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ARTICLE INFO ABSTRACT

Keywords: Temperature gradient and heat transfer in saturated porous media may affect pore fluid pressure and/or pore
THM fluid flow depending on thermal, mechanical, and hydraulic properties of the media and the saturating fluid.
Heat transfer Therefore, several Thermo-hydro-mechanical (THM) models have been developed to theoretically analyze the
Thermal pressurization thermal behavior of soil media. In this study a coupled thermo-poro-mechanical model is adopted to investigate
I;;itr':::;m;?lp ore fluid flow the heat and mass transfer in deformable porous media in a transient and quasi-steady state conditions. The
Effects and importance of different properties of porous media are carefully taken into account to simulate two
different cases with different scenarios. The results confirm that in order to accurately predict the thermal
pressurization and changes in total stress, temperature dependency of properties of the soil and saturating fluid
must be considered carefully. It is found that even a slight perturbation in porosity variation and temperature
dependency of the thermal expansion coefficient of the fluid can greatly influence the thermal pressurization of
pore fluid in very low permeable soils (e.g. clays), while variations of pore fluid density governs thermally-
induced pore fluid flow in high permeable soils (e.g. sands and silty sands). Moreover, the feasibility of heat
convection and heat-induced pore fluid flow is discussed in a parametric study with different temperature and
permeability values. The results demonstrate that the Boussinesq approximation is a key assumption when

dealing with heat-induced pore fluid flow in quasi-steady state condition.

1. Introduction

Heat transfer mechanisms in fluid saturated porous media have
been investigated in different scales from cavities [1-5] to hydro-
thermal systems [6-13] within last four decades. Heat convection has
been considered for large-scale hydrothermal problems such as magma
intrusions in deep aquifers [6,10]. In such studies, heat and mass
transport have been solved considering the Boussinesq approximation
[14]. Boussinesq theorem assumes that the fluid density in heat and
mass transfer equations is constant except in the gravitational force
acting on the fluid. However, the validity of Boussinesq approximation
is only acceptable in a quasi-steady state condition [10]. The utilization
of the aforementioned approximation can be seen in natural heat con-
vection problems [5,15,16]. Delaney [6] developed an analytical and
numerical frameworks to simulate the pressurization and ground water
flow in a host rock which is subjected to a sudden heating from the
magma intrusion. He investigated the onset of hydrothermal convection
in 0.1-5km depths when temperature rises from 500K to 1000 K. An
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overview of the application and advances of numerical modeling of
ground water flow subjected to heating and hydrothermal systems (e.g.
magma intrusions) are presented by Anderson [9] and Ingebritsen et al.
[10]. Recently, Townsend [11], extended the work of Delaney [6] to
analyze the variations of porosity and permeability caused by mineral
precipitation clogging the pores when the porous medium is subjected
to instantaneous high temperature.

Depending on the nature of the problem, heat transfer may have
profound coupling effects on pore fluid flow and/or pore fluid pressure.
Several experimental and numerical research have been carried out to
analyze the effects of thermal loading on hydraulic and mechanical
properties of the porous media (e.g., soil) in transient and steady state
conditions [17-24]. In the past two decades, thermo-poro-mechanical
theory has been used to accurately predict the thermo-hydro-mechan-
ical (THM) behavior of normally-consolidated and over-consolidated
clays [20,25,26]. Thermo-elastoplastic constitutive models such as
TEAM [27] and ACMEG-T [28] have been found to be useful in justi-
fying the thermo-mechanical experimental studies on clays with
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Fig. 1. The variations of physical properties of water with temperature at atmospheric pressure Spang [42]: (a) thermal expansion coefficient, and compressibility,
(b) dynamic viscosity, and specific heat capacity, (c) thermal conductivity.
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Fig 2. Flowchart of the fully coupled thermo-hydro-mechanical framework considered in this study.
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Fig. 4. Thermal loading at the heater level.

different over-consolidation ratios.

In general, thermal loading can change hydraulic and mechanical
features of the fluid saturated porous medium through altering the fluid
density and porosity of the medium. Variations of fluid density and
porosity in heat and mass transfer equations change the state of stress
and induce deformation in the medium. Several researchers have stu-
died the soil thermal response and reported changes in thermo-hydro or
mechanical response of the soil during heat rejection and extraction
from geothermal piles [21,29-32]. Much attention has been given to
the transient heat transfer and temperature-induced pore fluid pressure
in deep geological waste repositories due to the low permeability of
clay [33,34]. Therefore, the effect of temperature-induced pore fluid
flow, and consequently heat convection, has been overlooked even in
high permeable soils (e.g. sands and silty sands) because of the fast
dissipation of temperature-induced pore fluid pressure.

