03 for fully
saturated FEBEX bentonite, compacted at dry density of 1650 kg/m® (Garcia-Gutiérrez et al., 2004).
Applying Equation (9) under saturated state and ambient temperature yields the interlayer porosity to
be approximately 0.27. The porosity associated with the developed diffusion layer was calibrated as a
constant value of 0.105 for the anionic species to produce the effective porosity in the range of 0.02-
0.03 at saturated state based on effective porosity values provided by Garcia-Gutiérrez et al.(2004) (

i.e. ng;;éons = 0.4 — 0.27 — 0.105 = 0.025). Including the above tortuosity factor and volumetric

water content using Equation (9), the corresponding value for the effective diffusion coefficient for
chloride in fully saturated FEBEX bentonite compacted at dry density of 1650 kg/m? is obtained equal
to 1.27x10™%* m?/s which is close to the experimentally measured value of 1.1x10™ m%s (Garcia-
Gutiérrez et al. 2004). For all anionic species the same tortuosity factor was applied. The effective
porosity of cations was assumed to be the effective porosity for water tracer (HTO) diffusion, given as
the total porosity in compacted bentonite soils (Garcia-Gutiérrez et al., 2004). The rate of diffusion
rate of cations in compacted bentonite has been reported to be larger than that of HTO and this has
been explained to be related to the interlayer diffusion or surface diffusion. In is noted that, in the
modelling study presented here, enhanced diffusion rate of cations through potential mechanism such

as interlayer or surface diffusion has not been considered. By applying the total porosity to the
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tortuosity factor presented in Equation (15), the effective diffusion coefficient for cations is obtained
in the range of 6.32x10™ to 1.56x10™"° m?s. These values are also in agreement with the values
reported for HTO effective diffusion coefficient equal to 5.8x10™ m?/s, for fully saturated compacted

FEBEX bentonite at dry density of 1650 kg/m? (Garcia-Gutiérrez et al., 2004).

Thermal diffusion of multicomponent chemicals is considered in accordance to the formulation
provided in Equation (5). The term heat capacity in Equation (7) is calculated using the theoretical

approach proposed by Agar et al. (1989) as:

Q; = Az!D} (14)

where, 4 is a constant value that depends on the hydrodynamic boundary condition (i.e. 2.48x10" and
2.20x10" for two different hydrodynamic boundary conditions). An average value of the two
hydrodynamic boundary conditions was used for this parameter. Details can be found in Sedighi et al.

(2011) and Thomas et al. (2012).

The self-diffusion coefficients of the ionic species in water at 25 °C (D) were taken from the values
reported by Lasaga (1998). The Stokes-Einstein relationship has been used to obtain the self-

diffusion coefficient of ions in water at variable temperature (Cussler, 1997).

Chloride ion is the dependent component considered in the transport model in relation to the overall
charge conservation requirement as explained in Appendix A. In other words, the chemical transport

formulation is solved for all chemical components except CI". The concentration of chloride is then

s 3(0,z;c;6V
calculated from the “no net charge” condition Y7, 281zicid?)

ey y = 0 (Appendix A). The charge-balance

n, 006;z;5;6V)

condition in the geochemical reaction (3, <, v

= 0) is also separately satisfied during reaction

modelling by PHREEQC by adjusting the pH (i.e. The charge-balance equation is used to calculate
pH in batch reactions by PHREEQC).
5. Results and discussion

The results of numerical simulations of heat transfer, moisture flow and reactive transport of

chemicals are presented in this section. In terms of temperature evolution in the domain, the results of
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the transient analysis are compared with the transient results of temperature monitoring from the
experiment. The variations of water content are compared with those reported from the post mortem
analysis by Villar et al. (2008b). In terms of chemical behaviour, the results of two series of analysis
are presented: 1) the results of transient analysis from coupled numerical simulations that demonstrate
the possible state of soil-water-chemical system at the end of 0.5, 1, 2 and 7.6 years experimental tests
and 2) the results of post mortem analysis that are used to compare against data from the post mortem

geochemical experiments provided by Fernandez and Villar (2010).

