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Abstract

The consolidation of Hong Kong marine deposits (HKMDs), a typical soft clayey soil in Hong
Kong, is a serious concerned issue in engineering practices, such as coastal embankment
construction and marine reclamations. Previous research works illustrate that high
temperatures could accelerate the rate of consolidation of soft clayey soils, which has a great
potential in future applications. Therefore, studies on the consolidation and stress-strain
behaviors of clayey soils under varies thermal conditions are necessary. In this paper, a
modified temperature-controlled oedometer has been developed and employed to investigate
the effects of vertical stress and temperature on the consolidation and creep behavior of
remolded HKMD with a temperature range of 20 to 60 °C. Scanning Electrical Microscopes
(SEM) tests were performed to observe microstructure of HKMD specimens after oedometer
tests under different temperatures. The results show that compression index C. is nearly
independent of temperature while swelling index Cs is slightly affected by thermal and stress
path. As temperature increases, both permeability and coefficient of consolidation increase
with the temperature and the time of end of primary consolidation is shortened. It is also found
that the preconsolidation pressure decreases with an increase of temperature. Both linear and
nonlinear creep functions are adopted to analyze the creep behavior and elevated temperature

will reduce the linear creep rate and creep strain limit.

Keywords: temperature effect, nonlinear creep, consolidation, soft soils, permeability, creep

strain limit
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Introduction

The temperature effects on the properties and behavior of soils are of great concern in some
specific conditions, including nuclear waste disposal, hot energy storage, energy piles, and
buried electrical cables (Davies & Banerjee, 1980; Hueckel & Borsetto, 1990; Knellwolf et al.,
2011; Amatya et al., 2012). The behavior of soils subjected to various temperatures will be
changed accordingly. Furthermore, heating can be utilized to enhance the performance of
vacuum prefabricated vertical drain (PVDs) preloading for soft soil ground improvement
(Abuel-Naga et al., 2006). Thereby, a better understanding of the thermal-hydraulic-

mechanical behaviors of soils is necessary.

To date, extensive laboratory investigations have been performed to study the 1-D mechanical
properties and consolidation behavior of different soils under various temperatures. Previous
works in the literature show that the permeability increases with temperature by both direct and
indirect methods (Habibagahi, 1977; Towhata et al., 1993a; Delage et al., 2000; Abuel-Naga
et al., 2005), whereas the intrinsic permeability appears to be not significantly affected by
temperature (Delage et al., 2011). Previous studies indicate that the increasing hydraulic
permeability results in an increase in the coefficient of consolidation (cy) for most soils owing
to the reduction of viscosity of pore water, transformation of free water from absorbed water,
or soil skeleton revolution(Abuel-Naga et al., 2005; Jarad et al., 2019; Chen et al., 2022).
Regarding the temperature effects on preconsolidation pressure, researchers found that various
clayey soils show a decrease in preconsolidation pressure with increasing temperature. (Tidfors
& Sallfors, 1989; Hueckel & Borsetto, 1990; Boudali et al., 1994; Moritz, 1995; C. Cekerevac

et al., 2002; Cui et al., 2009; Hong et al., 2013).
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The effect of temperature on the volume change behavior of soft soil has been investigated.
Towhata et al. (1993a), Delage et al. (2004), Cekerevac and Laloui (2004), and Abuel-Naga et
al. (2007) found that different types of normally consolidated (NC) soils showed irreversible
volume contraction at high temperature and the over-consolidation ratio (OCR) has a
significant impact on the thermally induced volume change for soft soils. Cekerevac and Laloui
(2004) reported that the lightly over-consolidated soils exhibit thermally induced shrinkage,
while the highly over-consolidated soils show expansion behavior upon heating. An abundance
of different laboratory studies showed that the compression index (C.) is independent of
temperature (Campanella & Mitchell, 1968; Lingnau et al., 1996; H. Abuel-Naga et al., 2006;
Liet al., 2018; Kaddouri et al., 2019; Chen et al., 2023), whereas the converse findings that C.
appears to decrease with heating were presented (Tang et al., 2008; Tsutsumi & Tanaka, 2012).
Lingnau et al. (1996) and Tsutsumi and Tanaka (2012) found that the thermal effect on swelling
index (Cs) is very slight. Nevertheless, Abuel-Naga et al. (2007) proposed Cs increases as

temperature increases.

