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Reactive Transport of Chemicals in Compacted
Bentonite under Nonisothermal Water Infiltration

Majid Sedighi1; Hywel R. Thomas2; and Philip J. Vardon3

Abstract: This paper presents an investigation of coupled thermal, hydraulic, and chemical behavior of a compacted bentonite buffer under
the heating and hydration conditions of 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 0.5–7.6 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 corre-
lation 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 behavior of major cationic species is shown to be mainly governed by the transport processes. Further insights into
the chemically driven processes in clay buffer due to coupled hydraulic and thermal effects are presented and discussed that are captured from
the results of modeling the clay-water-chemical system. DOI: 10.1061/(ASCE)GT.1943-5606.0001955. © 2018 American Society of Civil
Engineers.

Author keywords: Compacted bentonite; Reactive transport; Coupled behavior; Hydro-geochemistry; Clay microstructure.

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 behavior of
compacted swelling clays is strongly coupled with the hydro-
geochemical processes that can occur in the clay-water-chemical
system (e.g., Pusch and Yong 2006; Steefel et al. 2010). Under var-
iable 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 behavior 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 impor-
tant 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 par-
tially saturated compacted bentonite can be exposed to an elevated
temperature at the boundary adjacent to the HLW canister (heating)
and resaturation 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
behavior of compacted bentonite buffer under heating and
hydration effects through experimental studies at different scales
(e.g., Martín 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., Guimarães 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 behavior of compacted bentonite as part of the EBS
(e.g., Arcos et al. 2008; Yang et al. 2008).

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 2007;
Villar et al. 2008a, b; Fernández and Villar 2010). The series of
heating and hydration experiments described in the preceding have
been carried out on cylindrical samples of FEBEX bentonite, com-
pacted at dry density around 1,650 kg=m3 and tested for periods
0.5, 1, 2, and 7.6 years. Fig. 1 presents a schematic of the heating
and hydration experiments whose results have been used. The
results of geochemical postmortem hydrogeochemical analysis
of the heating and hydration tests have been reported by Villar
et al. (2008b) and Fernández 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.
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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, which is 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
(1) provide a more comprehensive understanding of the transient
hydro-geochemical processes during the heating and hydration tests
on compacted bentonite (hereafter: transient analysis); (2) obtain
a better understanding of temporal evolution of the soil-water-
chemical system that is not directly possible to obtain from the ex-
perimental results; and (3) 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 postmortem experiments
(hereafter: postmortem analysis).

An important aspect in the prediction of behavior of a compacted
clay buffer is related to the effects of microstructure of bentonite on
the flow of water and transport of chemicals (Yong 2003). Compar-
isons between the results of modelling investigations and experi-
mental data have highlighted the importance of microstructure
processes in moisture flow in compacted bentonite (e.g., Thomas
et al. 2003; Sánchez et al. 2012; Thomas and Sedighi 2012). Theo-
retical approaches have been proposed to describe the effects of
microstructure deformation (expansion/shrinkage) on hydraulic or
hydromechanical behavior of compacted bentonite (e.g., Thomas
et al. 2003; Kröhn 2003; Xie et al. 2006; Sánchez et al. 2012;
Navarro et al. 2014). The effects of clay-water-chemical interac-
tions are also manifested in the transport of chemicals as experimen-
tal 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 a microstructure of compacted bentonite and its evo-
lution 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 thermody-
namics of hydration/dehydration of smectite.

A summary of the governing formulations and the numerical
model is first presented. The procedure of analysis, material proper-
ties, 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: (1) 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 (2) the postmortem geochemical analysis of the re-
sults from the first stage that are based on the same thermal and
hydraulic conditions applied in the geochemical postmortem analy-
sis as reported by Fernández and Villar (2010). The results are com-
pared with those reported from the experimental tests, enabling
identification of key hydro-geochemical processes involved during
the test and examining the accuracy of the model under the condi-
tions of the application case.

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 (1) development of a theoretical
formulation for multicomponent chemical transport under coupled
thermohydraulic conditions (Sedighi et al. 2011; Thomas et al. 2012);
(2) inclusion of microstructure effects in transport phenomena by de-
veloping a chemistry-based microporosity evolution model (Sedighi
and Thomas 2014); and (3) 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: (1) heat transfer via conduction, convection, and latent heat of
vaporization; (2) moisture (water and vapor) flow due to thermal
and hydraulic driving potentials; (3) transport of multicomponent
chemicals via advection, dispersion, and diffusion mechanisms;
and (4) heterogeneous and homogenous geochemical reactions that
can occur in the soil, water, and air system.

Heat Transfer and Moisture Flow

The governing equation for heat transfer considers the energy con-
servation given as (Thomas and He 1997):

∂½HcðT − TrÞδV þLρvθa�
∂t ¼ −δV∇ · ½−λT∇T

þLðρlvv þ ρvvaÞ þAðT − TrÞ� ð1Þ
where Hc is the heat storage capacity and T and Tr represent
temperature and the reference temperature, respectively. Time is
represented by t, δV represents the incremental volume, L repre-
sents the latent heat of vaporization, and θa is the volumetric air
(gas) content. The water and vapor density are represented by

Heating boundary
-Constant temperature (100 °C). 
-Impermeable boundary to 
liquid flow.

Hydration boundary
-Constant temperature (25 oC).
-Liquid injection at constant 
pressure (1.2 MPa).