5.1. Thermal and hydraulic behaviour

Figure 4 presents the results of temperature evolution in the domain and those reported by Villar et al.
(2008b). Thermal processes reach relatively quickly the steady state and temperature distribution in
the domain remains under stable condition for the periods of analysis. The numerical results agree
well with the experimental results. Variations of the degree of saturation are presented in Figure 5.
The experimental profiles of moisture content and dry density in the domain reported by Villar et al.
(2008b) were used to compare the variations of the degree of saturation in the domain. It is noted that
the porosity was considered to be constant (0.4) to calculate the degree of saturation form water
content data reported. From Figure 5, it can be observed that there is a close agreement between the
numerical and experimental results. However, the numerical model has slightly under -predicted the
drying at the hot boundary region for the periods of 6, 12, 24 months but well correlated in the case of
92 months. In the hydration side, the model predicted slightly higher degree of saturation up to 24
months. However, the results are correlated well with the experimental results for the period of 92
months analysis. The parameters used in the vapour transport model, which generally yield higher
vapour flux due to temperature gradient, can be described as reasons behind the higher drying
obtained close to the hot boundary. Theoretical understanding of unsaturated bentonite behaviour
under elevated temperatures is immature due to the degree of complexity and coupling between
different processes. The comparison presented highlights the need for further research at lower scales
of modelling (i.e. pore scale) that can reduce the level of uncertainty in parameters that are

conventionally used in modelling at continuum scale.
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The rate of hydration due to the injecting fluid has been gradually reduced and the results correlate
with the results of experimental hydration front for the duration of 92 months. This is mainly due to

the application of the modified hydraulic conductivity through the interlayer modification factor (i.e.
(1 - %ill) in Equation 8). The interlayer hydration process reduces the hydraulic conductivity as the

interlayer water ratio approaches higher values. Although the soil deformation was not considered and
simulated, the effects of changes in the available porosity for the water flow and transport of

chemicals have been considered through the modification of the hydraulic conductivity.

Based on the experimental results (Villar et al., 2008b), the dry density of the samples has changed
from an initial value of 1650 kg/m® to a maximum range of 1700 to 1750 kg/m® in the vicinity of
heater. In the hydration side, the dray density has reduced to a minimum value of 1400-1450 kg/m®.
The total porosity has theoretically be reduced to 0.35 close to the heater and increased to 0.47 in the
hydration boundary from its initial value of 0.4. It is therefore anticipated that the overall effects of
porosity variation on the flow behaviour in the heater zone are limited. Since the overall swelling of
sample was constrained, the increase of porosity in the hydration affected area has reduced the macro
porosity that has been captured in the model via modified hydraulic conductivity relationship used.
The deformation effects are likely to be less effective on the overall transport behaviour,
acknowledging the fact that moving towards understanding the swelling pressure development in the

system and accurate description of the coupled processes, mechanical behaviour is important.

5.2. Chemical behaviour - Anionic species

Figure 6 presents the profiles of chloride (CI") distribution in the domain at different times. Chloride
can be considered as a conservative anion, it is not commonly involved in geochemical reactions and
not affected by changes in the pH and redox conditions. Therefore the chloride distribution in the
domain has not been affected by the geochemical reactions during the post-mortem analysis. The
chloride profile related to the transient analysis and post-mortem analysis yielded exactly same values
as it was expected (Sedighi, 2011). The results of post mortem experiments reported by Fernandez

and Villar (2010) are also shown in Figure 6. Accumulation of chloride towards heater that is
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associated with the advective flow of chloride ions, flushed towards the heater from the hydration
boundary. The accumulation of the chloride ions in the first 200 mm distance from the hydration side
is also observed. The front peak in chloride profile is extended towards the middle of the domain with
time. Moreover, due to the increase in temperature in the areas close to the heater, the liquid water
moves towards the heater. Chloride ions in the domain have been transferred towards the heater by the
liquid water flow from the boundary that is an advective dominated process. Moisture transfer can
simultaneously take place from the hot end towards the cold region in the form of vapour. Water
evaporates whilst approaching the heater due to higher temperature and diffuses towards the colder
side until it condensates at further distance from the heater. Consequentially, as the pores close to the
heater are less saturated suctions are established. Water then moves toward the heater via advective
liquid flow due to the suction gradient. At any location, thermodynamics equilibrium between the
water in the form of liquid and vapour should be achieved at certain temperature of the studied point
in the domain. The chloride ions carried by the liquid flow remained at the hot end, as the moisture
content reduces due to the vapour flow induced by elevated temperature. The process of simultaneous
water and vapour movement in the areas close to the heater is anticipated to be responsible for the
excess accumulation of chloride close to the heater while the chloride content was reduced from the

initial amount in the area of approximately 80 to 300 mm away from the heater.

