https://doi.org/10.3311/PPci.16533 | 825
Creative Commons Attribution ®

Periodica Polytechnica Civil Engineering, 65(3), pp. 825-839, 2021

A Review on Effect of Temperature Change on Mechanical
Parameters of Fine Soils

Hamed Hoseinimighani", Janos Szendefy'

' Department of Engineering Geology and Geotechnics, Faculty of Civil Engineering, Budapest University of Technology and Economics,
MUegyetem rkp. 3, H-1111 Budapest, Hungary
* Corresponding author, e-mail: hoseinimighani.hamed@emk.bme.hu

Received: 28 May 2020, Accepted: 25 February 2021, Published online: 24 March 2021

Abstract

Temperature change in soils and its possible effects date back to 20th century where temperature difference between laboratory and
field for sampling made researchers interested in this topic. Due to development of technology and industry nowadays, new engineering
applications such as nuclear waste disposal, oil extraction and pipelines, geothermal structures etc. have turned temperature change
in soils to one of the high trending research topics where suitable knowledge of thermal effects on soils is required. For this purpose,
it is tried at first to highlight the importance of temperature effect on geotechnical design by some examples and possible effect of
temperature change on mechanical properties of fine soils are reviewed afterward. Investigation on results from literature proved
that temperature change could alter some strength and consolidation parameters of fine soils. Different factors are proposed to
be responsible for such thermally induced changes in mechanical parameters, however, existing explanations and comments from
literature are diverse and not fully understood yet. In order to fill this gap, it is tried to find connections between different mechanical
parameters and their behavior toward temperature change and possibly find a unified approach and factor to explain the mechanism
responsible for thermally induced changes in mechanical parameters of fine soils. Finally, at the end, it is concluded that effect

of temperature on structural rearrangement of solid particles could be a promising factor to connect the responses of different

mechanical parameters toward temperature change.
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1 Introduction

Temperature change and its potential effect on soil proper-
ties and behavior have become an important part of many
engineering designs and applications. It started at mid-
20th century when Gary [1] did the first odometer test at
different temperature of 10 and 20 °C in 1936. Paaswell [2]
conducted heating test at constant load using odometer
ring in 1967 and the first conference with focus on tem-
perature related issues in soils was held in Washington DC
USA in 1969. Studies of other researchers can be found in
literature [3, 4, 5-15].

The range of studied temperature in early research was
limited (usually between 10 to 50°C). The reason of such
limitation was related to researcher's interest, which was
the temperature difference between laboratory and field
where samples were being taken. Nowadays, however,
development of technology and industry have caused new
and more complicated engineering applications to arise,

such as nuclear waste disposal, oil extraction and pipe-
lines, geothermal structures, encouraging researchers to
have a better understanding about the temperature effect
in soil up to 100°C and even more when dealing with ther-
mal treatment of contaminated soils.

Ability of clayey soils like seepage control, pollution
prevention, heat insulation and radiation protection could
make it an ideal environment for nuclear waste disposal.
On the other hand, it can cause the soil to face tempera-
ture change up to 100°C because of chemical reactions of
wastes. Thus, the importance of soil behavior toward tem-
perature change made many researchers to work in this
field to have better and safe design for long-term function
of these disposal areas.

Recent studies on High Level nuclear Waste (HLW) dis-
posal program in France and Switzerland could be illustrat-
ing examples. For having a better understanding of behavior
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of the host medium (mainly clayey soils and clay stones)
toward thermal load induced from the waste especially in
long-term during thousands of years, many small-scaled
and field-scaled experiments as well as numerical modeling
and simulations have been done by researchers [16—19].
Akinwunmi et al. [20] studied the behavior of bentonite
toward temperature change since generally bentonite is
used as barrier for HLW disposals. For instance, in [20],
disposal area is located in Finland 400 m below the ground.

Another engineering application involving temperature
change is waste management and design of landfills and
GeosyntheticClay Liner(GCL).Chemicalreactionsofwastes
and temperature fluctuation of environment can cause sur-
rounding area including GCL to face elevated tempera-
ture which might lead to alternation of mechanical and
hydraulical properties of bentonite inside the GCL and
even the whole barrier system [21-23]. For instance, tem-
perature rise up to 50°C in copper leach pads [24], 70°C
in nickel leach pads [25], 60°C in municipal wastes [26]
and even more than 100°C in aluminum waste [27] have
been reported [21].

Among different types of geothermal structures, Ground-
Source Heat Pump (GSHP) is the most common type for
space heating and cooling [28—34]. GSHPs are connected to
a network of buried tubes, called Ground Heat Exchanger
(GHE), through which water is being circulated [28, 31]
and are commonly divided into two types namely open-
loop and close-loop systems and direct contact between
circulating fluid and surrounding medium is the differ-
ence between them. Regarding close-loop systems, a net-
work of tubes is buried under ground either vertically or
horizontally [28]. Nevertheless, due to high excavation
costs especially for vertical GHEs, another type of heat
exchanger has become popular called energy pile. A net-
work of tubes is placed inside the pile foundation to make
both mechanical and geothermal structure [28, 29, 31, 35].
Heat pump function and circulation of fluid through the
pile foundation will cause temperature fluctuation in pile-
soil interface, pile, and surrounding soil. First experiment
regarding this issue was done by Morino and Oka [36].
During past years, temperature change and its effect on
shear behavior of pile-soil interface, side and end bear-
ing capacity of the pile, axial and radial deformation etc.
have been gaining higher attention among researchers and
many studies have been done [29, 31, 35, 37-41].