For the time-dependent behavior, extensive studies have been conducted and presented that the
volumetric strain, strain rate and secondary consolidation coefficient increase with temperature
increases (Gupta, 1964; Green, 1969; Towhata et al., 1993b; Fox & Edil, 1996; Burghignoli et
al., 2000; Cui et al., 2009; Kaddouri et al., 2019). Unlike the above findings, Zhang et al. (2007)
presented the results of triaxial creep tests which indicate the creep rate of axial strain increases
as the soil samples were heated from ambient temperature up to 50 °C, whereas the creep rate
decreases when the samples were subjected to the temperature of 60 °C. As mentioned above,
the contradicting results presented in literature indicates that a systematic study for the

investigation of thermal effect on clayey soils should be carried out.
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In Hong Kong, due to the growth of infrastructure and the requirement for housing projects, an
abundance of land area is demanded to fulfill the construction of civil structures and
foundations (Yin, 1999b). Reclamation and building of artificial islands are efficient methods
to relieve land pressure (Feng et al., 2017). Some reclamation projects, thereby, are or will be
carried out in Hong Kong. Hong Kong marine deposit (HKMD) is one of the proposed fill
materials to be backfilled or left in place as permanent disposal for reclamation projects. Its
properties, such as low permeability, high compressibility, and low strength, may result in slow
consolidation, excessive settlement, or bearing-capacity failure of the reclamation area
backfilled with HKMD (Yin, 1999b). As described above, raising temperature may contribute
to accelerating the consolidation of soft clayey soils, the PVDs-vacuum preloading combined
with the heating has a broad application prospect in the ground improvement. However, the
consolidation behavior of soft soils may be altered by these improvement techniques and the
area of reclamation tends to exist in the remolded state for a long time. Despite numerous
laboratory studies have been conducted on HKMD and most mechanical behavior of HKMD
has been presented (Koutsoftas et al., 1987; Nakase et al., 1988; Zhu et al., 1999; Feng et al.,
2017), there remains a need for investigating the properties and consolidation behavior of
HKMC incorporating the effects of temperatures to fulfill the design requirements of

reclamation projects or other geotechnical projects concerning the temperature fluctuation.

This study is to experimentally investigate the influences of temperature on the consolidation
behavior of remolded HKMD. A series of multi-stage loading oedometer tests on HKMD under
different temperature conditions was performed by employing a modified temperature-
controlled apparatus. The results from oedometer tests demonstrated the characteristics of
short-term behavior and long-term behavior. Several equations proposed in previous literature

were verified by comparing the predicted results with experimental data. For the long-term
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behavior (i.e., creep), the creep coefficient of each stress level was determined by the graphical
method. The effects of temperature on the consolidation and creep behaviors of HKMD were
analyzed. A nonlinear function proposed by Yin (1999a) was also adopted to evaluate the non-
linear creep behavior of HKMD under different temperatures. Scanning electron microscope
(SEM) tests were carried out on the specimens after oedometer tests at different temperatures
to assist in the interpretation of the macroscopic behavior of HKMD from the microscopic

perspective.

Experimental Program of the Temperature-Controlled Oedometer Tests

Material and Specimen Preparation

The original HKMD comprises shell, gravel, fine sand, silt, and clay particles with dark grey
in color. It was collected from the location of a coastal area near Lantau Island in Hong Kong.
The in-situ HKMD generally demonstrates high water content, low permeability, low shear
strength, and high compressibility (Yin, 1999b; Fang & Yin, 2006). To obtain the consistent

and uniform soil sample, the HKMD was sieved through 2 mm sieve.

Prior to the oedometer tests, the HKMD slurry with a water content of 110% was poured into
a cylindrical steel bucket to complete self-weight consolidation. Then, additional vertical
pressure from 5 to 28 kPa was gradually applied to the slurry for one-dimensional
preconsolidation to obtain consistent soil specimens. When the preconsolidation was
completed under the maximum pressure of 28 kPa, the soil was unloaded and five saturated
HKMD specimens with a diameter of 70 mm and thickness of 19 mm were taken from the
bucket with confining rings for all oedometer tests. Silicon grease was adopted to smear on the
inner wall of confining ring to minimize the friction between the ring and soil specimen. Filter

papers were placed on both the top and bottom sides of each specimen to prevent soil particles
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from entering the porous stones. Laboratory tests were carried out to determine the specific
gravity, water content, Atterberg limits, and particle size distribution of soils in accordance
with British Standard 1377. The basic physical properties of HKMD are summarized in Table
1. The particle size distribution curves obtained from the wet sieving and hydrometer test are

shown in Fig. 1.