The magnitudes of the accumulation peaks of chloride in the area of hydration side are also close to
the experimental results for the periods of 6, 12 and 24 months. The results for the first three periods
of analysis indicate a similar pattern for the chloride distribution in the vicinity of heater and in the
distance of 100-200 mm away from the heater, respectively. However, the results of model for the 92
months analysis show a higher amount of chloride in the area of 100-300 mm in the vicinity of the
hydration side compared with the experimental results. The model predicted smaller quantities of
chloride close to the heater. The experimental results show that chloride was almost removed from the
more hydrated 400 mm of bentonite, whereas its concentration showed a sharp gradient in the 200 cm
closest to the heater. This observation suggests that there can be further processes involved in

controlling the hydraulic conductivity evolution that is not fully captured by the hydraulic
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conductivity model adopted. This includes the thermally coupled processes such as thermal osmosis

(e.g. Zagorscak et al. 2016).

Figure 7 presents the distribution profiles of sulfate (SO4%) in the domain obtained from the transient
numerical analysis and post mortem analysis. The distribution of the dissolved sulfate in the case
study is controlled by i) the flow processes associated with thermal and hydraulic variations and ii)
mineral reactions involving gypsum and anhydrite. The domain initially contained some gypsum but
no anhydrite. The concentration of sulfate has reduced by advancing the hydration front and gypsum
has been dissolved that is controlled by the amount of sulphate ions. The results of gypsum
distribution in the domain, presented in Figure 8, indicate that almost all gypsum was dissolved in 50
mm distance from the hydration boundary. The peak of leached sulfate in the hydration side is also
located in the same region where gypsum has been dissolved. High and constant concentration of
sulfate is observed for the distance of approximately 250 mm distance between 50 mm to 300 mm
away from the hydration end that is due to the gypsum dissolution according to the results presented
in Figure 5. The amount of sulfate shows a decrease in the areas close to the heater. This is believed to
be related to the precipitation of anhydrite as it can be seen in Figure 8. The equilibrium constant of
mineral reactions for gypsum and anhydrite are very close whilst their enthalpies of reaction are
different, leading to a different behaviour of these two minerals at the regions with higher
temperature. The distribution of the dissolved sulfate close to the heater is believed to be attributed to
the precipitation of anhydrite due to the higher temperature in the domain. Based on the results
presented in Figure 8, a considerable amount of anhydrite has been precipitated in the vicinity of

heater.

Figure 7 presents a comparison between the results of post-mortem analysis and experiments for the
dissolved sulfate in the domain. There is a qualitative agreement in terms of distribution pattern
between the model and experimental results. In the area of hydration, numerical model predicted the
sulfate contents close to the experimental results. However the locations of peaks are slightly different
in the model compared with the experimental results. The model shows an over-prediction at the hot

end and an under-prediction in the area close to the hot end, affected by the coupled thermally

22



555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

o571

572

573

574

575

576

577

578

579

580

581

induced liquid-vapour movement. It is anticipated that the over-prediction at the hot end is due to the

high amount of anhydrite precipitation in the transient numerical modelling results.

Figure 9 shows the results of transient simulation and post mortem analysis for the dissolved
bicarbonate (HCO5). Bicarbonate ions have been transferred to the domain by the water at the
hydration boundary that has resulted in accumulation of bicarbonate in a limited region close to the
boundary. As shown in Figure 10, the overall amount of calcite has not significantly changed for
different periods of analysis compared to the initial value. This is due to the low rate of
precipitation/dissolution of calcite. Localised precipitation of calcite has occurred in the vicinity of
heater as results of lower initial concentrations of bicarbonate and higher initial concentration of
calcium. The results of XRD analysis (Villar et al., 2008b) show a slight decrease in the calcite
content in the 92 months test. A comparison between the post-mortem analysis results against the
experimental results for the dissolved bicarbonate concentration is presented in Figure 9. A close
agreement in terms of distribution pattern for all time intervals can be highlighted. The concentration
of bicarbonate shows an increase in the hydration side that is consistent with experimental
observations. This is anticipated to be attributed to the localised dissolution of calcite in the hydration
end (Figure 7). The results indicate that the calcite dissolution has occurred in a region of about 100
mm close to the hydration side. In this region a lower amount of calcium and high amount of
bicarbonate existed prior to the post-mortem analyses. As a result, calcite is dissolved to maintain the
equilibrium condition. The reduced bicarbonate content can be correlated to dissolution of calcite at

the heating boundary as also noted by Fernandez and Villar (2010).

