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ABSTRACT: The mechanical behaviour of soils under non-isothermal conditions is a crucial factor in the analysis and
design of energy geostructures. To investigate this behaviour, thermal direct shear tests were conducted in this study within
the practical operational temperature range (8-45°C) of energy geostructures. Normal stress was applied in the range of 100
and 400 kPa. Within the scope of the study, continuous heating and cooling was adopted as thermal loading protocol and
therefore, the effect of creep was not examined. Furthermore, the impact of soil type on the temperature-dependent shear
strength parameters of soils was investigated. Results show that hardening behaviour was observed for normally consolidated
(NC) clays while there was no change in the behaviour of sand. There was an increase in apparent cohesion for both heating
and cooling episodes. Angle of friction remained unchanged for sand during tests while in NC clays lower friction angle is
observed at higher temperatures. Obtained experimental results are reported and used to discuss the practical implication of
the dependency of soil strength parameters on temperature in design and performance of energy geostructures.

RESUME: Le comportement mécanique des sols dans des conditions non isothermes est un facteur crucial dans I'analyse et
la conception des géostructures énergétiques. Pour étudier ce comportement, des essais de cisaillement thermique direct ont
été réalisés dans cette étude dans la plage de température opérationnelle pratique (8 a 45 °C) des géostructures énergétiques.
Une contrainte normale a été appliquée dans la plage de 100 a 400 kPa. Dans le cadre de 1'¢tude, un chauffage et un
refroidissement continus ont été adoptés comme protocole de chargement thermique et donc, l'effet du fluage n'a pas été
examiné. De plus, l'impact du type de sol sur les paramétres de résistance au cisaillement dépendant de la température du
sol a été étudié. Les résultats montrent qu'un comportement de durcissement a été observé pour les argiles normalement
consolidées (NC) tandis qu'il n'y a eu aucun changement dans le comportement du sable. Il y a eu une augmentation de la
cohésion apparente pour a la fois les épisodes de chauffage et de refroidissement. L'angle de frottement est resté inchangé
pour le sable pendant les tests, tandis que dans les argiles NC, un angle de frottement plus bas est observé a des températures
plus élevées. Les résultats expérimentaux obtenus sont rapportés et utilisés pour discuter de l'implication pratique de la
dépendance des parametres de résistance du sol a la température dans la conception et les performances.

Keywords: Shear strength; temperature; silica sand; normally consolidated clay.

1 INTRODUCTION

The impact of thermal influences on soil shear strength
has been a subject of exploration over several years
(Laloui et al. 2014, Maghsoodi et al. 2020, Laloui &
Sutman 2021). Investigations into the shear strength of
clay soils have yielded varied results, without a
definitive consensus on the precise effect. Some
studies suggest that higher temperatures can enhance
the shear strength of clays (Graham et al. 2001, Abuel-
Naga et al. 2007), while others indicate a decrease in

strength at elevated temperatures (Chiu 1996,
Maghsoodi et al. 2020). In contrast, assessments of
temperature changes on sand's shear strength
parameters reveal an independence of interface shear
strength from temperature (Di Donna et al. 2015,
Vasilescu et al. 2019, Maghsoodi et al. 2020, Laloui &
Sutman 2021).

This study aimed to gain a deeper comprehension
of temperature-dependent soil strength parameters by
conducting thermal direct shear tests on both sand and
clay soils.
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2 TESTING PROCEDURE

2.1 Tested materials

In the present study, thermal direct shear tests were
conducted for both sand (silica sand) and clay
(Polwhite-E type kaolin). Physical properties of the
silica sand are shown in Table 1. The soil classification
for the sand used in the tests is SP according to the
Unified Soil Classification System (USCS).

Table 1. Silica sand properties.

Property Value
Dso (mm) 0.140
Cu 1.596
Ce. 0.906
AFS (Average Fineness Number)  99.53

Polwhite-E type kaolin is a non-active temperature-
sensitive clay and classified as CH according to USCS.
Corresponding properties are shown in Table 2. Water
content for the tested kaolin clay was 30%.

Table 2. Clayey soil properties.