In order to accurately predict the stress state and deformation in
porous media, the variations of fluid density and porosity should be
considered in heat and mass transfer equations. Therefore, in this study,
the magnitude and occurrence of heat-induced pore fluid pressure and/
or heat-induced pore fluid flow are investigated with respect to dif-
ferent types of soil in transient and quasi-steady state conditions.

Table 1
Physical Properties of Boom clay.
Parameters (dimensions) Values
po (kg/m®) 1000
ps (kg/m®) 2670
no 0.39
ko (m?) 2.5 x 1071
E" (MPa) 350
v 0.125
As (W/m.°C) 1.65
Cs (J/kg.°C) 730
as (1/°C) 1.3x107°
2 K = E/3(1-2v).
Table 2
Initial condition of the field variables.
Parameters (dimensions) Values
o, (MPa) 4.5
o, (MPa) 4.5
ps (MPa) 2.025
OCR 2.4
T (°C) 16.5

Moreover, fluid and soil properties (e.g., thermal expansion coefficient
and dynamic viscosity of fluid) are considered to be temperature-de-
pendent and are updated at each time step.

Two common heat sources in soil, (1) radioactive waste disposal and
(2) energy pile, are considered in this study. A thermo-poro-mechanical
model is adopted to predict the THM response of the soil media. The
developed model is used to simulate the heat transfer and pore pressure
generation in Boom clay surrounding a heat source deep into the soil.
The results are compared with the in-situ measurements of the large-
scale experiment called ATLAS in an underground research facility
(HADES-URF) in Belgium [35]. Then, the validated model is used to
analyze the onset and magnitude of heat-induced pore fluid flow and/or
pore pressure to determine the threshold permeability in which heat-
induced fluid flow happens considering different temperature and
permeability values.

2. Theoretical formulation

The governing equations for the THM process are considered as
stress equilibrium, mass balance, and energy balance of the medium.
These three sets of coupled field equations are solved simultaneously by
using COMSOL Multiphysics (COMSOL 5.3a). In the following section,
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Fig. 5. (a) Finite element mesh of the domain with imposed boundary conditions and, (b) the 3D schematic view of ATLAS experiment.
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Fig. 6. The evolution of temperature with time at the observation borehole
(r = 1.515 m from the heater): The comparison between the current model with
experiment and the Thermo-poroelastoplastic model [33].

the governing partial differential equations considered in COMSOL
Multiphysics are presented.

2.1. Macroscopic balance equations

A fluid (i.e. water) saturated deformable porous media is considered
for this study. The porous medium is composed of incompressible solid
grains with connected pores (no occluded porosity) filled with slightly
compressible water. The solid and water phases are in thermal equili-
brium; hence a unique temperature is assumed for the medium at each
time step. The general soil stress equilibrium equation in cylindrical
coordinate (r, @, z) system is presented below:
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Fig. 7. The variation of thermal pressurization with time at the observation
borehole (r = 1.515m from the heater): The comparison between the current
model, experiment and Thermo-poroelastoplastic model [33].

0
l_a(rgr) + l& % +0,8=0
r or rdp 0z (1a)
P = npp + (1 — gy (1b)

where o is total Cauchy stress tensor. p,, ps and p, are densities of
medium, water, and solid grains, respectively; n is porosity and g is the
acceleration of gravity.

In this study a 2D axisymmetric finite element modeling will be
adopted due to the geometrical axisymmetric condition of the pro-
blems. In the first part of this study, a horizontal plane, where the
temperature, pore pressure, and stress are measured on the same plane
(ATLAS experiment) is considered. In the second part, thermal perfor-
mance of a vertical heat source (e.g., energy pile) is simulated and
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Fig. 8. The evolution of radial total stress with time at the observation borehole
(r = 1.515m from the heater): The comparison between the current model,
experiment and Thermo-poroelastoplastic model [33].

therefore an axisymmetric vertical plane is considered. Since, the
temperature difference at the pile surface around the pile in energy pile
is lower than 2°C [36] an axisymmetric vertical heat source can re-
present a geothermal heat exchanger pile [37]. In both conditions, the
derivative of stress over azimuthal coordinate for axisymmetric plane
(horizontal plane, and vertical plane, respectively for the first and
second part of this study) is zero (90,,/0¢ = 0), therefore, Eq. (1a) can
be replaced by Eq. (1c).