5.3. Chemical behaviour - Cationic species and pH

Figures 11 present the results of numerical simulation for the dissolved cationic species including
sodium (Na*), calcium (Ca*"), magnesium (Mg®") and potassium (K*) in the domain, respectively.
Similar distribution patterns for the cationic species are observed. The concentrations of cationic
species are observed to be reduced in the vicinity of hydration side due to the advection process. The
ions flushed through the sample have been accumulated in the first half of the domain away from the

hydration side. Cationic species have been transferred by the advection and diffusion towards the
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heater, providing areas with greater concentrations than the initial value within a length that ranges
between 50 mm to 350 mm away from the hydration source. The increased concentrations of cations
close to the heater and their reduction in the areas approximately between 50 and 300 mm away from
the heater are controlled by the simultaneous water and vapour flow in the area within the 300mm

distance from the heater.

The transport processes of sodium ions were only affected by the ion exchange reaction as the sodium
ions were not involved in any mineral precipitation and dissolution reactions. Figure 12 presents the
variations of exchangeable sodium in the domain obtained from the numerical analysis. Except for
limited regions close to the boundaries small variations from the initial amount of the exchangeable
sodium can be observed. The evolution of the exchangeable sodium is driven mainly by the excess
amount of calcium in the vicinity of heater which resulted to the replacement of the sodium ions by
calcium ions in the interlayer. On the other hand, the calcium concentration was reduced in the
solution in the distance of 20 to 300 mm, providing the conditions for the replacement of calcium by
sodium ions in the interlayer. The distribution of the dissolved calcium in the domain was affected by
the presence and evolution of the mineral reactions (anhydrite, gypsum and calcite) and ion exchange
reactions. The effects of mineral reaction are mainly related to the dissolution of gypsum and

precipitation of anhydrite than calcite.

From Figure 11, it can be observed that the concentration of magnesium decreased by the advection
and increases in the first 250 mm away from the injection point. It is noted that only ion exchange
have been involved as a chemical reaction that involves magnesium in the numerical analysis.
Dissolution/precipitation of dolomite was not considered and that may cause some level of uncertainty
about the fate of magnesium. However, it is anticipated that the transport processes had a greater
contribution in the evolution of magnesium. As shown in Figure 12, limited variation of the
exchangeable magnesium in the domain has occurred, except in the region affected by the elevated
temperature. The pore fluid in this region contained larger amount of sodium and magnesium than
that of calcium due to the precipitation of anhydrite. This resulted in the replacement of calcium

exchangeable ions with sodium and magnesium.
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Figure 11 also shows the distribution profiles of potassium in the domain. The behaviour is more
similar to those observed for sodium and magnesium that that of calcium. From Figure 12, it can be
observed that to potassium exchangeable ions were replaced by sodium and magnesium ions in the
interlayer in the region close to the heater. It is noted that only ion exchange reactions have

geochemically affected the distribution of potassium.

The results of post-mortem analysis and the experimental data for the dissolved sodium are presented
in Figure 13. The overall trend of distribution is in agreement with the experimental results for all
time intervals. In the area close to the heater, a higher concentration of sodium ions is observed from
the numerical analysis than those reported from the experiments. This can be explained by the higher
drying predicted by the model for the periods of 6, 12, 24 months at this region. Elevated temperature
has controlled the dissolution of anhydrite and precipitation of anhydrite in the vicinity of heater
alongside transport processes. The behaviour of calcium is governed by combined effects of
advection-diffusion of excess ions and geochemical reactions. The distribution of magnesium (Figure
13) shows a reduced concentration in areas close to the hydration. The concentration of magnesium
was increased close to the heater and reduced in the area between about 50 to 300 mm from the heater
that is qualitatively in agreement with the experimental result. The increase in magnesium content
observed in the experimental tests is described to be influenced by temperature (near the heater) and
the advance of the water front along the bentonite column (Fernandez and Villar, 2010). Fernandez
and Villar (2010) reported that for all tests, there was an increase in the soluble Mg, Na*, K* and
Ca®* concentrations close to the heater, whereas the K* content decreased near the hydration source
and Na" decreased in that region. From Figure 13, it can be observed that the amount of potassium has
been reduced in a limited area close to the hydration. The potassium ions transferred by water have
been added in the first half of the domain at the hydration side. A high amount of potassium was
precipitated due to water-vapour advection process in the 300 mm distance for the heater that is

similar to the behaviour of other cations.

