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ARTICLE INFO ABSTRACT

Keywords: Generation and dissipation of temperature-induced pore water pressure can alter the mechanical behavior and
THM characteristics of soil media. Experimental observations indicate that heating/cooling cycles alter the soil fabric
Heat transfer o which may result in irrecoverable deformations. Previous studies suggest that the contribution of thermo-osmotic
Thermal pressurlzaFlon . (non-Darcian) flow in clays may have a significant role in the thermal pressurization diffusion. Hence, this study
Thermo-elastoplastic deformation K . . . . e .
Thermo-osmotic flow aims to investigate the effects of thermal, hydraulic, and mechanical constitutive models such as thermo-plastic
deformation along with the thermo-osmotic flow and thermal infiltration on the THM response of clayey soils
during heating and cooling phases. It is found that considering temperature-dependent parameters in conjunction
with the thermo-poroelastoplastic model improves the results to better capture the thermal pressurization,
especially during the cooling phase. Moreover, thermo-elastic deformation majorly affects the thermal pres-
surization in the heating phase, and thermo-plastic deformation (thermal consolidation) has a major role in stress
characteristics close to the heater. The magnitude and sign of thermo-osmotic conductivity strongly depend on
the temperature and microstructural properties of clays which cannot be ignored. Comparison of the numerical
results with and without considering thermo-osmotic flow and thermal infiltration, confirms the importance of

the thermo-osmosis phenomenon during thermal loading in clayey soils.

1. Introduction

Thermal loading can change the hydro-mechanical characteristics of
low permeable soils in the vicinity of energy geo-structures, or deep
geological repositories, through the expansion of the pore fluid, defor-
mation of pore structure, and soil fabric alterations (Ballarini et al.,
2017; Gens et al., 2007; Ghabezloo and Sulem, 2009; Rutqvist et al.,
2005; Tamizdoust and Ghasemi-Fare, 2022). An increase in soil tem-
perature may induce expansive or contractive deformations through
rearranging of the solid grains, depending on soil stress state (Abuel-
Naga et al.,, 2007b; Baldi et al., 1988; McTigue, 1986). Moreover,
thermal loading in an undrained (or weakly drained) condition leads to
pore pressure generation also known as thermal pressurization due to
the difference in thermal expansion coefficients of pore fluid and the
pore volume (Cherati and Ghasemi-Fare, 2021; Delaney, 1982; Ghabe-
zloo and Sulem, 2010; Rice, 2006). Thermal pressurization has been
studied in the literature through the thermo-hydro-mechanical (THM)
framework (Abed and Sotowski, 2017; Chen et al., 2021a; Cherati and
Ghasemi-Fare, 2021; Plda et al., 2021; Sanchez et al., 2016; Tsang et al.,

2012).

In many numerical studies, the thermo-poroelastic (TPE) constitutive
model has been successfully utilized to capture the THM response of
saturated and unsaturated soils (Cui et al., 2018; Guayacan-Carrillo
et al., 2017; Malekzadeh and Pak, 2009; Tsang et al., 2012; Zhai and
Atefi-Monfared, 2020c¢). In addition, it has been concluded that the
coupled interaction between the thermal properties of the saturating
fluid and hydro-mechanical properties of the porous medium is signifi-
cant and needs to be carefully considered (Ghabezloo and Sulem, 2009;
Tamizdoust and Ghasemi-Fare, 2020c).

On the other hand, the experimental observations suggest that irre-
versible deformations may occur during heating and cooling cycles of
normally consolidated or slightly overconsolidated clays (Abuel-Naga
et al., 2006; Hueckel and Pellegrini, 1992; Joshaghani and Ghasemi-
Fare, 2021; Tamizdoust and Ghasemi-Fare, 2020a). Furthermore, the
generation and dissipation of thermal pressurization in clayey soils lead
to irreversible volumetric contraction which is known as thermal
consolidation (Ai and Wang, 2015; Chaudhry et al., 2021; Delage et al.,
2000; Joshaghani and Ghasemi-Fare, 2019; Zeinali and Abdelaziz,
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2021). This phenomenon is often studied theoretically by considering
the thermo-poroelastoplastic (TPEP) constitutive models (Abuel-Naga
et al., 2007a; Cui et al., 2000; Hueckel and Borsetto, 1990; Laloui and
Francois, 2009; Sanchez et al., 2005; Sanchez et al., 2012). These
constitutive models have been adopted based on the critical state
concept by modifying the preconsolidation pressure and the slope of the
critical state line at elevated temperatures according to the experimental
observations for different clayey soils.

There have been a few studies that considered the TPEP constitutive
models to analyze the THM behavior of clays. Francois et al. (2009)
utilized the ACMEG-T model to study the THM process in Boom clay and
observed irreversible strains developed close to a heat source. Recently,
Abed and Sotowski (2017) analyzed the THM behavior of unsaturated
Bentonite using the temperature-dependent expansive Barcelona model.
However, these studies focused on the effect of temperature on the
mechanical response of the medium and neglected the effect of tem-
perature on the mass balance of fluid, such as the osmotic flow and the
temperature-dependency of volumetric thermal expansion coefficient of
fluid.

In general, fluid flow in clays is not limited to the hydraulic gradient.
Chemical, electrical, and thermal gradients may significantly contribute
to fluid flow which can be referred to as chemo-osmosis, electro-
osmosis, and thermo-osmosis, respectively (Revil, 2017a; Revil and
Leroy, 2004; Shackelford et al., 2019; Zhai and Atefi-Monfared, 2020b).
Thermo-osmotic flow is a hydraulic constitutive relation that is caused
by a thermal gradient and is governed by the thermo-osmotic conduc-
tivity. The range of values for the thermo-osmotic conductivity is be-
tween 10™'* and 1071° m?/°C/s as reported for most clays (Zagorscak
etal., 2017); however, some negative values (when fluid flows from cold
to warm side) were also measured by Gray (1966). Goncalves et al.
(2012) proposed an upscaled thermo-osmotic permeability coefficient
based on physical molecular theory and incorporated it in a macroscale
transport equation to investigate the thermo-osmotic flow in natural
clays. In their model, the thermo-osmotic permeability is a function of
physical and chemical properties of natural clays, such as bulk (equi-
librium) salt concentration (c.q), specific surface area (SSA), cation ex-
change capacity (CEC), and pore space. In a recent study, Chen et al.
(2021b) evaluated the thermo-osmosis phenomenon in nanopore
structures by utilizing Molecular Dynamics (MD) simulations.