70 mm

60
0 

m
m

 

Fig. 1. Heating and hydration experiments. (Data from Villar et al.
2008a.)
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ρl and ρv, respectively, while vv represents the vapor velocity and
va represents air velocity. Thermal conductivity is represented by
λT 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 the mass
conservation law. The flow of water (liquid) in unsaturated porous
medium is explained using Darcy’s law and the vapor flow is con-
sidered to be driven by diffusion and advection processes (Thomas
and He 1997):

∂ðρlθlδVÞ
∂t þ ∂ðρvθaδVÞ

∂t ¼ −δV∇ · ðρlvl þ ρlvv þ ρvvaÞ ð2Þ

where θl is the total volumetric liquid content and vl 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):

vl ¼ kl

�∇ul
ρlg

þ ∇z

�
ð3Þ

where, kl is the unsaturated hydraulic conductivity of soil, ul is the
pore water pressure, g is the gravitational constant, and z stands for
the elevation.

The diffusive component of the vapor flow is considered based
on the formulation proposed by Philip and de Vries (1957):

vv ¼
�
Datmsvvτvð1 − θlÞ

ρl
ρ0

∂h
∂s
�
Δul

−
�
Datmsvv

ρl
f
ð∇TÞa
∇T

�
h
∂ρ0
∂T þ ρ0

∂h
∂T
��

∇T ð4Þ

where Datms is the molecular diffusivity of vapor through air, τv is
the tortuosity factor, vv is a mass flow factor, ρ0 is the density of
saturated water vapour, h is relative humidity, and s represents
total suction. The microscopic pore temperature gradient factor is
denoted by ½ð∇TÞa=∇T� and f is a flow area factor. The flow factor
reduces the vapor flow since the available flow area decreased at
higher moisture contents.

Further details related to moisture transfer equations can be
found in Sedighi (2011) and Sedighi et al. (2016).

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 multi-
ple chemicals in the liquid phase.

It has been shown that anionic and cationic species diffuse at dif-
ferent rates in a multi-ionic aqueous system of compacted smectite.
Therefore, the diffusion rate of each ion may deviate from that
calculated by Fick’s diffusion law (Lasaga 1979). It is therefore re-
quired that the condition of electro-neutrality of the aqueous system
should be implemented in the transport formulation of multiple ions.
Sedighi et al. (2011) and Thomas et al. (2012) have presented a gen-
eral formulation for chemical transport in multi-ionic systems. The
formulation considers diffusion under combined molecular diffusion
and thermal diffusion and satisfies the electroneutrality condition of
the pore fluid system (a summary of the formulation is presented in
Appendix I). It is noted that the formulation only considers flow in
the bulk fluid, i.e., the transport of chemicals does not include dif-
fusion via surface diffusion or interlayer diffusion processes.

The mass conservation alongside electroneutrality condition has
been adopted to develop the governing equation for the transport:

∂ðθlciδVÞ
∂t þ ∂ðθlsiδVÞ

∂t
¼ −δV∇ ·

�
civl −

Xnc
j¼1

θlτ iDij∇cj − θlτ iDT
i ∇T − Dm∇cj

�

ð5Þ
where ci is the concentration of the ith chemical component and si a
geochemical sink/source term which stands for the amount of the
ith chemical component that is produced or depleted due to geo-
chemical reactions. The effective molecular diffusion coefficient
of the ith chemical due to the chemical gradient of the jth chemical
component is represented Dij, while DT

i represents the thermal dif-
fusion coefficient of the ith chemical. The matrix of the effective
dispersion coefficients is Dm and τ i is the tortuosity factor of
the ith chemical component.

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

Dij ¼ −δijD0
i

�
1þ ∂ ln γi

∂ ln ci
�
þ ziD0

i ciPnc
k¼1 z

2
kD

0
kck

ZjD0
j

�
1þ ∂ ln γi

∂ ln ci
�
ð6Þ

DT
i ¼ −D0

i ci
Q�0

i

RT2
þ ziD0

i ciPnc
k¼1 z

2
kD

0
kck

Xnc
j¼1

zjcjD0
j

Q�0
j

RT2
ð7Þ

where δij is the Kronecker’s delta, D0
i is the self-diffusion coeffi-

cient of the ith chemical component in free water, zi stands for the
ionic valence of the ith chemical component, and Q�0

j is the heat of
transport of the jth chemical component.

The geochemical sink/source term in the governing equation of
chemicals are calculated using an external geochemical. 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 trans-
port model and tested include (1) equilibrium reactions, applied to
precipitation/dissolution of minerals; (2) kinetically controlled reac-
tions, applied to precipitation/dissolution of minerals; and (3) ion
exchange processes, considered under equilibrium conditions.

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 differ-
ence method (Thomas and He 1997; Seetharam et al. 2007). The
Galerkin weighted residual method has been adopted by which the
spatial discretization 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) for-
mulation 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 ap-
proach (SIA), sequentially noniterative approach (SNIA), and
sequentially partly-iterative approach (SPIA). Examples of estab-
lished reactive transport codes are HYDROGEOCHEM (Yeh and
Tripathi 1989), CrunchFlow (Steefel 2009), PHREEQC (Parkhurst
and Appelo 1999), THOUGHREACT (Xu et al. 2004), HPx

© ASCE 04018075-3 J. Geotech. Geoenviron. Eng.
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(Jacques and Šimůnek 2005), and 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 geo-
chemical reaction model (calculated by PHREEQC version 2), a
sequential noniterative approach (SNIA) was adopted. In summary,
the chemical transport equations are separately solved at each time
step and the concentrations of chemicals calculated are then used
for the geochemical modelling using PHREEQC. The values of dis-
solved 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 detail elsewhere (Sedighi et al. 2016). Appen-
dix II provides a description of the numerical and computational
aspects of the model.