The soil stress equilibrium equation for axisymmetric condition in
cylindrical coordinate can be expressed as:
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The assumption of ideal homogeneous and isotropic porous medium
leads to Terzaghi’s effective stress definition [38]:

o=0 + prl 2
where 0’ is the effective stress tensor, py is the pore fluid pressure and I
is the identity tensor.

Furthermore, by referring to the principal of thermo-poroelasticity,
the increment of elastic volumetric strain tensor in small deformation
regime can be expressed as:

1 ,

dsvol = (E)dc' — addT (3)
where K is the drained bulk modulus of a medium. a4 is the isotropic
thermal expansion which is assumed to be equal to linear thermal ex-
pansion coefficient of solid grains(as), and T is temperature. In Eq. (3)
contraction is positive and expansion is negative.

Considering axisymmetric condition of the problems (dq,/d¢ = 0),
the mass balance of water phase in transient condition in cylindrical
coordinates can be expressed as:

omy 1 aq aq,
— +p|=q+——+—|=0
a P ( P T oy oz )
where
my = npg (5a)
__k%

" u or (5b)
g, =-% %, P8

< u\ 9z 4 (5¢0)

my is the water mass fraction in the medium. In Eqgs. (5b) and (5¢), g,
and g, are water fluxes governed by Darcy’s law, k and y are intrinsic
permeability of the soil and dynamic viscosity of the fluid, respectively.

The energy balance equation is coupled with the mass balance
equations in order to update the medium temperature in each time step
during the thermal loading and recovery time. Energy balance is shown
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Fig. 9. The variation of (a) thermal pressurization and, (b) radial total stress, with time at the observation borehole (r = 1.515 m from the heater): the comparison
between the current model (constant and temperature dependent thermal expansion coefficient of water) and Thermo-poroelastoplastic model [33].
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in Eq. (6). Note, 9T/d¢ = 0 for axisymmetric condition.

a_T+(‘OC)f (lT.l_a_T)_l_ a_T = la_T+az_T+az_T +Q
at @O T\ T T e ) T e | T e T T e
(6)
where Q is the heat source/sink.
©C)pm = nprf + 1 = n)p,C; (7a)
Am

A =

©C)m (7b)
Am = nds + (1 = n)A, (7¢)

where C,,, C;, and C; are the specific heat capacities of the medium,
water, and solid grains at constant stress, respectively. Anm, A and A, are
the thermal conductivities of the medium, water, and solid grains,
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respectively, and ay is thermal diffusivity of the medium.

In Eq. (6), the second term on the left side is the heat convection
term, and the first term on the right side is governed by Fourier’s law of
heat conduction. It is worth noting that in most of the heat transfer
problems in the geotechnical field, heat convection under hydrostatic
condition is disregarded.

The field Egs. (1c), (4), and (6) which include pore fluid pressure,
temperature, and deformation as field variables should be solved si-
multaneously to model the THM process. Temperature gradient induces
thermal strain and pore water pressure. However, only a few studies
considered two-way coupling, in which the stress state and updated soil
and fluid properties, like porosity and permeability, change the heat
transfer rate and soil temperature increments [8,39,40]. While the Egs.
(3) and (6) present the effects of temperature on soil volumetric de-
formation and effective stress, additional state variable equations are
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Table 3
Properties of soil for parametric study.

Parameters (dimensions) Values

pro (kg/m®) 1000

ps (kg/m?) 2650

no 0.35

v 0.2

As (W/m-°C) 2.5

C; (J/kg"C) 810

a, (1/°C) 3.0x107°
To (°C) 15
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Fig. 13. Variations of drained bulk modulus as a function if minor principal
effective stress after Byrne et al. [55].

needed in order to study fluid mass conservation considering soil de-
formation and temperature increments [38]. Egs. (8) and (9) express
the variations of fluid density and medium porosity with temperature,
pore pressure, and effective stress:

9y 1\ %p 8T
Tt |V i
t Kf ot ot (8)
noa-n|(L)E -
ot K/ ot ot 9

where Krand ayare the bulk modulus and thermal expansion coefficient
of water, respectively. Eq. (9) is obtained from the macroscopic mass
balance equation pertaining to solid grains. By substituting Egs. (8) and
(9) in Eq. (5a), and replacing myin Eq. (4), the water mass conservation
equation is coupled with temperature and deformation fields in a
transient state.

