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Abstract: The thermal effects on geomaterials, especially on clayey soils are getting increasing
concerns in many geotechnical applications. To study the effects of temperature on the stress-strain
behaviour of Hong Kong marine deposits (HKMD), a series of temperature-controlled experiments
were carried out. Oedometer and constant-rate-of-strain consolidation tests under temperatures
from 10 °C to 60 °C were conducted on both intact and reconstituted HKMD considering different
temperatures and stress paths. The effects of temperature history on the compression curves,
thermally induced strain, and the characteristics of creep are revealed and discussed. The concept
of virgin heating is proposed for interpreting the thermal plastic deformation. With increasing
temperature, the creep coefficient is found to decrease while the creep strain rate increases.
Consolidated undrained triaxial tests were performed on intact and reconstituted HKMD under
different strain rates and temperature conditions. Under constant temperature, the undrained shear
strength of HKMD is not significantly influenced by temperature. In triaxial tests subjected to step-
changed temperature, the undrained heating causes a significant reduction of effective stress and
rise of porewater pressure in HKMD. Finally, microscopic investigations with mercury intrusion
porosimeter and scanning electron microscope are presented and discussed in this paper. It is found

that the micropores of HKMD are evolutional with temperature.

Keywords: temperature, clayey soils, compression, shear behaviour, micro-structure, time-

dependency
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1 Introduction

Clayey soils are widely distributed in the sedimentary layers around the world and are
related to a lot of geohazards and geotechnical problems such as slope instability, excessive
settlement, embankment failure, efc., which have been extensively studied in the past decades. In
more recent years, the thermal effect on clayey soil behaviour has been another concern for various
engineering practices, such as the thermo-boosted soil improvement (Abuel-Naga et al., 2006a;
Chen et al., 2022), marine pipeline engineering (Scheiner et al., 2006; Shahrokhabadi et al., 2020;
Thusyanthan et al., 2011), buffer of nuclear waste (Cui et al., 2009; Houston et al., 1985; Romero
et al., 2005), energy piles (Brandl, 2006; Guo et al., 2020), tunnel fire (Chen et al., 2016), etc.
Since the middle 20™ century, researchers have experimentally investigated the temperature effects
on the mechanical properties of different types of soft soils, the main findings from which can be
summarized as follows.

Form the compression behaviour, the temperature-dependent yielding stress or thermally
induced volume changes have been independently observed on different clayey soils. Researchers
found that the yielding stress of soft soils decreases with temperature, while the compression index
and recompression index were found to be less sensitive to temperature in most of studies (Abuel-
Naga et al., 2006b; Campanella and Mitchell, 1968; Jarad, 2016; Li et al., 2018; Moritz, 1995;
Paaswell, 1967; Tidfors and Sillfors, 1989). Nevertheless, some different results have been
presented where the compression index was reduced with heating (Sultan et al., 2002; Tsutsumi
and Tanaka, 2012). The thermally induced volume change under constant stress has been
extensively investigated as well (Hueckel and Baldi, 1990; Towhata et al., 1993; Modaressi and
Laloui, 1997; Burghignoli et al., 2000; Delage et al., 2000; Sultan et al., 2002; Abuel-Naga et al.,

2007a; Coccia and McCartney, 2016a), and in most cases, clayey soils experienced cooling-



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

induced dilation and heating-induced contraction, the latter of which obviously decreases with the
increasing over-consolidation ratio. However, systematic experimental and theoretical
investigations to connect the temperature dependent yielding and thermal compression of clayey
soils are scarcely reported. The effects of temperature history were also little investigated and
limitedly understood.

Time-dependency is an important mechanical characteristic of soft clayey soils. Previous
studies have found that under a constant stress, the strain rate is increased upon heating
(Burghignoli et al., 2000; Cui et al., 2009; Fox and Edil, 1996). Some studies suggested that the
secondary consolidation coefficient increases with temperature (Fox and Edil, 1996; Kaddouri et
al., 2019), while others did not reveal a distinct trend (Jarad, 2016; Li et al., 2018), although some
claims on the increasing trend were made. For the rate-dependent compression of soft soils, some
researchers suggested that the rate-dependency of pre-consolidation pressure is similar under
different temperatures (Boudali et al., 1994; Jarad, 2016; Marques et al., 2004), while others
revealed non-isotach behaviour under a higher temperature (Tsutsumi and Tanaka, 2012). Given
contradictory results were reported by different researchers, a systematic investigation and
clarification on the rheological behaviour of clayey soils is demanded. The creep behaviour and
its characterization under different temperatures should be clarified.

