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ABSTRACT 
The thermo-poro-mechanical or thermo-hydro-mechanical (THM) coupling in clay related geomaterials is one of the most 
important issues in sustainable geotechnics. Clay soils have complex mineral composition and microstructure; thus, the 
study of thermo-poro-mechanical behavior is complicated. Previous studies shed little light on the difference between a 
thermal plastic strain and thermally induced dehydration behaviors. In this study, we propose a thermodynamic-based 
constitutive model for describing the thermo-poro-elastoplastic behavior of saturated clay. The proposed model considers 
the effect of temperature variation and mechanical loading on elastoplastic strains and dehydrations. The thermo-
mechanical behavior is captured by using the thermodynamics laws and subloading surface plasticity. The hardening rule 
is established by using laws of physical conservation, energy dissipation and plastic flow. Dehydration behavior is 
considered using the laws of thermodynamics for chemical processes. A comparison between model predictions and 
experimental data for some clay soils with different geological origins is presented and a reasonable result is achieved.  
 
 
RÉSUMÉ 
Le couplage thermo-poro-mécanique ou thermo-hydro-mécanique (THM) dans les géomatériaux liés à l'argile est l'un des 
enjeux les plus importants de la géotechnique durable. Les sols argileux ont une composition minérale et une 
microstructure complexes; ainsi, l'étude de la thermo-poro-mécanique est compliquée. Des études antérieures ont peu 
éclairé la différence entre la déformation plastique thermique et les comportements de déshydratation induite 
thermiquement. Dans cette étude, nous proposons un modèle constitutif thermodynamique pour décrire le comportement 
thermo-poro-élastoplastique de l'argile saturée. Le modèle proposé tient compte de l'effet de la variation de température, 
de la charge mécanique et du taux de charge sur les déformations élastoplastiques et les déshydrations. Le comportement 
thermo-mécanique est capturé en utilisant les lois de la thermodynamique et la sous-charge de la plasticité de la surface. 
La règle de durcissement est établie en utilisant des lois de conservation physique, de dissipation d'énergie et 
d'écoulement plastique. Le comportement de déshydratation est considéré en utilisant les lois de la thermodynamique 
pour les processus chimiques. Une comparaison entre les prédictions du modèle et les données expérimentales pour 
certains sols argileux de différentes origines géologiques est présentée et un résultat raisonnable est obtenu. 
 
 
1 INTRODUCTION

 
Over the past decades, many experimental tests and 

studies showed that the variation of the temperature has a 
significant effect on the mechanical behavior of hydrated 
clay (Laloui and Cekerevac, 2008; Monfared et al., 2012). 
Change of temperature has a couple of effects on the 
mechanical and hydraulic behavior of clayey materials 
which this behavior is known as one of the major issues in 
geotechnical engineering. There are many executions 
related to the thermo-elastic-viscoplastic behavior of 
hydrated clay which has adverse effects on the stability of 
clayey materials, for instance, the increasing of the 

temperature induced by the deep disposal of nuclear waste 
(Laloui and Modaressi, 2002; Monfared et al. 2012) and 
energy pile foundations (You et al., 2014; Akrouch et al. 
2014).  

Previous experimental results show that the thermo-
mechanical behavior of clay soil is a function of the OCR 
(over-consolidation ratio). When a clay soil is heated, all of 
its particles dilates. However, an increase of temperature 
decreases the strength of adsorbed layers which leads to 
a decrease of the distance between clay particles. 
According to Mitchell (1976), under the normally 
consolidated condition, this behavior changes the 



 

equilibrium between the Van der Waals attractive forces 
and the electrostatic repulsive forces, which causes grain 
rearrangement and shrinkage. On the other hand, when a 
high OCR clay soil is heated, it mainly fabricates reversible 
thermal expansion. According to studies by Cekerevac and 
Laloui (2004) and Laloui and François (2009), the 
inclination of the soil towards dilation and contraction and 
intensity of the reversible/irreversible parts of the 
deformation under cycle of heating and cooling relates 
upon clayey materials types, OCR and plasticity.    