Modified Test Apparatus with Temperature-Control System

The oedometer tests were performed in a modified oedometer cell which allows constant
temperature control from 20 to 70 °C. The modified oedometer comprises a Wykeham Farrance
conventional oedometer, an electric heating wire, a temperature sensor, and a temperature
controller unit. To avoid disturbing soil specimens, the temperature sensor with 0.1 °C
resolution was placed in the annulus water surrounding the specimen to measure the
temperature of the water to reflect the temperature in the soil specimen. This heating system
could ensure that the water temperature is maintained within + 0.1 °C of the set temperature

throughout the test period. Fig. 2 shows the schematic diagram of the modified oedometer.

Since direct measurement of the internal temperature of soils may cause disturbance to
specimens, calibration tests were conducted to determine the difference in temperature between
soil specimens and surrounding water in the oedometer cell. During the working period of the
heating system, two temperature sensors were inserted simultaneously into the center of the
soil specimen and surrounding water respectively and maintained for 24 hours under a constant
preset temperature. Subsequently, the positions of the temperature sensor inside the soil
specimen were altered to investigate the uniformity of temperature inside the soil. The results

of calibration tests show that the temperature of annulus water is approximately 2 °C higher
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than the temperature in the center soil specimen during the experimental testing and the
temperature inside the soil specimen can be considered consistent. Meanwhile, the deformation
induced by temperature and dead weight for each oedometer framework and apparatus was

also carefully calibrated to reduce the error.

Test Program

In the thermo-PVDs-vacuum preloading improvement technique for reclamation projects or
other high temperature-related geotechnical engineering, the temperature usually ranges from
20 to 70 °C (Shahrokhabadi et al., 2020; Chen et al., 2022; Chen et al., 2023). In view of this
circumstance, the temperatures used in the modified oedometer tests in this study are in the

range of 20 to 60 °C.

There are two groups with different temperature paths for oedometer tests. The first group aims
to investigate the influences of temperature on the short-term and the long-term behavior of
remolded HKMD at different constant temperatures, which is named the isothermal multi-stage
loading (ITMSL) group. In this group, three oedometer tests were performed on the remolded
HKMD specimens, namely group 1-Test 1 (G1T1), group 1-Test 2 (G1T2), and group 1-Test
3 (GIT3). Before applying the dead loading, the temperatures for the three tests were heated
up to 20, 40, and 60 °C, respectively. At the prescribed temperature condition, the vertical stress
was incrementally loaded to 400 kPa and decreased to 50 kPa at certain stress stages, and then
reloaded to 1600 kPa. The details of loading procedures and durations are listed in Table 2.
According to previous studies, the loading stages for creep lasted 7 days to ensure that there is
sufficient time to observe the long-time behavior of HKMD (Yin, 1999a; Feng et al., 2017; Wu

et al., 2020). The curves in terms of void ratio versus vertical stress (e-logo.) for the three tests
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were plotted to determine the compression index (Ce), the swelling index (Cs), and the
preconsolidation pressure (o,,). The evolution of the vertical strain with the logarithmic scale
of time (e:-logt) for each stage at different temperatures were also plotted to determine the time
for end of “primary” consolidation (zzor) and creep coefficient (Cu). The consolidation
coefficient and permeability (k:) at each loading stage were also determined using the data from
oedometer tests. The effect of temperature on these parameters mentioned above was
investigated. In addition, Yin’s non-linear creep function was employed to analyze the creep

behavior at different constant temperatures.