For the shear behaviour, researchers have conducted triaxial shearing tests under different
temperature conditions on different kinds of clayey soils. Many concluded that the shear strength
of clayey soils increases with consolidation temperature, while the critical state line is almost
unaffected by temperature (Cekerevac and Laloui, 2004; Tanaka et al., 1997; Wang et al., 2020).
Some studies however, reported an insignificant or reverse trend of shear strength with temperature

(Burghignoli et al., 2000; Moritz, 1995). Besides, it was found that undrained heating in triaxial
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tests can reduce the shear strength of soils (Hueckel and Pellegrini, 1992). However, parallel
experiments for the different thermal effects under drained and undrained conditions on the shear
behaviour with solid explanation are yet rarely presented.

The complicated thermo-mechanical behaviour of soft soils is closely related to the
responses of the microstructures. Existing studies have attributed the thermal effects on the macro-
behaviour to different mechanisms, including the changes of thickness of double layer water
(Brochard et al., 2017; Towhata et al., 1993), inter-particle electrochemical forces (H. M. Abuel-
Naga et al., 2007a), inter-particle macropores (Houhou et al., 2021), efc. To date, no consensus has
been established on this issue.

In this study, a systematic experimental study scheme was carried out on a typical soft
marine clayey soil. Different temperature-controlled laboratory tests, including oedometer tests,
constant-rate-of-strain tests and triaxial tests were conducted to investigate the temperature effects
on the compression and shear behaviour of soft soils with consideration of time dependency,
temperature path and stress history. SEM tests and MIP tests were conducted to investigate the
thermal effects on the micro-structure and pores of the clayey soil. The results from different tests
are discussed in details and new concepts are proposed to form a better scientific understanding

on the temperature and time dependent stress-strain behaviour of clayey soils.

2 Test materials, apparatus and procedures
2.1 Hong Kong marine deposits

The material used in the experiments was the Hong Kong marine deposits (HKMD), which
is a typical soft marine clayey soil in Hong Kong (Yim, 1994). The particle size distribution is

shown in Fig. 1 and the basic properties of HKMD used in this study are listed in Table 1.
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Both intact and reconstituted HKMD was used in the test studies. The intact HKMD was
provided by a construction site in Hong Kong, with an initial void ratio of around 1.6. The sample
was retrieved and protected with commercially used thin-walled sampler, and therefore the
integrity and structure of the soils are believed to be well preserved. To prepare the reconstituted
samples, the same soil was totally remoulded and mixed with water to prepare a slurry. The HKMD
slurry was poured into a steel cylinder and dead wight was applied on the soil for pre-consolidation.

After that, test specimens were cut with dimensions of ¢62mmx H20mm for 1-D compression

tests and ¢74mm x H152mm for triaxial tests.

2.2 Modified oedometer and triaxial cells with temperature control

A test apparatus was developed with a temperature control system for the oedometer and
constant-rate-of-strain (CRS) tests, as shown in Fig. 2. The apparatus mainly consisted of a metal
shell, a confining ring for holding the specimen, a porewater pressure transducer (PWPT)
connected to the impermeable bottom of the soil, a linear variable differential transformer (LVDT)
and a loading piston. It was a sealed system and back pressure was applied using a GDS pressure
controller for fully saturation of the soil. For temperature control, an aluminium pipe was
manufactured in a spiral shape and fixed inside the oedometer cell for fluid circulation. The spiral
was connected to a temperature-controlled water bath with a circulation pump. The heat between
the water bath and the oedometer cell is transferred through the water circulation in a constant rate
of flow. Two temperature sensors were installed in the oedometer cell to monitor the stability of
temperature control during the tests. For the oedometer tests, a leverage system was used for
applying the vertical load. For CRS tests, the loading was applied by displacement control with a

triaxial loading frame (VJ Tech, UK).
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The temperature-controlled triaxial apparatus was developed based on a triaxial loading
frame (VJ Tech, UK) with both external and internal load cells, a PWPT, an LVDT, a data logging
system, a triaxial pressure cell and a set of water pressure controllers for back and cell pressure by
adding a self-developed temperature control system. Similar to the oedometer cell, an aluminium
pipe was manufactured in a spiral shape, fixed inside the triaxial cell and connected to a water bath
with a circulation pump. The setup of the whole system has been shown in Fig. 3.

To avoid disturbance to the soil specimen, temperature sensors were not installed inside
the soil during the tests. Calibration tests were carried out for the correlations among the
temperatures inside soil specimen, pressure cell and water bath. The calibration results can be
found in Fig. 4. Calibration tests on the thermal expansion and contraction of the system were
also carried out before formal experiments in the oedometer, CRS and triaxial test apparatus.
Changes of LVDT readings were collected during the heating and cooling cycles in absence of soil
specimen to calculate the thermally induced deformation of the system. For all the experiments,
the deformation of the specimen was corrected accordingly in analysing the strain data. For the
triaxial tests, the corrections for specimen area, membrane and other items were also included in

the data analysis (ASTM, 2011; Liu et al., 2020).