% 1 (1 %,

a _ ’
+ %% A9T _ 1(1_")51
ot S

T Ty o S at (10a)

§==
Ky (10b)

_ nay + (1 = n)ag
- S (10c)

where A, and S are defined as thermal pressurization coefficient and
storage coefficient, respectively. Ghabezloo and Sulem [41] defined a
similar equation to predict A for rocks. Egs. (8)-(10) indicate that
thermal expansion coefficient of the fluid and solids, along with the
bulk modulus of water and drained bulk modulus of the porous
medium, have a direct effect on thermal pressurization. Therefore,
these values and their changes with temperature must be considered in
order to accurately predict thermal pressurization.

In addition to fluid density and porosity, other hydraulic and
thermal properties of fluid (i.e. water) are considered as temperature
dependent. Hence, for careful consideration of these properties, the
formulations provided by International Association for the Properties of
Water and Steam (IAPWS) are used. The thermodynamic properties of
water for the temperature ranging from 10 to 100°C are calculated
based on specific Gibbs free energy, g(psT) and its appropriated
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Table 4
Parameters considered for the sensitivity study.

Parameters (dimensions) Values

ko (m?) 5x1071%1x1071%5x%x 10711 x 1071
5x1071%5x 107135 x 10”4
Ty (°C) 20; 35; 40; 45; 50; 55

derivatives. All the details of the numerical procedure are summarized
in [42]. Accordingly, Fig. 1(a), (b), and (c) illustrates the variations of
the thermal expansion coefficient, compressibility, dynamic viscosity,
heat capacity, and thermal conductivity of water with the temperature
ranging from 10 to 100 °C. The temperature values beyond this range
are extrapolated.

As it can be seen in Fig. 1(a), the variations of thermal expansion
coefficient of water (ay) with temperature can be as high as 200% when
temperature rises from 20 °C to 80 °C; however, in several THM mod-
eling as has been considered as constant. Therefore the effects of vari-
able ay on thermal pressurization, and radial total stress variations is
investigated in this paper.

As mentioned earlier, only a few studies have considered the
changes in porosity and soil intrinsic permeability to analyze the
thermal pressurization and thermal flow in porous media [43]. Results
from the current study confirm that even a small variation of the fluid
and soil properties (e.g., density, hydraulic conductivity, and porosity)
highly affect the overall thermal performance of the porous medium.

Temperature increments induce soil fabric changes and porosity
alterations. Pervious research showed intrinsic permeability changes
with temperature increments [44]. In this study, the variation of the
intrinsic permeability is considered with updated porosity based on the
Kozeny-Carman equation (Eq. (11)) [43,45,46]:

)

1-n no an
where ko, and n, are the initial intrinsic permeability and initial por-
osity, respectively.

For the quasi-steady state condition where 0T/dt = omy/ot = 0, the
fluid mass balance equation (Eq. (4)) reduces to:

1 dq, . 9q,
i i g
" or oz (12)

In this case, the variation of fluid density only makes a change in the
gravitational term of Eq. (5c). This condition is explained by the
Boussinesq approximation [47]:

pf = pfo [1 - OCf(T - 76)] (13)

Eq. (13) implies that, in a quasi-steady state where the build-up pore
water pressure is diffused due to heating, pore fluid flow can happen
because of variations in fluid density. It is worth mentioning that
considering Boussinesq approximation in transient heat and mass
transfer problems can lead to erroneous solutions [10].

