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Abstract. The creep and consolidation behaviors of clays subjected to thermal cycles are of fundamental importance in the
application of energy geostructures. This study aims to numerically investigate the physical mechanisms for the temperature-
triggered volume change of saturated clays. A recently developed thermodynamic framework is used to derive the thermo-
mechanical constitutive model for clays. Based on the model, a fully coupled thermo-hydro-mechanical (THM) finite element
(FE) code is developed. Comparison with experimental observations shows that the proposed FE code can well reproduce the
irreversible thermal contraction of normally consolidated and lightly overconsolidated clays, as well as the thermal expansion of
heavily overconsolidated clays under drained heating. Simulations reveal that excess pore pressure may accumulate in clay
samples under triaxial drained conditions due to low permeability and high heating rate, resulting in thermally induced primary
consolidation. Results show that four major mechanisms contribute to the thermal volume change of clays: (i) the principle of
thermal expansion, (ii) the decrease of effective stress due to the accumulation of excess pore pressure, (iii) the thermal creep,
and (iv) the thermally induced primary consolidation. The former two mechanisms mainly contribute to the thermal expansion
of heavily overconsolidated clays, whereas the latter two contribute to the noticeable thermal contraction of normally
consolidated and lightly overconsolidated clays. Consideration of the four physical mechanisms is important for the settlement
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prediction of energy geostructures, especially in soft soils.
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1. Introduction

The thermally induced volume change of clays has been
studied in the context of applications including nuclear
waste disposal, oil and gas exploration, CO, storage, and,
recently, energy foundations (e.g., Baldi er al. 1988,
Hueckel and Pellegrini 1992, Brandl 2006, Stewart and
McCartney 2014, Song et al. 2020). Under drained
conditions, a monotonic temperature increase or a heating-
cooling cycle may induce irreversible volumetric
contraction for normally consolidated and lightly
overconsolidated clays, whereas the same loading condition
may result in volumetric expansion for heavily
overconsolidated clays. The laboratory-scale phenomena
have been reported in both oedometric (Towhata et al.
1993, Abuel-Naga et al. 2006, 2007b, Vega and McCartney
2015) and triaxial tests (Baldi er al. 1988, Sultan et al.
2002, Cekerevac and Laloui 2004, Di Donna and Laloui
2015a, Bai and Shi 2017). The accumulation of the
irreversible thermal contraction with thermal cycles is
essential for the prediction of the long-term settlement of
energy geostructures, for example, energy piles in soft clays
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(Li et al. 2019). Therefore, the physical mechanisms behind
the thermal contraction need to be quantitatively
investigated.

To understand the thermal volume change of clays, a
number of thermo-mechanical constitutive models have
been proposed based on either the critical state framework
or the thermodynamic theory. A review of the literature
shows that some models based on the critical state
framework can well reproduce the thermal volume change
of clays of different overconsolidation ratios (OCR) (e.g.,
Hueckel and Borsetto 1990, Cui et al. 2000, Sultan et al.
2002, Abuel-Naga et al. 2007b, Laloui and Frangois 2009,
Di Donna and Laloui 2015a, Zhou and Ng 2018, Zhu et al.
2019). The irreversible thermal contraction under constant
confining stresses and complete drainage, also known as the
thermal creep (Vega and McCartney 2015, Li ez al. 2018), is
explained by the shrinkage of yield surface with increasing
temperature. In the meantime, extensive laboratory
experiments have proved that the thermal creep is
physically related to the micro-scale interactions between
clay particles and the adsorbed water (e.g., Plum and Esrig
1969, Morinl and Silva 1984, Towhata et al. 1993, Villar
and Lloret 2004, Osipov 2012). In this sense, models
extended from the thermodynamic theory (e.g., Zhang and
Cheng 2016, 2017, Zymnis et al. 2018a) possess advantages
over the Cam-Clay-family models in that the concept of
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adsorbed water is implemented for the physical explanation
of the thermal creep. According to the thermodynamic
models, at elevated temperature, part of the adsorbed water,
which plays an important role in the transmission of
interparticle contact forces, converts into free water. The
free water can be easily squeezed out of the contact region,
resulting in the loss of mechanical balance and the
irreversible reorganization of clay particles (Zhang and
Cheng 2017).

In practice, however, the thermal volume change of
clays cannot be explained completely based on the
constitutive level simulations. Considering the low
permeability of soft clays, the complete drainage condition
is sometimes difficult to be achieved for heating tests with
drainage boundaries, even at laboratory scale. Excess pore
pressure can be generated within the sample due to the
difference in the thermal expansion coefficient of water and
soil particles. For example, Vega and McCartney (2015)
conducted a series of thermal cyclic tests of Bonny clay in a
temperature-regulated oedometer. Only the upper boundary
of the samples was set as the drainage boundary, and the
samples were heated from 18°C to 91°C with a heating rate
of 1.54°C/h. A maximum excess pore pressure of 0.7% of
the axial stress was measured at the bottom of the normally
consolidated sample during heating. Zhang and Kurimoto
(2016) reproduced the triaxial drained heating test
conducted by Cekerevac and Laloui (2004) using a finite
element-finite difference analysis. They observed an excess
pore pressure of 7% of the isotropic confining stress at the
center of the normally consolidated Kaolin sample. As a
result, apart from the mechanism of thermal creep, the
thermally induced excess pore pressure and the
corresponding primary consolidation can also contribute to
the overall thermal volume change of the clay sample. The
complete drainage condition for low permeable saturated
soils requires a very low heating rate, which usually cannot
be achieved in field applications. Furthermore, the heat
sources in these tests were located outside the samples, so
that the heat transfer within the samples should be a
transient problem (Cekerevac and Laloui 2004, Abuel-Naga
et al. 2006). Therefore, in these tests and in field scale
applications, the uneven distribution of temperature and
excess pore pressure within the soils should be carefully
analyzed, which can only be achieved through numerical
tools such as finite element (FE) analysis (Di Donna and
Laloui 2015b, Cui et al. 2020, Tamizdoust and Ghasemi-
Fare 2020).