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 1,650 kg=m3 reported by Villar et al. (2008a, b)
that have been carried out for a period of 0.5–7.6 years. As shown
in Fig. 2, the experimental tests included the hydration of com-
pacted clay samples by an aqueous solution from the top of the
sample at 1.2 MPa (infiltration pressure) and at ambient tempera-
ture (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 discretized
domain to 500 unequally sized elements (four-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 discretized into smaller
elements (equally sized 1 mm elements). Equally sized 2 mm ele-
ments were used in the 200 mm distance in the middle of domain.
The maximum time-step allowed in the numerical analysis was
500,000 s. 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 car-
ried out using PHREEQC by considering the equilibration of the
whole clay-water system with pure water at pH 7.72 and atmos-
pheric CO2 partial pressure (PCO2 ≈ 10−3.5). 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 Fernández et al. (2001). Following Fernández 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 (phreeqc.dat) was used. 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

Fig. 2. Initial and boundary conditions applied for coupled thermal,
hydraulic, and chemical simulation of the heating and hydration
experiments.

Table 1. Thermodynamic parameters used for dissolution/precipitation of
minerals and the equilibrium constants of the ion exchange reactions for the
FEBEX bentonite

Reactions

Thermodynamic
parameters

log
Keq (25°C)

ΔH0
r

(kcal)

Mineral dissolution/precipitationa

CaSO4 ¼ Ca2þ þ SO2−
4 (Anhydrite) −4.360 −1.710

CaSO4 · 2H2O¼ Ca2þ þ SO2−
4 þ 2H2O

(Gypsum)
−4.580 −0.109

NaCl ¼ Naþ þ Cl− (Halite) 1.582 0.918
CaCO3 ¼ Ca2þ þ CO2−

3 (Carbonate) −8.480 −2.297
Ion exchangeb

Na-X ¼ Naþ þ X− 0.0 —
Ca-X2 ¼ Ca2þ þ 2X− 0.774 —
Mg-X2 ¼ Mg2þ þ 2X− 0.655 —
K-X ¼ Kþ þ X− 0.878 —
aData from the phreeqc.dat database by Parkhurst and Appelo (1999).
bData from Fernández et al. (2001).

© ASCE 04018075-4 J. Geotech. Geoenviron. Eng.
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pore fluid, and a set of geochemical variables in the domain includ-
ing minerals, exchangeable ions, and pH. (Referred as the transient
analysis). Fig. 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 pres-
sure at the top of the domain equal to 298 K and 1.2 MPa, respec-
tively, 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=m2=K.
This value is obtained by considering a 15 mm PTFE casing having
thermal conductivity of 0.25- and 15-mm foam insulation with ther-
mal conductivity of 0.4 W=m=K (Villar et al. 2008b). A lower value
of heat flux, i.e., 1.78 W=m2=K, was used in the simulation com-
pared with the value of heat flux which was calculated theoretically,
due to the effects of a 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 kineti-
cally controlled reaction in the transient analysis, while mineral re-
actions have been considered as equilibrium reaction for other
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 experi-
mental postmortem geochemical analysis were 400% gravimetric
water content (i.e., the ratio of liquid/solid was 4∶1) and 25 °C, re-
spectively (Fernández and Villar 2010). These values can be differ-
ent 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 postmortem 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 reanalyzed to replicate the exper-
imental conditions (water content and temperature) in which the
postmortem experiments were carried out. This step of analysis
(postmortem analysis) will enable the comparison of transient
analysis with postmortem experiments, i.e., provide a validation.
The results of numerical simulations including temperature, water
content, and geochemical variables obtained from the 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 postmortem
experimental conditions of the experiments (i.e., 25°C and 400%
gravimetric water content).

In summary, the experimental data used to develop the simula-
tions and comparison with the results of analysis include (1) tran-
sient temperature profile and (2) water contents profile and pore
fluid chemistry based on the geochemical postmortem analysis at
the end of the tests reported.

Material Properties

Thermal and Hydraulic Behavior

The material constants including density of water, density of solid,
specific heat capacity of solid, liquid, and vapor, latent heat of
vaporization, Henry’s constant, and specific gas constant for gas
vapor were obtained from the literature (Mayhew and Rogers 1976;
ENRESA 2000). Thermal conductivity is calculated by ENRESA
(2000):

λT ¼ A2 þ ðA1 − A2Þ
�
1þ exp

�
Sl − x0
dx

��−1
ð8Þ

where Sl is the degree of saturation, A1 ¼ 0.52, A2 ¼ 1.28, x0 ¼
0.65, and dx ¼ 0.1.

The moisture retention relationship used is based on the van
Genuchten’s relationship (van Genuchten 1980) and the parameters
provided for compacted FEBEX bentonite by ENRESA (2000):

Aggregate of particles
(Including Macro pores that 
exist between the particles)

Macro pores 
(Pores between the aggregates)

Unit layer

Interlayer 
space

Interlayer water and 
exchangeable cations

A particle with micro 
pores between unit layers 

(interlayer space)

Fig. 3. “Microporosity” and “macroporosity” definition in compacted
smectite clay.

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

Pore fluid
chemistry

Initial
pore water

Inflow
water Unit

Dissolved ions
Cl− 158.8 0.369 mol=m3

SO2−
4 34.7 0.150 mol=m3

HCO−
3 0.43 2.593 mol=m3

Ca2þ 22.2 1.00 mol=m3

Mg2þ 27.1 0.387 mol=m3

Naþ 129.9 0.461 mol=m3

Kþ 1.10 0.026 mol=m3

pH 7.72 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-X2 17.1 × 10−2 — mol=kg soil
Mg-X2 16.7 × 10−2 — mol=kg soil
Na-X 30.4 × 10−2 — mol=kg soil
K-X 1.9 × 10−2 — mol=kg soil
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Sl ¼ Sl0 þ ðSlmax − Sl0Þ
�
1þ

�
s
p0

�
1=ð1−αÞ�−α

ð9Þ

where s is suction (MPa), Sl0 ¼ 0.1, Slmax ¼ 1.0, p0 ¼ 30 MPa,
and α ¼ 0.32.