Although recently some researchers have incorporated the thermo-
osmotic flow in their theoretical model; however, only constant values
of thermo-osmotic conductivity have been considered where the effect
of temperature, saturating fluids’ salt concentration, and microstruc-
tural characteristics of the soil were neglected (Niu et al., 2020; Potts
et al., 2021; Zhai and Atefi-Monfared, 2020a; Zhu et al., 2021). As will
be shown in this study, changes in such properties can alter the thermo-
osmotic conductivity by the order of 100; moreover, they can even
change the sign of the thermo-osmotic conductivity in some cases.
Hence, careful examination and influence of such parameters should be
taken into account for accurate THM modeling. It has been observed in
the literature that, thermo-osmotic flux might be relatively lower than
Darcian flux for the short term; however, the thermo-osmosis phenom-
enon can play a significant role in fluid transport in certain applications
(e.g., waste repositories) which are designed for the longer-time oper-
ation (Shackelford et al., 2019; Tremosa et al., 2012). Sanchez et al.
(2010) studied the THM behavior of FEBEX Bentonite as a clay barrier
and compared their numerical results with a mock-up test. They
concluded that considering thermo-osmotic flow improved the accuracy
of their numerical model. Recently, Zagorscak et al. (2017) utilized
thermo-osmotic flow to assess the thermal pressurization in Boom clay
using a TPE model, and reported that thermo-osmotic flow must be
considered to accurately predict the pore water pressure (PWP); how-
ever, they used a constant positive value for thermo-osmotic conduc-
tivity and also disregarded the effect of other temperature-dependent
parameters on thermal pressurization in Boom clay.

The highlight of this study is the incorporation of a thermo-
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poroelastoplastic model, thermal infiltration, and the non-Darcian
(thermo-osmosis) flow to analyze their impact on the temperature
propagation, thermal pressurization, and stress response of a saturated
clay. First, we present the complete formulations of balance equations as
well as thermal, hydraulic, and mechanical constitutive models.
Temperature-dependent properties of the fluid and the medium are also
taken into account. Then, we consider multiple models to analyze the
effect of different constitutive relations during heating-cooling cycles in
Boom clay to understand their effects on the THM process in the satu-
rated condition. The advantages and disadvantages of each model are
presented by comparing the simulation results of each modeling
approach. In this study, the numerical modeling is handled by COMSOL
Multiphysics. Furthermore, the results are compared and validated with
observations in the ATLAS III experiment conducted at the underground
research facility HADES-URF from April 2007 until November 2009 in
Mol, Belgium (Chen et al., 2011; Chen et al., 2017).

2. Theoretical formulation

Macroscopic heat and mass balances, non-Darcian fluid flow, and
TPEP constitutive equations are presented in this section. All equations
are formulated in Cartesian (x,y,2) coordinate system, where: d(s)/dt,
V(s), V.(+), and V2(+) are time derivate, gradient, divergence, and
Laplace of field variables, respectively. Eulerian configuration of the
continuum balance and constitutive equations with the assumption of
small deformation is considered in this study. Moreover, all constitutive
models are expressed in the isotropic condition where the classical soil
mechanics sign convention is adopted.

2.1. Macroscopic balance equations

Heat and mass transfer through a saturated deformable soil is gov-
erned by solid mass, fluid mass, and energy balances along with the
assumption of stress equilibrium in the solid phase. In this study, the
saturating fluid is referred to as water. The medium is consisting of
mechanically incompressible solid particles with connected pores which
are saturated with compressible water. In addition, it is assumed that
solid and fluid phases are in local thermal equilibrium since the time
associated with the heat transport between phases is very fast in com-
parison to the other types of transport in the medium. The mass balances
of the solid skeleton, fluid (groundwater), and thermal energy are,
respectively, defined as (Coussy, 2004):

W+v.[(1 —n)pv,] =0 6))
9(npy) _
Vg =0 @

o{[np;Cr + (1 —n)p,C] T }
ot

In Egs. (1)-(3), n (m3/m3), pr (kg/ma), and p; (kg/m3) are the
porosity, water density, and solid density, respectively. T (°C) is the
temperature of the medium assigned to all phases. Crand Cs (J/kg/°C)
are, respectively, specific heat capacities of the fluid and solid grains.
Moreover, Vs (m/s) is mass-averaged solid velocity vector, gy (kg/m?/s)
is advective fluid flux, and qr (W/m?) is conductive heat flux. In Egs. (1)
and (2) no mass exchange between solid and fluid phases is considered.
In Eq. (3), heat convection is disregarded due to the low permeability of
clays.

Porosity variation can be defined through Eq. (1), and by considering
mechanically incompressible solid grains. Furthermore, the density of
liquid water can vary with temperature and pressure. These state vari-
ables are expressed as follows (Coussy, 2004; Ghabezloo and Sulem,
2009):

+ Vg, =0 3)
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In Eq. (4), &, (m/m) is the volumetric strain which is the summation
of mechanical and thermal strains. In the TPEP constitutive model, &,
can be decomposed to elastic, thermal, and plastic deformations. In Eq.
(5), pr (Pa) indicates pore fluid pressure, cf (1/Pa) is the compressibility
coefficient, and ay (1/°C) is the linear thermal expansion coefficient of
the water. By combining Egs. (2), (4), and (5), we have:

de,
ot

ncf/)faaitj+ V.g; =p; na,(;l; —(1-n) (6)

The right-hand side of Eq. (6) is related to the influence of volumetric
deformation (or porosity change) and thermal variations (e.g., thermal
expansion of fluid) in the porous medium on the thermal pressurization.
It has been shown in previous research that even a small perturbation in
porosity can greatly affect thermal pressurization (Tamizdoust and
Ghasemi-Fare, 2019, 2020b). Pore fluid pressure and temperature are
calculated by solving Egs. (3) and (6). Mechanical, hydraulic, and
thermal constitutive relations should be specified to determine &, qy,
and qr, respectively.

2.2. Mechanical equilibrium

Soil stress equilibrium is expressed as (Coussy, 2004):
V~a+[npf+(1 —n)p,]g=0 (@]

In the framework of soil poromechanics, total Cauchy stress, 6 =
6’+ps1 (N/m?), is decomposed to the Terzaghi’s effective stress, 6 (N/
m?), and pore fluid pressure, pr. Lis the identity second-order tensor. It
should be noted that effective stress is related to the deformation of
porous media through a mechanical constitutive model. g (m/s) is the
acceleration of the gravity vector.

2.3. Thermo-poroelastoplastic Constitutive Model

In this study, in addition to the elastic strain, thermally-induced
plastic strains have been considered to evaluate the interaction be-
tween thermoplastic deformation and thermal pressurization. To
consider the thermoplastic deformations, the TPEP constitutive model,
similar to ACMEG-T (Laloui and Francois, 2009), is implemented in the
model developed in COMSOL Multiphysics to analyze the THM process
in clays. According to the small deformation theory of plasticity, the
total mechanical strain increment can be additively decomposed to
elastic, thermal, and plastic parts:

=€ +é+é ()

where ¢° is the elastic strain rate, &' is the thermal strain rate, and €” is
the plastic strain rate. Following the theory of linear thermo-elasticity,
the elastic and thermal strain rates are defined as:

&€=C:¢ ©)

&= —ayT (10)

where a4 (1/°C) is drained linear thermal expansion coefficient tensor of
the porous medium and can be expressed as og = o4l considering
isotropic thermal expansion coefficient. The negative sign in Eq. (10)
represents the dilative deformation. It is to be noted that the drained
linear thermal expansion coefficient is assumed to be equal to the linear
thermal expansion coefficient of solid grains (as). Moreover, C° (Pa) is
the compliance elasticity 4th order tensor and is a function of Poisson’s
ratio, v (-) and Young’s modulus, E (Pa), which is defined as (Modaressi
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and Laloui, 1997):

E=E.(2- an
- \Pres

Eres (Pa) is the reference Young’s modulus, p':—Il/S is the mean
effective stress, I; (Pa) is the first invariant of the stress tensor, p’res (Pa)
is the reference pressure, and m (-) is a constant value. Egs. (9)-(11)
govern the TPE constitutive model.