Fig. 2 summarized the coupled Thermo-poro-mechanical model for
a saturated porous media. Temperature variations affect the thermal
properties of the fluid and hydraulic properties of the soil mixture.
Moreover, temperature variations may induce thermal elastic and/or
plastic deformations. The thermal deformation alters the porosity and
consequently changes the intrinsic permeability. While porosity varia-
tions and thermal expansion of fluid can directly affect the thermal
pressurization, changes in intrinsic permeability may influence the fluid
diffusion. Permeability dictates the rate of dissipation of the thermally-
induced pore pressure. Also, changes in porosity affect the storage of
heat capacity, and thermal conductivity in balance of energy. More-
over, variations of fluid density due to the temperature changes may
cause fluid advection considering Boussinesq approximation. Fluid
advection participates in heat convection and changes heat transfer in
the soil media in quasi-steady state condition. Here, thermo-poroelastic
model has been adopted to simulate a fully coupled THM process in
saturated soil. No thermal plastic deformation is considered in this
study; the current model is relatively simpler and more practical com-
pared to an advance thermo-elastoplastic constitutive models such as
ACMEG-T [28] in which the effect of temperature on preconsolidation
pressure and thermal softening of a bounding yield surface are con-
sidered. In order to accurately model the heat transfer mechanism and
predict the thermo-poro-mechanical behavior of the porous media, the
variation of soil and fluid properties with temperature must be con-
sidered. In the following section, the results from the current study are
compared with analysis of Frangois et al. [33] who used an advanced
thermo-poroelastoplastic model (ACMEG-T) with considering constant
thermal expansion coefficient of fluid. The comparison with Field



M.M. Tamizdoust and O. Ghasemi-Fare

50 — x107
20
45 18
16
40 —
14
E 354 12
=
= 10
& 30
8
25 4 6
4
20
2
m/s
15
0 4 8 12 16 20
Radial distance (m)
50 — (© x107
20
45 18
16
40 —
14
T 35 12
=
2 10
2 30
8
25 6
4
20 —
2
m/s
15 +

4

Radial distance (m)

8 12 16 20

Depth (m)

Depth (m)

Computers and Geotechnics 117 (2020) 103250

) 105

20

50

8 12 16
Radial distance (m)

20

@ e

20

50 —

m/s

T T T T
4 8 12 16 20

Radial distance (m)

Fig. 15. Pore fluid flow contours close to the heat source (=50 °C) for different permeability values: (a) 5 x 10™1°m?, (b) 5 x 10" m?, (¢) 5 x 10~ 2m?, (d)

5% 107 m?
observations confirm the advantages of the current model.
3. Numerical simulations

3.1. ATLAS experiment

The developed thermo-poro-mechanical model is used to analyze
the thermally induced pore pressure in a long-time transient state. The
underground research facility HADES-URF (Fig. 3), in which the ATLAS
test was conducted, was designed and built in Mol, Belgium at a depth
of 223 m in Boom clay. The experimental facility was designed to study
the THM response of the soil exposed to a radioactive waste deep
geological repository [33]. The Boom clay is a deposit of over-con-
solidated clay which is considered as a host rock for the Belgian dis-
posal of radioactive waste. The ATLAS experiment consists of a hor-
izontal main borehole (19m long) with heaters and two parallel

boreholes (15.65m long) with instrumentation. The Observation
boreholes for measurement have been drilled at 1.184 m and 1.515 m of
the main borehole in the same horizontal plane. The changes in tem-
perature, pore water pressure, and radial stress have been measured in
observation boreholes [35].

Fig. 4 presents the thermal loading in the main borehole. The first
heating phase started on July 1993 at a power of 900 W and lasted
about 3 years. The second heating phase started in June 1996 at full
power (1800 W) for almost a year. The cooling phase begin in May
1997 by turning off the heaters [35]. The thermal loading used in this
study borrowed exactly from the field while the thermal loading con-
sidered in Francois et al. [33] had higher thermal power in heating
phases.

Several researchers studied the evaluation of thermal and mechan-
ical properties of Boom clays [19,48-51]. The properties of the Boom
clay used in this study are selected according to the reported properties
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ofBoom clay for the ATLAS project in literature (see Table 1).

3.2. Numerical setup and conditions

A 2D axisymmetric domain in the horizontal plane is considered
with the heat source on the symmetry boundary. Calibration results
showed the effect of boundary conditions on the analysis is negligible
when the radial and perpendicular distances of 100 m from the heater
are considered. The geometry is in agreement with the THM numerical
analysis performed by Francois et al. [33].The in-situ stress, initial pore
water pressure, and temperature are reported in Table 2.

Constant temperature and pore pressure equal to the initial values
are considered for all boundaries except the axisymmetric boundary.
The perpendicular displacement to the boundaries is prevented. The
geometry and finite element mesh with the boundary conditions along

10

with the 3D schematic view of ATLAS experiment are shown in Fig. 5.
In the numerical simulations, the solutions of partial differential
equations are obtained using direct linear solver in COMSOL with fully
coupled approach where the relative tolerance is set to 0.01%.