As shown in Figure 12, the exchangeable composition of ions shows higher amount of sodium and

magnesium from the initial state close to the heater. The concentration of calcium and potassium ions
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in the exchangeable composition is reduced that is governed by the precipitation of anhydrite and
dissolution of gypsum at the hot boundary region. This is also compatible with observation of the pore
fluid composition in this region that contains high concentrations of sodium and magnesium than
calcium The potassium exchangeable ions have been also replaced by sodium and magnesium ions to

a lesser extent, providing a new equilibrium condition in the exchangeable composition.

The results of pH variation of the soil water system from the transient numerical simulation are
presented in Figure 14. The variation of H* ions (and pH) is governed only by the geochemical
reactions in the transient numerical analysis as H* was not considered in the transport analysis. The
pH was calculated in the charge balance of geochemical analysis by PHREEQC (Parkhurst and
Appelo, 1999). The variation of pH in the domain shows a similar pattern to that presented for the
bicarbonate in the hydration zone. As shown in Figure 9, a high amount of bicarbonate has been
accumulated in the hydration affected zone. The pH decreases from the initial value in the domain
from 200 mm to approximately 500 mm away from the hydration side and increases over the 92
months of the analysis. The pH decrease in this region can be explained by the dissolution of gypsum
and accumulation of sulfate in the soil water. An increase in pH is observed in the vicinity of heater
for up to approximately 100 mm distance from the heating boundary. This is related to the

precipitation of anhydrite where the gypsum content was reduced.

Figure 14 shows the results of post-mortem modelling of pH and provides a comparison between the
numerical prediction against the experimental results reported by Fernandez and Villar (2010). The
experimental results reported were only available for the 92 months analysis. The pH evolution shows
limited increase in the hydration side and decrease in the area close to the heating boundary. The
behaviour exhibits similar trend to that observed for bicarbonate. The results are in qualitative
agreement with the overall observed in the experiment. The decrease in pH in the heater side can be
attributed to the precipitation of calcite. The calcite dissolution has similarly governed the increase in
pH in the hydration side. As shown in Figure 14, the results of post mortem analysis for pH for the 92
months duration are generally higher than those reported by Fernandez and Villar (2010). This is

related to the difference between the initial pH value used in the numerical simulation and that of the
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experiment reported by Ferndndez and Villar (2010). The initial pH used in the numerical analysis
(i.e. pH=8.60) was calculated from the geochemical pore water simulation (Table 2) that is in close
agreement the experimental value reported by Fernandez et al. (2004) (i.e. pH=8.73). It is noted that
the pH of FEBEX bentonite reported at the same solid/water ration reported by ENRESA (2000) is
lower (i.e. pH=7.93). The difference can be related to variations of the FEBEX material and its

constituents used in ENRESA (2000) and Fernandez et al. (2004).

6) Conclusions

The analysis of coupled thermal, hydraulic and chemical behaviour of compacted bentonite presented
here highlights key geochemical reactions involved under the heating and hydration conditions
imposed to the compacted bentonite buffer. Using the experimental results of up to 92 months the
validity of the theoretical formulations ad numerical model developed under the conditions of the
problem studied has been examined. The results indicated that temperature variation in the system has
reached steady-state conditions within a considerably shorter time compared with the hydraulic and

chemical processes.

The impacts of the interlayer water on the hydraulic flow behaviour were considered via the interlayer
hydration model that addresses the major effect of microstructure swelling/shrinkage on the flow
behaviour. The model also showed a close correlation with respect to the saturation period of the
FEBEX bentonite by using the proposed unsaturated hydraulic conductivity. Elevated temperature in
the heater side showed a profound effect on the distribution of ions and minerals. Higher flow of
water and vaporisation is likely to have occurred in the system, facilitating the migration of major

ionic species towards the heater by advection mechanism.

The simulation results of the chloride ions showed a good qualitative agreement with the experimental
results especially for the periods of 6, 12 and 24 months. The lower chloride concentration from
numerical simulation compared to those reported in the experiment indicates that further processes
can be involved that control the flow regime of moisture in the system in the areas affected by the

temperature (where the cycle of evaporation-condensation mainly controlled the distribution of
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chloride). Long term results (92 months) highlights that further development on the hydraulic
conductivity model or inclusion of thermally coupled processes are required. The accessory minerals
in FEBEX bentonite such as gypsum and carbonates (despite the small proportion in the composition)
showed considerable effects on the distribution of anionic species. The fate of cationic species was
found to be mainly controlled by the transport processes. The model showed compatible trends in
comparison with the pore fluid composition observed with the available experimental dataset.
Gypsum was found to be dissolved in the area close to the heating boundary, producing considerable
amount of dissolved sulfate. The composition of exchangeable ions remained the same as the initial
condition except mainly for limited distances from the heater based on the transient simulation results.
This indicates the possibility of conversion of FEBEX bentonite from Ca/Mg-smectite clay to Na/Mg
smectite. The consequence in long term can affect the swelling pressure predicted for the clay buffer.
The research presented provide further insights into the hydro-geochemically coupled processed in
compacted bentonite buffer and its evolution under the thermal and hydraulic conditions of the

geological disposal for high level radioactive waste.
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Appendix A