2.3 Test scheme

The test scheme of temperature and vertical loading for the oedometer tests is shown in
Table 2. Three groups of temperature-controlled oedometer tests under 20 °C, 40 °C and 60 °C
(Oed-20, Oed-40, Oed-60) were carried out to investigate the 1-D consolidation and creep
behaviour of reconstituted HKMD under different constant temperatures. Two oedometer tests

with step-changed temperature condition (Oed-TP, TP means temperature path) were conducted
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on both reconstituted and intact HKMD, for which heating-cooling cycle was applied under
constant loadings.

Four groups of CRS tests were carried out on reconstituted HKMD under 10 °C, 20 °C,
40 °C and step-changed temperature, as shown in Table 3. Various loading rates and procedures
for loading, unloading and reloading were involved in each CRS test.

Five consolidated undrained (CU) triaxial tests under constant temperature from 10 °C to
60 °C were carried out to investigate the thermal effects on the shear behaviour of HKMD, as
shown in Table 4. In each test, step-changed shear strain rate was considered to reveal the rate
effects (Feng et al., 2017b).

Five consolidated undrained triaxial tests under step-changed temperature condition were
conducted on intact and reconstituted HKMD to investigate the effects of undrained heating on the
shear behaviour of the soil specimens, as shown in Table 4. Different thermal conditions and over-

consolidation ratios were considered for comparisons.

3 Temperature effects on the one-dimensional compression behaviour
3.1 Effects of constant temperatures

3.1.1 Normal compression and recompression index

Fig. 5 shows the 24 hours e—Ingo, curves of HKMD under three different temperatures

from the multi-stage loading oedometer tests. The normal compression index A is calculated as
the slope of the normal compression line (NCL) after yielding, which is also termed as “reference
time line” (Yin and Graham 1994). The recompression index x represents the elastic compression

behaviour of soils and is fitted as the slope the unloading-reloading line (URL, also termed “instant
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time line”), in which the visco-plastic strain is neglected. As indicated in Table 5, the values of 1

and « are not sensitive to temperature.

3.2.2 Temperature-dependent yielding stress

As shown in Fig. 5, the apparent pre-consolidation pressure O"Zp at different temperatures

can be calculated as the intersection between the fitted NCL and elastic instant time line in

e—logo, space, which also represents the yielding stress. The fitting results are listed in Table 5.

It can be found that G;p decreases with temperature from 20 to 60 °C, similar to the results reported

in literatures for other clayey soils (Abuel-Naga et al., 2006b; Boudali et al., 1994; Campanella

and Mitchell, 1968; Laloui and Cekerevac, 2003; Tidfors and Sallfors, 1989).

3.2 Effects of temperature changes
3.2.1 Strain-temperature relations

Figs. 6 and 7 show the typical results of compression and excess porewater pressure curves
from the oedometer tests under step-changed temperature. Under constant loading, heating causes
additional consolidation process for both intact and reconstituted HKMD specimens. Excess
porewater pressure at the base of specimen exhibits an immediate rise due to heating and gradually
dissipated with time. The process of cooling produces the opposite effects.

The changes of void ratio at 24 hours after temperature changes for the two HKMD
specimens are plotted in Fig. 8. The thermally induced volumetric strain is highly dependent on
the temperature history. Heating imposes irreversible compression to the NC soils, while cooling
causes reversible and much smaller strains, which is similar to the results for other types of soils
in the literature (Campanella and Mitchell, 1968; Cekerevac and Laloui, 2004; Coccia and

9
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McCartney, 2016b). Furthermore, this study revealed the significant differences between virgin
heating, cooling and re-heating. The virgin heating process could be regarded as a temperature-
induced yielding mechanism, similar to the virgin compression (normal compression) in
conventional soil mechanics, while the cooling and re-heating are similar to the elastic swelling
and recompression process.

It is also found that increasing and decreasing the temperature for HKMD with an OCR of
2 (unloaded from 1200 kPa to 600 kPa) will impose much smaller volumetric strain compared with
that for normally consolidated HKMD. Such results are similar to those mentioned in literatures
(H. M. Abuel-Naga et al., 2007a; Laloui and Cekerevac, 2003; Modaressi and Laloui, 1997). In
fact, the thermal strain with OCR=2 seems to be elastic, the slope of which is close to the cooling-
induced strain under a normally consolidated state. The results suggest that within the yielding
surface formed by historical maximal loading, the thermally induced strain is reversible.

The above observations indicate that there exists a temperature-stress hybrid yielding
boundary formed by the historical maximal stress and temperature. Within this yielding boundary,
the thermally induced strain is reversible, similar to the swelling and recompression process. The
thermal elastic strain of HKMD is almost constant under different stress-strain states. If the new
temperature goes beyond this boundary, irreversible strain will occur.

In addition, the slope of strain-temperature variation under virgin heating for normally
consolidated reconstituted soils are found similar irrespective of different vertical stress. However,
for intact HKMD, the slope gradually decreases with vertical stress, and is larger compared with
reconstituted HKMD. It could be explained by the destructuration of the intact soil under heating,
which contributes the magnification of plastic strain. With the increase of vertical loading, the

structuration becomes smaller, and the soil behaviour is closer to the reconstituted HKMD.