The importance of temperature and its possible effects
on physical and mechanical properties of soil have been
highlighted by some examples of engineering applications.

The aim of this paper is to make a detailed review and
summarization about soil mechanical properties as well
as their possible alternation due to change in temperature.
This information is of high importance and can help us to
understand opportunities and challenges associated with
these kinds of geotechnical design and to make sure about
the quality and safety for design of structures dealing with
temperature change.

2. Effect of temperature on mechanical parameters

2.1 Consolidation parameters

Construction of structures causing temperature change in
soil should be assessed carefully to not face any undesir-
able outcome for soil settlement. In this case, it is essential
to have sufficient knowledge about the effect of tempera-
ture change on settlement and consolidation parameters.

2.1.1 Permeability (hydraulic conductivity)

Change in permeability of soil due to change in tempera-
ture can be related to effect of temperature on viscosity of
water. Hillel [42] proposed the equation below to predict
the effect of temperature on viscosity of water:

fiy =—-0.000465751n (T /1°C or K)+0.00239138. (1)

T is temperature and f, is viscosity of water at temper-
ature 7. This relationship shows that viscosity of water
will decrease with increase in temperature. Therefore,
the ratio between permeability at tested temperature k(7)
and permeability at ambient temperature k(7;) could be
calculated as Eq. (2) [43]:

k(T) _ u(T)r.(T)

k(1) wT)r(h) @

w(Ty) is viscosity of water at ambient temperature, y, (7;)

and y,(T) are density of water at ambient temperature and
at temperature 7, respectively.

Results of consolidation tests could be used to calculate
permeability of soil as an indirect method (e.g. [4] and [5]).
Abuel-Naga et al. [44] reported increase in permeability
by increase in temperature as well as a good agreement
between experimental and calculated results (Egs. (1)—(2)).

Direct measurements of permeability at different tem-
perature have also been investigated by researchers (such
as [45]). Delage et al. [46] conducted direct measurement
of permeability at various temperature for Boom clay
using constant head method. Their results also showed
increase in permeability under constant effective stress
due to heating and decrease in permeability during



cooling phases. The change in permeability by tempera-
ture change was attributed by [46] to change in viscos-
ity of water. For this case, intrinsic permeability was also
studied in this research and Fig. 1 shows that intrinsic per-
meability is independent of temperature and relies only on
porosity (or void ratio).

Abuel-Naga et al. [43] conducted direct measurement of
permeability on undisturbed samples of soft Bangkok clay
under various thermal and mechanical loading conditions
using constant head flexible wall method.

Their results in Fig. 2 show that with increase in tem-
perature, permeability is increasing. They attributed
these results to effect of temperature on physical proper-
ties of water such as viscosity. In order to make sure of
this assumption, authors also studied intrinsic permea-
bility and its change by temperature and similar to [46],
independency of intrinsic permeability toward tempera-
ture change was concluded. Based on the observation on
intrinsic permeability, it is commented in [43] that attrib-
uting the temperature effect on permeability to tempera-
ture effect on physical changes of water is correct and in
constant void ratio, any change in permeability by tem-
perature could be calculated using Eq. (2).

Chen et al. [47] studied the effect of temperature on
permeability of Boon clay samples similar to [46] using
direct measurement method with modified triaxial cell
and reported increase in both vertical and horizontal per-
meability during heating as well as reversible feature upon
cooling. They also compared measured values of permea-
bility at different temperature with predicted results using
the effect of temperature on viscosity and density of water
(Eq. (2)). Despite of good agreement between measured
and predicted results, they noticed that measured values
are somewhat lower than predicted ones. Based on these
results, it was commented in [47] that other factors could
attribute to change in permeability due to change in tem-
perature alongside change in viscosity of water such as
microstructural change in clay fabric. Fig. 3 shows intrin-
sic permeability and its evolution with temperature for
this study. Intrinsic permeability relies only on void ratio
while Fig. 3 shows reduction in intrinsic permeability
upon heating and small increase during cooling. These
results prove that other factors such as structural change
in soil due to change in temperature should be considered
to predict permeability of soils at different temperature.
A new prediction model considering change in physical
properties of water and microstructural changes in soil
was proposed by [47]:
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¢, 1s volumetric strain, n, is initial porosity, p, (7,) and

p,(T) are density of water at initial temperature and tem-
perature 7, respectively.
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2.1.2 Preconsolidation pressure

Another consolidation parameter in fine-grained soil is pre-
consolidation pressure that corresponds to maximum past
pressure experienced by the soil. Accordingly, soil is in
over consolidated state if it is loaded below the preconsol-
idation pressure and it is in normal consolidated state if it
is loaded higher than preconsolidation pressure. With this
concept, the ratio of over consolidation is defined as:

OCR = i ) G}
£

OCR is over consolidation ratio, P, is preconsolida-
tion pressure and P, is in-situ (current) pressure. Volume
change behavior of soil is different in over consolidated
and normal consolidated state hence it is important to have
knowledge about the effect of temperature on preconsoli-
dation pressure.

Sultan et al. [48] studied the effect of temperature on
preconsolidation pressure of four Boom clay samples
using modified triaxial cell and reported that preconsol-
idation pressure is decreasing with increase in tempera-
ture. Sultan et al. [48] also compared these experimental
results with two numerical formulations proposed in [49]
and [50]. Hueckel and Baldi [49] proposed Eq. (5) for pre-
consolidation evolution with temperature changes by
extending hardening law of cam-clay model, as follow:

_1 [el —e, +(1+eo)gfﬂ
T

P =P, exp[
A )

+2(@AT +a, |AT|AT).