Despite the progress reported in the literature, few
numerical studies have investigated the physical
mechanisms for the thermal volume change of saturated
clays. In this study, a fully coupled thermo-hydro-
mechanical (THM) finite element formulation is developed
for this purpose. The extended granular solid hydrodynamic
(GSH) model (Zhang and Cheng 2016, 2017, Zymnis ef al.
2015, 2018a) is taken as the constitutive model, which has
been proved to be able to well capture the thermal behaviors
of clays on the constitutive level. The model follows the
thermodynamic approach and takes the mechanism related
to the adsorbed water as the major thermoplastic dissipation
mechanism. After a brief description of the model, the new
FE governing equations in the mechanical field, the

hydraulic field and the thermal field are introduced,
respectively. The dynamic viscosity and the thermal
expansion coefficient of the pore fluid are considered to be
temperature dependent, so that the excess pore pressure
distribution can be reasonably predicted. Finally, FE
analyses of the triaxial heating tests by Cekerevac and
Laloui (2004) and the one-dimensional heating tests by
Abuel-Naga et al. (2006) are performed. In both cases, the
thermally induced creep and consolidation are discussed in
detail. The study aims to gain insight into the specific
physical mechanisms that contribute to the magnitude and
OCR dependence of the thermal volume change of clays.

2. Brief description of the extended GSH model

The extended GSH model adopts the dry density pq4, the
elastic strain tensor ¢;¢, the temperature 7, and the granular
temperature 7, as independent state variables. The concept
of granular temperature has been extensively used in
research fields such as grain flow and rapid flow of nearly
elastic particles since the 1980s. Only recently, it has been
adopted by the GSH theory (Jiang and Liu 2007) to describe
the granular solids in quasi-static states. 7, is not a real
temperature and has a dimension different from that of
temperature. It is a state variable that quantitatively
describes the local intensity of kinetic energy dissipation,
which is the sum of microscopic phenomena such as
sliding, rolling and collision of particles. Therefore, T,
determines the irrecoverable strain and the irrecoverable
strain rate. Under isothermal conditions, 7, is generated by
the random particle motions caused by the external
stimulations. Under nonisothermal conditions, 7, can also
be generated by the mass exchange from adsorbed water to
free water, as will be discussed later.

The model assumes that the clay is fully saturated and is
composed of solid and liquid phases. The liquid phase is
further separated into free water and adsorbed water for the
consideration of thermoplasticity (thermal creep). It is also
assumed that the bound water is completely absorbed on the
surface of the solid particles.

Based on Hertz contact (Johnson 1987) and granular
elasticity, the elastic potential function of the extended GSH
model considering the thermo-elastic coupling is expressed
as (Zhang and Cheng 2016)

, = B(& +C)"° [ 0.4(£0) + (&) |+ [ KA (T =Ty)des (1)

where B = Boexp(B1 pa) is a density-dependent variable with
the same dimensions as the stress, By, B, ¢, and & are elastic
parameters, &,° and & are the elastic volumetric strain and
the second elastic strain invariant, respectively, K. =
0.4B(&,° + ¢)*3(3.5¢,° + 2¢) is the secant bulk modulus of the
soil skeleton, Ty is the reference temperature, fr is the
volumetric thermal expansion coefficient of the soil
skeleton, defined by fr = fs +(ds/ds)bs, Ps and p» are the
volumetric thermal expansion coefficients of the solid phase
and adsorbed water phase, respectively, and ¢, and ¢, are
the volume fractions of the solid phase and adsorbed water
phase, respectively. The definitions and units of the
parameters are illustrated in Table 1. The model takes the
compression positive sign convention. By the commonly
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Table 1 List of parameters as the input of the THM-coupled finite element analysis

Category Parameter ~ Unit Definition and function
By [Pa] Elastic parameter, controlling the location of VCL
B, [m¥/kg] Elastic parameter, controlling the slope of VCL
Isothermal hyperelasticity
c [--1 Elastic parameter related to cohesion
9 [-] Elastic parameter, affecting dilation and state boundary surface
m [-] Migration coefficient, controlling the rate of elastic relaxation
m [min?] Migration coefficient, controlling the rate of granular temperature increase induced by the change of
2

shear strain

Isothermal plasticity
m; (-]

Migration coefficient, controlling the rate of granular temperature increase induced by the change of

volumetric strain

my  [kg/m*/min]

Migration coefficient, controlling the conversion rate from granular entropy to real entropy

Bs [eCc Volumetric thermal expansion coefficient of solid phase
Thermoelastic coupling o [-] Initial volume fraction of adsorbed water

Ps0 [kg/m?] Initial intrinsic density of solid phase

oy [°C']  The mass change from unit mass of adsorbed water to free water in response to unit temperature rise
Thermoplastic coupling kg [°c1 Thermoplastic parameter, affecting the magnitude of thermally induced dissipation

ms  [kg/m*/Pa]

Thermoplastic parameter, affecting the magnitude of thermally induced dissipation

Intrinsi bl Ko [m’] Parameter relating to intrinsic permeability
ntrinsic permeability
by [-] Parameter relating to intrinsic permeability
Energy conservation Cs [J/kg/°C] Heat capacity of solid phase
equation A [W/m/K] Thermal conductivity of the system

used hyperelastic relationship, the effective stress can be
expressed as

o 1= 0% _ B(eg +0)°°[1.4(25)” +0.8cef +1.55(2)" |6 +2BE (el +0)'° + K B (T -T,)5; ()

[y
oc;

Similar to the elasto-plastic models, the total strain rate
herein is decomposed into the sum of the elastic strain rate
and the irrecoverable (plastic) strain rate Y;. According to
the relaxation time concept (Jiang and Liu 2009), Y; is
further assumed to be a function of the elastic strain and the
granular temperature. The total strain rate is thereby
expressed as

&; :‘C}i(; +Y‘ij :éi? +[m1(-rg)0'55\?5ij +(Tg)05eiej] 3)

where m; is a migration coefficient, ¢;¢ is the deviatoric
elastic strain, and e;; is the Kronecker delta.