10
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3.2.2 Stress-strain curves with temperature history

Fig. 9 shows the 24 hours e—Ino, curves for the step-changed temperature oedometer

with comparisons to the constant temperature oedometer tests. Good consistence can be found
between the two types of oedometer tests. At the normal compression state, increasing the
temperature from 20 °C, 40 °C to 60 °C will cause reduction of void ratio under the same effective
stress. After cooling back to 20 °C, the volumetric changes are not recovered. However, with an
increment of vertical loading under 20 °C, the stress-strain state evolves back to the original track
of NCL. In contrast, when the soil is directly loaded to a new stress state under 60 °C, a parallel
but lower NCL will be obtained. The normal compression lines obtained from the stress-strain
points under 20 °C, 40 °C and 60 °C were close to those from constant temperature tests Oed-20,
Oed-40 and Oed-60 (Oed-40 and Oed-60 were performed for the reconstituted HKMD only).
Based on these findings, it can be inferred that there exists a unique NCL for each temperature,
which is independent of the stress or temperature path. A virgin heating process on the normal
consolidation state will break through the current yielding boundary, cause additional compression
and generate a new NCL corresponding to the new temperature. In contrast, the cooling process is
similar to the unloading process and will generate an over-consolidation state without changing
the NCL.

Based on these discussions, the NCL of soils under different temperature can be expressed

as:

K, O, A, O,
g, =& +—IN—2 4 ZIn "2+ Ag] (1)
\Y

O_z 0 V O_zp 0

11
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where (o-zo,gzo) is the initial stress-strain state, 0, is the pre-consolidation pressure, &,,, is the

strain under o,,, on the normal compression line, V =1+¢, is the initial specific volume,

A=C,In10 is the normal compression index, ¥ =C_In10 is the recompression index, Ag,

represents the strain caused by the virgin heating process. Substituting the following equations:

K, Ow A, 0, .
g, =&,+—In—"=+=In—% into Eq. (1), the value of Ag] can be expressed as:
V o, Oy

Ag! = In

z

2)

\Y O o
With Eq. (2), the thermally strain and temperature dependent yielding stress can be correlated.

The heating-induced plastic strain could be regarded as a result of shrinkage of current yielding

boundary, which also leads to the reduction of yielding stress with increasing temperature.

3.3 Thermal effects on the time-dependent behaviour
3.3.1 Creep coefficient

For the constant temperature oedometers, the creep coefficient y was fitted as the slope of
the linear e—Int curve after primary consolidation at normal consolidation state (i.e., 150, 300,
600 and 1200 kPa in this study). For the step-changed temperature tests, there exists a similar creep
trend at after fully dissipation of excess porewater pressure in each &, —logt curve under either
mechanical loading or virgin heating, as indicated in Fig. 6.

As shown in Fig. 10, although with some discrepancies, the creep coefficient i generally
decreases with both temperature and vertical stress. However, the higher temperature, the less

sensitivity of i to stress. The results are generally in agreement with some previous studies on

natural and reconstituted clays (Feng et al., 2017a; Li et al., 2018; Yin, 1999). It can be attributed
12
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to the movement of adsorbed water among the clay particles under the increase of temperature.
The less residual adsorbed water, the smaller overall viscosity of the soil, the lower creep
coefficient in the tests.

Meanwhile, good consistence is obtained between two types of oedometer tests, despite of
some minor differences. This implies that a step-changed temperature oedometer test is enough to
determine the temperature-dependent compressive behaviour instead of a series of constant-
temperature oedometer tests, which can save time and cost for engineering and research purposes.

For calculation of y at different temperatures, the elapsed time t should be started from the

application of a new heating or loading stage. From Figs. 9 to Fig. 10, it is further proved that the
virgin heating state of a normally consolidated clayey soil is equivalent to the normal compression

state under the corresponding temperature.

3.3.2 Creep strain rates

The creep of soils can also be described through the rate of visco-plastic strain £,". From

the oedometer tests, the value of &,° can be calculated using a secant approximation method:

og &~ &
g =L 5| T Tai (3)
ot L ti+l_ti—l

where t; is the elapsed time at the moment, t,, and t, , are the time points before and after t;, £°

is the elapsed vertical creep strain. With this method, the calculated values of £ under different

temperatures from the step-changed temperature oedometers under 300 kPa of vertical stress have
been plotted in Fig. 11.
According to Fig. 11, the creep rate of HKMD decreases with elapsed vertical strain under

a constant temperature. However, when temperature is increased, the creep rate has a sudden

13
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increase, and then decreases again with elapsed strain after the balance of temperature, similar to

the results presented in Chen and Yin (2023). The In & — &, curves under three temperatures are

almost parallel to each other. According to the 1-D EVP model proposed by Yin and Graham