The second group is the temperature-changed multi-stage loading path, which is also called the
thermal path, involving applying elevated temperature to soil specimens under different
vertical stresses. This group consists of two oedometer tests, namely group 2-Test 4 (G2T4)
and group 2-Test 5 (G2T5), respectively. Similar loading procedures of group 1 were
performed on G2T4 and G2T5, but the unloading-reloading stage was carried out at the vertical
stress of 200 kPa to investigate the influence of vertical stress on the swelling index Cs. Most
loading durations in group 2 for observing creep behavior are 10 days since each loading stage
increase of 10 °C is a relatively small temperature change (Kaddouri et al., 2019). The
difference between the two tests of group 2 is that, the temperature of G2T4 was increased by
10 °C at beginning of each loading stage before the unloading stage (from 50 to 200 kPa) until
it was raised to 50 °C and then cooled to room temperature of 20 °C at the end of reloading
stage of 200 kPa and the thermal path repeated at the begin of reloading stage of 400 kPa and
G2TS5 is a reference test with constant temperature of 20 °C. For the 5th stage, the loading
duration is 1 day for G2T4 and 7 days for G2T5 since the creep strain induced by vertical stress
only and combined effect of vertical stress and temperature could be compared. The objective

of this group is to study the effect of the thermal path on the 1-D mechanical properties of
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HKMD, including the preconsolidation pressure, the compression index, the swelling index,

and the creep coefficient.

Results and Discussions

The effects of temperature on (i) consolidation coefficient and the time for end of “primary”
consolidation, (ii) compression index and swelling index, (iif) preconsolidation pressure, (iv)

permeability, and (v) creep behavior, are discussed in the following sub-sections.

The effect of temperature on the “primary” consolidation and coefficient of consolidation

Under the one-dimensional straining condition, the compression of soil consists of the
“primary” consolidation and the creep, and the point of the end of “primary” consolidation
(EOP) marks the transition between the two phases. Commonly, EOP is defined as the point
when the excess pore pressure dissipates completely, and the continuous deformation (i.e.,
creep) begins under the constant vertical stress. In this study, Casagrande’s logarithmic time
method was adopted to determine the /zop. By using this approach, the values of 7zop at certain
stress levels for G1T1, G1T2, and G1T3 are determined and summarized in Table 3. The values
of tzop for G1T1 range from 36 min to 82 min, which agrees well with previous research work
on HKMD specimens with a height of 19 mm (Yin, 1999a; Cheng & Yin, 2005; Feng et al.,
2017). Furthermore, it is found that the value of 7zop is both stress-dependent and temperature-
dependent. For any given loading stage, the value of #zop decreases at high temperatures, and
it also decreases with increasing vertical stress at the same temperature. The results indicate
that high temperature may have a positive effect on the dissipation of excess pore pressure, and

thus accelerate the process of “primary” consolidation.



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270
271

272

273

274

275

276

277

278

Figs. 3(a) and 3(b) depict the relationship between the incremental vertical strain Ae and time
(log scale) of three isothermal tests under the vertical stress of 400 and 800 kPa, respectively.
It is observed that the rate of consolidation increases with an increase in temperature, which is
consistent with the findings of Abuel-Naga et al. (2005) and Jarad et al. (2019). To quantify
the rate of consolidation, Taylor’s square root of time fitting method was adopted to calculate
the coefficient of consolidation, expressed as:

TH?
= (D

t

C

where ¢, is the coefficient of consolidation, H is the length of the longest drainage path, 7, is

the vertical time factor, and ¢ is the measured time. 7, is given as the following equation:

ForU, <0.6,T = %Uf

ForU, >0.6,T =-0.933log(1-U,)—0.085 )
where U, is the average degree of consolidation. For U,=98%, t in Eq. (1) is regarded as tzop.

Thereby, the value of the coefficient of consolidation ¢, for each vertical stress could be

determined.

Fig. 4 illustrates the variations of the coefficient of consolidation with temperature. At any
vertical stress level, the coefficient of consolidation ¢, increases as temperature increases. To
analyze the evolution of the value of ¢, with temperature, the vertical stress level of 400 kPa

for all isothermal tests is taken as an example for discussion. The ¢, value of 8.06X 10 m%/s
at 60 °C is 1.71 times larger than that at 20 °C, and the value of ¢, at 40 °C is 6.27 X 10 m?/s,

which is 1.33 times larger than that at 20 °C. It can be seen that ¢, increases with vertical stress
increases at the same temperature level. Therefore, it could be inferred that the elevated

temperature and higher vertical stress have a positive effect on the consolidation of HKMD.
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The effect of temperature on permeability