Using the moisture retention relationship provided, the initial
degree of saturation (58.6%) corresponds to a suction value equal
to 90.0 MPa.

As discussed in the introduction section, studies of the hydraulic
behavior 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 com-
pacted bentonite (e.g., Thomas et al. 2003; Sánchez et al. 2012). As
shown in Fig. 3, the porosity system of compacted bentonite can be
conceptualized at least by two scales of porosity (Sedighi and
Thomas 2014): (1) “microporosity” that comprises the pore spaces
between the unit layers of smectite or lamellas, (also called
interlayer porosity) and (2) “macroporosity” that includes pores be-
tween the particles (interparticle pores) and between the aggregates
of particles (interaggregate pores). “Microporosity” 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 de-
hydration of smectite involves adsorption or desorption of one to
three discrete layers of water molecules between the clay platelets
(Pusch 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 in-
terlayer space of smectite (micropores), combined with a small por-
tion 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 macroporosity is (in con-
trast to the microporosity) a two-phase system that can contain both
liquid and vapor. 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 limited to the macropore 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):

kl ¼
�
1 − θil

θl

�
ksatS

β
l ð10Þ

where ksat is the saturated hydraulic conductivity (ksat ¼
3.5 × 10−14 m=s for compacted FEBEX bentonite), β is a constant
which has been given as 3 for the studied clay (Villar et al. 2008a),
and θil 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 micropore and macropore). We do not consider a separate mass
balance equation for the micropore water evolution as (1) we con-
sider water in the interlayer to be immobile; and (2) we consider the
system under equilibrium (i.e., mass exchange between the micro
and macro is instantaneous). The effect of microporosity 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 ap-
proach. However, this was beyond the scope of the 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 behavior
observed in experimental studies of both isothermal and non-
isothermal water infiltration (Sedighi 2011; Thomas and Sedighi
2012). Section “Microstructure Evolution during Hydration and
Dehydration” describes the approach developed to calculate the in-
terlayer water content.

Microstructure Evolution during Hydration and
Dehydration

Compaction of bentonite primarily reduces the macroporosity
(Likos and Lu 2006). Therefore, by increasing the dry density of
compacted bentonite, it is expected that the contribution of inter-
layer 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 smec-
tite (interlayer porosity). A maximum number of 3–4 layers of
water molecules can be adsorbed in the smectite interlayer that
correspond to the basal spacing of approximately 1.70–2.0 nm,
respectively (Laird 2006). Models for prediction of the interlayer/
microporosity 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 homo-
geneous distribution of parallel clay platelet in the system (Likos
and Lu 2006; Warr and Berger 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 com-
pacted 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
Dubacq 2009), described as:

Hydrous smectite ðhsÞ⇆Anhydrous smectiteðasÞ þ nmH2O

where, nm 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., O10ðOHÞ2 (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):

logKeq ¼ log

�
1 − Xhs

Xhs

�
þ Ws

2.303RT
ð2Xhs − 1Þ þ nm log aw

ð11Þ
where Keq represents the equilibrium constant of the reaction and
Xhs represents the mole fraction of the hydrous smectite and Ws
denotes the Margules parameter for the binary regular solid-solution
of hydrous and anhydrous smectite components at reference temper-
ature (25 °C) and pressure (0.1 MPa), which is independent of
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pressure and temperature (Ransom and Helgeson 1994). The gas
constant is referred to as R and aw is the activity of water.

Sedighi and Thomas (2014) have presented a calculation of the
interlayer porosity/interlayer water content as a function of the
mole fraction of hydrous smectite in the interlayer hydration/
dehydration reaction of smectite. Accordingly, the interlayer volu-
metric water content can be given as (Sedighi and Thomas 2014)

θil ¼ Xhs
nmvil
msm

ρsmd ð12Þ

where vil denotes the specific molar volume of the interlayer water,
msm is the molar mass of dry smectite, and ρsmd 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 (nil) is
equivalent to the interlayer volumetric water content (θil).

Based on Eq. (11), the mole fraction of hydrous smectite can be
calculated by knowing the equilibrium constant of the reaction
(logKeq), the Margules parameter (Ws), and the mole number
of hydrate water in a fully hydrated smectite (nm) at given temper-
ature (T) and water activity (aH2O). 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 cal-
ibration of the model against laboratory-based vapor adsorption
data of powdered smectite samples. The equilibrium constant of the
reaction (logKeq) varies with temperature (Ransom and Helgeson
1995), which is calculated as a function of the standard enthalpy of
reaction (ΔH0

r;Tr
) at reference temperature (Tr) and the standard

heat capacity of the reaction at constant pressure, (ΔC0
p) given

as (Langmuir 1997)

logKeq ¼ ðlogKeqÞTr
þΔH0

r;Tr

2.303R

�
1

Tr
− 1

T

�

þ ΔC0
p

2.303R

�
T
Tr

− 1

�
þ ΔC0

p

2.303R
ln

�
T
Tr

�
ð13Þ

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 3 presents a summary
of the parameters used to calculate the microporosity variation.

Chemical Transport Behavior

Two series of parameters required for modelling the reactive trans-
port of chemicals include (1) transport properties and (2) thermo-
dynamic and kinetic parameters of the geochemical reactions.
The geochemical reaction parameters have been described in
Table 1. The transport parameters required are those related to
the molecular diffusion and thermal diffusion processes in accord-
ing to Eqs. (5)–(7).