(1994), the creep rate is expressed as:

A
N v |
gzp:Vlto'exp|:_;(gz_gzp0)j|'(; } (4)

2p0
where G;po is the pre-consolidation pressure, &,, is the strain under O';po on the normal
compression line, V =1+¢, is the initial specific volume, 4 =C_In10 is the normal compression
index, 7 =C,_ In10 is the creep coefficient, t, is the reference time. From Equation (4), there is a
linear relationship between In £ and ¢, under a constant effective stress. The results from Fig.
11 are consistent with this model. However, under different temperatures, the In & — ¢, lines are
shifted. To account for temperature-induced shifting of the In&® —¢, curves, Eq. (4) can be

modified as:

A
W
v =\%-exp{—\i(gz —Ag! —gzpo)M : } (5)
0

4 O 0
where Ag] is a temperature dependent strain accounting for the shifting of the In£)® — ¢, lines in
Fig. 11. According to Eq. (5), the increased creep rate under heating is due to the positive A, ,
since ¥ 1is not increasing according to the oedometer test results. According to Fig. 11 and Fig. 8,

the value of Ag] in Eq. (5) and Eq. (1) is quite close.

3.3.3 Isotach compression

14
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Constant-rate-of-strain compression tests under different temperatures were conducted, as

shown in Table 3. Fig. 12(a) shows the measured compression ( ¢, - log o, ) curves of HKMD under

constant temperatures (CRS-10, CRS-20 and CRS-40). According to the figure, the NCL under the
same strain rate (i.e., isotach) generally move downward with temperature from 10 °C, 20 °C to
40 °C, which is in accordance with the results from oedometer tests and the literatures (Boudali et
al., 1994; Jarad, 2016; Marques et al., 2004). Besides, all the NCLs exhibit strain rate-dependency
under all temperatures. The higher strain rate, the higher NCL. It is also found that the unloading-
reloading line seems to be independent on the temperature, which is consistent with the constant
recompression index from the oedometer tests.

Fig. 12(b) plots the compression curves of HKMD from a CRS test with step-changed
temperatures from 10 °C., 20 °C., 40 °C to 60 °C. With the increase of temperature, the NCL under
equal strain rate (i.e., isotach) is moved downward accordingly but still parallel to the original
isotach under the subsequent loading. The higher temperature increment, the larger deviation from
the original compression line. Therefore, the results from CRS tests further confirm the
temperature-induced reduction of yielding stress and temperature-independency of normal

compression index of HKMD.

4 Temperature effects on the triaxial shear behaviour
4.1 Temperature induced isotropic consolidation

Details of the triaxial tests are described in Table 4. The specimens for CU-10A, 10B, 20,
40 and 60 were consolidated under an isotropic stress of 300 kPa for 24 hours under 20 °C except
CU-10A under 10 °C. The excess porewater pressure was fully dissipated within this time period.

After that, the temperature condition was changed and sustained in drained condition for another

15
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24 hours before the undrained compression tests. The thermally induced changes of void ratio Ae
for different temperatures are shown in Fig. 13. The heating induced compression from 20 °C,
40 °C to 60 °C exhibited an increasing trend. The cooling induced volume changes from 20 °C to
10 °C can be nearly neglected. The trends are similar to the results in the last section under 1-D

consolidation condition, as shown in Fig. 13.

4.2 Effects of constant temperature on shearing

4.2.1 Deviatoric stress-strain behaviour

Fig. 14(a) shows the deviatoric stress-strain (q—¢&,) curves of HKMD under different
temperature conditions from the consolidated undrained shear texts. Several characteristics can be
captured as follows.

First of all, the q—¢&, curves of all tests exhibited sensitivity to rate of shear strain. In
general, the higher strain rate, the higher deviatoric stress, which is similar to the results indicated
in literatures (Fodil et al., 1997; Yin et al., 2002). However, such rate sensitivity of CU-40, CU-60
under higher temperature was smaller, which indicates that soils under higher temperature exhibits
less viscous shearing behaviour.

Secondly, although the q—¢, curves of CU-10A, CU-20, CU-40 and CU-60 show limited
distinction especially during the first loading stage, the values of q slightly increases with

temperature at the later stages. It may be inferred that a higher temperature will increase the
undrained shear stress after a certain range of deviatoric strain. However, such effect is
insignificant, which is quite different from the results in some literature (Abuel-Naga et al., 2009;
Cekerevac and Laloui, 2004; Wang et al., 2020, 2016), but similar to others (Burghignoli et al.,

2000; Moritz, 1995). The improvement of shear strength might be attributed to the increasing

16
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anisotropy under higher temperature as suggested by Abuel-Naga et al. (2009) and the
densification of soil skeleton after heating, which is rather moderate for HKMD compared with
the those in the literatures as revealed in the oedometer tests.