According to the multi-mechanism concept, the increment of plastic
strain can be expressed as (Laloui and Francois, 2009):

> 00
&= ; =5 a2

Q (Pa) and # () are, respectively, plastic potential function and
plastic multiplier for different yielding mechanisms. Upon yielding, the
plastic multiplier is a positive value, otherwise, it is zero. In Eq. (12), the
increment of plastic strain is proportional to the direction of the gradient
of plastic potential according to the conventional plastic flow rule.
However, in the case of loading conditions with the rotation principal
stresses, the tangential plastic flow rule must also be considered (Veis-
karami and Tamizdoust, 2017). In this study, the plastic potential is
assumed to be equal to the yield surface (f) considering the associated
plastic flow rule (Q = f). ACMEG-T model which is adopted in this study
consists of two yield surfaces in which they govern the isotropic (f;s,) and
deviatoric (fge,) thermoplastic mechanisms. With a slight modification
from the ACMEG-T model, we considered modified Cam Clay yield
surface for the deviatoric part of the yield function:

2
.ﬁxa =p D (‘TriS(J;.f;IC'V = %‘FM%(]) —pP pT)rdev =0 (13)

In Eq. (13), g = /37, is the deviatoric stress, J, (Pa?) is the second
invariant of the deviatoric stress tensor, p’cr (Pa) and Mt (-) are the
temperature-dependent preconsolidation pressure and slope of the
critical state line. 5, and rq,, are, respectively, the degree of plastifica-
tion (mobilized hardening) of isotropic and deviatoric yield limits. These
two parameters facilitate the loading-unloading stress-strain evolution.
The idea of the plastification parameter is conceptualized in bounding
surface theory which states that plastic deformation may occur when the
stress state is on or within the bounding surface (e.g. external surface)
(Dafalias, 1981). ri5, and rgey are defined as (Laloui and Francois, 2009):

&
iso,vol
Tiso = Tiyy +———5— (14)
iso + Eisovol
e

e dev
Vdev = Fgey 7 (15)

v bdev + E ey

In Egs. (14) and (15), ri5° and rge,° are elastic nuclei of isotropic and
deviatoric mechanisms, respectively; a;;, and bg,, are material parame-
ters, isovof is the volumetric plastic strain for the isotropic yielding
mechanism and, e4,,” is the deviatoric plastic strain.

Non-isothermal experimental observations on clays determined that
preconsolidation pressure and slope of the critical state line are strongly
temperature-dependent (Hueckel et al, 2011); therefore, pre-
consolidation pressure can be defined as follows (Laloui and Cekerevac,
2003):

, , T p
Per = Per, {] ~rlog (l * F0) } “p (ﬂg’wl) (16

where p’.1p (Pa) is the preconsolidation pressure at reference tempera-
ture (Tp), and yr (-) is a material parameter. In Eq. (16), exp(Beyof’)
governs the isotropic hardening behavior of soil where f (-) is the plastic
compressibility modulus and &,,f (m/m) is the volumetric plastic strain.
Moreover, the temperature-dependent slope of the critical state line is
predicted as (Laloui, 1993):
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6sin¢£,

Mr = ;
T3 sing,

¢’o (deg) is the friction angle at the reference temperature and g (1/
°C) is an average slope of variation of friction angle at critical state with
temperature. Egs. (9)-(17) complete the TPEP constitutive model used in
this study. The volumetric parts of Egs. (9), (10), and (12) are used to
calculate the porosity change in Eq. (4).

2.4. Hydraulic and Thermal Constitutive Models

The fluid flow in soils is often governed by Darcy’s law; however, in
clayey soils, special attention has been given to non-Darcian flow gov-
erned by osmosis phenomena (Goncalves et al., 2004). Moreover, the
conductive heat flux in this study is comprised of Fourier’s law of
thermal conduction and thermal infiltration due to the mechano-caloric
effect (Goncalves and Trémosa, 2010). Thermo-osmosis and thermal
infiltration are conjugated fluxes based on the Onsager reciprocity
principle. In this study, we follow the macroscopic (upscaled) fluid and
thermal fluxes proposed by Goncalves and Trémosa (2010) and
Gongalves et al. (2012):

b or 18)
N

Thermo - osmosis flow

k
4= —p ;(fo +g2) +

Darcy’s flow
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alteration of hydrogen bonds results in changing of specific enthalpy of
adsorbed fluid in comparison to the bulk fluid (Goncalves et al., 2012;
Gongcalves and Trémosa, 2010; Revil and Leroy, 2004; Roshan et al.,
2015). By incorporating the difference of adsorbed and bulk specific
enthalpy, Goncalves and Trémosa (2010) defined the thermo-osmotic
permeability and thermal-infiltration coefficient as follows:

kAH

k="

1k, = kKAH (20)
where AH (J/m®) is the macroscopic excess specific enthalpy due to
fluid-solid interactions in which AH > 0 implies the fluid flow from hot
to cold region. Derjaguin and Sidorenkov (1941) provided a theoretical
formulation for AH by utilizing the HB modification (Derjaguin and
Sidorenkov, 1941; Gongalves et al., 2012):

AH = (Cpy — Cyp) AHpy (21)

CHB" (mol/m?) and Cug (mol/m?) are the HB concentrations in the
bulk and pore fluid and AHyg (kJ/mol) is the energy needed to break
one mole of HB. As recommended by Goncalves et al. (2012), AHyp ~
14.5 kJ/mol is considered in this study. Detailed calculations of AH
which are adopted in the current numerical model to predict the vari-
ations of the thermo-osmotic permeability (k) during the thermal
loading are presented by Goncalves et al. (2012) and Revil (2017b) in
detail. Please note, in contrast to available literature for THM analysis in
clays that considered the thermo-osmosis phenomenon, the thermo-
osmotic permeability is not a constant value.