To solve the irrecoverable strain rate, the evolution of
granular temperature is quantitatively expressed as (Zhang
and Cheng 2016)

- _m,m L \2 .2 mo' a¢b - m,
T, =22 my(&,) +(&) [+ BT 1T
op [ 3( ) ( ):I 34,04 ps !

- (4)
with my(T) = {:ﬁ expll (T -T)] 1 g 2 and ¢,(T) = o exp[ a4, (T -T,)]
<

where my—ms are migration coefficients, aj represents the
mass change from the unit mass of adsorbed water to free
water in response to a unit temperature rise, k. is a material
constant, and ¢z is the initial volume fraction of adsorbed
water.

The first term on the right of the equation represents the
isothermal increase of 7,, which leads to isothermal
plasticity (Wang and Cheng 2017). The second term

indicates the thermally induced production rate of 7,. It is
the key thermo-plastic mechanism in the model and the
main reason for the thermal creep. The mechanism states
that a thinner adsorbed water layer will lead to the
irreversible particle rearrangement and the thermal
contraction of clays. The mechanism has been proved by
experimental observations (e.g., Plum and Esrig 1969,
Morinl and Silva 1984, Villar and Lloret 2004, Osipov
2012). The third term is the dissipation rate of 7, towards
real temperature.

Lastly, the dry density is calculated following the mass
conservation equation

pd = pd ‘év ®)

Altogether, 13 parameters are involved in the model: 4
isothermal hyperelastic parameters, 4 isothermal plastic
parameters, 2 thermoelastic parameters and 3 thermoplastic
parameters. The parameters and their definitions are listed
in Table 1. The calibration process of the parameters can be
found in Zhang and Cheng (2016, 2017) and Zymnis et al.
(2015, 2018a).

According to the calibration tests by Xu et al. (2009)
and Hiebl and Maksymiw (1991), the thermal expansion
coefficients of free water and adsorbed water can be
expressed as

B(T)=-538x10"° +153x10° xT -134x107 xT*?
+648x10™ x T +196x10™ xT* ~531x 10 xT*

B,(T) =[11941.50-0.27 xT +0.07xT2-2.24x10*xT*  (6)

T+27315

~11591.52x ) 09%5] %107
228
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Theoretically, the model can account for the isothermal
mechanical creep of clays during the drained heating.
However, because of the lack of calibration tests, the
simulations hereinafter are considered to be rate
independent.

3. Axisymmetric FE formulation of coupled THM
process

3.1 Mechanical field formulation

The present formulation takes (», z, 8) as the radial,
axial, and circumferential coordinates, respectively, of the
global axisymmetric coordinate system. Displacement, pore
pressure, and temperature are adopted as nodal degrees of
freedom. An instantaneous temperature equilibrium is
assumed between local clay particles and pore liquids, and
no phase change is assumed for water under elevated
temperature.

For the mechanical field, the incremental form of the
equilibrium equation is expressed as

v, - {ol-{gllps + o (1—%)] -0

alor+1/r —1/r 0 aléz ™)

0 0 oloz olor+1lr

where {¢} = [0/, 00, 0, T,-] is the total stress vector, {g} = [
g g-)" is the gravity vector, and ps and p; are the intrinsic
densities of particles and liquids, respectively. The Terzaghi
formulation of effective stress states {o} = {o’} + p{m},
where {6’} = [0,’, 00, 0:", 7= '|" is the effective stress vector,
p is the pore pressure, and {m} = [1, 1, 1, 0]T. Then,
substitute Egs. (2), (3) and (5) into Eq. (7), and by
computing the total differentiation of the effective stress
with respect to the elastic strain, the temperature and the
total strain yields

v, {(D,1+[D,){e}-[D, IV |+ IO, T + plm}— {5}, + (1—%)] =0 (8)

where {&¢} = [&°, e0°, &5, =17, {€} = [er €0, &z, V2]V Pt =
2¢,.¢, and .= 2¢,.. The matrices [D,], [Dr], [D,] and {Y}
are defined in the Appendix. The granular temperature in
{Y} is solved by Eq. (4).

In this study, the standard Galerkin method is used for
the spatial discretization of the governing equations. Define
the shape function of displacement, pore pressure, and
temperature as N, N,, and Nr, respectively, and their
corresponding nodal vectors as {a}, {p}, and {T}. Also,
define the strain matrix as {e} = -B{a}. Then, the
axisymmetric mechanical governing equation considering
the stress vector {s} = [s,, s.]T on the stress boundary S, is
given by

[KIfa}-[K, }p}-[K, 1T )= {F) 9

where [K], [K,], and [K7] represent the mechanical term, the
HM-coupled term, and the TM-coupled term, respectively,

on the mechanical response. The detailed expressions of the
matrices are given in the Appendix.

