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ABSTRACT: Contemporary geotechnical engineering practice encompasses design and
construction of thermo-active geo-structures or structures which would encounter thermal
cycles throughout its service life. Therefore, understanding the effect of temperature on soil
mechanical properties becomes inevitable. Being a complex and coupled phenomenon it has
been quite challenging for the researchers to study experimentally and theoretically the
thermo-mechanical behaviour of fine-grained soil. Nonetheless, there are numerous studies
which contribute significantly to gain insight about thermo-mechanical behaviour of soils.
Incidentally, till date, on this arena of research, no comprehensive review, which provides a
holistic development of the subject and its connection with the field application, is available.
The prime objective of the present study is to critically appraise the state-of-the-art
understanding on thermo-mechanical behaviour of fine-grained soils through a
comprehensive literature review. Moreover, this paper also describes the concept of thermo-

elasto-plastic strain and thermal creep behaviour of fine-grained soils.

Keywords: Fine-grained soils, Temperature-induced volumetric deformation, Mechanisms,

Thermo-elasto-plastic behaviour.
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1. Introduction

Understanding the thermo-mechanical behaviour of fine-grained soils has been
indispensable in modern-day geotechnical engineering practices. This behaviour significantly
influences the overall long-term behaviour of the fine-grained soil upon application of
simultaneous temperature cycles and mechanical loading. In this context, there are numerous
investigations conducted to identify the thermal response of diverse geo-materials. Among
these, a major portion contribute to understand the effect of temperature on volumetric
change (Campanella and Mitchell, 1968; Virdi and Keedwell, 1988) and strength parameters
of soil (Cekerevac and Laloui, 2004; Yavari et al., 2016; Maghsoodi et al., 2020, 2021). In
this regard, most of the investigations have been carried out for the projects related to the
radioactive waste disposal facilities (Virdi and Keedwell, 1988; Rao and Singh, 1999;
Krishnaiah and Singh, 2004a, 2004b; Naidu and Singh, 2004; Sreedeep et al., 2005; Ojovan
et al., 2019), underground crude oil storage tanks (Padmakumar, 2013), oil-carrying pipelines
( Brandon and Mitchell, 1989; Manthena and Singh, 2001; Abuel-Naga et al., 2008; Lee et
al., 2010), air-conditioning ducts (Kadali et al., 2013), buried conduits and high voltage
electrical cables (Abuel-Naga et al., 2008; De Moel et al., 2010; Vega and McCartney, 2014),
geothermal energy piles (Di et al., 2000; Bozis et al., 2011), elevated temperature landfills
(McCartney et al., 2019), furnaces, boiler units, forging units, brick kilns and rocket-
launching pads (Kadali et al., 2013). These studies generally analysed the volumetric change
of soil when temperature varies in the range between 0 and 100 °C.

This study mainly focuses on the thermo-mechanical behaviour of fine-grained soil, in
which variation of temperature lies between 0 and 100 °C. Therefore, the phase change of
pore water due to variation of temperature has not been induced. For this reason, several

other phenomena of temperature-soil interaction such as soil water freezing/thawing or
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evaporation, soil mineral alteration due to fire, phase change of soil due to volcanic eruption,
etc. are not considered.

The thermo-mechanical behaviour of fine-grained soil has been analysed against
application of varying temperature by many researchers in saturated soil (Campanella and
Mitchell, 1968; Demars and Charles, 1982; Hueckel and Baldi, 1990; Burghignoli et al.,
2000; Sultan et al., 2002; Cekerevac and Laloui, 2004; Abuel-Naga et al., 2008; Coccia and
McCartney, 2012; Vega and McCartney, 2014) and unsaturated soil (Romero et al., 2005;
Tang et al., 2008; Uchaipichat and Khalili, 2009; Alsherif and McCartney, 2015; Coccia and
McCartney, 2016a, 2016b). Saturated soil will tend to change its volume in response to the
thermal solicitation when it is heated. Hence this phenomenon is termed as thermal
volumetric change. This process is defined as thermal consolidation if dissipation of pore
water takes place. During undrained condition, the different coefficient of thermal expansions
of soil pore water and solid particles is the reason behind the generation of thermally-induced
excess pore water pressure of saturated specimen. On other hand, thermally-induced collapse
(i.e. rearrangement of soil particles under thermo-mechanical load) of the soil skeleton and
changes in viscosity of the pore water are the impact of temperature on the soils that causes
thermally-induced excess pore water pressure (Campanella and Mitchell, 1968; Schiffmann,
1971). Further, Bai et al., (2021) discussed that the increase in temperature decrease the
effective stress between soil particles and enhance the pore water pressure, which lead to
particle rearrangement of soil. The effect of this particle rearrangement certainly enhance the
growth in volumetric strain. Based on these mechanisms, it can be opined that thermal
consolidation is similar to the primary consolidation of soils (Campanella and Mitchell, 1968;
Shetty et al., 2019). In particular, the creep behaviour of the soil due to the mechanical
loading or unloading prior to the thermal heating can affect the sign (contraction or

expansion) and the magnitude of the change in volume of soils during heating in drained



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

condition (Coccia and McCartney, 2016a). If the secondary compression rate is positive
(indicating decreasing volume) before heating, thermal volumetric shrinkage is observed for
normal consolidated soils, whereas if the secondary compression rate is negative (indicating
increasing volume) prior to heating, thermal volumetric expansion is observed over
consolidated soil (Burghignoli et al., 2000; Coccia & McCartney, 2016a; Towhata et al.,
1993). Fig. 1 shows the schematic diagram of secondary compression for NC and OC soil. In
addition, on the basis of experimental investigations conducted by the earlier researchers, it
can be stated that the thermal volumetric response of fine-grained soil may be indirectly
regulated by the over-consolidation ratio (Abuel-Naga, Bergado, & Bouazza, 2007
Burghignoli et al., 2000; Campanella & Mitchell, 1968; Hoseinimighani & Szendefy, 2022;

Vega & McCartney, 2014; Zhu & Qi, 2018).

Secondary Compression

Positive Prior Heating Compression Observed
. Heau:;.g. ......................................
NC Soil o2 > Ol

O1 02 02

Secondary Compression .

Negative Prior Heating Expansion Observed
OC Soil o2 < Ol Heating
O1 02 02

Fig. 1. Schematic diagram for secondary compression for NC and OC soil.

The application of thermal energy in soil can influence its properties and behaviour.
Numerous researchers have recognized the effect of thermal energy on properties of fine-
grained soil such as shear strength, permeability, pore water pressure, consolidation, creep
index, mineralogical composition, etc. This effect is mainly attributed to volumetric change
of soil against thermo-mechanical loading. In this context, there are a number of recent
review articles available which have discussed the contemplating issues (Casarella et al.,
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2021; Hoseinimighani & Szendefy, 2022; Loria & Coulibaly, 2021; Wang et al., 2020) on
this topic. For example, Loria & Coulibaly, (2021) have discussed the thermally-induced
volumetric change of geomaterials and its deriving mechanism. Moreover, Wang et al.,
(2020) have reported the influence on shear strength parameters of fine grained soil against
the application of thermal energy. Furthermore, Casarella et al., (2021) have studied the
effect of temperature on inter-particle forces of fine grained soil and its impact on
macroscopic behaviour. Hoseinimighani & Szendefy, (2022) have discussed the proposed
mechanism and special attention has been given to microstructural alteration, physio-
chemical interaction and possible change at macro scale. Although there is extensive
knowledge about the effect of temperature on the behaviour of fine-grained soil, there is still
a dearth of review which collectively discusses and relates the microscopic, macroscopic, and
theoretical approaches to address this topic. Therefore, this review paper on effect of

temperature on fine-grained soil focuses on three main following aspects:

- First, the inter-particle forces are summarized for thermal volumetric change of fine-
grained soil at microscopic level. In which diffused double layer (DDL) theory and
particle orientation (e.g.- face to face, edge to face arrangement) are illustrated for a better
understanding of volumetric change at microscopic level.

- Second, temperature-induced volumetric change and its deriving mechanism are reviewed
separately for saturated and unsaturated soils at the macroscopic level. Subsequently,
thermal volumetric change due to thermal cycle is reported at the macroscopic level.
Moreover, effect of temperature on geotechnical properties of fine-grained soil is also
discussed briefly.

- Third, additional approaches for modelling of temperature-induced volumetric change of

fine-grained soil are presented.



141

142

143

144
145

146

147

148

149

150

151

152

153

154

155

156

157

The scope of this paper is to concentrate on the thermo-mechanical behaviour of fine-grained
soil, where there is novelty and uncertainty due to recent development in thermal interaction

with soil. The overview of this paper is presented in pictorial form in Fig. 2.

Saturated Drained Soil
Saturated Undrained Soil
Unsaturated Soil
Under Thermal Cycle

Effect of Temperature .

on Mechanical
Properties of Fine-

Fig. 2. Overview of thermally-induced mechanical behaviour of fine-grained soil.

2. Effect of Temperature on Microscopic Behaviour of Fine-Grained Soil

The microstructural constituents of soil are made up of alumino-silicate oxides in
presence of water and variable amount of iron and alkali metals. Mineral layers, pore water
and pore air are deposited in several form in soil. A Schematic diagram of soil structure is
shown in fig. 3. Water molecules are held by the clay particles through hydrogen bonds due
to clay’s high affinity to water and cations. Therefore, the behaviour of fined grained particles
is affected by the individual particle and water content in pores. Clay surface has negative
charge, which adsorbs the positive charge from pore water. By this way, cations are
distributed over the negatively charged surface, whether density is more near the surface and
decreased with increase in distance. The cations created a positive charge layer and a double
layer is formed with negative charge. These layers are termed as diffused double layer, which

are electrostatically bound to each other. These electrostatic forces control the engineering
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behaviour of fine grained soil at a large extent. Therefore, thermo-mechanical loading
directly affects the formation of composition and volumetric change of soil by the conversion
and dissipation of energy by phase transformation between liquid phase (i.e.- free water) to

solid phase (i.e.- bound water) (Bai, Zhou, et al., 2021; Bai & Shi, 2017).

Double
Diffuse Layer

Soil

Adsorbed
Water

Mineral
Plates

Free Water

Fig. 3. Schematic diagram of mineralogical structure of soil.

The fundamental mechanisms behind the thermally-induced mechanical behaviour of
saturated soils have been perceived in four ways ( Paaswell, 1967; Campanella and Mitchell,
1968; Delage et al., 2000). Each type is described in the following sections.

2.1. Thermal expansion of soil particle and pore water

During heating, the discrete components such as soil skeleton and pore fluid of the
soil material expand. The thermal expansion coefficient of water equals to 207x10° °C™ at
20 °C and increases to 695x10° °C™* at 90 °C (McKinstry, 1965). Those of some soil
minerals are clay, quartz, calcite and felspar whose thermal coefficient of expansion lie
between 1 and 3x107° °C™* (Mohajerani et al., 2012). Depending on the mineralogy of the soil,
water can expand 7 to 12 times more than solid particle.