NZB> 1/2 (22)

+ (c - cquN;> (1/2N8,)

cquN;, 1/2Ni,

Cuz = > NLCi1/2Ny, + (c_ - ZNLE-) (b ;bs N+
i i
concentration of HB of pore water concentration of HB of pore water molecules not affacted by the ions
molecules in the first shell of
hydrated ions
k, ct =
qr = — ;”vpf + [ndy + (1 = n)A, VT 19 e
| SO G

Fourier’s law of conduction
Thermal infiltration

In Eq. (18), k (m?) is the isotropic intrinsic permeability of the me-
dium, u (Pa.s) is the dynamic viscosity of the fluid, and kr (Pa.m/°C) is
thermo-osmotic permeability (kr/u is the thermo-osmotic conductivity).
In Eq. (19), Arand 4; (W/m/°C) are the thermal conductivities of the fluid
and solid grains, and k; (m?/s) is the thermal-infiltration coefficient. A
permanent negative charge that exists on the clay particle surface is
counterbalanced by the accumulated ions (i.e. counterions and generally
positive) of adsorbed pore fluid in Stern and Diffuse layers (Goncalves
and Trémosa, 2010; Revil and Leroy, 2004). The thickness of the diffuse
layer can be in the order of nanometers which is the same as the mi-
cropores in clay materials. The overlapping of the adjacent diffuse layers
of clay minerals manifests the presence of an electrical field which
contributes to the alteration of adsorbed fluid structure in terms of its
hydrogen bond (HB) network (Goncalves and Trémosa, 2010). The

concentration of HB of bulk water concentration of HB of bulk water molecules

molecules in the first shell of not affacted by salinity
hydrated  salinity

(23)

In Egs. (22) and (23), the bar sign reparents the pore fluid properties
to differentiate them from bulk fluid ones. i is the summation dummy
index which indicates cation (+) and anion (—).I\If” is the number of
water molecules in the first hydration shell of the cation and the anion
(N;,=N,, = 6). N, is the mean number of HB per water molecule in the
first hydration shells (Nj;;=2.27; Ny, = 2.65). N, and N3, are mean
numbers of HB per water molecule of bulk and highly ordered water,
respectively (N2,=3.5; N§;, = 3.75). b, and b are the mean half-pore size
and the half-thickness of highly ordered water, respectively (m). (b;=1
nm). In the same order, C, and a»(mol/mz’) are water and ions con-
centrations in the pore space. C,, and c (mol/m3) are water and salt
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concentrations in the bulk fluid. Moreover, the mean half-pore size can
be calculated as (Goncalves et al., 2012):

n

b=
(1—n)p,SSA

(24)

where SSA (m?/kg) is the external specific area of the porous medium.

There are four unknowns in Egs. (21) and (22) i.e., Cy, C,, C_, and
C, which need to be determined. The concentration in the electrical
double layer (EDL) in the vicinity of clay surface (C, and C_) can be
obtained by solving Poisson-Boltzmann (PB) equation in the finite dis-
tance (2b) between two clay particles. In small pores and low concen-
trations of salt (<0.1 M [=mol/1]), EDL parallel particles overlap. PB
equation in this case should be solved numerically. However, some
analytical solutions for PB are available for low surface potential (often
less thany = 50 mV). An alternative approach to solving the PB equation
is using Donnan Equilibrium where an average of charge density can be
obtained. The advantage of using Donnan equilibrium is the fact that it
can be used in the Representative Element Volume (REV) scale and is
simple to incorporate in continuum models. Here, by following the
approach of Revil (2017b), we can obtain the ionic concentration in pore
water for the case of 1:1 salt solution such as NaCl:

G =cy(VI+ +0) (25)
where O is a dimensionless number:
Ov
= 26
2eNyCey (26)

e is the elementary charge (1.6 x 10°1° C), N, is Avogadro’s constant
(6.02 x 10%% 1/mol). Furthermore, the volumetric charge density (Q,
[C/m?]) is defined as:

(1 —n)CECp,
n

Qv = 27)

In Eq. (27), CEC (C/kg) is the cation exchange capacity. Note that for
practical purposes, CEC is usually expressed in meq/g (1 meq/g = 96320
C/kg). Finally, we use the following conservation equation for bulk and
pore fluid concentrations to solve for C, and C,, (Revil, 2017b):

Q.G+ QC =1 (28)

Q,Cytey Q=1 (29)

Q, and Q; are molar volumes of the water and ions, respectively (m3/

8 T T T T T T T T T

—— Dynamic viscosity .°
= = Thermal expansion coefficient -

o o
(s'ed ¢-01%) 193EM JO A)IS0ISIA dTweuUL(Q

o
)

N
~

Thermal expansion coefficient of water (x10+ °C-)

Temperature (°C)

Thermal conductivity of water (W/m/°C)
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mol). (©,=23.8 x 107%, Q.= 17.4 x 107, andQ_ = 18.0 x 107%).
According to the equations presented above, HB concentration is a
function of fluid salinity, pore size, porosity, density, cations exchange
capacity, and specific surface area of the solid.

2.5. Thermal properties of water

Despite the availability of many theoretical and numerical studies on
THM analysis on soils, there are only a few studies that carefully
considered the effect of temperature-dependent properties of the satu-
rating fluid on the THM process in soil media (Braun et al., 2021b;
Tamizdoust and Ghasemi-Fare, 2020c). Therefore, a rigorous numerical
framework is needed to compare different aspects of temperature
changes and mechanical deformation on THM behavior of clayey soils
while thermo-osmosis phenomenon, thermal infiltration, and thermo-
plastic deformations, and real-time properties of soil and saturating fluid
are considered. Fig. 1(a) and (b) illustrate the thermodynamic properties
of water for the temperature ranging from O to 100 °C which are
calculated based on the formulations provided by the International As-
sociation for the Properties of Water and Steam (IAPWS) (Spang, 2002).

All equations presented in this section are adopted in COMSOL
Multiphysics to assess and compare different thermal, hydraulic, and
mechanical properties of the porous media on the THM behavior of
clays.

3. Results and discussion
3.1. ATLAS III Experiment

Boom clay is a natural deposit of over-consolidated clay (OCR = 2.4)
which has been considered as a suitable porous environment for deep
geological repositories in Belgium (Mertens et al., 2004). Therefore,
different experiments have been performed in underground research
laboratories to experimentally investigate the THM response of the
Boom clay at elevated temperatures. In this study, the numerical results
are compared with the ATLAS III experiment that was conducted in
HADES underground research facility (started in 2007). One of the most
important objectives of the ATLAS III experiment was to obtain more
accurate temperature and pore water pressure (PWP) evolutions around
a horizontal heat source at a large scale in comparison to the first ATLAS
experiment that was conducted in the 1990s.

ATLAS 1II consists of a horizontal main borehole (19 m long with an
external diameter of 190 mm and an internal diameter of 160 mm)
where the heaters cover a section of the main borehole (from 11 to 19
m). AT85E, AT93E, and AT98E are observation boreholes that are
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Fig. 1. Thermodynamic properties of bulk water for different temperatures at atmospheric pressure (Spang, 2002): (a) Thermal expansion coefficient and dynamic

and viscosity, and (b) heat capacity and thermal conductivity.
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Conditions for top, bottom, and right boundaries:

* Constant pore water pressure = Pp
* Constant temperature (adiabatic) =7,
* No displacement perpendicular to the boundary
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Fig. 2. The schematic representation of the ATLAS III experiment and the numerical domain.
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Fig. 3. Thermal power of the heater in ATLAS III experiment.