P is the preconsolidation pressure (yield stress) at
temperature 7, P’ is the preconsolidation pressure at ini-
tial temperature 7, ¢ is plastic volumetric strain, AT is
change in temperature, A is the Cam-clay compression
coefficient, «, is the elastic coefficient at temperature 7,
e, is the initial void ratio, e, is a hypothetical void ratio
defined by P, and initial temperature 7;, e, is the void ratio
corresponding to P, a, and a, are two parameters express-
ing the decrease of the preconsolidation pressure (P,) with
temperature increase.

Baldi et al. [51] proposed values of —4.302 x 10 >MPa.C™'
and 1.101 x 10™* MPa.C” for g, and a, respectively, for
Boom clay. Picard [50] modified the model proposed in [49]
afterward as:

' , l+e
P =P, exp(—?a/I L apATj- 6)

a, is a positive scalar coefficient, with the unit of 1/C.
This was given by [50] as 1 x 10 * C"' for Boom clay. A very
good agreement between experimental results and predic-
tion model by Picard [50] was observed in the study of [48].

Cekerevac and Laloui [52] reported decrease in precon-
solidation pressure for clay classified as CM by Unified
Soil Classification System (USCS) and a prediction model
was proposed by authors as a function of volumetric plas-
tic strain and temperature as follow:

ol(T)= G;(TO)[l—y{ED : @
Ty

0,(T;) is the preconsolidation pressure at a reference
temperature 7, ¢, (T) is the preconsolidation stress at
a given temperature 7. y is a material parameter to be
obtained by fitting Eq. (7) to experimental results and it
can be related to liquid limit (LL) according to [53]. Laloui
and Cekerevac [54] suggested values for y as 0.18, 0.10,
0.246 and 0.075 for Boom clay, MC clay, Illite and Kaolin
clay, respectively.

Abuel-Naga et al [44] studied temperature dependency
of preconsolidation pressure of soft Bangkok clay. Results
of their study showed 24 % and 22 % reduction in precon-
solidation pressure at 90 °C for samples under 100 and
200 kPa consolidation pressures, respectively, concluding
that stress level does not have significant effect on precon-
solidation evolution by temperature change.

Authors compared the results with Eq. (7) and another
equation proposed in [55] as below:

ou(r)=ot(n| £ ®

Ty

o.1s parameter related to soil type. Abuel-Naga et al. [44]
adopted a = 0.16 and y = 0.42 for soft Bangkok clay.

Tsutsumi and Tanaka [56] studied the effect of tempera-
ture on three types of clay samples named OsakaMal2
collected from construction site of the Kansai Inter-
national Airport in the Osaka Bay in Japan, Louiseville
clay from Canada and commercial powder clay named
as Kasaoka and reported decrease in preconsolidation
pressure. They also compared experimental results with
Eq. (7) proposed by Cekerevac and Laloui [52] and a good
agreement is observed between the model and experimen-
tal results specially for OsakaMal2 samples. Tsutsumi and
Tanaka [56] believed that the assumption of Cekerevac
et al. [53] for dependency of parameter y on liquid limit is
true since they observed that samples with higher liquid



limits (62, 71 and 109 % for Kasaoka, Louiseville and
OsakaMal2 samples) had higher values forparameter y.

Fig. 4 shows the evolution of preconsolidation by tem-
perature change based on results from literature. It can be
seen that soils with higher liquid limit showed higher reduc-
tion in preconsolidation pressure and accordingly showed
higher value for parameter y which proves the assumption
by [44, 53]. Fig. 5 also shows the values adopted for param-
eter y for different samples from literature and increase in
y by increase in liquid limit is observed.

Jarad et al. [57] also reported decrease in preconsol-
idation pressure for a clay sample with high plasticity
where the effect of temperature on preconsolidation pres-
sure of another clay with low plasticity is not significant.
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These behavior of two types of clay here are following the
assumption of Cekerevac et al. [53] for the effect of liquid
limit on the level of temperature influence on preconsoli-
dation pressure.

It worth to mention that Xiong et al. [58] developed
a formulation for effect of temperature on preconsolida-
tion pressure very recently based on the assumption of
Cekerevac and Laloui [52] as:

P(T)= PC(TO){M} : ©)

K

Where e, is initial void ratio and « is the swelling index
within cam-clay model for soils. Increase in value of linear
expansion coefficient or decrease in value of swelling index
will cause greater decrease in preconsolidation pressure
which acts similar to parameter y proposed by Cekerevac
and Laloui [52]. A very good agreement between experi-
mental results and Eq. (9) is reported by Uchaipichat [59].

Kaddouri et al. [60] also reported decrease in precon-
solidation pressure in their experiments on CL samples.
Authors also tried to calibrate the first model propped by
Hueckel and Borsetto [61] considering the effect of tem-
perature on preconsolidation pressure as follow:

P.(T)=P.(Ty)+0,A0 +a,AO|AB| . (10)

c

a, and a, are the same as described for Eq. (5) and it was
proposed as -0.0909 and -0.0008 respectively, for CL clay
from eastern France by Kaddouri et al. [60].