García-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 1,650 kg=m3. The tortuosity factors for anionic and cationic spe-
cies (τ i) 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 pro-
posed by Revil and Jougnot (2008) was used in which the porosity
is replaced by the effective porosity. The relationship used to
describe the tortuosity factor is

τ i ¼ ðnieffÞβ−1ðSl − Scl Þγ−1 ð14Þ

where nieff is the effective porosity for diffusion of the ith ionic
species, Scl is the percolation threshold for degree of saturation,
suggested by Revil and Jougnot (2008), and β and γ are constants.
In this study the values of Scl , β, and γ were considered to be 0, 2.5,
and 2.75, respectively.

The effective porosity for the anionic diffusion is described by

nAnionseff ¼ n − nil − nDDL ð15Þ

where nil represents the interlayer porosity calculated from the
hydration/dehydration model [based on Eq. (12)] and nDDL 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 1,650 kg=m3 (García-Gutiérrez et al. 2004). Ap-
plying Eq. (11) under saturated state and ambient temperature yields
the interlayer porosity to be approximately 0.27. The porosity asso-
ciated 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 effec-
tive porosity values provided by García-Gutiérrez et al. (2004)

Table 3. Parameters used in the hydration/dehydration model for the FEBEX bentonite in order to calculate the interlayer hydrate water content

Parameter Unit Ca-smectite Mg-smectite Na-smectite

nc moles=O10ðOHÞ2 4.5
vil m3=mole 17.22
msm g=molO10ðOHÞ2 376.234
ρsmd kg=m3 1,580
Composition/thermodynamic

Content % 37 34 29
Ws kcal=mol −2,883 −2,806 −3,254
ðlogKeqÞTr

Tr ¼ 25oC −3.61 −4.28 −0.767
ðΔH0

rÞTr
kcal=mol 9,630 10,609 5,810

ΔC0
p cal=mol 69.13

© ASCE 04018075-7 J. Geotech. Geoenviron. Eng.
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(i.e., nAnionseff ¼ 0.4 − 0.27 − 0.105 ¼ 0.025). Including the above
tortuosity factor and volumetric water content using Eq. (11), the
corresponding value for the effective diffusion coefficient for chlo-
ride in fully saturated FEBEX bentonite compacted at dry density
of 1,650 kg=m3 is obtained equal to 1.27 × 10−12 m2=s which is
close to the experimentally measured value of 1.1 × 10−12 m2=s
(García-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) dif-
fusion, given as the total porosity in compacted bentonite soils
(García-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 dif-
fusion 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 con-
sidered. By applying the total porosity to the tortuosity factor pre-
sented in Eq. (17), the effective diffusion coefficient for cations is
obtained in the range of 6.32 × 10−11 to 1.56 × 10−10 m2=s. These
values are also in agreement with the values reported for HTO ef-
fective diffusion coefficient equal to 5.8 × 10−11 m2=s, for fully sa-
turated compacted FEBEX bentonite at dry density of 1,650 kg=m3

(García-Gutiérrez et al. 2004).
Thermal diffusion of multicomponent chemicals is considered

in accordance to the formulation provided in Eq. (5). The term heat
capacity in Eq. (7) is calculated using the theoretical approach pro-
posed by Agar et al. (1989) as

Q�
i ¼ Az2i D

0
i ð16Þ

where A is a constant value that depends on the hydrodynamic
boundary condition (i.e., 2.48 × 1012 and 2.20 × 1012 for two differ-
ent hydrodynamic boundary conditions). An average value of the
two hydrodynamic boundary conditions was used for this param-
eter. 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 (D0

i ) 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 re-
quirement as explained in Appendix I. In other words, the chemical
transport formulation is solved for all chemical components except
Cl−. The concentration of chloride is then calculated from the
“no net charge” condition

Pnc
i¼1½∂ðθlziciδVÞ=∂t� ¼ 0 (Appendix I).

The charge-balance condition in the geochemical reaction
(
Pnc

i¼1½∂ðθlzisiδVÞ=∂t� ¼ 0) is also separately satisfied during re-
action modelling by PHREEQC by adjusting the pH (i.e., The
charge-balance equation is used to calculate pH in batch reactions
by PHREEQC).

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 the
transient analysis are compared with the transient results of temper-
ature monitoring from the experiment. The variations of water con-
tent are compared with those reported from the postmortem
analysis by Villar et al. (2008b). In terms of chemical behavior,
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 postmortem analysis that are used to compare against
data from the postmortem geochemical experiments provided by
Fernández and Villar (2010).

Thermal and Hydraulic Behavior

Fig. 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 analy-
sis. The numerical results agree well with the experimental results.
Variations of the degree of saturation are presented in Fig. 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 from water content data reported. From Fig. 5,
it can be observed that there is a close agreement between the
numerical and experimental results. However, the numerical model
has slightly underpredicted the drying at the hot boundary region
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Fig. 4. Variations of temperature in the domain obtained from the
transient analysis and experiments. (Experimental data from Villar
et al. 2008b.)
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for the periods of 6, 12, and 24 months but is well correlated in the
case of 92 months. On the hydration side, the model predicted a
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 vapor
transport model, which generally yield higher vapor flux due to the
temperature gradient, can be described as reasons behind the higher
drying obtained close to the hot boundary. Theoretical understand-
ing of unsaturated bentonite behavior 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 con-
ventionally used in modelling at continuum scale.

The rate of hydration due to the injecting fluid has been gradu-
ally reduced and the results correlate with the results of experimen-
tal 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., ½1 − ðθil=θlÞ� in Eq. (10)].
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
1,650 kg=m3 to a maximum range of 1,700–1,750 kg=m3 in the
vicinity of the heater. On the hydration side, the dray density has
reduced to a minimum value of 1,400–1,450 kg=m3. 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 behavior in the heater zone are limited. Since
the overall swelling of the sample was constrained, the increase of
porosity in the hydration affected area has reduced the macroporos-
ity that has been captured in the model via the modified hydraulic
conductivity relationship used. The deformation effects are likely to
be less effective on the overall transport behavior than other proc-
esses described. However, it is acknowledged that considering
mechanical behavior is required for understanding the swelling pres-
sure development in the system and further accurate description of
the mechanically-coupled processes.