3.2 Hydraulic field formulation

The saturated soil is assumed to be composed of the
solid phase and the liquid phase. Define {v,}, {v}, and {v;}
= {w}-{vs} as the velocity vector of the solid phase, the
velocity vector of the liquid phase, and the relative velocity
vector of liquids to solids, respectively. Darcy’s law is then
expressed as

{vi=4 {Vt}:*f(vpfp. {9)

T1825.85 . (10)
+273.15

with K(¢, )=k, exp(lﬁpI ] , 1(T) =1.984x10"°exp(

and p, (T) = po[1- 4 (T-T,)]

where {v} denotes the vector of seepage velocity, xo and by
denote material constants for the intrinsic permeability x, ¢;
denotes the volume fraction of the liquid phase, i denotes
the dynamic viscosity of water given by Guvanasen and
Chan (2000), pn denotes the intrinsic liquid density at
reference temperature 7o, V denotes the space gradient,
and f; is defined in Eq. (6). Clearly, the dynamic viscosity
and the density of the liquid phase are functions of
temperature, and the hydraulic permeability is a function of
both temperature and void ratio.

The classic continuity equation for the liquid and the
solid phase is expressed as

a(;ﬂ)-FV'(,O,ﬂ {V,})=0

(11a)

(11b)

+V-[p,(1-4){v}]=0

where p; = pso[1-Bs (T-To)] and ps is the intrinsic solid
density at reference temperature 7. Note that

VAV }=—¢, and p, = p, (1-¢) (12)
Combining Egs. (10)-(12) gives
~Aé, AT +AV-{v}- B (v} VT =0
with A=1- 4 (T -T,) and A, = Ay +[1- 4, (T —To)]ﬁspw% (13)

s

oo (1-4)]
ot

Define the prescribed seepage velocity vector or pore
pressure on the hydraulic boundary S, as {V} = {V,, V,} and
ps- Then, the axisymmetric form of the hydraulic governing
equation can be derived as

[H,}&}~[HIT |+ [H, Kp}+H T 1= 1F, ) a9

where the matrices are defined in the Appendix. The first
term on the left represents the rate of deformation of the soil
skeleton, and the second to fourth terms express the rate of
deformation of the liquid phase due to thermal expansion,
forced convection, and free convection, respectively. The
equation takes into consideration the coupled effect of
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Fig. 1 FE mesh and axisymmetric boundary conditions for triaxial drained heating
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Fig. 2 Temperature evolution in the triaxial drained heating tests

deformable water and soil skeleton, temperature, and
Darcy’s law.

3.3 Thermal field formulation

The equation of transient heat transfer is formulated
based on the law of energy conservation.

. 10, 0T
(ZPQ%%)T - A[rar(r E) +

where pq, ¢, and c, stand for the intrinsic density, the
volume fraction, and the specific heat capacity, respectively,
of the a phase (solid or liquid); 1 is the averaged thermal
conductivity of the saturated soils. The first term represents
the increment of internal energy, the second term the heat
transfer by conduction, and the third term the heat transfer
by convection. The effect of radiation is not taken into
consideration  for simulations of laboratory-scale
experiments, and the thermal conductivity is considered to
be temperature independent.

Define the prescribed heat flux or temperature on the
thermal boundary Sr as {7} = {7, 7-} and T;. Then, the
thermal governing equation can be derived as

[RIT}+[R1{T}={F} (16)

where the matrices are expressed in the Appendix.

Z;— J+p,¢,cl V'V =0 (15)

3.4 The fully coupled THM formulation

Assembling Egs. (9), (14), and (16), the incremental
form of the fully coupled THM formulation reads as

(K] -[K,] -[K;]j{&}| {0 0 0 {a}| |{F}
[H1 0 —[H]|{p}|+|0 [H,] [H:1}{p}|={F} (17)
0 0 [RIJ{} [0 0 [RIJ{T} [{F}

The mechanical and hydraulic governing equations are
THM-coupled, whereas the thermal governing equation is
TH-coupled. The effect of heat transfer and the influence of
pore pressure on the thermal field is expressed in [Rr]. The
code adopts the 8-noded isoparametric quadrilateral
elements using 2 x 2 Gauss rules for the numerical
integration. The constitutive state variables and the
temperature dependent FE variables are renewed in each
iteration. For each material, 18 parameters need to be
assigned. The definitions and units of the parameters are
illustrated in Table 1.

To wvalidate the newly developed THM coupled
formulation and the FE code, a series of single-field and
multi-field benchmark analyses has been conducted, such as
the bearing capacity of strip footing, the isothermal 1D
consolidation of a soil column, and the 1D THM processes
in saturated geomaterial (Suvorov and Selvadurai 2009).
Detailed validation and verification of the FE code can be
found in Wang (2018).

4. Numerical simulation of laboratory tests

In the following, two typical series of drained heating
tests of saturated clays from the literature are simulated. It
is shown that not only is the FE implementation able to
reproduce the experimental curves, but it can also provide
insights into the physical mechanisms of thermally induced
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volume change.
4.1 Triaxial drained heating tests on Kaolin clay

Cekerevac and Laloui (2004) carried out a series of
triaxial drained heating tests on Kaolin clay. The soil
samples are 0.055 m in diameter and 0.11 m in height.
Heating was obtained by placing the heater around the
sample. Drainage was allowed on the top and bottom of the
sample. The samples were first isotropically consolidated to
600 kPa at room temperature (22°C), then unloaded to 400
kPa, 300 kPa, 100 kPa, and 50 kPa to obtain OCR values of
1.5, 2, 6, and 12, respectively. Finally, under constant
confining stresses, the samples were heated from 22°C to
90°C at a rate of 10°C per 3 h. The FE mesh and the
axisymmetric boundary conditions for the triaxial drained
heating are depicted in Fig. 1.