It is widely accepted that the permeability of saturated clayey soil increases with temperature
(Constantz, 1982; Towhata et al., 1993a; Delage et al., 2011; Jarad et al., 2019). The variation
of hydraulic conductivity with the elevated temperature seems to be connected to several
factors. Some researchers mainly attributed the increasing permeability to the decrease in the
dynamic viscosity and density of the fluid in soils with temperature increases (Habibagahi,
1977; Ogawa et al., 2020). Reasonably, the thermal effect also alters the internal soil structure
rearrangement, leading to the formation of the flow channels, which are conducive to free water
flow (Constantz, 1982; Romero et al., 2001; Abuel-Naga et al., 2005). Apart from these two
factors, an increase in temperature is able to facilitate the conversion of adsorbed water to free
water so that the fluid in the soil could easily flow. Other factors that potentially affect the
hydraulic conductivity incorporating the thermal effects are clay matrix, diffuse double layer

thickness, and adsorbed water (Morin & Silva, 1984; Romero et al., 2001).

A large number of experimental works in the literature on the temperature impact on
permeability have been reported. Few researchers adopted the constant head method as a direct
method to measure the coefficient of hydraulic conductivity of clayey soils under various
temperatures (Morin & Silva, 1984; Delage et al., 2000). Due to the difficulty of direct
measurement for clay, a majority of scholars utilized the indirect method, which is to determine
the coefficient of consolidation ¢, and the coefficient of compressibility m, by using the data
obtained from oedometer or triaxial tests, so as to indirectly determine the permeability using

the following equations:
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H,-H, 1000
m = i :

Y H. o, —0

i v

3)

kZ = mvj/wcv (4)
where m, is the coefficient of compressibility, H; is the heights of the specimen at each initial
loading stage, Hyis the heights at the end of each loading stage, o, is the pressure applied to the

specimen in the previous load increment, o, is the pressure applied to the specimen in the load

increment, 7, is the unit weight of water, and ¢, is the coefficient of consolidation.

Taylor (1948) proposed a linear relationship between the void ratio and the logarithm of the
permeability (e-logk) and Cy is defined as the slope of the linear curve, which is a permeability
index. This finding was confirmed by many researchers. Fig.5(a) presents the variation of
permeability with void ratio for three isothermal tests. It is found that the permeability increases
with the temperature and the values of Ci are 0.568, 0.598, and 0.628, respectively.
Furthermore, the relationship between Cy and temperature was plotted, which is shown in Fig.
5(b). It could be observed that the relationship is highly linear and a correlation for HKMD is

¢=0.0015log(k:)+0.5382.

Considering that temperature apparently influences the properties of the fluid, such as the
viscosity and the unit weight of pore water, the Kozeny-Carman equation is employed to
appraise the permeability at certain temperature k(7) based on the hydraulic permeability at
room temperature k-(7y), expressed as follow:

k(T) _ 1Ty, (T) ®)
k(T w(T)y,(T)

where yw(T) and yw(Ty) are the unit weight of pore water at certain test temperature and room

temperature of 20 °C, respectively, x(7)) is the viscosity of pore water at 20 °C, and p(7) is free
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water viscosity changed with temperature, which could be derived by following relation (Hillel,

1980):

1(T)=-0.0004657In(T)+0.00239138 (6)

Fig. 6 compares the values of the hydraulic permeability obtained from the results of isothermal
oedometer tests and the calculated results utilizing Egs. (5) and (6). It can be observed that the
permeability significantly increases with the temperature increases. Combined with Fig. 4, one
can conclude that the increasing permeability upon heating significantly accelerate the
consolidation of HKMD, which is in good agreement with the finding of pervious study (H.
Abuel-Naga et al., 2006; Jarad et al., 2019). Owing to the reduction in viscosity of pore water,
the absorbed water is much easier to transform into free water at higher temperature. Therefore,
the consolidation rate increased and additional consolidation was generated, as shown in Fig.
3. It is also found that the calculated values of permeability also fit well with experimental data
of oedometer tests at both 40 and 60 °C. Despite a good agreement between the calculated and
experimental results, there are still a few deviations of calculated results from experimentally
measured data. One possible reason is that the influence of temperature on the pore water
viscosity may be altered by the salt concentration, which may be also related to the void ratio

and the soil states.