Chemical Behavior: Anionic Species

Fig. 6 presents the profiles of chloride (Cl−) 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 condi-
tions. Therefore, the chloride distribution in the domain has not been
affected by the geochemical reactions during the postmortem analy-
sis. The chloride profile related to the transient analysis and post-
mortem analysis yielded exactly the same values as was expected
(Sedighi 2011). The results of postmortem experiments reported by
Fernández and Villar (2010) are also shown in Fig. 6. Accumulation
of chloride toward heater that is associated with the advective flow
of chloride ions, flushed toward the heater from the hydration boun-
dary. The accumulation of the chloride ions in the first 200 mm dis-
tance from the hydration side is also observed. The front peak in
chloride profile is extended toward 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 toward the heater. Chloride ions
in the domain have been transferred toward the heater by the liquid

water flow from the boundary that is an advective dominated pro-
cess. Moisture transfer can simultaneously take place from the hot
end toward the cold region in the form of vapor. Water evaporates
while approaching the heater due to the higher temperature and dif-
fuses toward 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, thermodynamic equilibrium between liquid water and va-
por should be achieved at a 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 vapor flow
induced by elevated temperature. The process of simultaneous water
and vapor 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 80–300 mm away from the
heater.

The magnitudes of the accumulation peaks of chloride in the
area of the 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 the heater and in the distance of
100–200 mm away from the heater, respectively. However, the re-
sults of the model for the 92 months analysis show a higher amount
of chloride in the area of 100–300 mm in the vicinity of the hydra-
tion side compared with the experimental results. The model
predicted smaller quantities of chloride close to the heater. The ex-
perimental 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 which are not
fully captured by the hydraulic conductivity model adopted. This
includes thermally coupled processes such as thermal osmosis
(e.g., Zagorščak et al. 2017).

Fig. 7 presents the distribution profiles of sulfate (SO42−) 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 (1) the flow processes associated with
thermal and hydraulic variations and (2) mineral reactions involv-
ing gypsum and anhydrite. The domain initially contained some
gypsum but no anhydrite. The concentration of sulfate has reduced
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and Villar 2010.)
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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 Fig. 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 be-
tween 50 mm to 300 mm away from the hydration end, which is
due to the gypsum dissolution according to the results presented in
Fig. 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 an-
hydrite as it can be seen in Fig. 8. The equilibrium constant of min-
eral reactions for gypsum and anhydrite are very close while their
enthalpies of reaction are different, leading to a different behavior
of these two minerals at the regions of higher temperature. The dis-
tribution of the dissolved sulfate close to the heater is attributed to
the precipitation of anhydrite due to the higher temperature in the
domain. Based on the results presented in Fig. 8, a considerable
amount of anhydrite has been precipitated in the vicinity of the
heater.

Fig. 7 presents a comparison between the results of postmortem
analysis and experiments for the dissolved sulfate in the domain.
There is a qualitative agreement in terms of the distribution pattern
between the model and experimental results. In the area of hydra-
tion, the 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 overprediction at the hot end and an underpredic-
tion in the area close to the hot end, affected by the coupled ther-
mally induced liquid-vapor movement. It is anticipated that the
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Fig. 10. Variations of calcite in the domain obtained from the transient
analysis.
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Fig. 11. Variations of (a) sodium; (b) calcium; (c) magnesium; and (d) potassium ions in the domain obtained from transient analysis.
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overprediction at the hot end is due to the high amount of anhydrite
precipitation in the transient numerical modelling results.

Fig. 9 shows the results of transient simulation and postmortem
analysis for the dissolved bicarbonate (HCO−

3 ). Bicarbonate ions
have been transferred to the domain by the water at the hydration
boundary, which has resulted in accumulation of bicarbonate in a
limited region close to the boundary. As shown in Fig. 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. Localized precipita-
tion of calcite has occurred in the vicinity of the 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 postmortem analysis
results against the experimental results for the dissolved bicarbon-
ate concentration is presented in Fig. 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 localized dissolution of calcite
in the hydration end (Fig. 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 postmortem analy-
ses. 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
Fernández and Villar (2010).

Chemical Behavior: Cationic Species and pH

Fig. 11 present the results of numerical simulation for the dis-
solved cationic species including sodium (Naþ), calcium (Ca2þ),
magnesium (Mg2þ), and potassium (Kþ) in the domain. Similar
distribution patterns for the cationic species are observed. The con-
centrations of cationic species are observed to be reduced in the
vicinity of the 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 toward the 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 simul-
taneous water and vapor flow in the area within the 300 mm dis-
tance 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. Fig. 12 presents the
variations of exchangeable sodium in the domain obtained from the
numerical analysis. Except for limited regions close to the bounda-
ries, small variations from the initial amount of the exchangeable
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Fig. 12. Variations of (a) sodium, (b) calcium, (c) magnesium, and (d) potassium exchangeable ions in the domain obtained from transient analysis.
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sodium can be observed. The evolution of the exchangeable sodium
is driven mainly by the excess amount of calcium in the vicinity
of the 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
20–300 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 re-
lated to the dissolution of gypsum and precipitation of anhydrite
rather than calcite.

From Fig. 11, it can be observed that the concentration of mag-
nesium decreased by the advection and increased in the first 250 mm
away from the injection point. It is noted that only ion exchange has
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 proc-
esses had a greater contribution in the evolution of magnesium. As
shown in Fig. 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.

Fig. 11 also shows the distribution profiles of potassium in the
domain. The behavior is more similar to those observed for sodium
and magnesium that that of calcium. From Fig. 12, it can be ob-
served that 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 geochemi-
cally affected the distribution of potassium.