2.1.3 Coefficient of consolidation (C,) and volume
compressibility (m,)
Coefficient of consolidation defines the rate of settlement
and it is based on consolidation theory of Terzaghi [44],
it can be calculated as follow:

k

C, = . (11)
ywmv

k is permeability and m, is coefficient of volume com-
pressibility. Delage et al's work [46], as an ecarly study,
on Boom clay could be a good example where they con-
cluded that the effect of temperature on C, is negligible.
They reported a slight increase in C, during initial heat-
ing and after that, C, is almost constant for higher tem-
perature. Authors attributed this small change in C, to two
simultaneous and opposite factors. Increase in permeabil-
ity, which is counterpartyed by decrease in void ratio due
to change in temperature. Small decrease in m, by increase
in temperature is also reported in [46].
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Bag and Rabani [62] studied the effect of temperature
increase on consolidation and swelling pressure for com-
mercial bentonite and local soil from India which are classi-
fied as CH and CL, respectively, using modified oedometer
device. It was observed that for bentonite, m, is decreasing
with increase in pressure and the effect of temperature is
negligible. Whereas, for local Indian clay it was reported
that m, is increasing slightly with increase in temperature
for pressure lower than 400 kPa. This effect of temperature
on m, is becoming smaller by increase in pressure. Similar
to result for bentonite, increase in pressure caused decrease
in m, and after pressure of 400 kPa; the effect of tempera-
ture on m, is negligible.

Jarad et al. [57] studied effect of temperature on consol-
idation of clayey soils using modified oedometer device.
Two types of clay were studied from eastern Germany and
eastern France classified as CH and CL, respectively in
accordance with USCS. For both clays, it is observed that
coefficient of consolidation is increasing with increasing
the temperature. These results are different from the work
in [46] and it was attributed to effect of temperature on per-
meability. Result from this study matches very well with
the work in [62] for local Indian clay.

Both studies showed increase in m, with increase in tem-
perature for pressure lower than 400 kPa and effect of tem-
perature on m, is negligible for pressure higher than 400 kPa.

Takai et al. [63] studied the effect of temperature on
consolidation of clay with modified oedometer device.
Two types of Kaolin and Kasoka clay were used in this
study both classified as CH by USCS and an increase in
consolidation coefficient with temperature increase was
reported by authors. They assumed that C, is increasing
by temperature logarithmically and Fig. 6 shows a strong
relationship between increasing rate of C, and liquid limit
for different type of samples from literature [63, 64].
Authors believed that thickness of diffused double layer
will decrease with increase in temperature and therefore
the effect of temperature on C, will be more significant
for soils having higher liquid limit, which will be further
investigated in following sections.

After reviewing the results, increase in C, and m, by
increase in temperature can be seen. Effect of temperature
on permeability can be one reason for increase in C,. As it
was discussed, permeability is increasing by increase in
temperature which will lead to faster dissipation of pore
pressure and faster rate of consolidation. Moreover, these
findings can also be related to effect of temperature on vis-
cosity of water and viscous shear resistance between par-
ticles and tendency of particles to rearrange more easily.
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Fig. 6 Relationship between increasing rate of C, and liquid limit
(redrawn after [63])

2.1.4 Compression index (C,) and swelling index (C,)

In consolidation process, the slope of e-Logo’ curve in
normal consolidated and over consolidated state are com-
monly known as compression (C,) and swelling (C,) index,
respectively, which define the volumetric behavior of fine
soils. Cekerevac and Laloui [52] studied the effect of tem-
perature on compression index of CM clay using modified
triaxial cell. They found out average C, at 22 and 90°C are
0.24 and 0.23 respectively concluding that temperature has
no effect on C.. Di Donna and Laloui [65] studied the effect
of thermal cycles on two types of silty clay samples both
classified as inorganic clay with medium plasticity accord-
ing to USCS and it is observed that temperature has insig-
nificant effect on compression and swelling indexes.

Jarad et al. [57] also studied the compression and swell-
ing indexes under different temperature. They, however,
commented that C, is increasing with increase in tempera-
ture and C, values do not depend on temperature.

Bag and Rabbani [62] also investigated the effect of
temperature on C, and C, in their study and temperature
seemed to have no significant effect on compression index
of local Indian clay. However, compression index of ben-
tonite is increasing with increase in temperature. Kaddouri
et al. [60] reported that temperature variation slightly
changed the compression and swelling index for ilitic clay
classified as CL based on USCS from eastern France.

By reviewing the results, it can be seen that temperature
generally does not have significant effect on C, (swelling
index). On the other hand, increase in C, by increase in
temperature is seen from some of the results specially for
soil with higher plasticity such as bentonite. These results
can also be related to effect of temperature on viscosity
of water and decrease in viscous shear resistance between



particles accordingly. As it was seen in Sections 2.1.2 and
2.1.3, sensitivity of preconsolidation pressure and C, could
be related to LL (liquid limit). It can be concluded from the
results in this section that same approach can be adopted for
sensitivity of C, toward temperature change since soil with
higher plasticity (higher liquid limit) showed an increase in
C. by increase in temperature whereas soils with low plas-
ticity showed rather no dependency of C, on temperature.

2.1.5 Creep index (C))

Consolidation process in fine-grained soil is divided into
two parts. First part, called primary consolidation, is where
excess pore water pressure, caused by increase in load, is
dissipating through time and void ratio of soil starts to
decrease. After the end of primary consolidation and dis-
sipation of all excess pore water pressure, soils continue to
settle with much lower rate due to rearrangement of soil
skeleton since all excess pore water pressure are dissipated
and the load are being transferred to solid particles. This
part of consolidation is called creep or secondary consol-
idation, which starts, theoretically, right after the end of
primary consolidation. The rate of volume change in this
part is commonly known as creep index, creep coefficient
or secondary compression index.