2.2. Shear resistance at the contact between soil particles
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The second mechanism, proposed by (Campanella & Mitchell, 1968; Tarantino et al.,
2021), introduced the effect of temperature on the shear resistance of the contact between soil
particles. The shear resistance of fine-grained soil is separated into two distinct types- micro-
resistance and macro-resistance. Micro-resistance is developed due to inter-particle contacts
of fine-grained soil. The adsorbed water surrounding the soil particles may alter the formation
of inter-particle contacts. During consolidation process, water between soil particles can
dissipate outside due to thermo-mechanical stress. Therefore, heating increases the number of
contacts between particles and thus increases the micro-resistance of fine-grained soil. The
increase in contacts between soil particles are described that the pore water pressure of soil
mass is weaken due to increase in temperature, which causes dissipation of pore water due to
decrease in viscosity of pore water. The formation of micro-resistance is observed for over
consolidated (OC) and normal consolidated (NC) soils with increase in temperature. On the
other hand, macro-resistance is a type of shear strength which is developed due to movement
of soil particles over other in shear plane. Volumetric change has been observed in drained
condition under thermo-mechanical loading, which generates the shear stress due to macro
resistance between particles. Macro-resistance of fine-grained soil would either increase or
decrease with heating. The macro-resistance increases if irreversible volumetric contraction
occurs due to heating, while it decreases if reversible volumetric expansion occurs. On the
other hand, in undrained condition volumetric change is not permitted. Thus, pore water
pressure is developed within soil mass under thermo-mechanical loading in undrained state.
In NC soil, macro-resistance causes positive pore pressure in heating. For OC soil, it causes
negative pore pressure.

2.3. Pore water viscosity

It is a well-known fact that viscosity of pore water decreases with increase in

temperature (Paaswell, 1967). The energy of molecules of any substance is defined as the



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

function of temperature as explained by kinetic energy theory. As temperature increases
kinetic energy of soil particles also increases. Therefore, the net attraction force between
molecules decreases, which manifests the decrease in viscosity of soil pore water
(Kuntiwattanakul et al., 1995; Towhata et al., 1993). A lower viscosity of pore water provides
a higher hydraulic conductivity of soil mass. Variation in viscosity for free water under
varying temperature was obtained from experimental results by (Hillel, 2013), which is
written as follows (Eqg. 1):

w (7)) =—-0.00046575n(1) + 0.00239138. (1)
Where, p (7) is viscosity of water at temperature ‘7(°C)’.
2.4. Electrostatic force between soil and pore water

Towhata et al., (1993) revealed that a negative charge on the surface of soil solids
would create an electric field with a positive dipole charge of pore water molecule. This
electric field binds neighbouring water molecules to soil grain due to strong electrostatic
forces of attraction, and therefore restricts the motion of pore water molecules. It was further
described that some Kkinetic energy is associated with each pore water molecule, which is
electrostatically bound to the soil grain surface. When heating is applied, these bound water
molecules may reach the energy threshold and are therefore dissipated from the soil mass.
Temperature therefore appears to affect the clay-water interaction. This clay water interaction
results water to be present in clay in three different forms (Hueckel, 1992; Stgepkowska,
1990): (1) Free or bulk water, which flows under hydraulic gradient; (2) Adsorbed water
which forms due to enveloping action between molecules of soil (Hueckel, 1992; Iwata et al.,
2020; Kemper et al., 1964), it cannot flow under gravitational effect; and (3 Hydroxyl or
structural water, which is mainly a part of structural lattice (shape of mineralogical
arrangement) of minerals and cannot leave the lattice below 350 °C. Clay water interaction

can be classified in six different types of molecular interactions viz. water-water, water-

10
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cation, water-clay, cation-cation, cation-clay and clay-clay (Casarella et al., 2021; Hueckel,
1992; Iwata et al., 2020; Skipper et al., 1991). Apart from these interaction, physiochemical
internal forces is also developed at the soil particle contacts due to external thermo-
mechanical loading (attraction and repulsion). Hydrate layer at particle surface has been
developed due to equilibirium in physiochemical interaction. Change in thermo-mechanical
loading, disturb the equilibirium balance, which change the thickness of hydrate layer. This
change generates the additional pressure to keep the specimen in equilibirium, which is called
as disjoining pressure. This disjoining pressure is mainly depend upon the rearrangement of
soil particle resulting from physiochemical force and hydrate layer (Golchin et al., 2022a).
Therefore, these potential interactions result in generation of attractive London forces or
dispersion forces, short-range repulsion, and Coulomb force between charged particles,
which can affect the volumetric change in soil lattice (Casarella et al., 2021). Change in
temperature influences the intensity of inter-particle forces in soil lattice, inducing
rearrangement of soil particles. As a result, particle surface and edge accumulate positive and
negative charge correspondingly. Consequently, two different orientations (face-to-face and
edge-to-face) are developed between soil lattices (Casarella et al., 2021; Yong, 1999). In
face-to-face arrangement, negatively charged layer overlaps to adjacent parallel particle in
such a way that a repulsive force generates in between. As a result, inter-particle distance gets
adjusted by both external compressive force and internal repulsive force. Repulsive forces are
directly proportional to temperature and inversely with distance between particles
(Hoseinimighani & Szendefy, 2022). This is mainly due to development of the DLVO
(Derjaguin, Landau, Vervey, and Overbeek) theory. The DLVO stated that the adsorption of
mineral on suspended particle reduced the repulsive force between soil particles and
suspended particle due to decrease in zeta potential (Bai, Nie, et al., 2021). Moreover, due to

increase in temperature the inter-particle distance between particles of face-to-face

11
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arrangement also increases for applied external compressive load which causes an expansion
of clay. This expansion would be reversible in nature due to the reverse alteration of
dielectric permittivity to its initial value upon cooling or removal of thermal load (Casarella
et al., 2021; Ghahremannejad, 2003; Pedrotti & Tarantino, 2018). On the other hand, in case
of edge-to-face arrangement, a contact configuration is developed by the Van der Waal’s
force of attraction between oppositely charged particles at edge and face respectively.
However, due to increase in temperature, the net attractive force gets weakened. Additionally,
the edge-to-face interaction between particles develop non reversible deformation if the
contact is broken (Casarella et al., 2021).

The effect of temperature on diffuse double layer (DDL) remains inconclusive. DDL
insures that soil particles have positive or negative charge on surface due to availability of
charged group within, or attraction of charged layers from surrounding medium. Therefore,
an electrical double layer is established between solid particles and pore water to confirm
electro-neutrality within soil mass. Mitchell & Soga (2005) analysed the Gouy-Chapman
equation and stated that DDL is unaffected by temperature variation. On the contrary, Morin
& Silva, (1984) gathered the experimental results on high-porosity clay and found that the
increase in temperature prone to compress the DDL and decrease the ionic concentration,
which tends to breakdown of adsorbed water. Furthermore, below certain separation of
mineral layers (less than 50 A) and at low porosity, DDL theory fails to describe the
behaviour of interaction forces (Baldi et al., 1988; Hueckel, 1992). This is mainly caused due
to domination of solvation forces near the surface. This is due to the structural arrangement of
pore water, which creates the potentials of short-range intermolecular pairs different from the
potentials derived from any continuum theory. Solvation force is governed by the geometric
constrain of structural packing imposed by solid particle surface, which is mainly caused due

to the geometric constraints induced by the very thin separation between mineral layers. In

12
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such system, repulsive hydration forces gets generated and the bond stress is usually higher
than that estimated by DDL theory (Baldi et al., 1988; Hueckel, 1992; Ma & Hueckel, 1993).
3. Effect of Temperature on Macroscopic Behaviour of Fine-Grained Soil
3.1. Thermally-induced volume change behaviour of saturated soil under drained
conditions

There are substantial number of studies available which elucidate the volumetric
change of saturated soils due to temperature change under drained conditions (Abuel-Naga et
al., 2007c; Baldi et al., 1988; Delage et al., 2000; Hueckel & Baldi, 1990; Sultan et al., 2002;
Towhata et al., 1993). Baldi et al., (1988) noticed the effect of stress history on the expansion
and contraction of soil specimen when heated beyond the room temperature. Fig. 4 presents
volumetric strain versus temperature during heating from room temperature (close to 20 °C)
at different magnitudes of over consolidation ratio (OCR) value. Data collected on various
soils such as Potinda clay, Pasquasia clay, MC clay, Boom clay and Kaolin clay from
different studies are presented in the same plot for comparison. The results in Fig. 4 reveal
that Kaolin clay for high magnitude of OCR (i.e., 6, 12) expands up to a certain temperature,
beyond which it contracts. Similar pattern can be identified for MC clay. Hence, this unique
temperature is termed as transition temperature (Baldi et al., 1988). The transition
temperature increased with increase in over consolidation ratio (Hoseinimighani & Szendefy,
2022). Moreover, thermal contraction is detected for lightly over consolidated sample from
the beginning of heating such as Pontida clay for OCR = 1 and 1.4, Pasquasia clay for OCR =
1.4 and 2.5, and Boom clay for OCR = 2. However, only few soil specimens such as Pontida
clay at OCR = 2.5, Pasquasia clay at OCR = 3.4 and MC clay at OCR = 3.4 show expansion
on initial heating and contraction on further heating. Few discrepancies have also been
observed in literature. Laloui & Cekerevac, (2003) have reported that transition temperature

is not affected by over consolidated ratio, all OCR specimens are transiting almost at constant
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temperature from expansion to contraction. Bai et al., (2019) have also reported the effect of
OCR due to heating. It was reported that the soil showed contraction for OCR 1 and 4 and
expansion for OCR 8. It has been reported from fig 4 that plastic volumetric strain is
observed for OCR value less than 2. Moreover, elastic volumetric strain has been observed
for OCR value greater than 2. As the OCR value increases the elastic volumetric strain also

increases due to heating.