3.3. Results and discussion

The comparison between the results obtained from the current
study, experiment, and thermo-poroelastoplastic analysis of Francois
et al. [33] are presented in Figs. 6-8. All the results shown in Figs. 6-8
were monitored at 1.515m from the heat source at the observation
borehole. Fig. 6 shows the temperature variations for 2500 days
(6.8 years) including two heating phases and one cooling cycle ac-
cording to Fig. 4. The numerical results are in good agreement with
experiment data while no adjustment was made for the thermal power
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at the heater level. Fig. 7 shows the comparison of thermal pressur-
ization variations obtained in this study with experimental data and
results of thermo-poroelastoplastic analysis from Francois et al. [33]. As
it is evident in Eq. (10c), thermal pressurization is mainly due to the
difference between the thermal expansion coefficient of water and solid
grains. The magnitude of thermal pressurization inversely depends on
compressibility of pressurized fluid and medium. It can be concluded
that in shallower depths where the compressibility of the soil is higher,
the effect of temperature on fluid pressure is less evident. Moreover,
another controlling parameter for thermal pressurization is the intrinsic
permeability of the porous medium which governs how fast the ex-
cessive pore pressure can dissipate. Therefore, pressurization is more
likely to happen in less compressible and very low permeability soils or
rocks.

In Fig. 7, the overall trend of the results is a reasonable match with
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experimental data. While the obtained thermal pressurization is un-
derestimated during the first phase of the heating, the maximum
pressure at the second phase of the heating has been captured well with
the current model. Moreover, the predicted negative pressurized pore
water during the cooling phase matches with field observations. In
general, the thermal pressurization is predicted reasonably well during
the thermal loading. Note that the current model is simpler and more
practical than the advanced THM model used by Francois et al. [33].

Fig. 8 represents the variations of total radial stress (0,) with time.
Although the current model matches better with the field observations,
both models are not capturing the variations of total radial stress ob-
served in the field. One scenario is that the total radial stress recorded
by the instrument at the observation borehole might have been affected
by high temperature. Frangois et al. [24] and Bernier and Neerdael [43]
discussed this issue in more detail.

As previously mentioned, the thermal pressurization is due to the
difference of thermal expansion coefficients of water and solid grains;
hence, we postulate that thermal expansion coefficients of water, which
is highly temperature depended, may be the key parameter in this
matter. In Fig. 9(a) and (b), the reason of discrepancy in thermal
pressurization and radial total stress simulations between the current
and thermo-poroelastoplastic model is shown by setting a constant
value for the thermal expansion coefficient of water (equal to the value
used in Francois et al. [33]) in the current model. It should be noted
that no external mechanical loading is applied in this problem and
variations of total stress are strongly affected by thermal loading
through pore pressure changes. The results of thermal pressurization
and radial total stress with the constant thermal expansion coefficient
match well with the thermo-poroelastoplastic model. In conclusion, it is
interesting to note that, utilizing realistic fluid parameters can have
great effects on heat-induced pore pressure.

Fig. 10(a) and (b) compares the results of the thermal pressurization
and radial total stress evolutions versus time with and without con-
sidering porosity variations. According to Eq. (9), the maximum por-
osity change (no volumetric plastic defamation is considered) during
the thermal loading is An = +0.24% for the second heating phase and
An = —0.11% for the cooling phase. Even though porosity variations are
very small, it is shown that neglecting the porosity changes in soil
medium results in enormous error in the predictions of thermal pres-
surization and radial total stress.

As it can be seen in Eq. (9) different bulk moduli, and thermal ex-
pansion coefficient of solid grains result in different porosity variations
and it is expected that variations of these parameters alters thermal
pressurization, and total stress. Figs. 11 and 12 depict the evolution of
thermal pressurization and radial total stress with respect to different
drained bulk moduli and thermal expansion coefficients of solid grains,
respectively. In Fig. 11(a) and (b), larger drained bulk modulus results
in higher variations in thermal pressurization and radial total stress in
all heating and cooling phases. Fig. 11 shows increasing bulk modulus
from 133 MPa to 200 MPa results in 22% higher thermal pressurization
in the second heating phase and 37% reduction in pore water pressure
in the cooling phase.