Property Value
Specific Gravity (Gs) 2.61
LL (%) 50.71
PI (%) 18.67
Wopt (%) 26.8
Maximum dry unit weight (yamax KN/m®)  13.94

2.2 Experimental set-up

The experiments for silica sand and kaolin clay were
conducted with different direct shear devices. Thermal
direct shear device shown in Figure 1 was used for the
silica sand, while a modified standard direct shear
device was used for the kaolin clay, as show in Figure
2 (Hashemi et al., 2022). Shear box dimensions for the
silica sand and kaolin clay are 100x100x20 mm and
60x60x20 mm, respectively.

Figure 1. Thermal direct shear device used for silica sand.
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Figure 2. Thermal direct shear device used for kaolin clay.

2.3  Thermal loading protocol

In this experimental study, the loading path applied for
the silica sand before shearing is shown in Figure 3.
Sand samples initially loosely placed in the shear box
with the pouring method. The dry density of the sand
placed in the shear box was set to be the same for each
test and 14.52 kN/m?. Next, specimens were immersed
in distilled water at a temperature of 24°C to ensure
complete saturation. Subsequently, consolidation was
carried out at normal stress levels of 100 and 400 kPa
in the corresponding paths of A-B and A-C,
respectively. Prior to initiating the shearing process,
thermal loading was applied to selected samples. For
both normal stress conditions, the samples were
subjected to thermal loading at temperatures of 8°C
(path B-D and C-F) and 45°C (path B-E and C-G). The
samples experienced a temperature variation of 15°C
within a span of approximately 30 minutes,
corresponding to 0.5°C/min heating and cooling rate.
Since the thermal loading was rapid, the sample was
kept at constant temperature for 3 hours after reaching
the designated temperature to allow for the dissipation
of any excess pore water pressure that may occur,
although it is not very likely. Upon achieving the
desired temperature and the associated deformation,
the shearing phase was initiated. Since silica sand is a
granular soil, the shearing rate was determined as 0.5
mm/min based on the standards (ASTM,1998).
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Figure 3. Loading paths.

Kaolin clay samples were subjected to the same
thermo-mechanical (TM) paths as those shown in
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Figure 3. The kaolin samples were immersed in
distilled water for at least 48 hours at a temperature of
24°C. This immersion period ensured a degree of
saturation exceeding 95% before testing commenced.
To confirm this, a series of separate immersion and
saturation degree tests were conducted beforehand on
multiple samples. The mixture was stored in an airtight
container for a minimum of three days to achieve
moisture equilibrium (Ravera et al., 2020).
Subsequently, the soil was statically compacted within
the shear box. This involved applying a gradual and
variable static force via a piston in the strain-controlled
press until the target void ratio was reached.

The water level was maintained above the samples
throughout the testing period. Next, the samples were
consolidated to the desired mechanical load (100 or
400 kPa). Unlike silica sand samples, the
heating/cooling rate was limited to 3°C/hr to maintain
drained conditions (Hashemi and Sutman, 2023). Once
the desired temperature and associated deformation
were stable, the shearing phase was initiated at a rate
of 0.005 mm/min to ensure drained shearing (Di
Donna et al., 2016; Hashemi et al., 2022).

3  EXPERIMENTAL RESULTS
3.1 Silica sand

The outcomes derived from  experimental
investigations on silica sand are shown in Figures 4-6.
In all tests conducted at three different temperatures
and under two different normal stresses, shear stress
increased as the horizontal displacement increased.
Maximum shear strength did not change with
temperature and was found to be a function of normal
stress. As shown in Figure 4, soil contracted at low
horizontal displacement and then, it exhibited a
dilative behaviour. Angle of friction is obtained as 34°
and it is independent of temperature.
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Figure 4. Experimental results on sand: shear stress versus
horizontal displacement.
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Figure 5. Experimental results on sand: vertical
displacement versus horizontal displacement.
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Figure 6. Failure envelope of sand.