—=— OCR=1 (A)
—e— OCR=1.4 (A)
| —— OCR=2.5 (A)
100 —v— OCR=12.5 (A)
—e— OCR=1.42 (B)
—<«— OCR=2.5 (B)
—— OCR=12 (B)
—e— OCR=3.4(B)
—*— OCR=5.67(B)
—e— OCR=8.5(B)
—a— OCR=13(B)
OCR=1.7(C)
OCR=3.5(C)
OCR=7(C)
Preconsolidation OCR=14(C)
Pressure, p' OCR=28(C)
p'=2.5 MPa (A) OCR=56(C)
p'= 2 MPa (B) —o— OCR=2(D)
p'=2.23 MPa (C) OCR=1(E)
p'=4 MPa (D) OCR=1.5(E)
p'=0.6 MPa (E) OCR=2(E)
p'=0.4 MPa (F) OCR=6(E)
OCR=12(E)
Contraction —o— OCR=1(F)
> —#— OCR=4(F)

80 -

60 -

Temperature, (°C)

40 -

Expansion

o J N R NN SN R SR N E S EE N Ry =
-08 -06 -04 -02 00O 02 04 06 08 10 12

Volumetric Strain, (%)

Fig. 4. Volumetric behaviour of saturated soils during heating: (A) Potinda clay (Baldi et al.,

1988), (B) Potinda and Pasquasia clay (T. Hueckel & Baldi, 1990), (C) MC Clay (Towhata et

al., 1993), (D) Boom Clay (Delage et al., 2000), (E) Kaolin clay (Cekerevac & Laloui, 2004)
and (F) Saturated Clay (Bai et al., 2019b).

Subsequently, few studies have also performed heating under drained conditions with a
heating/cooling path (Abuel-Naga, Bergado, Bouazza, et al., 2007; Sultan et al., 2002). Fig. 5
depicts the thermal volumetric change against a thermal cycle in drained state. It is opined
that the thermal irreversible volumetric change of normally-consolidated specimens is
independent of applied stress. Thermal volumetric change for over-consolidated soil is

observed as reversible in nature. Higher the OCR value, large portion of reversible
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volumetric strain is observed. Moreover, several researchers identified that soil specimen
undergoes from expansion during heating to contraction during the subsequent cooling

(Towhata et al., 1993; Sultan et al., 2002, Abuel-Naga et al., 2008; Coccia and McCartney,

2012).
—&— OCR=1 (A) —— OCR=1 (B)
100 4 —e— OCR=2 (A) —¢— OCR=12 (B)
—A— OCR=4 (A)
—w— OCR=8 (A)
80 -
g
o
=
S 604
(D)
o
e
o
|_
40
20 ' 1 ' 1 ' 1 ' 1 1 1 1

-1 0 1 2 3 4 5 6
Volumetric Strain (%)

Fig. 5. Thermal volumetric change of saturated soil during thermal cycle; (A) Bangkok clay
(Abuel-Naga, Bergado, Bouazza, et al., 2007), (B) Boom clay (Sultan et al., 2002).

The macroscopic thermally-induced volumetric change of fine-grained soil can be
interpreted using knowledge on microscopic behaviour. In saturated soil mass, water particles
and soil particles are bound by electrostatic force, which restrict the motion of pore water
from soil. During heating, every particle gains some kinetic energy, which weaken this
electrostatic bond between soil particles and pore water. With this in view, the viscosity of
pore water is reduced and dissipation of water takes place due to thermo-mechanical loading.
A major observation from the results is that a NC soil undergoes almost irreversible
contraction during a heating/cooling, and reversible expansion has been observed for highly

OC soil. Actually, under NC condition, a compressive rearrangement of soil particles take
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place until a shear bond between soils particles are developed to withstand with stress at
higher temperature. As at NC, the shear stress at the particles contacts is already close to the
shear resistance, heating decreases the shear resistance at the particles contacts and induce
irreversible collapses. Under OC condition, thermal heating cannot produce rearrangement of
soil particles because it is more stable and exposed to lower mobilized force. Therefore, OC
soil undergo into reversible thermo-elastic expansion up to certain temperature. However,
heating beyond a certain temperature for OC soil weakens the shear resistance between soil

particles, which lead to irreversible contraction of soil specimen.

3.2. Thermo-mechanical behaviour of saturated soils under undrained conditions
Numerous studies have been carried out against thermo-mechanical behaviour of fine-
grained soil under undrained conditions (Abuel-Naga, Bergado, & Bouazza, 2007; Ghaaowd
et al., 2015; T. Hueckel & Pellegrini, 1992; Mohajerani et al., 2012; Uchaipichat & Khalili,
2009). Thermally-induced pore water pressure increases with increase in temperature and this
increase is less significant at a higher OCR value (Abuel-Naga, Bergado, & Bouazza, 2007,
T. Hueckel & Pellegrini, 1992). (Abuel-Naga, Bergado, & Bouazza, 2007; Ghaaowd et al.,
2015; Mohajerani et al., 2012; Uchaipichat & Khalili, 2009) have performed heating tests
under undrained conditions on consolidated specimens at different OCR values. Fig. 6
illustrates the thermally-induced excess pore water pressure as a function of temperature.
Abuel-Naga et al., (2007) have carried out undrained heating/cooling test on Bangkok clay
and observed that thermally-induced pore water pressure for NC soil shows reversible trend,
while OC soil shows irreversible trend with negative pore water pressure. Furthermore,
Uchaipichat & Khalili, (2009) have conducted the undrained heating of saturated specimen
with different effective stress on silty soil. Pore-water pressure of soil increases with increase
in temperature as well as effective stresses. Moreover, Ghaaowd et al., (2015) have analyzed

the pore water pressure for kaoline clay for OCR value equal to 1 and observed that pore
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water pressure increases with increase in temperature. Subsequently, effective stress and
shear resistance of adsorbed water decrease related to heating. Therefore, reversible
thermally-induced pore water pressure can be observed for NC soil (Abuel-Naga, Bergado, &
Bouazza, 2007). On the other hand, for OC soil Pusch et al., (1991) illustrated that thermally-
induced pore water pressure in specimen would cause unstable stress within soil mass due to
increase in kinetic energy of particles, which resulting rearrangement of soil particles to
improve uniformity. Therefore, it can be opined that for OC soil thermally-induced pore

water pressure becomes irreversible in nature due to rearrangement of particles within soil

mass.
100
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Fig. 6. Thermal effect on pore water pressure of soil; (A) Bangkok Clay (Abuel-Naga,
Bergado, & Bouazza, 2007), (B) Silt (Uchaipichat & Khalili, 2009), (C) Bangkok Clay
(Ghaaowd et al., 2015), (D) Kaoline Clay (Ghaaowd et al., 2015).

3.3.Volume change behaviour of unsaturated soil
Several researchers investigated the volumetric behaviour of unsaturated fine-grained
soil under thermo-mechanical loadings (Romero et al., 2005; Salager et al., 2008; Tang et al.,

2008; Uchaipichat and Khalili, 2009; Alsherif and McCartney, 2015; Coccia and McCartney,
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2016a, 2016b;). It can be perceived from the literature that unsaturated soil results are also
similar to that of saturated soil (Salager et al., 2008; Uchaipichat and Khalili, 2009). Fig. 7
illustrates the result of volumetric strain during heating of unsaturated samples at different
suctions and net stresses. Fig. 7 states that the thermal dilation of the sample increases with
increase in matric suction and decreases with increase in net stresses (Uchaipichat and
Khalili, 2009). Tang et al., (2008) performed a thermo-mechanical experimental investigation
on compacted bentonite specimen with different suctions, in a temperature-controlled
isotropic cell. Subsequently, it was shown that the expansion of the soils was induced due to
heating at low stress (i.e., high OCR) and high suction. Conversely, contraction was reported
while heating at high stress (i.e., low OCR) and low suction (Tang et al., 2008). Moreover,
Uchaipichat and Khalili, (2009) conducted thermo-mechanical tests on different silt samples
of varying initial suction (i.e., 100 and 300 kPa) at different confining pressures (i.e., 50 and
150 kPa). It can be observed that upon heating, the specimen with lower confining stress
experienced expansion and for higher confining stress, contraction was observed
(Uchaipichat and Khalili, 2009). This study stated that pre-consolidation stress of sample
increases with increase in suction magnitude. Hence, as suction value increases, the OCR
value also increases. Therefore, thermal collapse is insignificant for over consolidated sample
and increases with decrease in over consolidation ratio (Uchaipichat and Khalili, 2009).
Furthermore, Salager et al.,, (2008) conducted an experimental study to explore the
mechanical behaviour at different temperature and suction values of Sion Silt. The results
demonstrated that temperature has not a significant effect on the compressibility of soil. On
the other hand, compressibility of soil is decreased with increase in suction level. However,
the apparent pre-consolidation stress is affected by the applied temperature and suction.
Similarly, Coccia and McCartney, (2016a) have performed the thermo-mechanical tests at

three different stages: i.e. 1) Matric suction level; 2) Isotropic compression under constant
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rate of strain; and 3) drained heating. Through this study, efforts have been made by (Alsherif
& McCartney, 2015; Coccia & McCartney, 2016a) to investigate the influence of secondary
consolidation on thermal volume change response of bonny silt and the role of stress history
and loading pattern on thermal volumetric response of the soils. Decrease in viscosity of pore
water in soil mass reduces the interfacial tension between pore water and soil particles due to
heating (Romero et al., 2005). This reduction in interfacial tension may also accelerate the
rate of secondary creep due to the reduction in the applied load to the soil transfers to the

grain-to-grain contacts (Coccia & McCartney, 2016a, 2016b).
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Fig. 7. Volumetric behaviour of unsaturated soils during heating: (A) Bentonite (Tang et al.,
2008), (B) Silt (Uchaipichat & Khalili, 2009), (C) Bentonite (Y.-J. Cui et al., 2011) and (D)
Silt (Alsherif & McCartney, 2015).

3.4.Volumetric change under thermal cycles

A cyclic thermal loading on a saturated fine-grained soils for NC and OC soil
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condition causes thermo-elasto-plastic response and thermo-elastic response, respectively
during heating (Di Donna and Laloui, 2015). Several researchers stated that for
approximately 10 cycles of heating and cooling, an additional irreversible contraction is
generated for NC and slightly OC soil before approaching to reversible behaviour which is
expansive for heating and compressive for cooling (Bai & Shi, 2017; Di Donna & Laloui,
2015; Loria & Coulibaly, 2021; Mu et al., 2019; Zhang, 2017). Initially, expansion was
observed due to the expansion of solid grains and pore water, then the pore water started
draining with dissipation of pore pressure which led to change in volumetric strain (Bai &
Shi, 2017). Although, accumulation behaviour of volumetric strain was developed on
sequential temperature cycles (refer fig. 8). The magnitude of compression, which was
developed on soil under thermal cycles, increased with increase in clay content (Loria &
Coulibaly, 2021; Mu et al., 2019). As a result, the friction force at the inter-particle contacts
decreases with increasing temperature., the friction force at the inter-particle contacts
decreases with increasing temperature, which causes partial collapse of the soil structure.
After this collapse, inter-particle equilibrium is again reached, when the number of additional
contacts created between the particles is sufficient to transfer the imposed thermal stress.
Bond slippage is more likely when the contact position is close to a failure condition, which
is the case for NC materials. This is mainly driven by the particle rearrangement, which
associated due to expansion of soil grains against thermo-mechanical loading (Di Donna &
Laloui, 2015). Therefore, gradual collapse of soil structure which leads to continuous drop in
void ratio until further stress bond develops between soil particles at higher temperature. This
phenomenon is totally irreversible, hence expressed as thermal secondary compression. After
successive temperature cycles, there is no sign of volume change under secondary
compression because the specimen has already been recomposed with earlier temperature

cycles (Campanella and Mitchell, 1968). Under OC conditions, the rearrangement of particles
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is more limited, and the thermo-elastic expansion of the components predominates. When
considering the cyclic thermal load on the NC soil, the configuration becomes more stable
with each cycle depending on the amount of accumulated plastic strain, and the available

space for additional failure decreases.
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Fig. 8. Volumetric change of soil under thermal cycles (Q. J. Ma et al., 2017).