The results of postmortem analysis and the experimental data
for the dissolved sodium are presented in Fig. 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, and
24 months at this region. Elevated temperature has controlled the
dissolution of anhydrite and precipitation of anhydrite in the vicin-
ity of the heater alongside the transport processes. The behavior of
calcium is governed by the combined effects of advection-diffusion
of excess ions and geochemical reactions. The distribution of mag-
nesium (Fig. 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 50–300 mm
from the heater, which is qualitatively in agreement with the exper-
imental 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
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Fig. 13. Variations of (a) sodium; (b) calcium; (c) magnesium; and (d) potassium ions obtained by the postmortem analysis and experiments.
(Experimental data from Fernández and Villar 2010.)
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bentonite column (Fernández and Villar 2010). Fernández and
Villar (2010) reported that for all tests, there was an increase in
the soluble Mg2þ, Naþ, Kþ, and Ca2þ concentrations close to
the heater, whereas the Kþ content decreased near the hydration
source and Naþ decreased in that region. From Fig. 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-vapor advection process in the 300 mm distance for the
heater, which is similar to the behavior of other cations.

As shown in Fig. 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 in the exchangeable composition is reduced due to precipitation
of anhydrite and dissolution of gypsum at the hot boundary region.
This is also compatible with observation of the pore fluid compo-
sition in the region that contains higher concentrations of sodium
and magnesium than calcium. Potassium exchangeable ions have
also been 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 tran-
sient numerical simulation are presented in Fig. 14. The variation of
Hþ ions (and pH) is governed only by the geochemical reactions in
the transient numerical analysis as Hþ 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 Fig. 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 the 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.

Fig. 14 shows the results of postmortem modelling of pH and
provides a comparison between the numerical prediction against
the experimental results reported by Fernández 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 behavior 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 Fig. 14, the results of postmortem analysis for pH
for the 92 months duration are generally higher than those reported
by Fernández and Villar (2010). This is related to the difference be-
tween the initial pH value used in the numerical simulation and that
of the experiment reported by Fernández and Villar (2010). The ini-
tial pH used in the numerical analysis (i.e., pH ¼ 8.60) was calcu-
lated from the geochemical pore water simulation (Table 2) that is in
close agreement with the experimental value reported by Fernández
et al. (2004) (i.e., pH ¼ 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 ¼ 7.93). The difference can
be related to variations of the FEBEX material and its constituents
used in ENRESA (2000) and Fernández et al. (2004).

Conclusions

The analysis of coupled thermal, hydraulic, and chemical behavior
of compacted bentonite presented here highlights key geochemical
reactions involved under the heating and hydration conditions im-
posed by the compacted bentonite buffer. Using the experimental
results of up to 92 months the validity of the theoretical formula-
tions and numerical model developed under the conditions of the
problem studied has been examined. The results indicated that tem-
perature variation in the system 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 behav-
ior were considered via the interlayer hydration model that ad-
dresses the major effect of microstructure swelling/shrinkage on
flow behavior. The model also showed a close correlation with re-
spect 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 vaporization is likely
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Fig. 14. Variations of pH in the domain obtained from the (a) transient analysis; and (b) postmortem analysis (experimental data from Fernández and
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to have occurred in the system, facilitating the migration of major
ionic species toward the heater by advection mechanism.

The simulation results of the chloride ions showed a good quali-
tative 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 ex-
periment indicates that further processes can be involved that con-
trol 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 chloride). The long term
results (92 months) highlight that further development on the hy-
draulic conductivity model or inclusion of thermally coupled proc-
esses is required. The accessory minerals in FEBEX bentonite such
as gypsum and carbonates (despite the small proportion in the com-
position) showed considerable effects on the distribution of anionic
species. The fate of cationic species was found to be mainly con-
trolled 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 a
considerable amount of dissolved sulfate. The composition of ex-
changeable 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 consequences in the long term can affect the swelling pressure
predicted for the clay buffer. The research presented provides fur-
ther insights into the hydro-geochemically coupled process in com-
pacted bentonite buffer and its evolution under the thermal and
hydraulic conditions of the geological disposal for high-level radio-
active waste.

Appendix I. Formulations of Multicomponent Ionic
Transport

The mass conservation equation for the ith chemical component in
multi-ionic system of unsaturated porous media can be written in a
general form as

∂ðθlciδVÞ
∂t þ ∂ðθlsiδVÞ

∂t þ δV∇ · Ji ¼ 0 ð17Þ

where Ji is the total chemical flux accounting for the sum of ad-
vective, diffusive, and dispersive fluxes.

An aqueous solution is electrically neutral on macroscopic scale
and the charge should remained balanced (Lasaga 1979). The gen-
eral form of charge conservation on the transport processes can be
given as (Sedighi et al. 2011)

Xnc
i¼1

∂ðθlFziciδVÞ
∂t þ

Xnc
i¼1

∂ðθlFzisiδVÞ
∂t þ

Xnc
i¼1

δV∇ · FziJi ¼ 0

ð18Þ

where F is Faraday constant.
Assuming that the charge is separately conserved in geochemical

reactions, (i.e.,
Pnc

i¼1½∂ðθlzisiδVÞ=∂t� ¼ 0), the electroneutrality for
the transport part can be divided into two separate requirements
(e.g., Lasaga 1979): (1) the total charge should be conserved
(i.e., no net charge

Pnc
i¼1½∂ðθlziciδVÞ=∂t� ¼ 0); and (2) no electri-

cal current should run through the solution (i.e., no current condi-
tion

Pnc
i¼1 δV∇ · ðziJiÞ ¼ 0).