In addition to what was mentioned above, the exact 
thermo-poro-mechanical behavior of clayey materials is 
still under debate and a comprehensive conclusion has not 
been reached yet. On one hand, many experimental and 
numerical works showed that the increase of temperature 
would decrease the clayey material's strength, and, in 
some cases, thermal failure had been reported (Monfared 
et al. 2012; Hueckel et al. 2009). On the other hand, works 
done by (Zhang et al.2012; Laloui and Cekerevac 2008; 
Kuntiwattanakul et al.1995) showed that the increase of 
temperature will increase the shear strength of clay 
materials.  

To simulate these behaviors of soil, plasticity-based 
models were increasingly proposed by researchers to 
characterize the thermo-plastic behavior. The plasticity-
based models consider the effect of temperature on the 
yield surface, plastic potential, hardening-softening 
parameters and flow rule (Gao et al. 2009; Okada 2005; 
Hueckel et al. 2009; Xiao 2014; Ghasemzadeh et al. 2017). 
Masín and Khalili (2012) proposed a model coupled the 
thermal behavior of soils with elastoplastic constitutive 
models. Laloui and Cekerevac (2008) developed a multi-
yield surface model based on Cam-Clay plasticity for 
considering the effects of cyclic shear loading. Zhang et al. 
(2012) and Xiong et al. (2017), based on the assumption 
that the geomaterials are a continuous media, proposed 
the concept of “temperature-deduced equivalent stress” 
into their thermo-mechanical model for considering the 
effect of temperature on the evolution of the yield surface. 
However, those above-mentioned models cannot 
comprehensively predict the thermal contraction behavior 
due to clay dehydration. This phenomenon is caused by 
breakdown of bounding water when soils are heated 
(Monfared et al. 2012). In addition, since the temperature 
of soils changes periodically and increasing the cycle of 
heating-cooling will increase the accumulation of the shear 
stress reduction and irreversible deformation of soils (Bai 
et al., 2014), the proposed models should have the ability 
to simulate the soil behavior under heating and cooling 
cycles. As mentioned above, simulating the soil’s behavior 
under cycles of wetting-drying, heating-cooling and 
loading-unloading are very complex. Thus, presenting a 
comprehensive model to consider this complex coupled 
behavior under cyclic loading base on the classical 
plasticity theory is very challenging.  

 
In this research a comprehensive, thermo-poro-

elastoplastic constitutive model based on thermodynamics 
theory and unconventional plasticity for a range of 
saturated clays is presented. The model is capable of 
considering the influence of the temperature variation on 
the mechanical behavior and dehydration processes.  

 
2 THERMO-PORO-MECHANICAL FRAMEWORK 
 
The selection of appropriate stress and strain variables is 
an essential step for developing the constitutive thermo-
mechanical model for geomaterials. As was demonstrated 
by Voyiadjis and Abu Al-Rub (2003), Helmholtz free energy 

can be given as a function of the elastic strain 

,temperature T and volumetric plastic strain P. In addition, 
in this study we considerd apparent density of bounding 
water as a function of Helmholtz free energy  as 
well. 

 [1] 

  

According to the fundamentals of thermodynamics and 
plasticity the Clausius-Duhem inequality and total strain 
equation can be write as below, 

 
 

[2] 

 
                                      

[3] 
 

By taking the time derivation of Helmholtz free energy  
(Equation 1) in respect to its state variables, Equation 4 
implies as , 

 

 
 

 [4] 

 

where by substituting Equation 4 into Equation 2 and 
making use of Equation 3 the following thermodynamic 
inequality is postulated. 

 
 

  [5] 

By using the equation 5 and base on the fact that Clausius-
Duhem inequality is valid for all loading histories, 
thermodynamics conjugate forces and state laws can be  
described as below, 

 

 
[6] 

where S is the soil entropy, H is the conjugate force of 
volumetric strain and L is the conjugate force of the 
apparent density of bounding water. 
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2.1 Specific free energy function. 
  