3.5.Thermal hardening

Apart from that, the effect of temperature cycles on soil compressibility was analysed
in various studies. In this regard, Shetty et al., (2019) performed a series of experiments on
fine grained soil, which was exposed to sequential thermo-mechanical stress. This signifies
that, the specimen first experienced mechanical stress and subsequently temperature cycle
was applied. Fig. 9 shows the relation between volumetric strain and effective stress. A
change in volumetric strain was noticed when specimen was imposed to temperature cycle.
The cumulative temperature-induced volumetric strain has been defined as the sum of

volumetric strains for each temperature cycle. Moreover, the change in slope caused by
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imposition of temperature cycle designates that the compressibility of specimen along the
sequential thermo-mechanical path decreases on exposure to temperature cycle. This would
basically escalate the stiffness (E) and hardness (H) of soil solids due to application of
temperature cycle (Shetty et al., 2019). Similarly, (Kadali et al., 2013) have also used nano-
indentation technique to investigate the effect of temperature on stiffness (E) and hardness
(H) of several fined grained soils. The change in stiffness and hardness of soil specimen due
to temperature cycle has been reported by various research studies (Plum and Esrig, 1969;
Cui et al., 2000; Abuel-Naga et al., 2007c). Furthermore, it has been stated that exposure to a
temperature cycle, at a particular effective stress, has no impact on the volumetric strain due
to temperature experienced by the specimen on subsequent thermal cycle at a higher effective
stress. Similarly, Ma et al., (2017) have perceived that decrease in volumetric strain of the

specimen is observed when it is exposed to repeated thermal cycles at a specific stress.

0.00

0.05

0.10

015 - TC3

0.18
0.20

—=a— Standard Oedometer Test

o Thermal Oedometer Test

Volumetric Strain, (%)

0.30

0.35 .
10 100

Effective Stress, (kPa)
Fig. 9. Effect of TCs on Volumetric Strain with Effective Stress (Shetty et al., 2019)

Additionally, numerous researchers (Salager et al., 2008; Tang et al., 2008;
Uchaipichat and Khalili, 2009) examined the effects of suction, effective stress, and OCR on

the unsaturated soil at different temperatures. Unreported in the literature as of yet is the
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study on unsaturated fine-grained soil under cyclic temperature. Additionally, it has been
suggested that fluctuation in pore water pressure is seen at various effective stresses when the
saturated specimen is exposed to a temperature cycle (Bai & Shi, 2017). Due to the expansion
of the pore water and solid grains during rapid heating, the pore water pressure increases until
it reaches its maximum value. Again pore water drainage causes pore water pressure to
decrease to zero. Due to water absorption, pore water pressure decreases to a negative value
during cooling before returning to zero (Bai & Shi, 2017). Due to the increase in effective
stress, the amplitude of pore pressure therefore decreases over successive heat cycles.
Additionally, it is said that the saturated specimen experience identical volumetric strain
under variable effective stress during consecutive temperature cycles (Shetty et al., 2019).
The similar trend has been depicted in Fig. 10(a) (application of TC under varyings') and
Fig. 10(b) (application of TC under constanta"). However, in Fig. 10(a), the soil matrix is
loaded to varying effective stress, which increases after imposition of each TC. This results in
same degree of the structural rearrangement of the sample due to thermal cycle under the
varying o'. Therefore, the volumetric change remains constant under each TC (i.e.-
AVrq, AVr, and AVys), and thus the volumetric strain achieved in the subsequent TC remains
unchanged (i.e.- Aep; = Aepy) (Q. J. Ma et al., 2017; Shetty et al., 2019). There are several
studies that applied a repetitive TC on specimen on constant ¢', which reduce the extent of
structural rearrangement in each successive TC, hence the magnitude of volumetric change
decreases with each consecutive TC (i.e.- AVyy > AV, > AVps) (Campanella and Mitchell,
1968; Ma et al., 2017). It would result in lower generation of pore pressure due to thermal

stress and the same is responsible to decrease in volumetric strain (refer Fig. 10(b)).
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Fig. 10. Effect of temperature cycle on soil compressibility (a) under varying effective stress
and (b) under constant effective stress.

3.6.Thermal dependent creep behaviour

Soft clays manifest time-dependent behaviour due to their viscosity. Prolonged
deformation of these clays after dispersing excess water pressure from the pores, is called as
creep deformation. Creep behaviour of clay is vigorously associated with bond elimination
due to application of mechanical stress (Yin et al., 2017; Zhu et al., 2017) and change in
temperature (Houston et al., 1985; Fox and Edil, 1996; Laloui et al., 2008; Coccia and
McCartney, 2016a; Li et al., 2018; Zhu and Qi, 2018; Jarad et al., 2019). Houston et al.
(1985) have shown that the rate of volumetric creep increases at elevated temperature.
increase in volumetric creep rate with upraising the temperature has also been established.
Likewise, Fox and Edil (1996) have also described the increment of creep coefficient under
induced temperature. Based on the experimental results, thermal creep coefficient varies
linearly with the temperature (Plum and Esrig, 1969). Furthermore, Jarad et al., (2019) have
performed experiments to determine the creep coefficient for two specimen of clay soils. The
results have indicated that the creep index increased with heating. Besides, it has been

mentioned that the clay of lower dry density has a higher creep index. At a higher
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temperature, the decrease in the apparent viscosity of the contacts between the particles and
pore water would increase creep. Other reasons can be due to the weak particle bonding or
inter particle shear strength at high temperatures, and therefore the strain increases with
increasing temperature (Jarad et al., 2019). Subsequently, the variation in creep rate of soil
due to heating is evaluated due to change in bond between particles or due to irreversible

internal deformation in orientation of soil (Li et al., 2018).

3.7. Coefficient of consolidation

In some studies, the consequences of temperature change on the coefficient of
consolidation (C,) were illustrated and it was stated that this coefficient depends on
temperature and vertical effective stress (Delage et al., 2000; Favero et al., 2016; Jarad et al.,
2019; Ogawa et al., 2020). After synthesis of the obtained results, the coefficient of
consolidation is higher at a higher temperature (Fig. 11). Moreover, Terzaghi, (1923)
developed a relation among the volume compressibility (m,), permeability (k) and the
coefficient of consolidation (C,) in the theory of one dimensional consolidation, which is

extracted in Eq. 2:

ks

my 5,

()

v

Where, v, is unit weight of water. It has been mentioned earlier that the permeability
increases with increase in temperature. This phenomenon occurs due to the decrease in the
viscosity of the pore water with increase in temperature, which can be calculated from eq. 1.
Thereby, it leads to increasing the dissipation of the excess pore water pressure and,
therefore, the consolidation process also expedites (Towhata et al., 1993; Di Donna and
Laloui, 2015). Hence, coefficient of consolidation is also higher for a higher temperature. In
addition, the influence on the coefficient of volume compressibility (m,), which basically
reflects the compressibility of specimen, was evaluated for different temperature and

consolidation pressure (Bag and Rabbani, 2017; Jarad et al., 2019). It has been further
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explored that at a constant consolidation pressure, the volume compressibility shows
insignificant change with respect to temperature. Since, the volume compressibility decreases
with increase in consolidation pressure, it can be opined that the volume compressibility

strongly depends upon imposed consolidation pressure (Bag and Rabbani, 2017).
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Fig. 11. Variation of Coefficient of Consolidation with Temperature (A) Delage et al., (2000)
and (B) Jarad et al., (2019).

Alteration in permeability of fine grained soil as an influence of temperature has been
illustrated by several researchers (Cho et al., 1999; Ye et al., 2012; Mon et al., 2014; Jarad et
al., 2019). Abuel-Naga et al., 2006 have conducted the permeability test on soft Bangkok clay
under elevated temperature. The result indicated that the increase in soil temperature also
increased the permeability of soil. This could be due to alteration in viscosity and unit weight
of pore water. Permeability of soil can be evaluated by the eq. 3, which is a relation between
viscosity and unit weight of water, and it can also be measured from direct permeability test

at different temperature.

K(T) U(To)yw(T)
_ 3
K(To) u(T)yw(To) ( )

K(T) and K(T,) is defined as the permeability at temperature, T and room temperature T,
respectively. u(T) and u(T,) is defined as viscosity of pore water at temperature T and room

temperature T,, respectively, which can be calculated from eq. 1. v, (T) and y,,(T,) is
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defined as unit weight of pore water at temperature T, and room temperature T,, respectively.
Likewise, Delage et al., (2000) have also adopted eq. 3 to study the effect of temperature on
permeability. Besides, Jarad et al., (2019) have also conducted tests at different temperature
to explore the variation in intrinsic permeability of soil. Based on these literatures, it can be
established that permeability is proportional to the temperature due to decrease in viscosity of
pore water at elevated temperature. But the intrinsic permeability, which is a function of
porosity, is independent of temperature. It has also been conveyed that the dissipation of pore
water pressure is higher at a higher temperature (Delage et al., 2000; Jarad et al., 2019).
3.8.Shear strength parameters

Despite of having several extensive studies, impact of temperature on shear strength
of soil remains a contentious matter, which needs to be discussed clearly due to diverse
response obtained from several studies (Abuel-Naga, Bergado, & Lim, 2007; Campanella &
Mitchell, 1968; Cekerevac & Laloui, 2004; Maghsoodi et al., 2020, 2021; Wang et al., 2020;
Yavari et al., 2016). An increase in shear stress upon heating in drained and undrained
conditions has been found for Bangkok clay irrespective of OCR value (Abuel-Naga et al.,
2007b). (Campanella & Mitchell, 1968; T. Hueckel & Baldi, 1990; Kuntiwattanakul et al.,
1995; Maghsoodi et al., 2020) have also reported an increase in shear strength with increase
in temperature. While, (Burghignoli et al., 2000; Cekerevac & Laloui, 2004; Graham et al.,
2001; Towhata et al., 1993; Yavari et al., 2016) have observed that shear strength remains
unchanged upon heating. On the other hand, several researches reported decrease in shear
strength upon heating (Ghahremannejad, 2003; T. Hueckel & Borsetto, 1990; Lingnau et al.,
1996). For NC soil, a compressive deformation has been reported during heating, which is
irreversible in nature. This is mainly caused by rearrangement of soil particles, which
improve the contact bond between particles thus shear strength should be increased.