Sedighi et al. (2011) and Thomas et al. (2012) have proposed a
general formulation for the diffusive flux in aqueous 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

Jdiffi ¼ −D0
i ci
RT

∂μi

∂ci ∇ci −D0
i Fzici
RT

∇Φ −D0
i ciQ

�
i

RT2
∇T ð19Þ

where μi is the chemical potential of the ith component, Φ is the
electrical potential, andQ�

i represents the heat of transport of the i
th

component.
The gradient of electrical potential can therefore be

determined explicitly by considering “no current condition”
[
Pnc

j¼1 δV∇ · ðzjJjÞ ¼ 0]:

ΔΦ ¼ − 1

F

2
4Pnc

j¼1 D
0
j zjcj

∂μj

∂cj ∇cj þ
Pnc

j¼1 D
0
j zjcj

Q�
i
T ∇TPnc

j¼1 D
0
jz

2
jcj

3
5 ð20Þ

The derivative of chemical potential with respect to concentra-
tion is (Oelkers 1996)

∂μj

∂cj ¼ −RT
cj

�
1þ ∂ ln γi

∂ci
�

ð21Þ

Substituting the electrical potential from Eq. (21) into Eq. (19)
yields

Jdiffi ¼ −D0
i

�
1þ ∂ ln γi

∂ci
�
∇ci

þ D0
i ziciPnc

z¼1 D
0
zz2zcz

Xnc
j¼1

D0
j zj

�
1þ ∂ ln γi

∂ci
�
∇cj −D0

i ciQ
�
i

RT2
∇T

þ D0
i ziciPnc

z¼1 D
0
zz2zcz

Xnc
j¼1

D0
j zjcj

Q�
j

RT2
∇T

ð22Þ

The total flux due to advection, diffusion, and dispersion can be
implemented in the mass conservation that yields

∂ðθlciδVÞ
∂t þ ∂ðθjsiδVÞ

∂t
¼ −δV∇ ·

 
civl −

Xnc
j¼1

θlτ iDij∇cj − θlτ iDT
i ∇T − Dm∇cj

!

ð23Þ

The overall charge is conserved by implementing the “no
charge” and “no current” conditions. In addition, the electroneutral-
ity must be maintained in the geochemical reactions model too. The
charge conservation in the reactions is adjusted by the pH in the
solution in PHREEQC (Parkhurst and Appelo 1999). The advective
and dispersive fluxes are not considered in the “no current” con-
dition (all ions move with the same rate). If the overall charge con-
servation equation is explicitly employed in combination with the
nc conservation equations for mass, an overdetermined system of
equations is obtained (Lasaga 1979; Boudreau et al. 2004). As pro-
posed by Lasaga (1979), one of the concentrations and its deriva-
tives needs to be eliminated from all the equations. A particular
dependent ion is therefore eliminated from the model while its con-
centration is calculated from ðnc − 1Þ components by the charge
conservation equation (Lasaga 1981; Boudreau et al. 2004).
In other words, the mass conservation is solved for ðnc − 1Þ
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components where the diffusive flux no longer contains the mutual
dependent 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 remaining ðnc − 1Þ components through the “no charge”
condition

Pnc
i¼1½∂ðθlziciδVÞ=∂t� ¼ 0.

Appendix II. Numerical Formulation and
Computational Approach

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

Fig. 15. Sequential noniterative approach (SNIA) adopted for coupling the transport model (COMPASS) and geochemical model (PHREEQC).
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Ccil
∂ul
∂t þ CciT

∂T
∂t þ Ccia

∂ua
∂t þ Cci

∂ci
∂t ¼ ∇ · ðKcil∇ulÞ

þ ∇ · ðKciT∇TÞ þ ∇ · ðKcia∇uaÞ þ ∇ ·

�Xnc
j¼1

Kcicj∇cj
�
þ fci

ð24Þ
where C and K are lumped coefficients of the equation and fci
represents the chemical flux of the ith 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 spatial discretization is developed
and the residual error resulting from an approximate function over
the entire element domain is minimized using the shape functions,
given as Z

NrRΩdΩe ¼ 0 ð25Þ

where Nr is the shape function, RΩ is the residual factor, and Ωe

represents the entire element domain.
Applying this method to the governing differential equation for

an arbitrary chemical component in terms of the approximate func-
tions yieldsZ

Nr

�
−Ccil

∂ul
∂t − CciT

∂T
∂t − Ccia

∂ua
∂t − Cci

∂ci
∂t þ ∇ · ðKciT∇TÞ

þ ∇ · ðKcia∇uaÞ þ ∇ ·

�Xnc
j¼1

Kcicj∇cj

�
þ Jci

�
dΩe ¼ 0 ð26Þ

The spatially discretized equations can then be combined and
presented in a matrix form: (Thomas and He 1998):

Kfϕg þC

�∂ϕ
∂t
�

¼ ffg ð27Þ

where ϕ is the vector of primary variables (unknowns), K and C
are the corresponding matrices of the governing equation, and 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 dis-
cussed by Thomas and He (1998) and Seetharam et al. (2007).

The computational solution used for the reactive transport for-
mulations is based on a time-splitting approach. The governing
equations for the transport and the geochemical reactions are there-
fore solved sequentially. The coupling scheme adopted here be-
tween the transport model (COMPASS) and geochemical model
(PHREEQC) is a sequential noniterative approach (SNIA). Fig. 15
presents the SNIA coupling approach and modular data exchange
between COMPASS and PHREEQC.

The numerical formulation concerning reactive chemical equa-
tions 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 solu-
tions adopted in PHREEQC to solve problems involving multiple
chemical reactions (Parkhurst and Appelo 1999):
1. A modified Newton-Raphson method is employed to solve a

series of nonlinear algebraic equations for chemical reactions
under equilibrium reactions.

2. 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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