To simulate the test results, the parameters in the FE
analyses relating to the thermal field are first calibrated. In
the present case, the effect of heat convection is
insignificant compared with that of heat transfer. Then,
according to the theory of heat transfer, the transfer of heat
is eventually determined by the thermal diffusivity
expressed as a=1/(pc), where 4 is the thermal conductivity, p
is the saturated soil density, and c is the averaged specific
heat of the system. The specific heats of Kaolin and water
are set as 1400 and 4200 J/kg/°C, respectively, and the
initial saturated density of the samples is 1820 kg/m?
(Cekerevac and Laloui 2004). Therefore, the only parameter
needed for calibration is the thermal conductivity of the
system.

Fig. 2(a) presents the results of a calibration test by
Cekerevac and Laloui (2004) for the normally consolidated
clay. It is shown that the time lag between the start of
heating (temperature begins to change on the heating
boundary) and the equilibration of temperature at the center
is about 60 min for a heating step of about 8°C. This clearly
indicates the uneven temperature distribution within the
sample. By setting the thermal conductivity as 1=0.833
W/m/K, the FE analysis provides a satisfactory match of the
temperature evolution at the center. Simulation of the whole
heating path, including seven steps, according to the test
description, is shown in Fig. 2(b).

The values of ko and b, which relate to the hydraulic
permeability, are listed in Table 2. According to Eq. (10),
the selected values give the sample an initial permeability
of 3 x 10 m/min, which has been validated by Zhang and
Kurimoto (2016) and is reasonable for the saturated Kaolin
clay.

Finally, the constitutive parameters of the extended GSH
model for Kaolin clay are adopted from Zhang and Cheng
(2016), who presented a detailed calibration process and
satisfactory simulations on the constitutive level. The values
of the parameters are listed in Table 2.

The major simulation results are discussed below.

4.1.1 Excess pore pressure generation

As mentioned in section 1, complete drainage is
sometimes not achieved for the triaxial heating tests with
drainage boundaries due to the low permeability of the clay
sample and the high heating rate. If thermally induced

Table 2 Parameters used for the drained heating test
simulations

[edi] 1

0.11
0 0.0275

Category Parameter  Kaolin clay Soft Bangkok
clay
By 2.35x10° 6.25%x10°
B 4.38x107 4.80x107
Isothermal hyperelasticity
¢ 2.38x102 0.01
4 4.44x107 0.24
m 3.33x10°! 1.25
my 435.60 126.25
Isothermal plasticity
ms 0.40 0.1
my 110 200
Ps 1.80x107 1.00x10°
Thermoelastic coupling Do 0.40 0.20
Ps0 2624 1430
oy 3.57x107 0.04
Thermoplastic coupling kg 7.20%1072 0.02
me 5.00x10° 3.00x10®
Ko 3.20x107! 4.00x10%
Intrinsic permeability
by 3.80 2.10
Energy conservation Gs 1400 1400
equation p 0.83 1.50
140 N o
—— OCR=1 0 n1007 §
120 L——OCR=15 Axis of Symmetry | Eia
3 {80 ',_; g
60 ;;é
40 ; %
=&
(k1
g,

Excess pore pressure [kPa]

(e
0 200 400 600 800 1000 1200 1400 1600 1800
Time [min]
Fig. 3 Pore pressure evolution at the center of samples of
different OCR values

excess pore pressure is generated at the center of the
sample, the pore pressure will induce primary consolidation
and affect the ultimate volume change. Therefore, the first
task of the present simulation is to investigate the
generation and distribution of the thermally induced excess
pore pressure.

Based on the test procedures described above and the
chosen parameters, the pore pressure evolution at the center
of the samples during heating is shown in Fig. 3. It is found
that noticeable excess pore pressure is generated at the
center of the sample, and the magnitude of the excess pore
pressure varies with the OCR value. For OCR = 1, the
maximum pore pressure at the center is about 17% of the
isotropic confining stress, and the residual pore pressure at
the end of heating is about 1.7% of the isotropic confining
stress. The magnitude of the residual pore pressure is
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Fig. 4 Effect of initial permeability on the pore pressure
evolution at the center for OCR = 1

similar to the observations by Vega and McCartney (2015)
in the drained heating test of the normally consolidated
Bonny clay.

During each of the seven heating steps, excess pore
pressure first accumulates because of heating. Then, excess
pore pressure dissipates as the temperature on the heating
boundary maintains constant. The speed of excess pore
pressure dissipation decreases with increasing OCR values,
mainly because the seepage velocity is a function of the
magnitude of excess pore pressure. Fig. 3 also shows the
uneven distribution of excess pore pressure within the
normally consolidated sample when the heating boundary
first reaches the peak temperature. It is clear that the excess
pore pressure at the top and bottom ends remains zero
because of the drainage boundaries, whereas the maximum
excess pore pressure appears at the center of the sample.

The existence of excess pore pressure brings about two
important mechanisms for the volumetric change of clays.
Firstly, the thermally induced primary consolidation adds to
the irreversible contractive volumetric strain. Secondly, as
shown in Fig. 3, when the temperature reaches 90°C, there
remains noticeable accumulated pore pressure at the center.
This gives rise to a reduction of the effective stress and,
accordingly, a decrease of elastic volumetric strain
(compression as positive). Thus, the two mechanisms have
opposite effects on the volume change. The first mechanism
is more significant for the normally consolidated sample,
whereas the second mechanism is of more importance for
the heavily overconsolidated sample because its residual
pore pressure relative to the confining pressure is much
higher. If the temperature maintains at 90°C, the residual
excess pore pressure will gradually be dissipated, and the
effective stress will eventually recover. However, under
repeated thermal cycles, the excess pore pressure may not
be dissipated and may result in a significant reduction of the
effective stress. This phenomenon has a negative impact on
the long-term stability of energy foundations. The
quantitative contribution of the excess pore pressure to the
volume change is discussed in the next section.