Similarly, couple of studies Abuel-Naga et al., (2007b) have reported increase in shear
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strength of soil with drained heating condition for Bangkok clay and Kaolin clay,
respectively. Moreover, Kuntiwattanakul et al., (1995) have performed undrained shear
strength tests under heating condition and increase in shear strength is reported. Nonetheless,
few researchers claimed decrease in shear strength under undrained heating (Laguros, 1969;
Sherif and Burrous, 1969; Hueckel and Borsetto, 1990; Ghahremannejad, 2003). Baldi et al.,
(1988) explained that this thermo-elasto-plastic stress could lead to microstructural changes
of soils, which create the contact between particles and creates irreversible stress for NC soil.
For OC soil, Kuntiwattanakul et al., (1995) have explained that shear strength of soil
increases with increase in temperature when micro-resistance dominates. Micro resistance
arises due to bonding between inter-particle contact of solid-solid. In micro-resistance,
contact between soil particles increases due to increase in temperature. Moreover, shear
strength of soil decreases with increase in temperature for OC soil when macro-resistance
dominates. Macro resistance arises due to the movement of clay particles over other in shear
plane. Macro-resistance would decrease the shear strength when temperature rise induces a
volumetric expansion.

Subsequently, the shear strength parameters with elevated temperature has been
evaluated by several researchers (Hueckel and Baldi, 1990; Robinet et al., 1996; Burghignoli
et al., 2000; Graham et al., 2001; Ghahremannejad, 2003; Yavari et al., 2016; Maghsoodi et
al., 2020). It can be noted that the effect of temperature on friction angle is insignificant, and
no clear trend has been reported. Similarly, cohesion of clayey soil is increased for kaolin
with increase in temperature (Maghsoodi et al., 2020) however reverse result is also reported
by Yavari et al., (2016). The effect of temperature on shear strength parameter is summarized
in Fig. 12. In drained heating condition of soil, contraction of sample occurred, subsequently
shear strength increased due to thermal hardening phenomena. Due to this, thermally induced

irreversible contraction and increase in shear strength observed for NC soil. The reason for
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this thermo-plastic stress may lie in micro-structural changes because the tendency of soils to
group together is simulated which increases mineral-to-mineral interaction and generates
irreversible stress. Therefore, it can be opined that the influence on the shear strength of soil
with respect to different temperatures is dependent upon the thermal loading history, loading
path adopted, mineralogical composition and behaviour of soil. Therefore, further

investigations are requisite to understand clearly the effect of temperature on shear strength

of the soil.
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Fig. 12. Effect of Temperature on (a) Friction Angle and (b) Cohesion of Soil.

4. Mathematical Modelling of Thermally-Induced Volumetric Change

This section unveils the studies regarding the modelling approach of thermally-
induced volumetric change of fine-grained soil. Several researchers have adopted the
mathematical model to define the thermal volumetric change with respect to different
behaviour such as — thermo-elasto-plastic behaviour, creep behaviour and thermal
stabilisation under temperature cycle. Therefore, these modelling aspects are briefly

discussed in the following sections.

4.1.Elastic strains
Thermo-elasto-plastic volumetric change can take place due to change in temperature

and mean effective stress. The first thermo-elastic model was described for saturated soil by
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thermal softening mechanism (Hueckel and Borsetto, 1990). There are several consecutive
models available for thermo-elastic behaviour of fine grained soil (Abuel-Naga et al., 2007c;
Cui et al., 2000; Hong et al., 2013; Laloui & Frangois, 2009; Yao & Zhou, 2013; Zhu et al.,
2021). Several researchers (Y. J. Cui et al., 2000; Hong et al., 2013, 2016; Laloui &
Francois, 2009; Zhu et al., 2021) have proposed a model for elastic volumetric strain, which

IS mentioned in eq. 4.
e dp’
de, = adT + ~ (4)

Similarly, (Abuel-Naga, Bergado, Bouazza, et al., 2007) have also proposed a model
regarding elastic volumetric strain considering the effect of temperature and stress, both,

which is written in eq. 5.
deg = ZdT + & (5)

Where, a and o' is termed as volumetric thermal expansion coefficient of soil for eq. 4 and

eq. 5, respectively. T and p’ are temperature and effective stress, respectively. K is defined as
bulk modulus which is independent of temperature. It is noteworthy to notice that (Abuel-
Naga, Bergado, Bouazza, et al., 2007) have developed logarithmic equation versus
temperature for elastic volumetric strain (refer Eq. 5). On this note, a’ is a dimensionless
quantity, on contrary @’ should have dimension inverse of temperature. Although, a could be
a function of temperature and stress (Yao & Zhou, 2013). However, it is essentially
considered as constant for simplicity (Cui et al., 2000; Hong et al., 2013; Hong et al., 2016;
Yao & Zhou, 2013; Zhu et al., 2021). Still, (Abuel-Naga, Bergado, Bouazza, et al., 2007)

have developed an equation for a’, which varies logarithmically with mean effective stress as

follow (Eg. 6).
dar @
e (6)
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Where, b is soil parameter as a function of microscopic and mineralogical configuration of
clay. Moreover, (Laloui & Francois, 2009) have also developed an equation of o, which

varies with temperature and OCR, both (refer Eq. 7)
a = [0(0 + Z(T - To)] % (7)

Where, «, is coefficient of thermal expansion at T,; C is defined as slope of variation o with
T. pzo is pre-consolidation pressure at T,. The bulk modulus is considered same as Cam-clay
model by (Abuel-Naga, Bergado, Bouazza, et al., 2007; Y. J. Cui et al., 2000; Hong et al.,

2013; Yao & Zhou, 2013; Zhu et al., 2021), is mentioned in eg. 8.

K= H2p' ®)

e and k is initial void ratio and elastic unloading index, respectively. Moreover, (Laloui &

Francois, 2009) have developed a hypo-elastic modulus for K as follows (Eq. 9).

K = Ko (p”—f)n (9)
Where, K,.r is equal to reference bulk modulus at reference pressure py.r. n is soil
parameter.
4.2.Yield surfaces

Existing thermal constitutive models can predict thermo-elasto-plastic behaviour by
adopting one or more thermal yield surfaces to define the boundary between the thermo-
mechanical elastic and plastic domains. It is more common to avail one yield surface to
observe the influence of effective stress as well as temperature changes (Francois & Laloui,
2008; T. Hueckel & Baldi, 1990; Laloui & Frangois, 2009; Yao & Zhou, 2013). Likewise,
some studies have employed two yield surfaces to independently record actual temperature
and stress effects on soil (Abuel-Naga, Bergado, Bouazza, et al., 2007; Y. J. Cui et al., 2000;

Hong et al., 2016; Zhu et al., 2021). Yield locus, which is developed to enhance the

volumetric change due to effect of OCR, is called as loading yield, LY. Locus of loading
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yield has been developed by several researchers. Thermo-mechanical yield limits for several

consecutive models are represented in fig. 13.
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Fig. 13. Thermo-mechanical yield limits (LY and TY) for a) (Y. J. Cui et al., 2000), b)
(Abuel-Naga, Bergado, Bouazza, et al., 2007), c¢) (Laloui & Frangois, 2009), d) (Hong et al.,
2016) and €) (Zhu et al., 2021)

Cui et al., (2000) have developed an equation for LY (refer fig. 13(a)), in which decrease in

pre-consolidation pressure has been observed with increasing temperature (refer Eq. 10)

P’ = Do eXp(-BoAT) (10)
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Where, py, is pre-consolidation pressure at T, and intersection of LY curve at p-axis. B, is
curvature of LY. Moreover, (Abuel-Naga, Bergado, Bouazza, et al., 2007) have also defined
the LY curve in different concept. Pre-consolidation pressure is not affected during heating,
however increase during cooling phase (refer fig. 13(b)). Mathematical equation is written in

eqg. 11.

ECC(—(:O)) =1—y [log (Tlo)] (12)

yLY is defined as model parameter and dependent on type of soil. It is zero in heating phase
and non-zero for cooling state. Laloui & Francois, (2009) have developed a bounding surface
(BS) concept along with LY curve, as shown in fig. 13(c). LY curve is defined as to deal with
both normally consolidated and over-consolidated states. The bounding surface (BS) can be
used for the conventional thermo-mechanical state. The equation for LY and BS is mentioned

in eg. 12 and eq. 13, respectively.

s =1 rr|log (7)) (12)
e =1 rr|log(7)] 13)

Where, r is defined as curvature of yield surface. r;,is defined as the ratio of mean effective
stress, p.(T,) at loading surface to mean effective stress at bounding surface. r;,, is evaluated
between 0 to 1, if its value is unity then BS and LS coincide to each other. Furthermore, Yao
& Zhou, (2013) have adopted similar LY curve as Cui et al., (2000) to define the thermo-
elasto-plastic behaviour of soil. The equation of LY curve is adopted by (Yao & Zhou, 2013),
which is written in eq. 14.

P’ =, exp(-B AT) (14)

B = v(ir — Kr)/(A—K) (15)
Where, v is defined as specific volume. £ is written in eq. 15. 4 and Ay is referred as thermo-

elasto-plastic unloading index and thermo-elasto-plastic compression index, respectively. K
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and K is thermo-elastic unloading index and thermo-elastic compression index, respectively.
Additionally, (Cheng et al., 2020; Hong et al., 2016) have adopted the two yield surface
approach for smooth transition from elastic to plastic state, as shown in fig. 13(d).
Conventional yield behaviour and inner yield behaviour has been introduced for LY and ILY
respectively by (Cheng et al., 2020; Hong et al., 2016), expression for LY is written in p-g-T

space in eq. 16, respectively.

_ 2, M} (p 2/kf 2 M
fir=q°+ E(E) Pcr — 1Ky 0 (16)
With, péT = péoexp[—ao (T - To)] (163-)

Where, My and kf are parameter to specify the shape of LY at given temperature. p.r and p¢,
are defined as pre-consolidation pressure at temperature T and T,, respectively. «, controls
the curvature of LY. ILY is described as homologous to LY with respect to origin in p-g-T

space, the definition of ILY is defined in eq. 17.