Besides, the shear stress of CU-10B is higher than CU-10A at the initial stage but converges
to a similar level at the critical state. Similar trend has been reported on natural clays by
Burghignoli et al. (2000), where the specimen after a thermal cycle exhibited an over-consolidated
characteristic. The reason is that CU-10B was consolidated under 20 °C before cooling to 10 °C.
Since the compression was irreversible during cooling, CU-10B became slightly over-consolidated
compared to CU-10A and presented strain softening behaviour. Therefore, the shear strength was

higher under the same confining stress.

4.2.2 Excess porewater pressure

Fig. 14(b) shows the measured excess porewater pressure U, during the undrained shearing.
For all tests, u, ascended rapidly with the deviatoric strain. The differences of u, —¢, curves for

different temperature conditions were not significant.

4.2.3 Effective stress path
The effective stress (q— p) paths of the CU tests are plotted in Fig. 14(c). The final stress
state of different tests almost falls on a similar critical state line, although, the q— p  points were

rapidly changed with changes of strain rate. Under different temperatures, no significant difference
was exhibited, except for CU-10B, the stress path of which showed a steeper trend and approached

the critical state under a higher deviatoric stress.
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Fig. 14(a) also shows that the slope of critical state line M, of HKMD is not sensitive to

temperature. Therefore, one may deduce that temperature does not produce significant changes on

M, of HKMD, as most of clayey soils in previous studies (H. M. Abuel-Naga et al., 2007c;

Cekerevac and Laloui, 2004; Wang et al., 2020). It may be inferred that the friction angle,
controlled by the mechanical forces between the solid particles, is not sensitive to the temperature

and thermally induced visco-plastic strain.

4.3 Effects of temperature changes on undrained shearing
For the step-changed temperature CU tests, undrained heating was conducted during the
undrained shearing process, which was different from the drained heating or cooling in tests CU-

10A to CU-60.

4.3.1 Deviatoric stress-strain behaviour

Fig. 15(a) and Fig. 16(a) show the q—¢, curves of the intact and reconstituted HKMD

samples under step-changed strain rates and temperatures. All of them exhibit sensitivity to strain
rate. The larger strain rate, the higher deviatoric stress, similar to previous test studies on HKMD
(Yin et al., 2002). The strain rate effect of deviatoric stress-strain exists during the whole shearing
process, even near the critical state.

According to the figures, the step-changed temperature also has significant effects on the
undrained shear behaviour. For CU-I12 and CU-R3 without change of temperature, the relaxation

stage imposes a reduction of deviatoric stress, but the q—&, goes back to the original track under

the subsequent loading. For CU-I11, CU-R1 and CU-R2 however, after the temperature is increased

by 20 °C, the deviatoric stress is largely reduced. With the subsequent loading, the q—¢&, curve is
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shifted downward rather than recover to the original track. The higher temperature, the lower

position of q—g, curve.

Comparing these results with Fig. 14(a), it can be found that the undrained heating and
drained heating impose different effects on the shear behaviour of soils. As revealed in the
consolidation tests, heating produces visco-plastic straining, which is controlled by the hybrid
yielding boundary. The similar visco-plastic strain should occur in the triaxial condition. For
undrained heating, the total mass of the specimen is unchanged and total volumetric strain is
restricted. The visco-plastic straining will then force the elastic volume strain to decrease, and
effective confining stress is immediately reduced, according to Hook’s law. Such process will
soften the soil and reduce the shear strength. This explanation can well answer the test results
reported by Hueckel and Pellegrini (1992). Although CU-R2 has an over-consolidation ratio of 2,
it has reached the yielding surface before heating, so the heating induced visco-plastic strain is
similar to the normally consolidated one. The temperature-stress hybrid yielding boundary
observed from 1-D could be extended to the hybrid yielding surfaces triaxial conditions.

For drained heating, excess porewater pressure is dissipated before shearing and the initial
effective stress is not affected by different temperatures. If the heating induced compression causes
hardening of the soil, the shear strength will be increased, as indicated in the literature (Abuel-
Naga et al., 2009; Wang et al., 2020). From this study, it is clear that the hydraulic boundary
condition plays an important role in the thermal effects on the shear strength of clayey soils, due

to the visco-plastic strain produced during heating.

4.3.2 Excess porewater pressure
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The excess porewater pressure plotted in Fig. 15(b) and Fig. 16(b) is remarkedly influenced
by undrained heating. When the soil was subject to heating, excess porewater pressure rises and
did not recover to the previous track under subsequent shearing. For CU-I2 and CU-R3 without
heating, the excess porewater pressure slightly decreases during relaxation, but increases to the
original track after reloading. This again verifies that undrained heating imposed unrecoverable

changes of the soil skeleton and reduces the resistance of the soil against external loading.