Zhang et al. [17] studied the effect of temperature on
creep index for COX claystone as host for high nuclear
waste disposal in underground research laboratory at Bure,
France. It was observed that upon heating up to 90°C, creep
rate is increasing. Authors attributed this increase in creep
rate to reduction of viscosity of water by increase in tem-
perature as well as reduction in resistance of bound water
films between solid particles. These two effects can help
solid particles to rearrange more easily and faster.

Jarad et al. [57] used the method proposed by Mesri and
Godlewski [66] which relates the creep index to compres-
sion index. Based on this method, authors believed that
the value of C,/C, at a given temperature is equal to the
slope of preconsolidation pressure—strain rate logarithmic
curve (loge —logp,),1.e.,C,/C.(T)=Alog p. / Alog&(T).
With their result of temperature effect on compression
index, discussed previously, they could measure the creep
index at different temperature. Despite of a decrease in creep
index at 47.6°C, the overall creep index increased consid-
erably with increase in temperature for clay sample with
high plasticity. In addition, a slight increase in creep index
was observed for the other clay sample with low plasticity.
The different behavior of two clay samples toward tem-
perature in terms of creep index was attributed to different
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mineralogy by authors and they also attributed the acceler-
ation in creep to effect of temperature on viscosity of free
water and bound water and resistance of solid particles.

Li et al. [67] studied the effect of temperature on Utby
clay from Gothenburg, Sweden using oedometer device
and both intact and remolded samples were used in this
study. The tested soil was ilitic clay with high sensitivity
and samples were collected from depth of 6 and 9 m below
ground and the range of studied temperature was 5-25°C.
It was reported that variation of creep index highly
depends on structure of the soil where intact samples
showed considerable effect of temperature and vertical
effective stress on creep index especially around apparent
preconsolidation pressure. However, for remolded sam-
ples, temperature and effective stress had less influence
on creep index even around the apparent preconsolida-
tion pressure. Moreover, same situation was observed for
both remolded and intact samples under higher stress level
where dependency of creep index on temperature is not
so obvious. The reason of observed difference between
remolded and intact samples was attributed by authors to
structure arrangement and pore size which is differ consid-
erably between intact and remolded samples and the bonds
between solid particles which no longer exists in remolded
samples. Also, in this study, the reason of change in creep
index due to change in temperature was directed toward
the effect of temperature on viscosity of free and bound
water and rearrangement of solid particles.

Kaddourietal. [60] mentioned that creep index increases
with increase in temperature and effective stress. Change
in soil skeleton and pores areas was believed to be the rea-
son for effect of temperature on creep index in their study.
The method proposed by Mersi and Godlewski [66] was
also adopted here to study the effect of temperature on
creep index in terms of C,/C, and it was observed that C /
C, is increasing with increase in temperature and increase
in C,/C, was believed to be mostly dominated by increase
in creep index.

2.2 Cohesion (C) and friction angle (¢)
Understanding about shearing parameters of soils is cru-
cial in geotechnical design and effect of temperature on
these parameters are important in order to satisfy the
safety for geotechnical applications dealing with thermal
loads and temperature change.

Yavari et al. [39] studied the effect of temperature on
friction angles of clay using temperature-controlled direct
shear test apparatus and reported that friction angle is
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Fig. 7 Effect of temperature on friction angle (after [39])

mostly independent of temperature. Another recent study
for temperature effect on shearing parameters is the work
of Yu et al. [68] on Boom clay using modified triaxial test.
Similar to previous studies, no dependency of friction
angle with temperature and clear trend were reported.

Fig. 7 shows the results from literature ([39, 67, 69-73]
for different types of fine-grained soil and independency
of friction angle on temperature is observed.

Yavari et al. [39] and Yu et al. [68] also studied the effect
of temperature change on cohesion of clayey soils. Both
decrease and increase are observed in [39] by temperature
raise from 5 to 40°C in Kaolin clay. Nevertheless, totally
at the end of heating, decrease in cohesion was observed.
In contrast, Boom clay exhibited rather different behav-
ior and sharp decrease in cohesion by temperature raise
from 20 to 80°C is reported [68]. It worth to note the dif-
ference between testing apparatus and material as well as
temperature range for these results.

Xiao et al. [38] conducted direct shear test under cyclic
temperature on sandy silty clay and studied the effect of
temperature change on interface friction angle and cohe-
sion between soil and concrete with unsaturated con-
dition. Their result show that both normal cooling and
heating from ambient temperature caused a slight (<1°)
reduction in interface friction angle while cyclic heat-
ing and cooling caused almost 3 to 4° increase in fric-
tion angle. In terms of interface cohesion, both normal
and cyclic cooling resulted in slight reduction around 0.5
kPa. Normal heating of specimen caused a rather higher

decrease in interface cohesion about 5 kPa however, after
10 cycle of heating, interface cohesion increased about 3
kPa comparing to its initial value. The results of friction
angle and cohesion under normal heating are somewhat in
agreement with results from other researchers.

Fig. 8 shows the effect of temperature on cohesion with
help of results from literature and it can be seen that gen-
erally cohesion of fine-grained soils is decreasing with
increase in temperature.