2
ME (o' \Tks : Mjp'?

Where, rL¥ is defined as a ratio of size of yield surface and corresponding inner yield surface.
Its value is always smaller than or equal to 1. Furthermore, (Zhu et al., 2021) have developed
a logarithmic equation for mechanical yield in p-g space (refer fig. 13(e)). Expression of LY

curve is written in eq. 18.

in (2X2) = gin (32) (18)

Pc(To)

Where, 6 is soil parameter which determine the thermal dependence of preconsolidation
pressure. According to the LY yield surface, an instantaneous contraction would turn out for
normal consolidated specimen. But LY surface could not clearly define for the specimen with
higher OCR value, which undergo to expansion upon heating. Further, utilization of LY

surface may over predict the transition temperature for light to medium OCR soils.
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To accommodate these drawbacks, a new plastic mechanism has been proposed,
which is based on a new locus yield, is called TY. This yield curve is related to the yield
curve LY, with both curves forming the boundary of the elastic region in the plane T-p’. This
mechanism allows the generation of thermoplastic deformations for over consolidated soils
exposed to heat under load. Expansion-contraction behaviour is also defined with TY surface.
It is evaluated that the sample exhibits entirely elastic deformation upon increasing the
temperature and effective stress below TY surface. Hence, increase in temperature beyond
the previous temperature imposed on soil develops the plastic strain. Cui et al., (2000) have
defined the locus of TY curve, as shown in fig. 13(a). An expression is also developed to
define the locus of TY surface, which is as follows (Eq. 19):

Tyietd = (T — To) exp(-fp’) + To, (19)
Where, T, is reference temperature at p’ = 0. S is soil parameter to define curvature of the
curve. Similar consecutive model has been mentioned by (Abuel-Naga, Bergado, Bouazza, et
al., 2007) and (Zhu et al., 2021) in fig. 13(b) and fig. 13(e), respectively, to evaluate the TY

curve as a nonlinear function with modelling parameters in eq. 20.

pcTo) _ 1Y I
=y (E) 1 (20)
Where, yT¥ is defined as shape parameter. Furthermore, the expression of TY curve, which is

developed by Cheng et al., (2020) and Peng Yun Hong et al., (2016), shows in fig. 13(d). The

mathematical equation is written in eq. 21.

fry =T —T. + %ln (p”f) =0 1)

Where, p;.f is taken as reference pressure and equal to atmospheric pressure. T, and T are
the yield temperature corresponding to py., and p’. § is defined as parameter to control the
TY curve. Similar to ILY, ITY has been developed as homologous to TY curve, which is

mentioned in eq. 22.
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fm,ET—rTYTC+lln(z,) )=O (22)
ﬁ pref

Where, rT¥ is defined as a ratio of size of yield surface and corresponding inner yield

surface. Its value is always smaller than or equal to 1.

4.3.Plastic strains

A mathematical expression has been developed to predict the plastic strain with
change in temperature (Y. J. Cui et al., 2000), is as follows (Eq. 23):

delr = ap [exp(apAT) —a] dT. (23)
Where, ‘a’ is the shape parameter and usually near about unit. ap is slope of thermal
volumetric curve, which can be dependent on OCR. Hence, (Y. J. Cui et al., 2000) have
developed a separate equation for normal consolidation (i.e.- LY) and over consolidated (i.e.-

TY) soil in Eqg. 24 and Eq. 24a, respectively.

@, = - (24)

a
e (Lm(r ) (242)
exp Czln(c1 p{,) a

Where ¢, and c, are defined as parameters which can be evaluated from transition expansion
and contraction of total volumetric change due to temperature change. Moreover, (Abuel-
Naga, Bergado, Bouazza, et al., 2007) have also developed a model for thermomechanical
plastic strain due to mechanical and thermal loading, which is defined as follows (refer eq.

25)

p_ _1 apc dpr
del) = = {AT et oy pT} (25)

Where Ay and wy are defined as plastic hardening modulus of LY and TY respectively. p,

and p are considered as mechanical and thermal pre-consolidation pressure respectively.
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Furthermore, (Zhu et al., 2021) have described the plastic volumetric strain due to mechanical
and thermal loading. Plastic volumetric strain is mentioned below for TY and LY, in eq. 26

and eq. 27, respectively.

p |
deP, = (T —T,) [p—] dT (26)

LY

g
deSLY = dﬂ*m? (27)
Where, dA,, is described as a plastic multiplier, a positive value. g is defined as a plastic

potential function as per LY. The expression of g is written below in eq. 28.

2
gL = kin [1 +(k-1)(2) ] +2(k - Din () (28)
Where, n is a stress ratio (=g/p). M is defined as slope of critical state line at g-p scale. C

indicates the plastic potential surface.

4.4.Hardening law

If the stress is increased at constant temperature, or temperature is increased at
constant stress, or both stress and temperature are increased, the yield surface would
gradually approach towards the plastic zone. Further, as the yield loci move towards the right,
a hardening tendency develops which expands towards the elastic zone (Y. J. Cui et al.,
2000). The movement of LY curve has not any alteration of TY curve. Contrariwise,
influence of TY on the LY curve should be considered for the modelling of over
consolidation effect (Y. J. Cui et al., 2000; Towhata et al., 1993). When TY curve is passed
by the thermo-mechanical path, hardening phenomena has been developed and governed by 3
as a hardening parameter for TY curve. The following hardening law is defined for TY by (Y.

J. Cui et al., 2000) in eq. 29.

— —exp (Bp") P _ﬁ P
dﬁ o pr(T—To)ap[exp(apAT)_a] dgvT ay dgva (29)
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Where, deP. and def,’Tp are defined as the thermal and mechanical plastic strains,

respectively, when loading path touches TY curve. a, is defined as plastic modulus.
Hardening law for LY curve has also been defined by (Y. J. Cui et al., 2000) in eq. 30, where
P, IS considered as hardening parameter.

apo _ o
ph aplexp(apAT)-al

Qo

depp + 22 [deb, + dely, | + { [k (%)}dsf} (30)

aplexp(apAT)-a
Where, ef,’pT and ds,’,’p are referred as the thermal and mechanical plastic strain, respectively,
when loading path touches LY curve. k is defined as parameter that developed due to
coupling effect of TY and LY. The value of k depends on the magnitude of over
consolidation ratio. If k=0, no thermal hardening has been observed for NC sample. «, is a
curvature of LY curve. Moreover, (Abuel-Naga, Bergado, Bouazza, et al., 2007) have defined
a theoretical mechanism to evaluate the plastic strain along thermal loading path. Along
heating, the hardening effective stress on TY decreased with increase in temperature
according to locus of TY curve. No hardening law is developed for TY. However, hardening
law for LY is developed by (Abuel-Naga, Bergado, Bouazza, et al., 2007), which is

controlled by hardening parameter, p/, (refer eq. 31).

dpéo _ Vo p
oo ik LT (31)

(Laloui & Francois, 2009) have adopted a hardening law for TY as a function of hardening
parameter, 1;5,. Tiso IS governed by the consistency condition. Following expression is
considered for the loading condition, which is a hyperbolic function of plastic volumetric

strain (refer eq. 32).

drigy = Sk de? (32
For unloading condition, r;, decreased to follow the decrease in mean effective stress, p’. At
reloading condition last change in direction of mean effective stress on unloading- loading,
T;50 1S adjusted to define the elastic nuclei, 1%, which be defined in eqg. 33.

38



820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

!
) Pcyc
Tiso = Tiso + p’ (33)
]

Deyc I defined as mean effective stress at last change of direction of unloading-loading. The
hardening law for LY is defined as a relationship between volumetric plastic strain, e£ and
pre-consolidation pressure, p,, (refer eq. 34)

dp' = Bp,(del) (34)
Where B can be classified as plastic compressibility modulus. Furthermore, (Yao & Zhou,
2013) have also described the hardening law, which is associated with modified cam clay

model and consider the effect of stress history. Its hardening is written in eq. 35.

1+e

Px = Do | 1 de) (35)
Where, p, is defined as the cross point between yield surface and p-axis. p,, is defined as
isotropic pre-consolidation pressure. Furthermore, (Cheng et al., 2020; Hong et al., 2016)
have developed the hardening law with parameters p., and LY for LY and ILY respectively.
Experimental evidence from (Y. J. Cui et al., 2000) shows that hardening of LY develops
when TY is activated. By the activation of LY, no hardening has been produced for TY. It is
unidirectional coupling of TY with LY. Therefore, plastic strain increment influenced with
plastic mechanism TY will also develop an increment in p¢,. The plastic hardening law for

Deo IS described in eq. 36.

dpco = ﬁpéo (deyyy + degry) (36)
Where, de?) , and del., is referred as plastic strain for LY and TY, respectively. To describe
the hardening law along thermomechanical loading as ILY is activated. The expression of
¥ is written in eq. 37.

drt’ =25,y (1 — ™) (dep,y + defpy + Agdel,) (37)
Where, s;y is @ material constant which control the rate of approaching ILY toward LY. A, is

a parameter that control the shear plastic strain, def,, to soil hardening. Similarly, (Cheng et
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al., 2020; Hong et al., 2016) have developed the hardening law for TY and ITY, which is

defined in eqg. 38 and eq. 39 respectively.

dT, = u_jj)% f(OCR) deF,, (38)
dr™ = 25— f(0CR)syy (1~ ™) delr, (39)
f(OCR) =1+ 51y (7 — 1) (3%)

Where, spy is defined as material constant that control the rate of approaching ITY to TY.
Similar to ¥, contribution to ¥ can be used to predict the smooth elastoplastic transition
when ITY is activated. Recently, (Zhu et al., 2021) have described the hardening law by
coupling mechanical and thermal plastic mechanism, which is appeared in LY and TY
function both as a hardening parameter. The mechanical and thermal volumetric strain move

the LY and TY limit simultaneously; the hardening law is written as follow (refer eq. 40).

1+e

dpc = DPeo % (dSELY + dggTy) (40)
Several thermo-mechanical models are discussed to evaluate the elastic and plastic
volumetric strain due to thermal and mechanical loading. (Abuel-Naga, Bergado, Bouazza, et
al., 2007; Cheng et al., 2020; Y. J. Cui et al., 2000; Hong et al., 2016; Zhu et al., 2021) have
introduced the two-yield surface to describe the thermo-mechanical plastic strain. Meanwhile,
(Laloui & Frangois, 2009; Yao & Zhou, 2013) have adopted single yield surface mechanism.
For better understanding, TY and LY is coupled to determine the plastic strain through the
change in size of yield surface. It can be demonstrated that many thermo-mechanical features
such as thermal volumetric strain of soil at different OCR and thermally induced strength of
soil are well described with constitutive model.
4.5.Heating under undrained conditions

The method for prediction of excess pore pressure due to undrained heating response

has been described in numerous literatures (Abuel-Naga, Bergado, & Bouazza, 2007,
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Burghignoli et al., 2000; Campanella & Mitchell, 1968; Ghaaowd et al., 2015; Houston et al.,
1985; Mohajerani et al., 2012; Salager et al., 2008; Uchaipichat & Khalili, 2009). These
studies have indicated that the initial void ratio, effective stress, stress history and change in
temperature can affect the magnitude of excess pore pressure. (Mohajerani et al., 2012)
observed that in undrained thermo-mechanical study, pore pressure increased in porous
material in following manner (Eq. 41).