In fact, the magnitude of the excess pore pressure
generated is closely related to the chosen hydraulic
parameters. If the initial permeability is increased from 3 x
10 m/min to 3 x 10® m/min, 3 x 10”7 m/min, and 3 x 107
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Fig. 5 Effect of the temperature dependence of the
dynamic viscosity and the thermal expansion coefficient
of water on the pore pressure evolution at the center for
OCR=1

m/min, which means that the parameter xo changes from 3.2
x 102 m? t0 3.2 x 102 m?, 3.2 x 10" m?, and 3.2 x 1018
m?, respectively, the pore pressure evolution at the center
for the case of OCR = 1 is depicted in Fig. 4. It is shown
that by increasing the initial permeability by one order of
magnitude, the pore pressure is able to dissipate completely
within each of the seven heating steps. Therefore, the
hydraulic permeability needs to be carefully decided in
order to obtain an accurate simulation of the excess pore
pressure.

Another factor worth mentioning is the temperature
dependence of the dynamic viscosity and the thermal
expansion coefficient of pore fluids. Previous THM-coupled
analyses sometimes treated the two physical quantities as
constants (e.g., Di Donna and Laloui 2015b, Zhang and
Kurimoto 2016). According to Eq. (6) and Eq. (10), from
22°C to 90°C, the thermal expansion coefficient of water is
going to triple its value, whereas the dynamic viscosity of
water will drop to one-third of its initial value. An increase
of the thermal expansion coefficient of water is expected to
increase the generation of pore pressure during heating,
because it adds to the compression between the solid phase
and the liquid phase. In the meantime, a decrease of the
dynamic viscosity of water leads to an increase of seepage
velocity at elevated temperature, which may decrease the
magnitude of pore pressure. Taking the heating tests of
normally consolidated samples as an example, Fig. 5
presents the importance of considering the temperature
dependence of the two physical quantities. If the thermal
expansion coefficient of water is set as a constant (using the
value at initial temperature, refer to the red curve), although
the final pore pressure at the center may not deviate from
the original analysis (refer to the black curve), the pore
pressure evolution during heating and the volumetric
contraction due to primary consolidation may be
underestimated. In contrast, if the dynamic viscosity of
water is set as a constant (using the value at the initial
temperature, refer to the blue curve), the pore pressure
accumulation may be significantly overestimated. Setting
both physical quantities as constants (see the green curve)
may more or less counterbalance the error of the above two
cases, but it may as well wrongly predict the pore pressure
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Fig. 7 Comparison between measured and predicted
thermally induced volumetric strain for Kaolin

evolution and the final magnitude. Therefore, in the
analyses hereinafter, the two physical quantities are always
considered to be temperature dependent.

4.1.2 Evolution of volumetric strain

Two methods can be used to derive the overall
volumetric strain of the clay samples in FE analyses, as
shown in Fig. 6 for the case of OCR = 1. The first method is
to calculate the averaged volumetric strain of each Gauss
point. The second is to find out the boundary displacement
of the sample and then compare it to the total volume. The
choice in fact depends on how the volumetric strain was
measured experimentally. In the triaxial tests by Cekerevac
and Laloui (2004), the volumetric strain was calculated
from the volume of water expelled from the sample. In this
sense, the first method should be used because the volume
of expelled water to some extent reflects the average of
uneven deformation within the sample. In section 4.2, it is
shown that a dial gage was used for the strain measurement
of the oedometer tests by Abuel-Naga et al. (2006). Because
only the displacement of the top boundary was measured,
the second method may be better for this case. Although the
calculation results of the two methods are not significantly
different, as shown in Fig. 6, the current paper uses both
methods accordingly for revealing the real measurement
modes and for precision.

As can be seen in Fig. 6, the volumetric strain may
decrease and increase during each of the seven heating steps
because of the generation and dissipation of excess pore
pressure. In the following figures, to be in accordance with
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the measured data, only the volumetric strains at the last
minute of each heating step are selected to form the
evolution curve of the thermally induced volumetric strain.

Fig. 7 illustrates the comparison between measured and
predicted thermally induced volumetric strains for Kaolin
clay of different OCR values. The FE analyses provide
satisfactory agreement with the observations by Cekerevac
and Laloui (2004). The volumetric contraction is most
obvious for the case of OCR = 1, with a maximum
volumetric strain of 0.75% at 90 °C, whereas for the case of
OCR = 12, a large dilation is observed and simulated. The
results indicate that the material shows a thermoelastic-
thermoplastic response when subjected to normally
consolidated or lightly overconsolidated conditions and a
thermoelastic response when subjected to heavily
overconsolidated conditions. It should be noted the thermal
contraction of clays is of major concern in the design and
settlement prediction of energy foundations.