4.3.3 Effective stress path
Fig. 15(c) and Fig. 16(c) show the q— p curves of the intact and reconstituted HKMD

specimens. The effective stress path is notably influenced by the changes of strain rate and
temperature. In all the tests, increasing the strain rate is accompanied with an expansion of the

stress locus in q— p space, while either decreasing the strain rate or increasing the temperature

induces a contraction of stress locus. Both mean effective stress and deviatoric stress are reduced,
indicating that both volumetric and deviatoric visco-plastic strains are produced by undrained
heating under triaxial condition.

However, the final stress state points under different strain rate and temperatures always
fall onto the same critical state line. It can be concluded that changes of strain rate and temperature
during the undrained shearing will change the effective stress level, but friction angle is not

changed.

5 Effects of temperature on micro-structure

5.1 Particle arrangement and soil fabric
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Scanning electron microscope (SEM) was used to investigate the microstructure of three
specimens after oedometer tests: Oed-20, Oed-40 and Oed-60. After the final loading stage, the
soil was completely unloaded, taken out from the confining ring, and cut carefully into beam shape.
The water in the soil specimen was removed using a freeze-drying technique, which was aimed at
minimizing the changes of microstructures during the air-drying process (Zhao, 2017). After the
freeze-drying, the beam specimen was broken off from the middle across the section for
observation. The scanning tests were conducted with a TESCAN VEGA3 system. Fig. 17 shows
the scanning photos of HKMD specimens Oed-20, Oed-40, Oed-60 after oedometer tests under of
10,000 x magnification. The clay particles in all specimens exhibit an aggregated mode (Mitchell
and Soga, 2005), with inter-aggregate and intra-aggregate pores. There is no sign that temperature
could induce visible changes to the particle arrangement or other physicochemical properties of
clayey soils.

SEM photos are commonly used to quantitatively evaluate the fabric of the soils by image
processing and rose diagrams (Gao et al., 2020; Hicher et al., 2000; Zhao, 2017). In this study, five
photos (5,000 x magnification) at different random positions for each sample are imported into the
software Image] for analysis. The photos are processed with the unsharp mask filter and
binarization, to obtain binary images of isolated pores between soil particles. The area and
orientation of each pore is calculated by the software. As shown in Fig.17, the results of pore
identification are generally accurate. Rose diagrams are plotted to show the pore area distribution
in different orientations for three HKMD specimens. Most pore area is horizontally oriented (0
and 180 °), indicating the anisotropy fabric of HKMD under 1-D compression. Although one might

observe that the horizontally oriented pores gain a slight growth from 20 to 60 °C, the differences
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between three temperatures are not significant enough. Therefore, the fabric and anisotropy of
HKMD is not significantly changed by temperature.

The abovementioned results from both qualitative and quantitative analysis may explain
the micro mechanical behaviour of HKMD in the previous sections. The insignificant change of
inter-particle arrangement characteristic should be the origin of some temperature-independent
macro-properties, including the compression indices A and x, friction angle and critical state line,
etc. Besides, the temperature effects on particle orientation and anisotropy are not visually obvious,
while could explain the findings in the triaxial tests that anisotropy and shear strength were not

insignificantly affected by the temperature.

5.2 Pore size distribution

To characterize the micropores in the HKMD specimen subjected to different temperatures,
mercury intrusion porosimetry (MIP) tests were conducted on the freeze-dried specimen with a
porosimeter (Micromeritics Instrument Corporation, USA). Four specimens were investigated,
including three oedometer specimens with maximal loading of 1200 kPa under 20, 40, 60 °C, and

one CRS specimen subjected to a maximal vertical effective stress of 837 kPa under 60 °C. Fig.

Vig

Ad

msoil pore

2

18 shows their pore size distribution curves. The differential intrusion is calculated by

representing the density function of pore volume for unit mass of dry soil.

According to the Fig. 18, the pore size of HKMD roughly follows a double-peaks
distribution, and the boundary between two peaks is around 0.1 um. The two peaks could be
categorized into intra-aggregates and inter-aggregates pores respectively, as indicated in the
literature (Chow et al., 2019; Hattab et al., 2013; Houhou et al., 2021; Tarantino and De Col, 2008;
Yin et al., 2011).
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For specimens Oed-20, Oed-40, and Oed-60, the higher temperature, the smaller volume
of the larger-pores peak. There is also a tendency of left-shift with increasing temperature,
indicating larger pores converted to smaller ones. Such behaviour could be the origin of decreasing
void ratio with temperature in the 1-D compression tests. For specimen CRS-TP, the historically
highest temperature is 60 °C, but the maximum loading is just 837 kPa, smaller than 1200 kPa of
Oed-60. The clear gap between CRS-TP and Oed-60 in Fig. 18 indicates that increasing stress also
contributes to contraction and left-shift of the larger-pores peak. Therefore, the mechanisms of
temperature and stress effects share some similarity. Both heating and loading will predominantly
reduce the volume of the larger pores, inducing plastic compressive strains in the soils, as discussed

in the previous sections.