Table 1

Physical properties of Boom clay.
Parameters Values Units References
Pfo 1000 kg/m3 Francois et al. (2009)
s 2670 kg/m>
ng 0.39 m3/m? Bernier et al. (2007)
“ko 2.5 x 107%° m?
¢ 4.5x 1071 1/Pa Spang (2002)
Cs 730 J/kg/°C (Chen et al., 2017)
As 1.65 W/m/°C Chalindar et al. (2010)
as 1.3x10°° 1/°C Baldi et al. (1991)
CEC 0.082 meq/g Gongalves et al. (2012)
b 5.44 nm

" Intrinsic permeability is calculated based on the Kozeny-Carman equa-
tion:k = ko[(1 —np)/(1 — n)*(n/no)>.

Table 2
Parameters used in TPEP and TPE constitutive models.
Parameters Values Units References
v 0.125 — Chen et al. (2011)
Eres 700 MPa Chen et al. (2011); Schuster et al.
(2001)
m 0.4 — Francois et al. (2009)
“eo (Initial void ratio) 0.639 m?/ Bernier et al. (2007)
m3
) (Critical state 0.122 - Baldi et al. (1987)
parameter)
“k (Critical state 0.031 -
parameter)
P'eto 6 MPa Francois et al. (2009)
D'ref 2.25 MPa
¢0 16 Deg
T 0.55 -
gr 0.0085 1/°C
Tiso 0.415 -
Taer’ 0.3 -
Qiso 0.014 -
baev 0.007 -

"= +e) /(A-K) =18.

located at 1.5, 1.3, and 2.86 m, respectively, away from the main
borehole in the horizontal plane (xy). Finally, the AT97E borehole (95
mm in diameter) is constructed with 10° inclination towards the main
borehole with a 10° downward inclination passing underneath the main
borehole. The schematic overview of the ATLAS III experiment is illus-
trated in Fig. 2. More information about this experiment is given by
Chen et al. (2011). The experimental observation provides the means to
numerically simulate the THM process and study the thermo-osmosis
phenomenon and thermal infiltration while considering thermoplastic
deformations in clays at a large-scale well-controlled experiment.

Thermal loading for ATLAS III consists of multiple steps of heating
and cooling (Chen et al., 2011). Fig. 3 depicts the thermal power at the
heater during different stages of the experiment which is also used in the
current study.

3.2. Thermo-hydro-mechanical properties of boom clay

The mechanical, hydraulic, and thermal properties of Boom clay are
presented in Table 1. There are some uncertainties associated with the
values of SSA and c,q for Boom clay. For example, SSA is reported to be
44 and 150 m?/ g in different studies (Al-Mukhtar et al., 1996; Goncalves
et al., 2012). Furthermore, there is not much available data for the salt
concentration of the saturating fluid of in-situ Boom clay. Hence, we
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Table 3
Numerical models considered in this study.
Model 1 Model 2 Model 3 Model 4 Model 5
Mechanical TPE TPE TPEP TPE TPEP
(E = Erep) (E from (E from (E from (E from
Eq. (11)) Eq. (11)) Eq. (11)) Eq. (11))
Hydraulic kr=0 kr=0 kr=0 kg from kg from
Eq. (20) Eq. (20)
ar = 3.5 x ag = adT) i = afT) as = afT) ay = afT)
107*1/°C
u=0.001 = pu(T) u=u(T) =T =T
Pas
Thermal k, =0 k, =0 k, =0 k, from k, from
Eq. (20) Eq. (20)
Ap= 0.59 Af= ﬂf(T) Af= lf(T) A= }.f(T) A= lf(T)
W/m/°C
C=4200 G=CAT) C=CAT) Ci=CAT) Cp=CAD
J/kg/°C

perform an additional parametric study to better illustrate the impact of
these parameters on thermo-osmotic conductivity. The remaining pa-
rameters in Table 1 for Boom clay are adopted from Goncalves et al.
(2012).

Table 2 presents the calibrated parameters adopted in the Finite
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Element (FE) numerical scheme. The calibrated parameters are adopted
from Francois et al. (2009), Chen et al. (2011), and Schuster et al.
(2001).

3.3. Numerical models for the ATLAS III Experiment

In the main part of this study, we consider 5 models for different
assumptions to systematically analyze the effect of different parameters/
constitutive relations. In model 1, the TPE model is used with constant
temperature-independent properties of fluid and mechanical properties
of the medium. Model 2 is also based on the TPE assumption while
considering temperature and stress-dependent properties of the fluid
and the strength parameters of the soil. In model 3, in addition to var-
iable fluid and soil properties, we consider the thermo-plastic defor-
mation as well. Models 4 and 5, respectively, are based on the same
assumptions we consider in models 2 and 3, while we utilize the thermo-
osmosis and thermal infiltration fluxes in these models (models 4, and
5). The details of the numerical models are expressed in Table 3.

3.4. Numerical simulations

The governing balance equations along with TPE and TPEP consti-
tutive models are implemented in COMSOL Multiphysics v5.3a which is
based on the finite element method to simulate the ATLAS III experi-
ment. A 2D axisymmetric domain around the horizontal plane (xy) is

0 105 210 315 420 525 630
Time (days)

735 840 945

- = x=130m (exp-AT93E)

= = x=1.50 m (exp-AT85E) ||
= = x=2.68 m (exp-AT98E)
— x=1.30 m (sim)
— x=1.50 m (sim)
— x=2.68 m (sim)

30 [ [ [ [ | | | |
(a): Model 1 - = x=130m (exp-AT93E)
25 = = x=1.50m (exp-AT85E) | |
~ 7. = = x=2.68 m (exp-ATI8E)
8 '¢' — x=1.30 m (sim)
z2 20 e — x=1.50 m (sim)
S — x=2.68 m (sim)
=
s
> 15| B
L
5 -
= D
b o
=" 10 - P n
=] Y, Q
) ()
= s
L/
S5+ Y D E
4
0 | | | | | | | |
0 105 210 315 420 525 630 735 840 945
Time (days)
30 T T T
(c): Model 4
25+
o 7~
< 4
2 20+
2
=
<
E
> 15+
2
= P
= oz
3 Py
=9 10 - o,
g J/
= s
L/
5+ Y
L/
0 I I I I

0 105 210 315 420 525 630 735 840 945
Time (days)

Fig. 4. Temperature evolution against time at x = 1.3, 1.5, and 2.68 m from the heat source: (a) Model 1, (b) model 2, and (c) model 4.
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considered where the heat source is placed at the symmetry boundary. A
rectangular domain with 100 m in perpendicular (x-direction) and 119
m in parallel (y-direction) direction to the heat source is accounted to
minimize the effect of boundary conditions on the results. The in-situ
initial conditions adopted in the FE model are as follows (Bernier
et al., 2007; Francois et al., 2009): 6x = 0y = 0; = 4.5 MPa, py = 2.25
MPa, and Ty = 16.5 °C. Constant temperature and pore water pressure
equal to the initial values are considered for all boundaries except at the
axisymmetric axis. The perpendicular displacement to the boundaries is
prevented. The schematic representation of the numerical domain and
boundary conditions are illustrated in Fig. 2. After a series of mesh
sensitivity analyses, the domain is discretized with 1770 rectangular
quadratic finite elements.