The mass conservation equation for the i™ chemical component in multi-ionic system of unsaturated

porous media can be written in a general form as:

28



713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

a(elCiSV) n 6(915181/)

T = Al
n o VY =0 (A1)

where, J; is the total chemical flux accounting for the sum of advective, diffusive and dispersive

fluxes.

An aqueous solution is electrically neutral on macroscopic scale and the charge should remained
balanced (Lasaga, 1979). The general form of charge conservation on the transport processes can be

given as (Sedighi et al. 2011):

ne Ne Tt
(0, Fz:c: S5V 0(0,Fz;s;0V
Z (6,Fzc; )+z : (6,Fz;s; )-l- E SVV-Fz]; =0 (A2)
- at = at i=1
i= 1= =

where, F is Faraday constant.

Assuming that the charge is separately conserved in geochemical reactions, (i.e. Y.< 96izisidV) _

=1 ot 0)’

the electro-neutrality for the transport part can be divided into two separate requirements (e.g. Lasaga,

1979): i) the total charge should be conserved (i.e. no net charge Y'¢ 9(61z1,8V)

=1 = 0) and ii) no

electrical current should run through the solution (i.e. no current condition Z?;l SVV - (z]) =0).

Sedighi et al. (2011) and Thomas et al. (2012) have proposed a general formulation for the diffusive
flux in agueous solution due to concentration potential, electrical potential and thermal potential by
expanding the formulations proposed by Lasaga (1979) for multicomponent chemical diffusion and

the heat of transport by Ballufi et al. (2005), given as:

RT ac; '~ RT RTZ

diff _ _Dioci%v _DiOFZiCchD D)c;Q;

Jt VT (A3)

where y; is the chemical potential of the i component, @ is the electrical potential and Q; represents

the heat of transport of the i" component.

The gradient of electrical potential can therefore be determined explicitly by considering “no current

condition” (L3¢, 8VV - (z);) = 0):
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The derivative of chemical potential with respect to concentration is (Oelkers, 1996):
ou; RT dlny;
H=-= 1+ (A5)
aCj Cj Oci
Substituting the electrical potential from equation (A5) into equation (A3) yields:
. dlny, Dz, dlny, D%,Q"
J4 = —p? (1 + yl) Ve, + ;ZZ D)z (1 + yl) Ve, — f vT
' dc; Y DYz c,4 dc; RT
z=172%2"2 j=1
(A6)

DYzc; Q;
+ —ZZ DYz, —L T
Y Dz c RT

Z j=1

The total flux of due to dvection, diffusion and dispersion can be implemented in the mass

conservation that yields:

Nc
G(GlciSV) 6(915161/) T
ot + ot = —-8VV- CivV) — z ngiDijVCj — BlTiDi VT — DmVC] (A?)
=1

The overall charge is conserved by implementing the “no charge” and “no current” conditions. In
addition, the electro-neutrality must be maintained in geochemical reactions model too. The charge
conservation in the reactions is adjusted by the pH in the solution in PHREEQC (Parkhust and
Appelo, 1999). The advective and dispersive fluxes are not considered in the “no current” condition
(all ions move with the same rate). If the overall charge conservation equation is explicitly employed
in combination with the n. conservation equations for mass, an over-determined system of equations
is obtained (Lasaga, 1979 and Boudreau et al., 2004). As proposed by Lasaga (1979), one of the
concentrations and its derivatives needs to be eliminated from all the equations. A particular
dependent ion is therefore eliminated from the model whilst its concentration is calculated from

(n, — 1) components by the charge conservation equation (Lasaga 1981; Boudreau et al. 2004). In
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other words, the mass conservation is solved for (n, — 1) components where the diffusive flux does
no longer contain the mutual dependant concentration effects. Accordingly, a dependent ion is
removed from the mass conservation in the transport model and its actual concentration is calculated

by knowing the concentration of the remained (n.— 1) components through the no-charge

iy 3(6,2:¢:0V
condition ¥ 2G1ZcidV)

e, T 0.