According to Equation 1, In this study, it is assumed that 
the Helmholtz free energy can be written as a consist of 
thermo-elastic ,thermo-plastic  and dehydration 

 components. 
 

 [7] 

Based on Voyiadjis and Abu Al-Rub (2003), Darabi.et al. 
(2012), Zhang (2017) and the definition of Helmholtz free 
energy, the thermo-elastic, thermo-plastic and dehydration 
parts of total Helmholtz free energy are defined as: 

 
[8] 

 
[9] 

 
[10] 

is elastic strain,H0 is the initial value of H,  and are 
the internal energy and the specific entropy of bound water, 
respectively. 

are the Arrhenius- type temperature term for 
coupling temperature to the elastic and plastic parts of 
Helmholtz free energy respectively. According to Darabi et 
al. (2012) it can be written as, 
 

  [11] 

 
In order to describe the plastic behavior, one needs to 
define first the plastic dissipation energy (Simo JC. 
1998). 
, 

 [12] 

By defining the Lagrange plastic multiplier  and the 
normal yield surface function f, the objective function is 
given as: 

 [13] 

In order to obtain the inelastic dissipation function over all 
the possible states, the objective function should be 
maximized, where, 

,   [14] 

And, therefore, 
 [15] 

 
3 ELASTOPLASTIC CALCULATIONS 
 

By considering the Equation 7 and based on the work 
done by Li and Wong (2017) in this study it is assumed that 
the strain increment ( ) is additively decomposed into 
thermo-elastic, thermo-plastic and dehydration parts. 

 
 

[16] 
Where according to Equations 5, 6 and 16 total rate of 
energy dissipation can be decomposed into thermo-elastic 

,thermo-plastic and 

dehydration  components. 

 
3.1 Thermo-elastic strain. 
 
Thermo elastic behavior can be obtain from Equations 6 
and 8 as below, 

 
[17] 

 
where  is fourth-order stiffness tensor. 
 
3.2 Thermo-plastic strain. 
 

In this model the plastic deformation is calculated within 
the subloading surface elastoplasticity framework 
(Hashiguchi et al. 2002). In this framework, the constitutive 
equations are derived based on introduction of LC (Loading 
Collapse) normal yield surface and subloading surface. 
The LC normal yield surface is the renamed form of the 
conventional LC yield curve, while its interior is not 
regarded as a purely elastic domain. The subloading 
surface is introduced as a surface which always passes 
through the current stress point, while keeping a similar 
shape to the LC normal yield surface with respect to the 
origin of the stress space: 

 [18] 
where  is the similarity ratio of the subloading surface to 
the LC normal yield surface. This ratio is called the normal 
yield ratio. Differentiating Equation 18 results in: 

 
[19] 

The evolution of the normal yield ratio could be described 
as (Hashiguchi et al. 2002): 

 [20] 

where U is monotonically decreasing function of R that 
should satisfy the following conditions: 

    [21] 

These conditions are required to guarantee that the 
subloading surface approaches the normal yield surface 
during a loading process. The equation satisfying 
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conditions (Equation 21) is described by Hashigushi et al. 
(2002): 

  [22] 
where u is a material parameter.  
Moreover, according to Equations 6 and 9, 

                                     [23] 
(28) 

                                                                    [24] 
   (29) 

Substituting Equations 20 and 24 into Equation 19, one 
obtains: 

             
 
         

[25] 
According to Equation 15 and assuming the associated 
flow rule: 

                                   [26] 

Where  is the positive proportionality factor, and the 
vector  is the unit normal vector of the subloading 
surface at the current stress point: 

 
     [27] 

Substitution of Equation 26 into Equation 25 leads to: 

 

 
[28] 

Where 

 
[29] 

                                               
                    [30] 

Based on the loading criterion proposed by Hashiguchi 
et al. (2002), the loading criterion in the proposed model is 
given by: 