The structural, subsurface flow, and heat transfer modules available
in COMSOL Multiphysics are modified to implement the governing
partial differential equations (PDEs) presented in the previous section.
The PDE equations are implicitly solved using the PARDISO direct ma-
trix solver which is available in the COMSOL Multiphysics software. The
backward Euler method is employed for time advancement.

3.5. Interpretation of the results
Temperature, thermal pressurization, and averaged total stress dur-

ing the heating/cooling phases of the experiment are compared with the
numerical results.
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3.5.1. Temperature variations

Comparison of the numerical results obtained from models 1, 2, and
4 and experimental observations are shown in Fig. 4(a), (b), and (c),
respectively. The measurement points are aligned with the center of the
heater (y = 15 m). The numerical models predict the temperature var-
iations with good accuracy for different distances from the heater. Re-
sults obtained by all the modeling approaches are almost the same. It is
interesting to note that the temperature variations with time can also be
predicted accurately without considering the thermal infiltration phe-
nomenon or temperature dependency of thermal properties. Therefore,
the mechano-caloric effect on heat transfer is negligible in the current
case. This observation was expected since, the conduction mechanism is
more significant compares to other heat transfer mechanisms (e.g.,
convective heat transfer through thermo-osmotic flow) in clayey soils.
Furthermore, plastic deformation also has a negligible effect on tem-
perature evolution (not shown).

3.5.2. Thermal pressurization (Models 1, 2, and 3)

Fig. 5(a), (b), and (c) show the comparison of thermal pressurization
(ps - pro) observed at the measurement borehole during the heating/
cooling cycles with numerical models 1-3. These three models are
considered to explore the effects of different thermal, hydraulic, and
mechanical properties of the porous medium and the saturated fluid on
thermal pressurization. Note, the constant thermal expansion coefficient
of fluid has been mostly used in THM modeling studies (Chen et al.,
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Fig. 5. Thermal pressurization against time by utilizing model 1, 2, and 3: (a) x = 1.5 m, (b) x = 1.3 m, and (¢) x = 2.68 m from the heat source.
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Fig. 6. Averaged total stress variations against time by utilizing model 1, 2, and 3: (a) x = 1.5 m and (b) x = 1.3 m from the heat source.

2017; Hueckel et al., 2011). By comparing the results in Fig. 5(a), (b),
and (c), it is evident that the model with variable oy (Models 2 and 3)
predicts thermal pressurization more accurately compared to the model
with constant af (Model 1). Indeed, the thermal expansion coefficient of
water increases more than 700% at a temperature of 100 °C and higher
compares to the initial 16.5 °C temperature (see Fig. 1(a)). The differ-
ence in the thermal pressurization predicted by TPE (Model 2) and TPEP
(Model 3) approaches is noticeable at the beginning of the cooling
phase. The TPE model estimates higher pressure variation than the TPEP
model. This is due to the irrecoverable (plastic) deformation (thermal
consolidation) that happens in the vicinity of the heat source during the
cooling phase at which excess pore water pressure dissipates. However,
during heating phases, the difference in numerical results obtained from
TPE and TPEP models is less noticeable, since the thermo-elastic
deformation is dominant compared to the thermal plastic deformation.

3.5.3. Total stress variations (Models 1, 2, and 3)

The variations of averaged total stress obtained from models 1, 2,
and 3 are presented in Fig. 6(a) and (b) and compared with the exper-
imental observations. According to Chen et al. (2011), there are four flat
jacks at the left, top, right, and bottom sides of the instrumentation
tubing for each measurement borehole. The averaged values of all these
measurements are shown in Fig. 6(a) and (b). In Fig. 6(a), model 1
overestimates the total stress variation during heating phases. In
contrast, during the same period, models 2 and 3 predict the total stress
variation with better accuracy. In the cooling phase, models 1 and 2
show somewhat similar results. This happens because during the cooling
phase, soil’s temperature drops and reaches almost initial temperature
in which the constant and temperature-dependent values of thermal
expansion coefficient and viscosity of water (which are responsible for
the fluid expansion and the PWP diffusion) are almost equal for these
two models. Model 3 (TPEP model), however, yields higher stress
variation than models 1 and 2 that is because of the amount of irre-
coverable deformation obtained by the ACMEG-T constitutive model.
Due to the thermal history of Boom clay, the accumulated plastic strain
during heating phases irrecoverably affects the stress characteristics of
the soil surrounding the heater. That is why, during the cooling phase,
the results of TPE and TPEP models noticeably deviate from one to
another. Should a different heating/cooling cycle be imposed, a
different thermo-plastic behavior could be expected. Model 3 un-
derestimates the stress variation in the cooling phase. Different thermo-
elastoplastic constitutive models have been used to evaluate the thermo-
plastic behavior of Boom clay (Chen et al., 2011; Cui et al., 2000).

Nonetheless, a more detailed comparison between different thermo-
plastic constitutive models is required to shed more light on the
thermo-plastic deformation and subsequently on the total stress
response of Boom clay to evaluate their performance when it is subjected
to elevated temperature. The simulation results of all 3 models follow
the same trend for the AT93E borehole depicted in Fig. 6(b). The pre-
dictions underestimate the total stress variations obtained from experi-
mental data in the heating phase.