Au = BAo + AAT (41)
Where, B and A are described as Skempton coefficient and thermal pressurization coefficient.
In this context, Ghaaowd et al., (2015) have illustrated while performing heating test without
drainage that, the water pressure in the pores increased linearly with temperature. Moreover,
over-consolidation ratio alters the pore pressure in a way that as OCR value increases while
pore water pressure decreases for a particular temperature (Abuel-Naga et al., 2007a;
Uchaipichat and Khalili, 2009; Ghaaowd et al., 2015). A theoretical formula has also been
established to estimate the pore pressure for saturated soil without drainage during heating
cycles by utilizing the thermo-elastic and linear elastic concept in Eq. 42 (Campanella and
Mitchell, 1968). The theoretical formula is written as follows:

AU - T]AT (aS_T(:lW)-I'aStAT. (42)

Where, ag is coefficient of structural volume change. as and oy, are the coefficient of thermal
expansion for soil solids and pore water, respectively. The value of as and «, were reported
by researchers such as equal to 0.000035/°C and 0.00017/°C (Campanella and Mitchell, 1968;
Burghignoli et al., 2000), whereas the reported value of o is -0.00005/°C (Mitchell and Soga,
2005). Further, Campanella and Mitchell, (1968) did not consider the effect of plasticity
index, PI, so the effect of average Pl was consider to plot the curve for ag. Although, it has

been conveyed with some scatter that the value of o decreases non-linearly with increase in
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plasticity index of specimen (Mitchell and Soga, 2005). Additionally, an relationship between
as:and Pl has been derived by Ghaaowd et al., (2015) and the same is expressed in Eg. 43:
s = 1x107 0P, (43)

Nonetheless, the above investigation has recommended that extensive studies should
be carried out on different soil type, so that a better relationship between o and PI can be
obtained. It is accepted that such development of the Eq. 43 will facilitate quick and accurate
determination of Au without resorting to detailed test reports. Furthermore, it has been stated
that the pore water pressure of saturated soil is effected by the stress history (OCR) at
different temperature (Abuel-Naga et al., 2007a) . It has been reported that the pore water
pressure decreases with increase in OCR. Similar trend has been observed by (Ghaaowd et
al., 2015). Subsequently, thermally induced pore water pressure is observed as reversible for
NC soil and it is irreversible for OC soil, that also generates negative pore pressure while
cooling to room temperature (Hueckel and Pellegrini, 1992; Abuel-Naga et al., 2007a).
However, thermal induced pore water pressure for unsaturated soil has not been explored
significantly.
4.6.Creep behaviour

Several researchers have proposed the equation to bridge the creep coefficient and
temperature (Fox & Edil, 1996; Houston et al., 1985; Zhu & Qi, 2018). Regarding this, Zhu
and Qi, (2018) have adopted an elastic visco-plastic model, in which temperature dependent
creep against one dimensional loading is described and the results were compared vis-a-vis
with the results obtained from experimental investigation. For visco-plastic strain (¢2F), 1-D

model proposed by Kutter & Sathialingam, (1992), which is based on creep coefficient, v,

(refer eq. 44).

g (ﬂ)“/ vr (44)

T (1+eo)ty \of
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Where, e, is initial void ratio. t, is defined as a reference time and equal to time taken in
each load increment. g, is effective vertical stress. g, is reference stress corresponding to
load increment time, t,. A and k is referred as slope of compression line and recompression
line respectively. It has been reported that the secondary thermal consolidation initiates
taking place after completion of dissipation of pore water, and the induced settlement occurs
due to the effect of time and temperature. Thus, coefficient of thermal creep is defined as the
slope of thermal secondary consolidation curve, given in void ratio and time in log scale (e vs
log (t)) (Zhu and Qi, 2018). Moreover, linear function is derived between thermal creep
coefficient and temperature (Houston et al., 1985), which is written (eq. 45),

W, = AXT, (45)

Where, w.. is thermal creep coefficient under specific temperature “T” and A is
thermal parameter. The value of A has been considered as 0.0105 (Houston et al., 1985) and
it was stated that ‘i, linearly increases with temperature. Hence, .. will be zero and
negative when the corresponding temperature is zero and negative respectively. On the
contrary, another equation has been represented based on the experimental study for
development of ‘y..” with change in temperature (Fox and Edil, 1996), which is mentioned
below (Eqg. 46):
vy = v, Xp [B (T-T)]. (46)
Where, .. is reference thermal creep coefficient for reference temperature “T;” and B is
thermal parameter, whose value is equal to 0.25 + 0.02/ °C (Fox and Edil, 1996). However, at
a higher temperature, the value of y.. crosses beyond the normal range as per eq. 46.
Additionally, (Zhu and Qi, 2018) have also noticed a nonlinear increment in thermal creep

coefficient with increase in temperature, which can be written as (Eq. 47):

Yr=Yrr (Tlr)CT' 47
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Where, C; is thermal related parameter. Based on the experimental results the value
of C; was considered as 0.95 (Zhu and Qi, 2018). It is worthwhile to mention that eq. 47
resolves the limitation associated with Eq. 45 and eq. 46 in terms of minimum and maximum
value of thermal creep coefficient. Hence, fig. 14 developed by comparison among eqg. 45, eq.
46 and eq. 47, which describing the relation between thermal creep coefficient with
temperature. However, the effect of temperature on creep behaviour of soil was illustrated
experimentally (Jarad et al., 2019; Zhu et al., 2017; Zhu & Qi, 2018) but needs a clear
representation. Moreover, a 1-D direct modelling of thermal creep is developed by (Zhu &
Qi, 2018), which is elastic-visco-plastic (EVP) model. This model is developed to assume
that the loading condition is one dimensional and limited to soft clay. Hence, a particular

model which replicates the real time loading pattern for soils needs to be developed.
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Fig. 14. Relationship of thermal creep coefficient with temperature from eq. (42), (43) and
(44).
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4.7.Modelling of volumetric change under temperature cycle

As obtained from experimental results, a thermal stabilisation line has been proposed,
which controls the stabilized soil against the cyclic temperature loading (Campanella &
Mitchell, 1968; Di Donna & Laloui, 2015; Vega & McCartney, 2014). As shown in fig. 15,
the normal compression line (NCL) and the thermal stabilization line (TSL) at elevated
temperature is assumed to be a straight line in Inv - /np . Where, the point O refers to the state
of NC soil for first heating cycle. Similarly, point O’ represents the stabilized soil after
several temperature cycle with given temperature increase. The distance between OO’
represents the irreversible volumetric contraction of NC soil with respect to first cyclic
heating. If point O and O’ coincides then it is said that no accumulation of irreversible
volumetric compression occurs. Therefore, it can be opined that as temperature changes, the
TSL and NCL shifts together, which also reflect from experimental results by Campanella &
Mitchell, (1968). During heating, if soil state lies above TSL then irreversible volumetric
compression develops, otherwise the response is elastic in nature. While cooling, reversible

volumetric change develops (Ma et al., 2017).

In(1+ey)

In(1+e)

Inp. Inp’

Fig. 15. Proposed Model Line for TSL (Q. J. Ma et al., 2017).
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Hence, it is very difficult to quantify the effect of temperature on TSL experimentally. As
stated by Ma et al., (2017), the accumulation and stabilization of irreversible volumetric
compression along temperature cycles can be well defined by thermal shakedown. According
to concept of thermal shakedown, the soil sample reaches the stabilized state after certain
temperature cycle. For mechanical loading, volumetric change of specimen is equivalent to
change in void ratio. However, during thermal loading volume change of specimen is due to
deformation of soil void as well as soil particles, which is reversible in nature during cooling.
Therefore, NCL and TSL return to its initial position during cooling for first thermal cycle.
(Ma et al., 2017; Masin & Khalili, 2012). TSL and NCL moves down with increase in
temperature. TSL shifts more as compared to NCL. Furthermore, after several temperature
cycle, soil state reaches the TSL with elevated temperature and vertical distance becomes
zero. So there is no irreversible amount of compression if the temperature does not exceed the
maximum value of the previous heating. Masin & Khalili, (2012) have developed an
expression for temperature dependent NCL, which is written following (Eq. 48):
In(1+e)=N(T)— AT) *In(a'/0,) (48)

Where, e is void ratio; ¢’ is mean effective stress; o, is reference stress (1kPa). A(T) and
N(T) are defined as temperature dependent slope and intercept of NCL, respectively, which is

expressed in eq. 49 and eq. 49a:

AT) = AT,) + Ly *In (Tl) (49)

N(T) = N(T,) + np+In(5) (49a)
Where, I and n;, are the modelling parameters which controls the change of slope and shifts

of NCL, respectively. T, is the reference temperature. From the experimental results, it can be

concluded that A is independent of temperature (Campanella & Mitchell, 1968). Therefore, L
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should be taken as zero. Similarly, an expression has been developed to introduce TSL with
respect to temperature, which is written below in eq. 50 (Ma et al., 2017):

In(1+e)=In(1+e")— kr+In(p/p") (50)
Where, p’ is termed as pre-consolidation pressure. Therefore, Ma et al., (2017) have
developed another equation to calculate In(1 + e"), which in mentioned in eq. 51:

In(1+e')=In(1+e,)+cr*ny*In(T/T) (51)
Where e, & e’ is defined as void ratio for point O & O’, respectively. Here, it is assumed that
if temperature is less than reference temperature then e’ is equal to e,. Moreover, c; is used
to determine the accumulated volumetric compression after the first thermal cycle. If there is
no accumulation, then c; is equal to zero. k; is slope parameter which is used to simulate the
irreversible volumetric contraction of soil. As mentioned, k; is inversely proportional to
irreversible volumetric contraction. If k; decreases, simulated irreversible volumetric
contraction increases for soil. Di Donna & Laloui, (2015) have developed a bounding surface
to reproduce the response of soil under thermal cyclic loading. This model can able to show
the behaviour of soil beyond the thermo-elastic and thermo-plastic behaviour depending upon
the soil stress state and accumulation phenomena. Therefore, isotropic yield mechanism, r;,
is developed to re-initialisation of locus at which plasticity starts during next heating phase
(in EqQ. 52).

Tiso = Tigy +17 (52)
Where, r27¢ is defined as material parameter that depends to accumulate plastic deformation
during thermal cycle. When heating restarts, r;,, is constant till the re-initialised yield surface

is achieved. Therefore, during re-heating plasticity again started at temperature T  that define

as a following equation 53.