According to the simulation results, four physical
mechanisms are considered to be responsible for the
observed behaviors. The first mechanism is the principle of
thermal expansion, which states that a material expands
during heating and contracts during cooling according to its
coefficient of thermal expansion. This elastic behavior is
explicitly expressed in Eq. (1). It should be mentioned that
the consideration of the thermal expansion coefficient of the
adsorbed water is important for this mechanism. Without
the contribution of the adsorbed water to the thermal
expansion coefficient of the soil skeleton, the elastic
dilation of the samples, especially for the case of OCR = 12,
cannot be accurately predicted. The second is the
constitutive thermoplastic mechanism, also known as
thermal creep. According to the extended GSH model, an
elevated temperature leads to the mass exchange from
adsorbed water to free water (Eq. (4)), which causes the
increase of irrecoverable volumetric strain defined in Eq.
(3). The above two mechanisms are the main thermo-
mechanical mechanisms if the phenomena are to be
simulated on the constitutive level (e.g., Abuel-Naga et al.
2007, Cui et al. 2000, Di Donna and Laloui 2015a, Hueckel
and Borsetto 1990, Laloui and Francois 2009, Zhang and
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Cheng 2016, Zymnis et al. 2018a), although the specific
expressions and explanations of the thermoplasticity may
vary according to different models.

The next two mechanisms are the thermally induced
primary consolidation and the reduction of effective stress,
which were introduced in section 4.1.1. Both mechanisms
relate to the generation of excess pore pressure, thus do not
exist in the constitutive-level simulation of tests with
drainage boundaries. The mechanisms were not discussed
by previous literature for the heating tests and are therefore
the new findings of the present study. The thermally
induced primary consolidation and the constitutive
thermoplastic mechanism together form the irreversible
volumetric contraction, whereas the reduction of effective
stress and the principle of thermal expansion together
contribute to the elastic volumetric expansion.

Fig. 8 further shows the importance of the consideration
of excess pore pressure at the given parametric conditions.
In the figure, the solid curves indicate the predictions by the
THM-coupled analyses, which is the same as in Fig. 7,
whereas the dash curves are the predictions by TM-coupled
analyses using the same set of parameters. The TM-coupled
analyses cannot consider the excess pore pressure and are
thereby assumed in complete drainage conditions. For the
cases of OCR = 1, 1.5, and 2, as compared to the TM
predictions, the THM predictions show a slight dilation at
the initial two heating stages, then a major contraction at
subsequent heating stages. The slight dilation happens
because at early stages, the generation of positive excess
pore pressure and its influence on the elastic strain
reduction is more effective than the primary consolidation.
In later stages, however, the primary consolidation and its
resulting plastic strain become more obvious, thus
contributing to the major contraction. For the cases of OCR
=6 and 12, the thermal expansion in the THM predictions is
more significant than in the TM predictions, due to the
reduction of effective stress as a result of the pore pressure
accumulation. In fact, the maximum volumetric expansion
of 0.6% at 60°C for the case of OCR = 12 is not
theoretically possible if only the principle of thermal
expansion is considered. This highlights the contribution of
excess pore pressure accumulation to the volume change of
clay during heating.

Fig. 9 illustrates the quantitative contribution of the four
mechanisms to the thermally induced volumetric strain in
relation to OCR in the THM predictions at the assumed
parametric conditions. For the cases of OCR = 1 and OCR
= 12, the two mechanisms relating to excess pore pressure
contribute to about 30% and 40% of the volumetric
contraction or dilation, respectively. It is interesting to find
that for OCR = 6, the effect of the principle of thermal
expansion and that of the constitutive thermoplastic
mechanism are counterbalanced. Consequently, the total
volumetric contraction is in fact governed by the primary
consolidation.

It is also worth mentioning that the uneven temperature
distribution can affect the volumetric strain induced by the
constitutive thermoplastic mechanism. By comparing the
results of TM-coupled analyses using the normal thermal
conductivity or an infinite thermal conductivity (for
homogeneous temperature distribution), it is found that the
latter case may significantly overestimate the plastic
volumetric strain accumulation. For OCR = 1, assuming a
homogeneous temperature distribution may overestimate
68% of the thermal contraction, whereas for OCR = 12, it
may underestimate 57% of the thermal volumetric
expansion. Therefore, the consideration of transient heat
transfer is important for an accurate prediction of the
triaxial drained heating test.

4.2 One-dimensional drained heating tests on soft
Bangkok clay

To investigate the thermal behavior of soft Bangkok
clay, Abuel-Naga et al. (2006) conducted a series of drained
heating tests using a conventional oedometer with a ring
heater around the sample cell. Drainage was allowed on
both ends of the oedometer. The clay samples, 75 mm in
diameter and 20 mm in height, were first consolidated under
an axial stress of 200 kPa. Three samples were then
unloaded to obtain OCR values of 2, 4, and 8. Finally, the
samples were subjected to a heating-cooling cycle of 22-90-
22°C. The incremental heating stage took about 24400 min
(17 days).

The calibration test by Abuel-Naga et al. (2006) showed
that the time to attain the required temperature increase at
the center of the sample was around 25 min for a heating
step of 68°C. Using the same approach as described in
section 4.1, the thermal conductivity is calibrated as A = 1.5
W/m/K. By setting xo = 4 x 102° m? and b, = 2.1, the
hydraulic permeability according to Eq. (10) is in
agreement with the measurement by Abuel-Naga et al.
(2006) using the constant head permeability test, as shown
in Fig. 10.