In Fig. 12(a) and (b), linear thermal expansion coefficients of solid
grains are considered such that it represent different clayey soils
[52-54]. Fig. 12(a) shows that higher thermal expansion coefficient
results in slightly lower thermal pressurization (less than 7% when the
thermal expansion coefficient of solid grans increases from
1x107%°C™ ! to 2 x 1073°C™ 1) while in Fig. 12(b) this effect is re-
versed for radial total stress variations in the first two heating phases. It
is worth mentioning that the effect of temperature variations on total
stress is not only through the thermal pore pressurization but is also due
to the direct effect of thermal deformation on the total stress.

The results from the current study shows a simple thermo-elastic
model can be used to predict the thermal pressurization, and total stress
variations close to heat sources if temperature dependent properties of
soil and fluid are considered. Please note, further research is needed to
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Fig. 19. The evolution of (a) fluid velocity and (b) temperature, versus time for different permeability values (T = 45 °C).

analyze the difference in total strain and displacement considering
thermo-elastic model with variable parameters compare to an advanced
thermo-elastoplastic model. In order to accurately predict thermal
stress and strain, advanced thermo-elastoplastic model with considering
temperature dependent properties might be needed.

3.4. Parametric study for soil with higher permeability

In this section, a parametric study is conducted to evaluate the in-
fluence of different values of intrinsic permeability (i.e. different types
of soil) and heat source temperature on heat induced-pore fluid pres-
sure and heat-induced pore fluid flow. Only a constant thermal load for
each analysis is considered to ensure that a quasi-steady state condition
can be reached (i.e. sufficient time for thermal and hydraulic diffusion).
The soil medium is in range of sandy soil to silty sands to study the mass
and heat transfer in high permeability soils. As was expected, thermal
pressurization is negligible as it can be diffused so fast. Furthermore, for
the zones close to the ground surface (range of 25 m below the ground
surface), the effect of confining pressure is less tangible.

3.5. Numerical setup and conditions

The thermal and hydraulic properties of the medium are reported in
Table 3. In addition, the drained bulk modulus of the medium is con-
sidered to be stress dependent and is defined as follows [55]:

1\0.25
%
F

where Ky represents the relative density of sands and is set to be 600 for
this study, and P, is the atmospheric pressure. The variations of drained
bulk modulus with minor principal effective stress are shown in Fig. 13.

In order to perform a parametric study at the quasi-steady state
condition, 2D axisymmetric model with the heat source vertically
placed on the symmetry axis is considered. The domain of the simula-
tion is selected to be 50 x 50 m to avoid the effects of boundary con-
ditions. Initial stress and pore pressure values are generated with con-
sideration of gravity, and the initial temperature of the medium is
assumed to be 15 °C. The perpendicular displacement is prevented on
all boundaries except the left boundary (axisymmetric axis).
Hydrostatic pore pressure is considered for top, right, and bottom

K= kBPa(
a4

12

boundaries, and no flow condition is considered for the axisymmetric
axis. Adiabatic temperature is imposed on right and bottom boundaries
while thermal insulation is set at the ground surface. The 2D axisym-
metric finite element mesh and boundary conditions along with the 3D
axisymmetric schematic view of the domain are shown in Fig. 14.

The parametric study is performed with different values of tem-
perature and initial intrinsic permeability (see Table 4). Please note,
temperature ranges are selected such that they represent the heating
phase of the ground close to energy piles.

3.6. Results and discussion

The THM numerical simulation is carried out for 1000 days
(2.7 years) with respect to the initial and boundary conditions de-
scribed in the previous section. The results of the parametric study are
shown in Figs. 15-19. Fig. 15(a) through (d), demonstrates the velocity
contours after reaching the quasi-steady state condition for different
permeability values [k = 5 X (107,107, 1072, 107 %) m?] where
Ty = 50 °C. Note, numerical results only presented for the small zone
around the heat source. The red arrows show the direction of the flow.
As can be seen in the figures, fluid flow moves towards the heat source
and upwards. As the changes in pore water pressure are negligible in
high permeability media (the highest change is Ap; = 3 kPa which dif-
fuses rapidly), fluid flow occurs due to changes in the water density in
the gravitational term of Darcy’s flow around the heat source according
to Eq. (13). As expected, the velocity decreases for low permeable soil.
Although the pore fluid velocity is small, it can have a significant effect
on the heat transfer rate at the quasi-steady state condition. Fig. 16(a)
through (d), shows the heat propagation around the heat source for an
identical thermal loading with different permeability values. Interest-
ingly, Fig. 16(a) and (b) show smaller heat propagation comparing to
case (c) and (d), where it has lower permeability. This phenomenon can
be interpreted as dominant heat convection caused by heat-induced
pore fluid flow which is acting against the heat conduction. As the pore
water flows towards the heat source (due to fluid density gradient), it
prevents the heat flowing away from the heat source. In other words,
heat convection dominates the heat conduction mechanism.