After reviewing the results, it can be seen that elevated
temperature does not have significant effect on friction
angle. Friction angle depends mostly on particle size and
shape and temperature does not have much effect on that.
However, cohesion depends on plasticity of fine soils and
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more importantly on water-clay particle interaction such
as double layer thickness and viscous shear resistance
between clay particles. As it was discussed previously, ele-
vated temperature is believed to have impact on these prop-
erties and causes a reduction in viscous shear resistance
between particles which can be seen as a decrease in cohe-
sion. It is also observed that cyclic temperature changes
could cause increase in both cohesion and friction angle.
This can be due to the fact that after thermal cycles, parti-
cles are rearranged and reached a stronger structure which
can be interpreted as increase in shear parameters.

2.3 Strength

An important aspect of soil properties is change in shear
strength toward temperature change, which should be
assessed carefully to safely design temperature and ther-
mal related structures. Several studies have been con-
ducted to investigate the effect of temperature on shear
strength of soil and it is still an interesting topic among
researchers because of its importance.

Laloui and Cekerevac [52, 54] performed drained shear-
ing test using triaxial device under temperature 20 and
90°C on Kaolin clay with different OCR value. It is shown
that specimens tested under higher temperature experi-
enced higher shear strength for all OCR values. They also
studied the effect of temperature on Critical State Line
(CSL) and the independency of CSL toward temperature
change was concluded.

Abuel-Naga et al. [43] studied the undrained shear
strength of soft Bangkok clay, having different values
of OCR, under constant heating and cyclic temperature
changes using triaxial device. Increase in undrained shear
strength with increase in temperature was observed for
soft Bangkok clay for all OCR values. The results also
showed that cyclic heating caused higher increase in
undrained shear strength comparing to constant heating
and axial strain in peak deviatoric stress is lower com-
pared to specimen under constant heating.

In contrast with the result of soft Bangkok clay, 3040 %
reduction in shear strength of Boom clay by raising tem-
perature from 20 to 80°C is reported in [68] using triax-
ial undrained shear test. Failure envelope of Boom clay
in p'—q plane and slope of critical state line (M) was also
studied and, similar to result of Cekerevac and Laloui [52],
the independency of M with temperature change was seen.
Zhang et al. [16, 17] studied shear strength behavior toward
temperature change for highly over consolidated COX
(Callovo-Oxfordian) and OPA (Opalinus) clay stones which
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are host medium for nuclear waste disposal in France and
Switzerland, respectively. They reported reduction in shear
strength of OPA clay stones under saturated and undrained
condition whereas, for COX clay stone, no significant effect
of temperature on shear strength was seen.

As it is seen in results, different trend is observed from
the experiments for the effect of temperature on strength
of soil and the reason for such discrepancy would be the
difference in material, mineralogy and tests methods.

3 Discussion on role of thermally induced structural
rearrangement

Effect of temperature on different mechanical parame-
ters of fine soils were discussed within previous sections
by reviewing the results from literature and alternation in
some mechanical parameters were reported by researchers
including some comments about how temperature affect
the mechanical parameters of fine soils. For instance, ther-
mally induced changes in consolidation parameters were
related to change in viscosity of water due to temperature
change by majority of researchers (Section 2.1). However,
different behaviors were observed for consolidation param-
eters such as C,, m, and C, for different samples and such
discrepancy in terms of responses to temperature change
was also observed for other mechanical parameters. Within
this section of paper, it will be tried to find a possible expla-
nation for the mechanism responsible for thermally induced
changes which could help us connect the responses from
different mechanical parameters together.

As discussed in Section 2.1.1, viscosity of water will
decrease with increase in temperature which will lead to
faster movement of water molecules and increase in per-
meability accordingly. This effect of temperature on phys-
ical properties of water has been used by researchers to
calculate permeability at different temperature and com-
parison with experimental data showed good agreement.
By this idea, effect of temperature on physical properties
of free water in void area is only considered for increase in
permeability. However, effect of temperature on viscosity
of absorbed double layer (bound water) could be import-
ant since any change in double layer thickness can change
the size of water channels in soils and affect permeabil-
ity accordingly. Comparison between early studies in lit-
erature about effect of temperature on double layer thick-
ness is well documented in [46]. Some authors proposed a
reduction in double layer thickness. For example, Lame's
model for effective stress which predicts a decrease in
double layer thickness by increasing the temperature.
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Paaswell [2] proposed that increasing temperature will
increase movement and kinematic energy of water mol-
ecules and as a result, these water molecules can move
out of double layer into free water with more ease
and therefore thickness of double layer will decrease.
Habibagahi [4] also believed that thickness of double
layer decreases with increase in temperature. On the other
hand, increase in double layer thickness is also proposed
by researchers. Yong et al. [74] proposed an increase in
double layer thickness by increase in temperature caused
by increase in repulsive forces. Morin and Silva [45] pro-
posed that thickness of double layer should increase con-
sidering the theoretical formula for calculation of double
layer thickness which is related directly to square root of
temperature. Mitchel [75], however opposite to proposal
in [45], believed that effect of temperature will be neutral-
ized by decrease in dielectric constant considering theo-
retical formula for double layer thickness. Habibagahi [4]
also showed that during a permeability test under differ-
ent temperature, water molecules in double layer does
not change which is opposite of Paaswell's opinion. Very
recent work in [47] and Fig. 3 could be a good example to
conclude the effect of temperature on water-particle inter-
action and absorbed double layer where results showed
reduction in intrinsic permeability after a heating-cooling
cycle. Intrinsic permeability depends only on void ratio of
soil and it should not change upon heating and cooling.
However more detailed work in [47], in contrast with other
early work from literature, proved some structural changes
within the soil upon heating which led to reduction in void
ratio and intrinsic permeability accordingly.