The effect of temperature on compressibility characteristics

The typical compression curves in terms of void ratio and effective vertical stress of GIT1 at
20 °C at the time equal to ¢zop are shown in Fig.7. It is found the e-log (o.) curves for all five
tests are well linear during the loading stage and unloading-reloading stage. As a result, it is

effortless to graphically determine the values of compression index C. and swelling index C;
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by fitting the experimental data in this study. All values of compress parameter, compression
index, swelling parameter, and swelling index are calculated and summarized in Table 4. As
shown in Fig. 7(a), the C. value of G1T1 which is the slope of the normal compression line and
the Cs value of G1T1 which is the slope of the swelling line in Fig. 7 are 0.153 and 0.0187,
respectively, whose results agree well with the previous findings of similar soils (Yin, 1999b;

Feng et al., 2017).

Fig. 8 shows the evolutions of compression index and swelling index with temperature for
GITI1, G1T2, GIT3, and G2T4. Campanella and Mitchell (1968) first proposed that the value
of C. is independent of temperature, which has been verified subsequently by several
researchers. Combined with Fig. 8 and Table 4, it appears that the compression index C. is not
affected significantly by either the high temperature or the thermal path. This concurred with
previous findings. However, although the swelling index C; is nearly unaffected by high
constant temperature by comparing the results among GI1T1, G1T2, and G1T3, it may be
altered slightly by the heating-cooling cycle by comparing G2T4 and G2T5. Another
observation from the results of G1T1 and G2T4 in Table 4 shows that the swelling index
increases when the unloading stage is performed at high vertical stress. In general, upon the
unloading-reloading circle, a strong mechanical degradation of the elastic modulus of soils
could cause an increase in the swelling index Cs (Mohajerani et al., 2011). Therefore, the
swelling index is related to loading history and thermal path, while it seems less concerned

with a high constant temperature.

The effect of temperature on preconsolidation pressure
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The preconsolidation pressure, which is an important behavior of both in-situ and remolded
soils, is considered as the yielding point between elastic and plastic domains. Due to its
significance in geotechnical engineering, the effect of temperature on preconsolidation
pressure has been extensively investigated by many researchers (Eriksson, 1989; Tidfors &
Sallfors, 1989; Hueckel & Borsetto, 1990; Boudali et al., 1994; Moritz, 1995; Abuel-Naga et
al., 2005; Kaddouri et al., 2019). Fig. 9 depicts the evolution of preconsolidation pressure with
temperature. Many of them found a reduction in preconsolidation pressure of various clayey

soils with temperature increases.

As shown in Fig. 7, the value of 6., can be estimated by employing the graphical method, which
is the value at the intersection of two linear parts on the typical compression curve. Fig. 9 also
presents the evolution of preconsolidation pressure of HKMD with temperature and the
detailed values of 04,, of five HKMD specimens are also shown in Table 4. It is found that the
samples of HKMD also show a decreased trend of the preconsolidation pressure with
increasing temperature, which agrees well with the previous findings. However, the decreasing
rate of the preconsolidation pressure with elevated temperature is not identical for different
types of soils. It appears that o., decreases faster for the soils with a higher liquid limit with
temperature increases. This could be described as the reduction of adsorbed water between clay
particles owing to the much conversion of adsorbed water to free water at a higher temperature.
Since the fluid in soils works as an elastic material between clay particles, the reduction of
adsorbed water at high temperatures could contribute to the increase in mineral-to-mineral
contacts, resulting in the generation of plastic strain and the decrease in the elastic domain

(Tidfors & Séllfors, 1989).



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

Several empirical correlations have been proposed in the literature to predict the evolution of
the 0., as a function of temperature for soils. Boudali et al. (1994) performed a series of
oedometer tests with various strain rates at different temperatures and proposed a linear relation
between 0., and temperature based on the experimental data. Whereas it is observed the change
of preconsolidation pressure with temperature is not perfectly linear, which means that it
decreases at a high rate and then tends to stabilization (refer to Fig. 9). Thereby, different non-
linear functions to model the temperature effect on the evolution of ¢., were proposed by
Hueckel and Borsetto (1990), Moritz (1995), and Cekerevac et al. (2002), as given in the

following equations, respectively.

o, (T =0_,(T))+ AT +a,AT|AT| (7
, : T
N=0c ()|
o,T)=0,( )[T} ®)
0., (T) =, (T){1-y[log(T/ T )]} )

where T} is the reference temperature, 7 is the current temperature, o—;p (7,) and a;p (T) are the

preconsolidation pressure at 7y and 7, respectively, AT=T-Ty refers to the temperature
difference, a1 and a> are the parameters representing the sensibility of soils with respect to
temperature for Hueckel’s modified Cam-clay model, a is the model parameter for Moritz’s

equation, and y is the parameter for Cekerevac’s non-linear function.