Appendix B:

The governing differential equation for transport of an arbitrary chemical component in a coupled

form with thermal, hydraulic and chemical primary variable can be described as:

oy aT du, dc;
Ceagy T Carge ¥ CaaTp +lary,
nc (Bl)
=V (KeuVuy) + V- (KerVT) + V- (KeqVug) + V- Z Kee, Ve |+ fo,
j=1

where C and K are lumped coefficients of the equation. f, represents the chemical flux of the i

component normal to the boundary surface.

The numerical solution of the formulations is achieved by the application of the finite element (in
space) and the finite difference (in time) (Thomas and He, 1998). The Galerkin weighted residual
method is adopted by which the special discretisation is developed and the residual error resulting
from an approximate function over the entire element domain is minimised using the shape functions,

given as:
fNrRQdQ" =0 (B2)

where, N, is the shape function, R, is the residual factor and Q¢ represents the entire element domain.

Applying this method to the governing differential equation for an arbitrary chemical component in

terms of the approximate functions yields:

31



763

764

765

766

767

768

769

770

771

772

773

774

775

776

77

778

779

G, oT G, ac;
fzvr ., 2 _¢ c. . a_¢ i+V-(KCiTVT)+V-(Kcl.aVua)+V

gy~ Car gy~ Caagy ~ Cagy
v (B3)
: ZKCiijCj +J,[dac =0
=1

The spatially discretised equations can then be combined and presented in a matrix form: (Thomas

and He, 1998):

Ki#) + o) =07} (84)

where ¢ is the vector of primary variables (unknowns). K, C are the corresponding matrices of the

governing equation. f is the RHS vector and detailed elsewhere (Seetharam et al., 2007).

Details of the numerical solution to the coupled THM and THCM formulation of the model have been

comprehensively discussed by (Thomas and He, 1998; Seetharam et al., 2007).

The computational solution used for the reactive transport formulations is based on a time-splitting
approach. The governing equations for the transport and the geochemical reactions are therefore
solved sequentially. The coupling scheme adopted here between the transport model (COMPASS) and
geochemical model (PHREEQC) is a sequential non-iterative approach (SNIA). Figure (B1) presents

the SNIA coupling approach and modular data exchange between COMPASS and PHREEQC.

The numerical formulation concerning reactive chemical equations by PHREEQC has been described
elsewhere (Parkhurst and Appelo, 1999). The model has been used with no alteration to its numerical
formulation. In summary, there are two numerical solutions adopeted in PHREEQC to solve problems

involved multiple chemical reactions (Parkhurst and Appelo, 1999):

i) A modified Newton-Raphson method is employed to solve a series of non-linear algebraic equations

for chemical reactions under equilibrium reactions.
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ii) For kinetically controlled reaction, the model uses a Runge-Kutta algorithm, which integrates the
rate of reactions over time. The scheme includes a Runge-Kutta method with lower order to derive an

error estimate with up to six intermediate evaluations of the derivative (Parkhurst and Appelo, 1999).
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Reactions

Thermodynamic parameters

log Keq (25°C)  AH,” (kcal)

Mineral dissolution/precipitation:

CaS0,=Ca** + SO,* (Anhydrite) -4.360 -1.710
CaS0,.2H,0=Ca** + SO,* + 2H,0 (Gypsum) -4.580 -0.109
NaCl=Na" + CI" (Halite) 1.582 0.918
CaCO,=Ca’* + CO,” (Carbonate) -8.480 -2.297
lon exchange:

Na-X=Na" + X 0.0 -
Ca-X,=Ca®* + 2X° 0.774 -
Mg-X,=Mg*" + 2X° 0.655 -
K-X=K" + X’ 0.878 -

Table 2. Initial geochemistry of the clay-water system and injected aqueous solution

Pore fluid chemistry Initial pore water Inflow water Unit
Dissolved ions:

CI 158.8 0.369 mol/m?
SO~ 34.7 0.150 mol/m®
HCO; 0.43 2.593 mol/m?
ca** 22.2 1.00 mol/m®
Mg** 27.1 0.387 mol/m?
Na"* 129.9 0.461 mol/m?
K* 1.10 0.026 mol/m®
pH 1.72 8.72 -
Mineral contents:

Anhydrite 0 - mol/kg soil
Gypsum 0.0054 - mol/kg soil
Halite 0 - mol/kg soil
Calcite 0.06 - mol/kg soil
Exchangeable contents:

Ca-X, 17.1x10% - mol/kg soil
Mg-X, 16.7x107 - mol/kg soil
Na-X 30.4x1072 - mol/kg soil
K-X 1.9x10% - mol/kg soil

Table 1. Thermodynamic parameters used for dissolution/precipitation of minerals (adopted from the
phreeqc.dat database by Pankhurst and Appelo, 1999) and the equilibrium constants of the ion
exchange reactions for the FEBEX bentonite (adopted from Fernandez et al. 2001).
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Table 3. Thermal and hydraulic properties and relationships

Relationships Variables Constants
Thermal conductivity:
S . A =0.52
1~ Xo ) . A, = 1.28
Ar=A4,+ (4, — Ay) [1 + exp( i )] S;: Degree of saturation x; — 065
d,=0.1
Moisture retention:
Si0=0.1
s\Y/@-01™% s Suction (MPa) S;?nax =1.0
S1 = S0+ (Stmax — Si0) |1+ (%) po = 30 MPa
a=0.32

Table 4. Parameters used in the hydration/dehydration model for the FEBEX bentonite in order to

calculate the interlayer hydrate water content.

Parameter Value
ne moles/ O19(OH), 4.5
vy m*/mole 17.22
Mg g/mol O19(OH), 376.234
psm kg/m® 1580

Composition/thermodynamic parameters:

Ca-smectite Mg-smectite Na-smectite

Content %

W, kcal/mol
(log Keq),, T, = 25°C
(AHD) 7, kcal/mol
AC) cal/mol

37 34 29
-2883 -2806 -3254
-3.61 -4.28 -0.767
9630 10,609 5810

69.13
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Hydration boundary
-Constant temperature
(25 °C).

-Liquid injection at
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- WP a).
N

600 mm

RN E?Omm

Heating boundary
-Constant temperature
(100 C).

-Impermeable boundary
to liquid flow.

998
999  Fig.1. Schematic of the heating and hydration experiments reported by Villar et al., (2008).
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Top Boundary conditions:
u=1.2%x10° Pa, T=298 K
Dissolved ions (m ol/nt’ wafer):

i (CI)=0.369, cq (SO, )=0.15,
ca (HCO5)=2.593, c;(Ca’")=1.00
ca (Mg”)=0.387, cq (Na")=0.461, ¢,

(K*)=0.026
pH=8.72
A
Initial conditions:
w=-90x10° Pa, T=298 K o
Dissolved ions (m ol/nt’ water): &
=
¢y (CT)=158.78, ¢, (SO )=34.70 S
cq (HCO5)=0.43, c; (Ca**)=22.20 X
ca (Mg’)=27.10, cq (Na")=129.95 N
L=600 mm %0
c;(K')=110, pH=7.72 &
—
Minerals (mol/kg soil): !,
<
Anhvdrite=0.0, Gvpsum=0.0054 %
Halite=0.0, Calcite=0.06 $
Exchangeable ions (mol/kg soil): (tz
Ca-X>=17.15%107, Mg-X,=16.7x107 <
v Na-X=30.4x107, K-X=1.90x10"

r=35mm

Bottom Boundary conditions:

cuyéx =0, T=373 K

Ocy/Cx =0

1001

1002  Fig.2. The initial and boundary conditions applied for coupled thermal, hydraulic and chemical
1003  simulation of the heating and hydration experiments.
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Fig.3. Schematic of the “micro porosity” and “macro porosity” definition in compacted smectite clay.
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-Specify initial and boundary conditions for all primary variables:
Pore water pressure, temperature, pore air pressure,
dissolved chemical concentrations and stress.
-Specify initial conditions for geochemical variables:
The concentration of minerals, exchanger, adsorbent
and adsorbed species; pH, pE

»] Solve the governing equations for flowand |
i deformation processes (COMPASS) -
g
Check for convergence against tolerance 2
limits on primary variables I
g
k.
Converged?
Proceed to geochemical
interface module in COMPASS
&
8
7
5 »] Doi=1, No. of nodes
= 3
El g
i £
o o
H] =z
- Are T and c;within b

tolerance?

Loop through nodes

Calculate geochemical reactions
PHREEQC version 2.15

r

1-Update dissolved chemical concentration and
geochemical parameters

2-Proceed to the geochemical interface (COMPASS)
3-Update nodal volume of the minerals

Fig.B1. The sequential non-iterative approach (SNIA) adopted for coupling the transport model
(COMPASS) and geochemical model (PHREEQC).
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