3.5.4. Parametric study of thermo-osmotic conductivity

In the following, we focus on the effect of thermo-osmotic flow and
thermal infiltration on the thermal pressurization and total stress vari-
ations in the vicinity of the heater. Fig. 7(a) and (b) present the influence
of c.g and SSA on the thermo-osmotic conductivity (kr/u), respectively,
at different temperatures. Fig. 7(a) and (b) indicate that absolute value
of kr/u increases with temperature regardless of the concentration and
surface area because the viscosity of water decreases with temperature;
however, the rate and magnitude of this increase depend on the con-
centration and surface area. Moreover, ceq = 1077 M and 1072 M are
bulk ion concentrations of distilled water and water (Goncalves et al.,
2012) which are compared with higher concentrations in Fig. 7(a) that
can exist in the field. It is interesting to mention that the increase in bulk
concentration changes the sign of ky from positive to negative which,
consequently, changes the direction of thermo-osmosis flow. Fig. 7(b)
illustrates that by increasing SSA from 44 to 150 m?/g, thermo-osmotic
conductivity changes from positive to negative values regardless of the
bulk concentration. Fig. 7(c)-(e) indicate the changes in thermally
induced pore water pressure with or without considering the thermo-
osmosis effect. Fig. 7(c) and (d) show the thermal pressurization
versus the radial distance from the heater at different times considering
SSA = 44, and 150 m?/g, respectively. It is evident that in the case of
SSA = 44 m?%/g (and Ceqg = 1077 M), the pore pressure diffusivity is
stronger because the thermo-osmotic flow is in the same direction as
Darcy’s flow. However, for SSA = 150 m?/g, the direction of thermo-
osmotic flow is in the opposite direction of Darcy’s flow and is toward
the heat source, thus higher PWP is predicted. SSA = 44 m2/g is chosen
as the value for the specific surface area since, SSA = 150 m?%/g yields
unrealistically large thermo-osmotic conductivity (with the negative
sign) and thus higher PWP as it is evident in Fig. 7(b) and (d), respec-
tively. It should be also mentioned that SSA = 44 m?%/g is suggested by
Gongalves et al. (2012) for Boom clay. Romero et al. (2011) also used
SSA = 53 m?/g that is close to the value we consider in the rest of this
study. Fig. 7(e) and (f) show the effect of various bulk concentrations on
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the PWP and total stress variation at x = 1.5 m. It is noted that c,q =
1077 M highly overestimates the PWP diffusion and, consequently, stress
variations for thermo-osmotic flow. Comparison of the numerical results
with the experimental observations demonstrates that c,; = 0.15 M
renders the best prediction for both PWP and total stress variation.
Therefore, based on the results of the parametric study and suggested
values in the literature, we consider c,; = 0.15 M and SSA = 44 m?%/g in
this research.

3.5.5. Thermal pressurization (Models 4 and 5)

The predictions of thermal pressurization obtained from models 4
and 5 at three different measurement boreholes are illustrated in Fig. 8
(a)-(c) considering thermo-osmotic flow and thermal infiltration.
Models 2 and 3 are also included to visualize the models’ differences. In
both models 4 and 5, the thermo-osmotic conductivity varies from kg/u
— 8.24 x 10 3 m/°C/s (for 0 °C) to — 3.56 x 10~ 2 m/°C/s (for 100
°C). At all distances from the heater, model 4 (TPE model) shows a
higher PWP variation in the negative pressurization regime compares to
model 5 (TPEP mode) due to the difference in deformation character-
istics of these models. Indeed, TPE assumes a more mechanically rigid
porous structure which prevents the excessive changes of porous struc-
ture, and therefore, higher thermal pressurization. On the other hand,
the TPEP model considering the ACMEG-T constitutive model yields a
relatively more flexible structure which is induced by thermal softening.
Regardless of the mechanical constitutive model, the thermo-osmotic
flow seems to slightly improve the thermal pressurization estimation
for all three measuring locations.

3.5.6. Total stress variations (Models 4 and 5)

The averaged total stress resulting from Models 4 and 5 for AT85E
and AT93E are presented in Fig. 9(a) and (b), respectively, and
compared with models 2 and 3. The overall agreement between simu-
lations and experimental observations is obtained. However, it is evident
that even the utilization of thermo-osmotic flow could not capture the
measured experimental stress variations in Fig. 9(b). It is to be noted
that 3D geometric models with consideration of anisotropic THM
characteristics of Boom clay (or other anisotropic clays) may improve
the result of the current study (Braun et al., 2021a; Francois et al., 2014);
if we assume the experimental measurements were carefully calibrated
for canceling the effect of temperature on the sensor’s readings. Here,
with consideration of a relatively simpler model (i.e., 2D axisymmetric
condition with isotropic assumption) the effect of thermo-osmotic flow
with variable thermo-osmotic conductivity and thermal infiltration are
investigated by utilizing both thermo-poroelastic and thermo-
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poroelastoplastic constitutive models. Reasonable results have been
achieved which can be used as a benchmark for more sophisticated
modeling approaches. It should be noted that in Figs. 8 and 9, thermo-
osmosis effects are shown for distinct points away from the heat
source. It is expected that thermo-osmosis effects would be more sig-
nificant closer to the heat source where higher temperature variations
occur.

3.5.7. Variations of thermal pressurization and total stress in the radial
distance

The variations of total stress and PWP along the radial distance from
the heater are shown, respectively, in Fig. 10(a) and(b). Fig. 10(a) solely
interpret the effect of thermo-plastic deformation on the THM process in
Boom clay and expresses that the variations of total stress obtained from
the thermo-poroelastoplastic model (model 3) are lower than the
thermo-poroelastic one (model 2) in the heating phase, while it is higher
than model 2 at the end of the cooling phase. The difference in the
numerical results obtained from these two models is evident at the
elevated temperatures (e.g., at the end of 3rd heating phase) and grows
in a larger area farther from the heater following the growth of thermal
deformation in the vicinity of the heater. As it was mentioned earlier, the
difference between the results obtained from TPE and TPEP models
(Model 2 and 3) is more obvious closer to the heat source. Both models
indicate that the influential zone for total stress variation goes beyond x
= 5 m from the heater.

In Fig. 10(b) the effect of thermo-osmotic flow on the hydro-
mechanical process is investigated using the TPE model. Thermo-
osmotic flow has a reverse effect on the diffusion of thermal pressuri-
zation. That is why higher thermal pressurization is obtained during the
heating phase in model 4 compares to model 2 in which thermo-osmosis
and thermal infiltration are neglected. The influence of thermo-osmotic
flow on thermal pressurization is less pronounced in the cooling step due
to the existence of a lower thermal gradient in the medium.

The non-Darcian fluid flux (both Darcy’s and thermo-osmotic flow) is
schematically visualized in Fig. 11(a) and (b) at the end of heating and
cooling phases close to the heater by considering model 4. PWP varia-
tions are also shown in the colored contours. In the heating phase,
Darcy’s flow and thermo-osmotic flow are in opposite directions (Fig. 11
(a)). The heat emits from the heater and propagates to the surrounding
soil and pressurizes the fluid. Therefore, the pressurized fluid diffuses
further into the soil as well, which explains the direction of Darcy’s flow.
However, because of the negative value of thermo-osmotic conductivity
obtained in this study, thermo-osmotic flow is towards the elevated
temperature region (i.e., towards the heater). In Fig. 11(b), where the

1.2 T T T T T
End of 1+ heating phase (model 2)
| Dashed line (model 4)
B End of 2" heating phase (model 2) |
. Dashed line (model 4)
08h . End of 3+ heating phase (model 2)_|
Dashed line (model 4)
1 End of cooling phase (model 2)
0.6 Dashed line (model 4)
0.4
0.2
0
02 1 | 1 | 1
0 5 10 15

Radial Distance from the heater (m)

Fig. 10. Variations of total stress [(a)] and PWP [(b)] along with the radial distance from the heater (comparison of models 2, 3, and 4).
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—_
W

Fig. 11. Fluid flux representation in the vicinity of the heater. The white and black arrows show the velocity field and the direction of the flow governed by Darcy’s
flow and thermo-osmotic flow, respectively. (a) and (c) at t = 381 days (end of heating phase), (b) and (d) t = 945 days (end of cooling phase).

heater is already turned off for some time, Darcy’s flow, close to the
heater, is towards the heater, while in farther distance, it is still propa-
gating (same direction as in the heating phase). This observation is
because the thermal pressurization (py - po) drops to a negative value in
about a 6 m radius from the heater, while still yields a positive value
approximately from 6 to 25 m. On the other hand, the thermo-osmotic
flow is steadily towards the heater and oppositely follows the thermal
diffusion in the medium since the temperature variations are positive
during the heating phase and even at the end of the cooling phase (T-Tp).
Please note in the case with different c.q and SSA the thermo-osmotic
conductivity might be a positive value and therefore thermo-osmotic
flow should be in the same direction as the thermal diffusion during
the heating phase or farther from the heat source during the cooling
phase.