Therefore, it can be concluded that some microstruc-
tural changes or structural rearrangement occurs within
the fine soils specially during heating and the mechanism
for such structural changes could be related to two differ-
ent process. Firstly, possible decrease in absorbed double
layer thickness and reduction in repulsive forces which can
allow particles to rearrange and get closer to each other.
Secondly, decrease in viscosity of absorbed double layer
which will lead to reduction in viscous shear resistance
between particles and easier sliding of particles on each
other and structural rearrangement accordingly. With the
help of this proposed concept of thermally induced struc-
tural rearrangement, responses of other mechanical param-
eters toward temperature change could be explained.

Another important parameter of fine-grained soil, dis-
cussed earlier, is preconsolidation pressure. It is mentioned
(Section 2.1.2) that preconsolidation pressure is maximum

past pressure experienced by the soil and it is often defined
as the yield point. In other words, it means that soil struc-
ture is already developed which can resist stresses below
preconsolidation pressure, however, stresses higher than
preconsolidation pressure will cause structural rearrange-
ment and plastic deformation. Resistance in fine soils is
governed by water-particle interaction and viscous shear
resistance between particles. Proposed thermally induced
structural rearrangement could be interpreted as reduc-
tion in preconsolidation pressure since reduction in vis-
cous shear resistance and decrease in double layer thick-
ness can ease structural changes in soil skeleton. As it was
proposed by [53], evolution of preconsolidation pressure
by temperature change can be predicted by help of param-
eter y which was related to liquid limit. As it was seen in
Fig. 5, higher liquid limit will lead to higher value for y and
higher sensitivity of preconsolidation pressure to tempera-
ture change. Based on these results, it can be concluded
that soil with higher plasticity (higher liquid limit) shows
higher sensitivity in terms of reduction in preconsolida-
tion pressure due to increase in temperature. Plasticity of
fine soils depends on water- particle interaction and thick-
ness of absorbed double layer. Therefore, effect of tem-
perature on soils with higher plasticity is more dominant
and visible which is seen as higher sensitivity of precon-
solidation pressure toward temperature changes.

Similar concept can be used to explain response of
C, (coefficient of consolidation) to temperature change.
Both faster dissipation of excess pore water pressure due
to reduction in permeability as well as easier structural
rearrangement due to reduction in viscous shear resistance
between particles and alternation of water-particle system
could accelerate consolidation process which is seen in
terms of increase in C, especially with soils with higher
plasticity. As it was mentioned earlier, effect of tempera-
ture on water-particle system is more visible for soils with
higher plasticity which is clearly shown in Fig. 6 in terms
of relation between increasing rate of C, and liquid limit.

Increase in volume compressibility (m,) due to increase
in temperature is also reported in literature for some of
the samples specially under lower stresses. Thermally
induced structural rearrangement of particles can cause
the soil to be compressed easier. Compressibility of soil is
mostly dominated by the amount of stress for higher stress
level and the effect of temperature on rearrangement of
particles in not visible however, influence of temperature
increase can readily be seen for lower stress levels as it
was reported in literature.



Based on the results from literature, swelling index (C,)
is independent of temperature change however, increase
in compression index (C,) was reported for some samples
with rather higher plasticity. When measuring C,, soil is
in over consolidated state and already developed stronger
structure which can resist current stress level therefore,
tendency of particles toward structural rearrangement is
lower and temperature could not affect this process. On the
hand when measuring C,, soil is in normal consolidated
state and rearrangement of particles started which can be
enhanced by increase in temperature specially for soils
with higher plasticity and bigger double layer thickness
which is under higher influence by temperature change.

Creep index (C,) is the rate of soil settlement after com-
pletion of primary consolidation where all excess pore
water pressure is dissipated, and stress is being transferred
to solid particles. Therefore, it is directly related to vis-
cous shear resistance between particles and most excepted
parameter to change by temperature fluctuation consider-
ing the proposed thermally induced structural rearrange-
ment in fine soils. Results from literature showed increase
in creep index due to increase in temperature for differ-
ent types of samples which can be related to decrease in
viscous shear resistance between particles as result of
decrease in viscosity of bound water.

Continuing development of proposed thermally induced
structural rearrangement for other mechanical parameters
of soils, decrease in viscosity of absorbed water can lead
to reduction in viscous shear resistance between particles
and it can be interpreted as a reduction in cohesion which is
related to water-particle system. On the other hand, friction
angle of soils mostly depends on size and shape of particles
which is not influenced by temperature. However, it was
observed form literature that thermal cycles can increase
both cohesion and friction angle of fine soils. This phenom-
enon could be due to the fact that soil particles start to rear-
range and develop stronger structure and resistance during
each cycle which can be seen as an increase in cohesion
and friction angle at the end of heating cycles.

Increase in shear strength, due to increase in tempera-
ture as well as heating cycles, is also reported in litera-
ture which can be related to structural rearrangement of
particles and development of stronger bonds and more
compact structure. However, reduction in shear strength
upon heating is also reported for some samples. In order
to understand such discrepancy in results from literature,
it worth to highlight the procedure of heating tests prior
to shearing tests. Drained heating tests with low heating
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rate will allow some time for particles to rearrange and
development of new structure which can lead to increase
in shear strength during subsequent tests at elevated tem-
perature. On the other hand, faster heating tests could lead
to development of excess pore pressure as well as decrease
in cohesion of fine soils which can lead to reduction in
shear strength during subsequent shearing test.