The fluid velocity changes with radial distance for different condi-
tions are presented in Fig. 17. As can be seen in the figure, the zone
influenced by heat-induced pore fluid flow is happening in the range of
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2-4m from the heat source (see Fig. 17). The fluid velocity reduction
slope for k = 5 x 10~ '®m? is higher than other cases with respect to
radial distance. The reason is that only a small neighboring zone around
the heat source is influenced by elevated temperature in high perme-
able soil.

However, in order to quantify the effect of thermally-induced pore
fluid flow in the heat transfer mechanism in high permeable soil, soil
temperature with radial distance for different permeability values are
compared. Fig. 18 shows the temperature values for a large range of
permeability values with respect to radial distance. As can be observed,
the temperature propagation in radial distance is lower in soils with
high permeability. As the permeability decreases, the heat propagates
further from the pile. For very low permeable soils, heat convection
becomes negligible and heat conduction plays the sole role in the
media. Fig. 18 demonstrates that the permeability threshold in which
temperature induces pore fluid flow for this specific condition is in the
range of k =5 x 10 °m?.

Fig. 19(a) and (b) is illustrating the evolution of fluid velocity and
temperature, respectively, versus time for different permeability values.
The measuring points are at the mid depth of the heat source and at
r =1 and 5m. According to Fig. 19(a), the induced velocity for high
permeable soil is eight times higher for the zones closer to the heat
source (e.g., r = 1 m) compared to farther areas (e.g., r = 5m). Higher
fluid flow indicates that heat-induced fluid flow is stronger where
temperature increments are significant. Such a difference is not con-
siderable for the lower permeability value. Fig. 19(b) presents that the
effect of permeability on temperature increments at both closer and
farther zones is considerable. Moreover, when the permeability is
higher, the temperature reaches the nearly steady-state condition faster
than in lower permeable soil. In addition, the temperature difference
for two cases (k=5 x 107" m? and k =5 x 10~ ?*m?) is roughly
22% and 31%, respectively, for r = 1 m and r = 5m at the steady-state
condition. Results which are presented in Figs. 15-19 confirm that the
effect of thermally-induced pore fluid flow on the heat transfer me-
chanism is inevitable and it cannot be ignored for permeability higher
than k = 5 x 10~ > m? for temperature ranges presented in this study
(20-55°C). It is worth mentioning that, according to the numerical
analysis performed by Delaney [6], heat convection can happen in soil
with permeability values as low as k = 2.03 x 10~ **m? at the depths
of 0.1-5km and temperature variation of 500-1000 K.

4. Conclusion

Two common cases of heat transfer in soils are simulated and ana-
lyzed numerically using the thermo-poro-mechanical model in transient
and quasi-steady state conditions. The effects of different thermal and
hydraulic parameters are considered and assessed in detail. Among all
these parameters, the effect of variations of porosity and the thermal
expansion coefficient of water on thermal pressurization, and radial
total stress and the fluid density variation on heat-induced fluid flow at
the quasi-steady state condition turned out to be paramount.

According to the numerical results presented in this study, it can be
concluded that THM mechanism in high and low permeable soils are
different; for low permeable soil, temperature increments result in
thermal pressurization, while for soils with high permeability values
(sand or silty-sand) temperature increments result in thermally-induced
pore fluid flow, and thermal pressurization becomes negligible. In order
to perform THM modeling and accurately predict the thermal pressur-
ization and radial total stress, changes in soil and fluid properties with
temperature and pressure must be considered. Intrinsic permeability
plays an important role on the coupling effect between heat-induced
pore fluid flow and thermal convection. It is observed that, in higher
values of permeability in which heat convection is dominant and acting
on opposite to heat conduction, heat accumulates close to the heat
source. We also find that for high permeable soil (k = 5 x 10~ '*m?)
and for temperature ranges of 20-55 °C, it is necessary to consider the
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thermally induced pore fluid flow to accurately predict heat transfer
mechanism in soil media.
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