The equations were adopted to evaluate o., incorporating the effect of temperature. Fig. 10
displays the predicted results of preconsolidation pressure with temperature increasing
determined by utilizing Eq. (7), Eq. (8), and Eq. (9), and the predicted results are compared
with the results obtained from the isothermal oedometer tests. It is noteworthy that the values
of parameters a1 and a2 are equal to -0.1 and -0.0005 for Eq. (7), respectively, and the value of

parameter « is equal to 0.11 for Eq. (8), and the value of parameter y is 0.226 for Eq. (9). One
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can observe that the predicted results using aforesaid equations are in good agreement with the
experimental results of HKMD. The predicted results using Eq. (7) could perfectly fit

experimental results. Nevertheless, two parameters are cumbersome for modeling.

Cekerevac et al. (2002) noted that there is only a unique value for parameter y for each type of
soil and the parameter is related to the liquid limit of soils. Fig. 11 implies the evolution of the
parameter with the liquid limit in literature. It could be deduced that the thermal effect on the
preconsolidation pressure is dependent on the liquid limit: the soils with the higher liquid limit
demonstrate the greater influence of temperature on ¢.,. The value of y for HKMD was also
presented together with the results of diverse types of soil with different liquid limits.
Observation of the comparison from Fig. 11 discloses that the relationship is also applicable
for HKMD with a liquid limit of 56%. In the subsequent constitutive model, thereby, the
equation proposed by Cekerevac et al. (2002) is more suitable to predict the preconsolidation

pressure as a function of temperature.

For group 2, since the temperature of the soil specimen for G2T5 was variational during the
test period, the influence of temperature on the pre-consolidation pressure is not suitable for
quantitative analysis using the above equations. But it could be seen that the preconsolidation
pressure ¢, of the HKMC specimen that has gone through the thermal path decreased by 26.8%
compared with that at room temperature of 20 °C. As a consequence, the temperature path and
constant high temperature share a similar function, which makes the mineral-to-mineral

contacts increase to reduce the preconsolidation pressure of HKMD.

The effect of temperature on creep behavior
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As mentioned in the above section, the consolidation is divided into primary consolidation and
creep. The creep refers to the continuous deformation under constant vertical effective stress.
It is well acknowledged that creep occurs during and after the primary consolidation (Yin &
Graham, 1989; Feng & Yin, 2017; Yin & Feng, 2017). Generally, the creep behavior is relevant
to internal soil structure rearrangement, particle sliding, and viscous properties of soils. HKMD,
as a typical soft clayey soil, is usually categorized as a problematical soil due to the excessive
long-term settlement under surcharge load. The creep settlement of the HKMD is still an
important issue that cannot be neglected in the aspects of the design and construction. Hence,
the creep behavior of HKMD has been extensively studied (Yin, 1999b; Fang & Yin, 2006;
Feng et al., 2017). The creep coefficient C,e is widely adopted to analyze the creep behavior of
clayey soils. Fig. 3(a) illustrates the determination of creep coefficient in e-logf plane and the
function is expressed as:

c, - —Ae
log(A?)

(10)

where Ae is the void ratio increment and At is the creep time.

For all oedometer tests in this study, the values of creep coefficient Cy. under different loading
stages are determined by fitting the test data. The evolutions of the creep coefficient in terms

of temperature for isothermal and temperature changed tests are depicted in Fig. 12.

From Fig. 12, it is observed that the creep coefficient tends to decrease with both increasing
stress and temperature for HKMD. The results are in good agreement with the findings of
Zhang et al. (2007) and Jarad et al. (2019). For the temperature changed test, it can be seen that
the Cqe values of G2T4 under different vertical stress are larger than that of G1T2 (40 °C) and
lower than GI1T3 (60 °C). This is because that the highest temperature applied on the soil