- pier 1 rrn (D)) (2 + =2 3

D
phePev
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Furthermore, (Zhou et al., 2017) have purposed a two boundary surface to capture the effect
of thermal cycle. The original bounding surface was modified with two bounding surface (i.e.
- a bounding surface and a memory surface). The bounding surface, F is expressed in the

following expression (refer eq. 54):

F= () + e (54)

Mp Inr
Where, n and r is the soil parameter, which controls the shape of bounding surface. M is the
value of critical state stress ratio. Moreover, the memory surface, F~ can be expressed as a

following equation 55:

Fr= (L) + e @y (55)

Mp' Inr
Where, p; can be described as the size of the loading surface. Pre-consolidation pressure,
which is a function of plastic volumetric strain, and maximal stress state, respectively, control
the boundary surface and memory surface. The double surface idea effectively captures
thermal cyclic effects because the two surfaces have separate hardening laws. The
consistency of measured and estimated soil volume changes during temperature cycles is
demonstrated. Furthermore, Golchin et al., (2022b) have established a kinematic rule to
measure the progressive volumetric strain of soil under thermal cycles. The inner yield
surface, which is controlled by a kinematic rule, begins to translate when plastic strain
increments are developed. The kinematic rule was activated during heating phase and
deactivated during cooling phase. Therefore, the plastic volumetric strain increments

produced and were defined in the eq. 56 (Golchin et al., 2022b).

e = (Z%) 7 (ur) + w(r - 7,)) (56)

Where, ¢! is defined as plastic volumetric strain increment. 1 and k are defined as
elastoplastic compression index and elastic compression index, respectively. 7, 77 and T,
represent the absolute temperature, temperature increment and initial temperature,
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correspondingly. p shows the coefficient of thermal softening of inner yield surface. Further,
(') is defined as Macaulay bracket, which operates as (x) = (x + |x|)/2. This model leads to
the prediction of plastic strains in highly over-consolidated states as well as during the
heating phase of cyclic thermal loads. As the soil becomes over-consolidated and the model
has control over the accumulated plastic strains brought on by thermal loads, the magnitude

of thermally-induced plastic strains decreases on subsequent thermal cycles.

4.8.Thermodynamics Model

In this section, granular thermodynamics model is used to build a new approach towards
THM mechanism. This model takes into account influencing elements such temperature,
saturation, the solid skeleton's microstructure, and phase transitions between the liquid and
solid/gas phases. The proposed conceptual model has universal physical significance because
it is supported by common experimental findings. In recent years, emphasis has been placed
on nonlinear thermodynamic constitutive models developed through the so-called
deformation work that closely adhere to the principle of energy conservation. The product of
each phase stress and the accompanying generalised strain is exactly what makes up the
deformation work. Changes in water content, soil deformation, and microstructures all have
an impact on one another. Solid, liquid, and gas phases all undergo mutual transformation,
therefore the deformation work brought on by phase transitions must also be taken into
account (Bai, Zhou, et al.,, 2021; Liu & Lai, 2020). Several researchers have been
implemented the thermodynamic momentum conservation law to understand the thermo-
mechanical behaviour of fine grained soil (Bai, Zhou, et al., 2021; Zhang & Cheng, 2017).
Particle temperature is the thermodynamic observable variable entropy of particles, which is
comparable to the relationship between thermodynamic temperature and entropy at the
macroscopic level. In terms of energy dissipation, this description is consistent with classical

thermodynamics, which uses entropy or temperature to denote the random motion of
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materials. Thus, the rearrangement of particles can reflect the plastic deformation of fine
grained soil, which is released at this kinetic energy, can be transformed into molecular
motion, accompanied by the production of entropy. Based on this concept, Zhang & Cheng,
(2017) have developed a model to evaluate the mean effective stress according to
thermodynamic law in drained condition (refer eq. 57).
p' = 1.5B(e¢ + ¢)%°[0.4(8)? + {(8)?] + 0.8B(€ + ¢)°ef + K By (T — T,) (57)
Where, &f and &g is volumetric elastic strain and deviatoric elastic strain, respectively. B and
¢ is defined as the material parameter. K, is defined as secant elastic modulus of soil. S is
thermo-elastic volumetric coefficient of expansion of soil. T, is reference temperature in
kelvin. ¢ is a parameter for allowable maximum volumetric tensile strain (i.e.- &£ < c).
Similarly, Bai et al., (2019a) have also developed a model based on conservation of energy
for mean effective stress, which is written in eq. 58:

p’ = B[(&f + BrAT)%5 + 0.5¢(e€ + BrAT + ¢)7%5(e)?] + sS, (58)
Where, s is defined as the metric suction. S,. is representing the rate of dissipative flow. & is

defined as second elastic strain.

5. Discussion

This section highlights the issues, which arises due to application of the thermal
loading in fine-grained soil. Generally, the major issue is associated with the volumetric
change due to the application of temperature. In this context, there are numerous independent
literatures have been reported in this paper to mention the thermo-mechanical behavior of
fine-grained soil. Nonetheless, there are still many studies whose observations and
discussions are conflicting to each other against thermal volumetric change, swelling pressure
and shear strength of soil. There are mainly two major states (macroscopic and microscopic),
which has been considered to understand the thermally induced volumetric change of fine-
grained soil. A considerable number of studies are available against the volumetric change of
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soil at macroscopic scale. However, there is few consecutive models available to describe the
direct method to identify the creep behavior, but still need to be clearly describe the creep
behavior of soil and coupled it with several parameters of soil. The available literatures also
need to describe the magnitude of primary and secondary consolidation of thermally induced
volumetric change. Moreover, there are separate experimental investigations for over
consolidation ratios and secondary compression index. Hence, these studies should be
coupled with each other for better understanding, which would also help to develop a
constitutive model regarding thermal volumetric change due to OCR and secondary
compression index. Furthermore, the speculation of thermally induced volumetric change at
microscopic scale are very limited. At microscopic level, it is very difficult to disintegrate the
bond stress between particles, degradation of adsorbed water and development of
intermolecular forces. The experimental investigation is very difficult to achieve for such
type of problems. Hence, there is an opportunity to push the knowledge boundaries and
develop a numerical model to illustrate these problems. Additionally, soil is inorganic in
nature and several inorganic minerals are present in it. Therefore, experimental investigation
remains elusive to evaluate the differential expansion of minerals upon heating. Still, there is
an opportunity to illustrate the thermally induced volumetric change with respect to the
differential thermal expansion of minerals of soil. Apart from that, there are still few
parameters such as swelling pressure due to concentration of available cations, generation of
pore water pressure with unsaturated soil and shear strength parameters of soil due to
application of temperature which needs to be discussed clearly. For the fine-grained soil,
there is no standard procedure for rate of heating, which can affect the thermal volumetric
change. On the other hand, there are still few problems (i.e., - volume change due to cyclic
thermal load, pore water pressure and shear strength parameter) which is unanswered in

literatures available for the unsaturated soil. Further investigation and constitutive models
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should be conducted for the better understanding of some contrasting phenomena related to

couple thermal and mechanical stress regarding microscopic behavior and mechanism.

6. Concluding Remark

In this article, a comprehensive review of the available literature on temperature
induced volumetric deformation of saturated and unsaturated, fine-grained soils has been
analysed thoroughly. Several parameters such as volumetric change, measurement of
swelling pressure, change in consolidation parameters and thermal elasto-plastic behaviour of
fine-grained soil specimen have been evaluated, which can get effected by the alteration in
temperature. Moreover, the mechanisms behind the thermal volumetric deformation
behaviour of the soils have also been explained in terms of alteration of the abovementioned
parameters. Among these parameters, thermo-elasto-plastic analysis has gained immense
popularity among the researchers. Additionally, it has been explained that the response of the
soils in terms of the thermal volume change behaviour has substantial influence on the initial
over-consolidation ratio. The following major conclusions are yielded from the available
literature regarding thermal volumetric change of fined grained soil:

e The basic mechanism of the thermal volumetric change has been studied from literature
and which are 1) difference in thermal coefficient of soil solid and pore water, 2) weak
shearing bond between soil particles, 3) decrease in viscosity of pore water at high
temperature and 4) clay water interaction against thermal loading at microscopic level.

e The thermal volumetric change behaviour typically depends on the effective stress
applied on the soil sample prior to heating. Matric suction and temperature cycle can also
alter the thermal volumetric change behaviour. Besides, it has been elucidated that the
thermal drained heating response of soil in terms expansion and contraction occur for

high and low OCR values, correspondingly.
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The volumetric change of the soil mass due to thermal energy is independent of thermal
history i.e., imposed as temperature cycle and experienced by specimen at different
effective stress, nonetheless it can aid to enhance the stiffness and hardness of soils.
Nonetheless, some parameters such as intrinsic permeability and coefficient of volume
compressibility have no repercussion of temperature. These parameters are dependent of
stress magnitude instead.

Shear strength of soil under elevated temperature remains a contradictory matter; more
laboratory investigation is required to clarify the thermal effect of soil on shear strength.
The thermal loading has significant influence on creep index of specimen. Creep
Coefficient of soil is proportional to temperature and increase with increase in
temperature.

Several parameters such as permeability, Creep index, pore water pressure and coefficient
of consolidation is directly proportional to temperature. Whereas viscosity of pore water

is inversely proportional to induced temperature.

Moreover, the thermo-mechanical model including elastic and plastic strain is studied to
understand the volumetric change of soil from various available literature. Especially,
some researchers have described an alternative approach to understand the volumetric
change due to thermal secondary compression and developed the relevant mathematical
expressions. The experimental results have been utilized to validate the mathematical

models.

Furthermore, The Yield surface has also been defined to plot a distinct boundary between
thermo-elastic region and thermo-elasto-plastic region from temperature versus pre-
consolidation pressure plot. Different yield surfaces such as loading yield and thermal

yield surface have been defined to measure elastic and plastic volumetric change.
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e Mathematical modelling regarding creep behaviour and volumetric change under

temperature cycle has also been reported.

e Thermodynamic modelling has also been discussed to evaluate the preconsolidation

pressure of fine grained soil using energy conservation and phase transformation.

The temperature induced volumetric deformation analysis of fine-grained soil
reviewed in this study is reported mainly through laboratory experiments. It can be seen that
laboratory experiments are usually carried out in a controlled environment condition, which
in many cases could not be possible to replicate in a field scenario. Consequently, real-time
thermal volumetric deformation analysis can be affected by harsh environmental conditions
and climate change, which may or may not be possible on a laboratory scale. However, it
should be appreciated that large scale studies and their interpretation are carried out in
ongoing research and can assist in decision making by the radioactive waste management
authority, in developing holistic solutions for researchers and in identifying unforeseen
problems events to be found in the future.
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