6 Conclusions

A series of oedometer, constant-rate-of-strain consolidation and triaxial tests were
conducted for reconstituted and intact HKMD under different temperature conditions. The effects
of temperature on the volume compression, creep and shear behaviour are discussed based on the
experimental results. MIP and SEM tests were performed on clay samples after oedometer tests to
revel the influence of temperature on the microstructure of the soil. Several important findings and
conclusions can be drawn as follows:

(@) The pre-consolidation pressure of reconstituted HKMD decreases with temperature, while the
compression index A and recompression index x are almost unchanged under different
temperatures. Further, such effects are not influenced on the temperature history of the soils.

(b) The virgin heating on the normally consolidated HKMD will produce visco-plastic volumetric

strain, while the cooling process mainly causes elastic strain with similar magnitude to the
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thermally induced strain of heavily over-consolidated HKMD. The slope of elastic e—InT
curves is almost a constant at different soil states. The slope of e —InT under virgin heating
at normal consolidation state is also similar under different vertical loadings, but larger for
intact HKMD compared with reconstituted HKMD.

For the tested HKMD, creep strain rate is increased instantly upon the increase of temperature.

The creep coefficient y, fitted from the creep strain-time curves under a constant temperature

and loading, is found to decrease with temperature.

In the constant temperature CU tests, the undrained shear strength of HKMD may slightly
increase with temperature, but not significantly. The drained heating-cooling process has
similar effects to the over-consolidation on the shear behaviour of the soils. The critical state
line and friction angle of HKMD is not sensitive to the temperature condition, as appearing in
the all the CU tests.

Undrained heating can cause reduction of effective stress and shear strength, rise of excess
porewater pressure and pass-over on the critical state line, which could be attributed to the
heating induced visco-plastic strain in the triaxial condition.

According to the SEM results, the orientations of micropores are relatively stable under
different temperatures, which could explain the temperature-insensitive compression indices,
friction angle, and shear strength of HKMD. The MIP test results indicate that increasing the

temperature cause contraction of the larger pores, similar to the effects of stress increment.
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Table 1. Basic physical properties of HKMD

Specific gravity, Gs Liquid limit, LL Plastic limit, PL Plasticity index, Pl
2.612 49 31 18
Table 2. Design of the temperature-controlled oedometer tests
Temperature (C)
Vertical stress (kPa) Intact HKMD Reconstituted HKMD
Oed-TP Oed-TP Oed-20 | Oed-40 | Oed-60
5 20 20
15 20 20
36 20 20
75 20—40—60 20
150 60—20 20
300 20—40—60—20 | 20—40—60—20 20 40 60
150—»75—150—300 20 20
600 20—40—60 20—40—60
1200 60—20 60—20
600 20—40—60—20 | 20—40—60—20
Table 3. Design of the temperature-controlled CRS tests
. Loading rate (temperature)
Strain stage CRS-10, CRS-20, CRS-40 CRS-TP

0~10%
10~12%
12~11%
11~14%
14%
14~16%
16%
16~18%
18%
18%-20%
20%

0.5%/h
0.05%/h
-0.5%/h

0.5%/h

0.01%/h

0.05%/h

0.5%/h (10<C)
0.05%/h (10C)
-0.5%/h (10C)
0.5%/h (10C)

Relaxation—heating—relaxation

0.5%/h (20C)

Relaxation—heating—relaxation

0.5%/h (40C)

Relaxation—heating—relaxation

0.5%/h (60<C)

Relaxation——cooling—relaxation




Table 4. Design of the temperature-controlled consolidated undrained triaxial tests

Test Consolidation Undrained shearing Consolidation
Sample type
No. temperature procedure pressure
CU-10A 10<C 3 %/h —
CU-10B 20T — 10T 0.15 %/h —
CU-20 20<C Relaxation — 300 kPa
CU-40 20T - 40T 0.6 %/h— Reconstituted HKMD (OCR=1)
CU-60 20T —60<T Relaxation (R)
CU-R1 3 %/h — 0.15 %/h —
CU-R? (20Ct040C) — 300 kPa — 150
0.15 %/h — 3 %/h — kPa (OCR=2)
—
cu-1 gﬁﬁﬁ?ﬁ&m
20<C 3%/h 5 015 %/h Intact HKMD (1)
CU-I2 relaxat.ion N 300 kPa
(OCR=1)

0.15 %/h — 3 %/h — _
CU-R3 relaxation —s Reconstituted HKMD

3 %/h — 0.15 %/h (R)

Table 5.  Compression indices and yielding stress of reconstituted HKMD under different
temperatures from constant temperature oedometer tests

Temperature (C) 20 40 60
Normal compression index, A 0.141 0.144 0.141
Recompression index, « 0.014 0.013 0.013

Yielding stress, o, (kPa) 55 43 35