 [31] 

 
3.3 Dehydration strain. 
 
Base on the definition of the apparent density of bounding 
water it can be written as, 

 
[32] 

Where  are the corresponding intrinsic 
densities of bounding water, volume fraction of bounding 

water, volume of bounding water and total volume of soil 
respectively. By differentiating Equation 32, the increment 
of apparent density of bounding water can be given as: 

 
 

[33] 

According to the definition of dehydration strain by Li and 
Wong (2017), Equation 33 can be written as, 

  
[34] 

Based on the works done by Li and Wong (2017), and 
Zhang (2017),it’s assumed that the increment of apparent 
density of bounding water has a linear relation with its 
conjugate force.  

 
 

[35] 

Where  are the total density of the soil and mass 

of free water converted from per unit mass of bound water 
per unit rise in temperature respectively. 

By substituting Equation 34 into Equation 35, dehydration 
strain increment can be written as, 

      [36] 

According to Equation 11 and Zhang (2017), the internal 
dehydration energy can be written as,  

 
                               [37] 

 
 

   [38] 

 

 
[39] 

 

Where is the bulk modulus of soil skeleton;  and 
are the intrinsic bulk moduli of soil particles and bound 
water, respectively.  is the pore water pressure. 

is defined as, 
 

 
[40] 

 
 

lnU u R= -

0( ) ( exp( )) ( )
p

Pp
H p H v T

p
r

r g

¶Y
= =

¶ -

H
H

r g

¢ =
-

( ) T
pf

d U d H RH P
¶ ¢= +
¶

æ ö
ç ÷
è ø

σ
σ ε

σ
!

pd l=ε N!

l!
N

( ) ( )f f¶ ¶
=

¶ ¶

σ σ
N

σ σ

T

P

d

M
l =

N σ
!

( )
P U H

M
R H

h
¢

= +

p
h

l
=
!

!

( ) 0 0

( ) 0 0

p

p

tr NEd d

tr NEd d

e

e

> ® ¹

£ ® =

ε

ε

,   b b
b

v
b b

v
r r f f= =

 , and ,b bb v vr f

( )b b
b b vd
dv

d
v

r r f e= +

b Deh
b b bd vd dr r e r ef= +

b
bf b

bdr ra
r

¶Y
=

¶

 and bfr a

bDeh
bf b vb

b
d dre a f e

r r
¶Y

= -
¶

b b be Tu J= +
b

b b

S
u

r
=

( / )
(1 )

b b
bsm e

b b b
s s b b

K u
K K

s f w r
J r

f f r r

¶
= - +

+ ¶

mK SK bK

us

b

ew

2 2( )[ ( ) ]b b e e e
e b v v sf E E cb bw r x e+= + +

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein

Hosein



 

1 Materials parameters involved in the model. 

 
 Where  

 
 

[41] 

 

 
 

[42] 

 
is a power exponent that is taken as 1 in this study and 

is the elastic thermal expansion coefficient of soil 

skeleton.  is a material constant;  and  are 
parameters accounting for the effect of bound water on the 
soil modulus. According to the Equations 10 and 37, the 
derivation of Helmholtz free energy over derivation of 
bonding water density can be postulated as, 
 

 
 

[43] 
 

 
Equation 43 shows the effect of temperature variation and 
mechanical loading on the change of dehydration strain.  

 
4 COMPARISON WITH EXPERIMENTS 
 
   The ability of the proposed model in describing the 
thermo-poro-mechanical behavior of Natural soft Mudrock, 
Boom Clay and Bangkok Clay under the drain stress path 
condition are presented herein.  