3.5.8. Non-Darcian fluid flux in the radial distance

Fig. 11(c) and (d) illustrate the magnitude of Darcy’s flow and
thermo-osmotic flow at the end of the heating and cooling phases,
respectively. It is interesting to report that, at the end of the heating
phase, thermo-osmotic flow is in the same order as Darcy’s flow close to
the heater; however, in the cooling phase when a thermal gradient is
lower, the magnitude of the thermo-osmotic flow is negligible in com-
parison to Darcy’s flow. The comparison in Fig. 11(a)-(d) confirm the
importance of the thermo-osmosis phenomenon locally close to the heat
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sources embedded in clayey soils. It should be mentioned that numerical
results which are not reported in this figure illustrate that thermal
infiltration has a negligible effect on the THM response of Boom clay
compares to the thermo-osmosis phenomenon in this study.

3.5.9. Volumetric deformation of the soil

Fig. 12(a)-(d) exhibit the evolution elastic, plastic, thermal, and total
volumetric strain, respectively, at different distances for 945 days (2.5
years). Note that positive values show contraction and negative values
express expansion. In the heating phase, the pressurized fluid decreases
the effective stress, and thus dilates the pores and causes reversible
expansion which is depicted in Fig. 12(a). After the heater is turned off,
the sudden reduction in thermally induced pore water pressure (due to
lower thermal gradient) increases the effective stress in the soil, and
consequently, contract the soil. PWP dissipation starts as early as the
thermal loading initiates, however at the first two stages of the heating
the generation of thermally induced excess pore water pressure is more
than the dissipation rate and thus thermal expansion is dominated for
the first 110 days. Nonetheless, during the third phase of the heating,
dissipation of the thermally induced pore water pressure, and conse-
quently, contraction occurs in this period despite the heater is still on. At
the end of the second year (end of the experiment) and in the vicinity of
the heater, negative PWP is dissipated; therefore, the effective stress is
decreased, and elastic dilation takes place for the second time. Fig. 12(b)
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demonstrates that plastic deformation occurs and evolves from the
beginning of the first heating phase and reaches its maximum value at
the end of the second heating phase where it remains constant thereafter
the cooling phase for all the locations shown in the figure. The irre-
coverable contractive plastic strain has an additional effect on lowering
the effective stress as well (by decreasing the mechanical strength of the
material). The sudden jump of the volumetric plastic strain at the
beginning of the cooling phase is related to the rapid increase in the
preconsolidation pressure (thermal hardening) which happens due to
the cooling effect which can be interpreted as thermal volume reduction
(thermal consolidation) after a heating/cooling cycle. The significance
of thermal strain on the THM process is shown to be in the heating phase
and it slowly fades away when temperature drops after the heater is
turned off (Fig. 12(c)). The contribution of each strain (elastic, plastic,
and thermal strain) in total strain is presented in Fig. 12(d). Thermo-
elastic deformation is dominant in the heating phases, where in the
cooling phase the plastic deformation (manifested as thermal consoli-
dation) has a major role close to the heater.

3.5.10. Effect of thermo-osmosis flow on volumetric deformation of the soil

The effect of thermo-osmotic flow on thermo-mechanical deforma-
tion of the soil is presented in Fig. 13. Thermo-osmotic flow does not
have any impact on thermal strain (heat transfer mechanics and thermal
response). On the other hand, thermo-osmotic flow increases the evo-
lution of elastic strain yet decreases the plastic strain by changing the
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thermal pressurization (PWP). Thermo-osmotic flow increases the
thermal pressurization; therefore, results in higher elastic dilation dur-
ing the heating phases (evident from the beginning of the 2nd stage of
heating onward) while it has a negligible effect on elastic strain during
the cooling phases when the soil thermal gradient is low. On the other
hand, the thermo-osmosis phenomenon reduces the effective stress that
affects the plastic strain in both heating and cooling phases. As it can be
observed from Fig. 13, during the heating phase, the total strain follows
the same trend as elastic strain, and in the cooling phase, the total strain
follows the plastic deformation. Comparison of total strain with and
without considering the thermo-osmosis phenomenon indicates the
importance of thermo-osmotic flow in the second and third stages of the
heating and cooling phases.

4. Conclusion

In this study, a series of numerical simulations are conducted to shed
a light on the effects of different thermal, hydraulic, and mechanical
properties of the medium and the saturating fluid on the THM process of
Boom clay. We also analyze the effect of the thermo-osmosis phenom-
enon and thermal infiltration on the THM process in clayey soils.
Therefore, five different models for different thermal, hydraulic, and
mechanical constitutive models are presented. For a complete descrip-
tion of the THM process, careful examination of different temperature-
dependent properties of the fluid and medium are also considered.
Moreover, thermo-osmotic flow is incorporated as an additional diffu-
sion term which serves as the direct coupling effect of temperature field
on fluid mass balance equation (strong coupling). A thorough compar-
ison of each element on thermal pore pressurization, total stress, and
temperature field is presented by comparing the numerical THM anal-
ysis with experimental observations of Boom clay in the ATLAS III test.
All models yield reasonable results during heating phases except model
1 which considers constant thermo-hydraulic properties of water and
overestimates the thermal pressurization. It is found that the thermal
properties of water such as the thermal expansion coefficient of the bulk
water play an important role in thermal pressurization and mechanical
deformation of the medium. The plastic deformation and thermal infil-
tration have limited effects on the temperature field in our study. The
thermo-osmosis phenomenon may reduce or excite the thermal pres-
surization magnitude and facilitate the fluid flow depending on the
positivity or negativity of the thermo-osmotic conductivity. The para-
metric study on the different specific surface area (SSA) and bulk salt
concentration of water, and validating it with experimental observa-
tions, suggests that the thermo-osmotic conductivity should be negative
in Boom clay. The results determine that thermo-osmotic flow is needed
to accurately analyze the THM process close to heat sources. While
thermal infiltration has a negligible effect on the THM response of Boom
clay considered in this study. Additionally, it is shown that the inclusion
of thermo-plastic deformation is significant during the cooling phase
when the negative variations of pore water pressure are generated. In
general, the thermal softening during the heating phase and thermal
hardening during the cooling phase change the stress distribution and
material characteristics.
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