The constitutive model parameters of the soft Bangkok
clay are calibrated based on the method proposed by
Zymnis et al. (2015). The isothermal hyperelastic
parameters (B, Bi, ¢, x) and the plastic parameters (mi, ma,
ms, mga) are calibrated from the 1D compression tests
(Abuel-Naga et al. 2007a). The thermoelastic parameters
(bs, 750) are given by Abuel-Naga et al. (2006). The initial
volume fraction of adsorbed water (f) is estimated from
the laboratory measurements by Zymnis et al. (2018b). The
thermoplastic parameters (asy; kg, m¢) are calibrated from the
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Fig. 13 Comparison between the test data and the FE
predictions of the volumetric strain of soft Bangkok clay
under 1D drained heating-cooling cycle

1D drained heating test of the normally consolidated sample
(Abuel-Naga et al. 2006). It should be mentioned that
Zymnis et al. (2015) also calibrated the parameters of the
extended GSH model for the soft Bangkok clay using the
same procedures. Meanwhile, the formulations in the
present paper is somewhat different from Zymnis et al.
(2015), resulting in the difference in the parameter values.
Fig. 11 presents the isotropic compression curve at room
temperature for the soft Bangkok clay. Note that the
isotropic stress path is different from the 1D stress path
used for calibration. Therefore, Fig. 11 serves as a blind

prediction. The agreement between the FE simulation and
the experimental results validates the accuracy of the model
and the calibrated isothermal parameters listed in Table 2.

According to the test conditions mentioned above, the
pore pressure evolution during the heating stage in the FE
analysis for the case of OCR = 1 is illustrated in Fig. 12.
Compared to the triaxial tests described in section 4.1, the
1D heating tests possess a shorter drainage path (10 mm
compared to 55 mm), a much longer heating period (17
days compared to 1 day), and a permeability of the same
order of magnitude. Therefore, the excess pore pressure
generated herein is very small (0.1% of confining stress),
and its influence on the volumetric behavior is negligible. In
other words, the THM-coupled simulation and the TM-
coupled simulation of the current case should provide
similar results.

Fig. 13 shows the comparison between the test data and
FE simulations of the volumetric strain of soft Bangkok
clay under a drained heating-cooling cycle. The case of
OCR = 1 has been used for the calibration of the
thermoplastic parameters and is therefore a back-prediction,
whereas the rest are blind simulations. In general, a
satisfactory reproduction of the test data is obtained. The
solid lines represent the normal THM prediction, whereas
the dashed lines represent the THM prediction using an
infinite thermal conductivity (simulating homogeneous
temperature distribution). For the cases of OCR = 2, 4, and
8, the two sets of lines overlap each other, whereas for OCR
= 1, there is only a slight difference. This phenomenon
indicates that the effect of uneven temperature distribution
in the current test condition is insignificant, mainly because
the time required to reach temperature equilibrium (25 min)
is very short as compared to the total heating period. In this
sense, the FE analyses and constitutive-level simulations of
the current tests may provide very close results.

Comparing Fig. 13 with Fig. 7, it is shown that the
thermal contraction of the normally consolidated soft
Bangkok clay is nearly seven times that of Kaolin clay. The
reason for the phenomenon may relate to the interaction
between clay particles and the adsorbed water. According to
the DLVO theory (Derjaguin et al. 1987) and meso-scale
experimental results (Garcia-Garcia et al. 2006, Li et al.
2007), the disjoining pressure (or swelling pressure) of
adsorbed water may increase with temperature. Several
researchers (e.g., Mitchell 1993, Plum and Esrig 1969)
proposed that the increase of disjoining pressure would lead
to the plastic redistribution of the saturated soil mass.
Furthermore, it is commonly accepted that the disjoining
pressure of smectite is much larger than that of kaolinite.
Because soft Bangkok clay consists of 54-71% smectite and
28-36% kaolinite, it is reasonable that a certain elevated
temperature may give rise to more intensive plastic
redistribution of soft Bangkok clay than of Kaolin clay. In
the extended GSH model, the mechanism related to the
adsorbed water is quantitatively expressed in Eq. (4) by
assuming a larger ms for the soft Bangkok clay.

5. Conclusions

Based on the extended GSH model, a novel
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axisymmetric finite element (FE) program is developed for
analyzing the thermo-hydro-mechanical (THM) coupled
behaviors of saturated clays. The aim of this paper is to
investigate the physical mechanisms for the thermally
induced volume change of clays. For this purpose, the
proposed FE program is applied for the simulation of two
existing series of experiments, the triaxial drained heating
tests on Kaolin clay, and the 1D drained heating tests on
soft Bangkok clay. The following are the major findings:

e In general, the FE predictions are in satisfactory
agreement with the experimental data for the thermally
induced volumetric strains of different OCR values. For the
triaxial drained heating tests, different from the assumptions
made in the constitutive-level simulations by previous
researchers, the analyses indicate that noticeable
inhomogeneous pore pressure may be generated within the
samples due to the low permeability and the high heating
rate. The temperature dependence of the thermal expansion
coefficient and the dynamic viscosity of water is essential
for the accurate prediction of the excess pore pressure
evolution. For the 1D drained heating tests, the excess pore
pressure generation is negligible because of the shorter
drainage path and the lower heating rate.

* Four physical mechanisms govern the development of
the volumetric strains: a) the principle of thermal
expansion, b) the constitutive thermoplastic relation (also
known as thermal creep), c) the thermally induced primary
consolidation due to excess pore pressure dissipation, and
d) the decrease of effective stress due to accumulated excess
pore pressure. The first two mechanisms can be properly
accounted for in both constitutive level and FE level
simulations, whereas the second two mechanisms can only
be taken into consideration on the FE level. Under the
assumed material parametric conditions, it is found that the
latter two mechanisms can contribute to about 30% of the
volumetric contraction for the case of OCR = 1 and nearly
40% of the volumetric expansion for OCR = 12. Although
derived from simulations of laboratory experiments, the
four physical mechanisms are also applicable for the
explanation of the temperature-triggered ground settlement
at field scale.

* The thermal volumetric behaviors of clays are of major
concern for geo-energy engineering applications. With
future works such as the implementation of structural
elements and soil-structure interfaces, the proposed FE
program is expected to provide a new approach for the
design and calculation of applications such as energy piles
and energy tunnels in soft soils.
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