4.1 Determination of material parameters 
 
In the proposed model, six stress-strain parameters ( ,
, , , , ) and five thermo-dehydration parameters ( 

, , , , ) are required to describe the thermo-

poro-mechanical behavior of a clay soil. A common drained  
 
 
 
shear stress test at the saturated state of the soil can be 
used for determining the Poisson’s ratio ( ) and the slope 
of the critical state line ( ). The parameters , ,  
which respectively indicate the pre-consolidation pressure, 
the slope of the normal consolidation line in  
plane and the slopes of swelling lines in plane. 
The parameter u does not have a clear physical meaning  

 

 
and mathematically stands to adjust the curvature of the 
stress–strain diagram. This parameter can be found by a 
trial-and-error procedure to fit the curvature of the soil 
behavior in its transitional state in stress- strain space. The 
value of and  can be found by using thermal 

consolidation test. The parameter  can be determined 
by performing isotropic compression test and the value of 

and  can be found by using critical state data of soil. 
 
4.2 Natural soft Mudrock and Boom Clay 
 
Li and Wong (2017) and Del Olemo et al. (1996) reported 
the results of some drained triaxial tests on samples of 
Natural soft mudrock and Boom clay, respectively. The 
natural soft mudrock contains the mixture of illite-smectite 
for clay part and with the composition of quartz and a small 
amount of heavy mineral for the non-clay part. The Boom 
clay has a plasticity index of about 50%, a natural porosity 
around 40%, and a water content varying between 24% 
and 30%. The material parameters that were used to 
predict these soil behaviors are listed in table 1. Figure 1 
and Figure 2 show the comparison of measured results and 
model predictions of Natural soft mudrock and Boom clay 
under temperature variation, respectively. 

 

 

Figure 1.  Comparison of model results and test data for 
thermal volumetric behavior of Natural soft Mudrock. 
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Figure   2.  Comparison of model results and test data 

(Del Olemo et al. 1996) for thermal volumetric behavior of 
Boom Clay. 

4.3 Bangkok Clay 
 

Bangkok Clay is another soil which is used to validate the 
proposed model. Abuel-Naga (2005) conducted a series of 
drained triaxial loading tests on this soil. Figure 3 to Figure 
8 shows the test results and model predictions for a drained 
triaxial test under a confining pressure of 300 kPa at 25°𝑐, 
70°𝑐 and 90 °𝑐.The material parameters that were used to 
predict the soil behavior are listed in table 1.  
 
 

 
Figure   3. Comparison of model results and test data for 
drained triaxial compression test on NC Bangkok Clay 

(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 25℃). 

 
Figure   4. Comparison of model results and test data for 
drained triaxial compression test on NC Bangkok Clay 

(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 25℃). 
 

 
Figure   5. Comparison of model results and test data for 
drained triaxial compression test on NC Bangkok Clay 

(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 70℃). 

 
Figure   6. Comparison of model results and test data for 
drained triaxial compression test on NC Bangkok Clay 

(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 70℃). 



 

 
Figure   7.  Comparison of model results and test data for 

drained triaxial compression test on NC Bangkok Clay 
(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 90℃). 

 

 
Figure   8. Comparison of model results and test data for 
drained triaxial compression test on NC Bangkok Clay.  

(𝑃!" = 300	𝑘𝑃𝑎 ,Temperature = 90℃) 

 
5 CONCLUSIONS 
 
In this paper, a thermo-poro-elastoplastic constitutive 
model based on the thermodynamics laws is presented to 
describe the coupled thermo-poro-mechanical behavior of 
saturated clay soils.  
In the proposed model, subloading surface plasticity and 
thermodynamics laws are employed to describe the 
nonlinear thermomechanical and dehydration behavior of 
clayey materials. Since the selected mechanical framework 
considers the elastic-plastic domain inside of the yield 
surface, the proposed model describes the smooth elastic-
plastic transition. 
The dehydration induced strain behavior was treated 
separated and was characterized using Helmholtz free 
energy and energy dissipation functions.  
Smooth and realistic predictions are two essential 
requirements for numerical modeling of coupled hydro-
thermomechanical problems. It is applied to predict the 

thermo-poro-mechanical behavior of a natural soft 
mudrock, Boom Clay, and Bangkok Clay and thus, the 
capability of the model was verified. 
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