4 Opportunities, challenges, and future plan
Aforementioned alternation in mechanical properties
of fine soils and proposed thermally induced structural
changes can create some advantages and disadvantages
at the same time when dealing with geotechnical appli-
cations which are exposed to temperature change. Clear
understanding about such opportunities and challenges is
important and can help engineers for safe design of such
geotechnical applications and can also help to form the
future path for more detailed research on effect of tem-
perature on soil behavior.

For instance, increase in permeability of fine soils can
be utilized to accelerate consolidation process for soft
deposits prior to constructions which is commonly done by
preloading and using Prefabricated Vertical Drains (PVDs)
in some cases. There is an opportunity to decrease the time
needed to reach completion of consolidation and thermally
induced structural changes could even increase the amount
of settlement to reach a more compacted structure under
the same amount of preloading. Laboratory and filed-scale
tests regarding this application has been successfully done
by [43, 76] using Thermal Prefabricated Vertical Drains
(TPVDs). This could be a promising and environmentally
friendly method for soil improvement and stabilization,
however, associated costs for providing such equipment
and energy to create thermal loads could be a challenge.

Increase in permeability can work in reverse, in some
geotechnical application, and create some serious chal-
lenges such as design of landfills and underground nuclear
waste repository. Generally, some buffer material, such as
bentonite, is used for insulation and protection of environ-
ment toward leakage of chemical substances or radiation
of nuclear wastes. Increase in permeability due to increase
in temperature can endanger this insulation capacity of
buffer material which should be considered during design
of such applications. On the other hand, thermally induced
structural changes in soils as well as reduction in shearing
parameters due to increase in temperature should be care-
fully considered specially for design of landfills in slopes,
for instance.
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Geothermal energy is attracting high attention as
a clean source of energy for space cooling and heating
recently around the world. Among different types of geo-
thermal structure, discussed earlier during introduction
section, energy pile is a promising method and brings up
some opportunities for cost saving by embedding geother-
mal structure into piles foundation and accessing ther-
mal energy within deeper part of ground as a clean and
sustainable source of energy. However, temperature fluc-
tuation inside the pile could be transferred to surround-
ing soils and affect its mechanical properties which sub-
sequently alter the behavior of an energy pile comparing
to conventional pile. Change in cohesion and shearing
strength of adjacent soil as well as adhesion between pile
and soil can affect the pile capacity and thermally induced
structural changes could create potential settlement issue
which requires consideration and possible mitigation plan
to overcome these mentioned possible obstacles.

Another factor, which is worth to mention for any
geotechnical design dealing with temperature change, is
increase in creep index reported in literature. Long-term
function of such temperature and thermal related applica-
tion is important and effect of temperature on creep index,
as an important long-term factor, requires more detailed
assessment.

Trace of thermally induced structural changes as well
as responses of water-particle interaction in fine-grained
soil can be seen within behavior of different mechani-
cal parameters toward temperature changes. Therefore,
it is suggested that focusing on micro and macro struc-
tural changes in soils and volume change behavior during
temperature change could be a promising path for future
research to gain better understanding on behavior of fine
soils toward temperature changes. In order to follow this
suggestion and as second part of this review process,
a detail study on thermally induced volumetric behavior of
fine soils is under progress by assessing the results from lit-
erature trying to review possible mechanisms responsible
for such volumetric changes, possible connection with ther-
mally induced structural changes and connection between
volumetric behavior and responses of different mechanical
parameters. Meanwhile, a temperature-controlled oedo-
metric test is developed by authors of this paper to study
the effect of temperature on volumetric behavior as well

as consolidation parameters of fine soils from Budapest,
Hungary focusing on creep index and long-term behavior
in order to increase and contribute to experimental data-
base of thermally induced changes in fine soils.

5 Conclusions

Importance of temperature change and its effect were
highlighted by some examples of geotechnical designs
dealing with temperature fluctuation.

In following sections, Effect of temperature on mechan-
ical properties of fine-grained soil were investigated and
alternation in some parameters was reported in litera-
ture. Behavior of different mechanical parameters toward
increase in temperature could be summarized as follow:

* Increase in permeability.

* Reduction in preconsolidation pressure.

* Increase in coefficient of consolidation (C,) and
volume compressibility (m,) for soils with higher
plasticity.

* Increase in compression index (C,) for soils with
higher plasticity.

» No visible change in swelling index (C)).

 Increase in creep index (C,).

* Decrease in cohesion.

* No visible change in friction angle.

* Both increase and decrease in shear strength

It was tried to find a common factor and a connec-
tion which can be responsible for different responses
from mechanical parameters toward temperature change
observed in literature. It is concluded that the effect of
temperature on viscosity of free water, absorbed water,
water-particle interaction as well as inter-particle viscous
shear resistance are essential which can ease and acceler-
ate structural rearrangement of particles.

In order to finalize this paper, it is stated that trace of
particle rearrangement is seen in effect of temperature on
majority of mechanical parameters and all of them can be
connected to each other with help of proposed thermally
induced structural rearrangement concept. Mentioned
behavior of mechanical parameters toward temperature
change can highlight some positive and negative aspects
at the same time which require further assessment and
consideration during design of geotechnical applications
dealing with temperature change.
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