3.2 Kaolin clay

Figures 7 and 8 show the results of direct shear tests
on kaolin clay, with respect to shear stress and vertical
displacement evolution with horizontal displacement.
At the low normal stress of 100 kPa, heating and
cooling induced insignificant changes in the shear
strength of the sample. However, by increasing the
normal stress to 400 kPa, the heated sample showed
lower shear strength than the interfaces either cooled
or sheared at room temperature. This suggests that the
impact of thermal loading on shear strength is
governed by normal stress, at least for the clay tested
in this study (Hashemi et al. 2023).
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Figure 7. Experimental results on clay: shear stress versus
horizontal displacement.
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Temperature also has a significant impact on the
volumetric behaviour of the clay during shearing. As
shown in Figure 7, the thermally loaded samples
showed a less contractive behaviour during the
shearing stage, regardless of the normal load. This
behaviour can be attributed to thermal deformation of
the samples prior to shearing, with cooled and heated
samples experiencing an elastic or plastic contraction,
respectively (Hashemi and Sutman, 2022).
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Figure 8. Experimental vresults on clay: vertical

displacement versus horizontal displacement.

Figure 8 presents the failure envelopes at varying
temperature, revealing a downward shift towards
lower shear stresses upon heating. While a higher
cohesion and an identical friction angle are determined
upon cooling, a higher cohesion is coupled with a
lower friction angle for the heated samples. For the
kaolin samples studied here, the relationship between
thermal loading and strength parameters is
summarised in Table 3.

Table 3. Shear strength parameters of kaolin clay (c,:
cohesion; @: interface friction angle).
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Figure 9. Failure envelope of clay.

2948

4  DISCUSSIONS

Results from the tests on silica sand indicate strong
consistency in terms of shear stress with respect to
horizontal displacement. However, the consistency for
vertical displacement versus horizontal displacement
is not as evident. Vertical displacement is correlated
with the volume of the sheared zone, which can vary
for each test. A linear function can be successfully
employed to establish a correlation between shear
strength and normal stress, which facilitates the
determination of the friction angle. These findings
highlight the reliability of the obtained results.
According to obtained results, the effect of
temperature on silica sand strength and angle of
friction is almost negligible, which was also shown by
previous research (Di Donna et al. 2015, Vasilescu et
al. 2019, Maghsoodi et al. 2020, Laloui & Sutman

2021). Upon  achieving larger  horizontal
displacements, residual shear strength remained
unchanged.

The effect of temperature on the friction angle of
soils is generally insignificant. However, for cohesive
soils tested at high temperatures, the friction angle can
either increase or decrease, depending on the specific
soil and the testing conditions (Di Donna et al. 2015,
Maghsoodi et al. 2020). In the current study on kaolin
clay, plastic thermal deformation in response to
heating and ensured drained shearing caused by a low
heating rate are likely the main reasons for the
observed temperature effects on friction angle, which
might be absent in other studies (Hashemi et al., 2023).

To understand the effect of temperature on
cohesion, it is important to study the mechanisms that
contribute to cohesion in non-isothermal conditions.
Two main mechanisms that determine cohesion force
are solid-solid and liquid-mediated contacts (Bhushan,
2003). In this study, both mechanisms contributed to
higher cohesion at higher temperatures caused by
increased number of contacts due to thermal
contraction and higher viscous force, respectively (Li
et al., 2019; Hashemi et al., 2022).

5 CONCLUSIONS

In this study, the impact of soil type on the temperature
dependent shear strength parameters of soils was
investigated through thermal direct shear tests. To
achieve this, tests were conducted on both sandy and
clayey soils under two different normal stresses (100
and 400 kPa) at various temperatures (8, 24 and 45 °C).
It was observed that the effect of temperature on the
shear strength of sand was negligible in the applied
temperature range. At large horizontal displacements,
the residual shear strength did not change.
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This study also investigated the effect of
temperature on the shear strength of normally
consolidated (NC) clay. The results showed that
heating NC clay leads to a decrease in shear strength,
which is more pronounced at higher normal loads.
Cooling, on the other hand, does not have a significant
effect on shear strength. The decrease in shear strength
upon heating is attributed to the plastic contraction of
the soil. For the NC clay, the plastic contraction due to
heating and the elastic contraction due to cooling
resulted in less contractive behaviour during shearing
and contributed to a lower friction angle at higher
temperatures and higher cohesion at both low and high
temperatures.
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