sample before 400 kPa stage was 50 °C. It might attribute to the temperature history effect on
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the microstructure of soil. When temperature is elevated, the temperature effects on the creep
behavior of soil are complicated and it can be explained from several various aspects. First, the
molecules will be more active to weaken the bonds between soil particles, which subserves
internal soil structure rearrangement and particle sliding (Mitchell & Soga, 1976). Second, the
reduction of pore water viscosity with an increase in temperature could contribute to the
contraction of soils with time. Meanwhile, the diffuse double layer maybe decreases with the
increasing temperature (Morin & Silva, 1984; Tidfors & Sillfors, 1989). However, the
mechanisms of temperature influence on soils are not limited to the above. In general, elevated
temperature acts in a similar way to the increase of vertical stress, making the internal structure
of soil more stable and thus producing creep deformation (Yin, 1999a). Moreover, the mineral
composition and content of different types of soil have contrasting responses to temperature.
Therefore, these mechanisms work together on the soils and interact with each other, so that
the creep coefficients of different soils show different responses to elevated temperature. In the
following part, the results of SEM tests will act as an auxiliary method to support the

mechanism analysis from the micro perspective.

Fig.13 displayed the creep strain of G2T4 and G2T5 with time under 50 kPa vertical stress. As
illustrated in Table 2, G2T4 under 50 kPa stage was elevated to 30 °C and G2TS5 was 20 °C. It
appears that the creep strain of G2T4 for 1 day is very closed to that of G2T5 for 7 days owing
to the temperature effect, indicating that the increasing temperature causes additional creep
strain under constant loading. It is also found the gap between two trend lines tends to increase
with time, that reveals the creep strain rate is accelerated by the elevated temperature. Chen
and Yin (2023) also reported that the creep strain and creep strain rate increase with

temperature increases, which is consistent to the findings of this study.



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

Most conventional equations for analysis of the creep behavior are based on linear correlations
between creep strain and the logarithm of time, including the model proposed by Yin and
Graham (1989, 1994) which is expressed as:

£ =¢, +%ln(—t0 tley (11)

0
where &9 is the initial strain at the time 7=y, ty is the parameter implying the beginning of creep
time, which is directly related to the strain rate on reference time line, z. is equivalent time, y
is the creep parameter that is constant for a given soil in this equation, and V is the initial

specific volume, V=1+ey.

The equation has been widely adopted to analyze the creep behavior. Nevertheless, one
limitation of the linear creep function is that the strain calculated by Eq. (11) is infinite when
t 1s equal to infinite. However, the clayey soils usually exhibit nonlinear creep behavior, and
the secondary consolidation coefficient decreases with time (Yin, 1999a; Feng et al., 2017; Shi
et al., 2018). Hence, a non-linear function has been proposed by Yin (1999a) to incorporate the

influence of the decreasing creep parameter with time, expressed as:

w, 'V

Ag =

z

In[(z, +1,)/1,] (12)
1+ 20 n[(t, +2,)/1,]
Ve

c

where o is a material parameter, which is similar to creep parameter y, ¢, is the creep strain
limit when the time is infinite, and the definitions of 7 and ¢, are the same as those in the linear
function mentioned above. In this study, Yin’s non-linear creep function was employed for the
analysis of nonlinear creep behavior for HKMD at different temperatures. The effects of
temperature on nonlinear creep parameter o and creep strain limit &, were also discussed. To

determine the values of ¢, and o, Eq. (12) can be given as:



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

In[(t, +2,)/2,] _ V.

Jrilln[(z0 +1)/1,] (13)
A‘c"z l//O €~

c

The values of #y are determined in advance in the curve-fitting process by using Eq. (13). Using
an appropriate value of #y could plot a good fitting-curve with the data obtained from oedometer
tests, while an inappropriate ¢y value may lead to incorrect nonlinear fitting parameters. Yin
fitted the curves with the same values of #) (=49 min) for different vertical stress levels and
the fitting results agree well with the test results. Details can be referred to Yin (1999a). In this
study, the #y values of all loading stages for the three isothermal oedometer tests are taken a
constant value of 100 min, which can ensure all stages have finished the primary consolidation

Process.

Taking the HKMD specimen of G1T1 under the vertical stress of 1600 kPa as an example, a

straight line in the space of In[(¢,+7,)/t,] against In[(z,+t,)/¢,]/ . was plotted and an

equation of the form “y=ax+b” was determined, as presented in Fig. 14. The slope (a) of the
straight line corresponds to 1/¢, and the intercept (b) corresponds to V/y. Fig. 14 also illustrates
and compares the results of curve fitting by using Eq. (13) for the three specimens in isothermal
group under 1600 kPa. It could be seen that the values of curve fitting parameter R’ are greater
than 0.95, indicating the nonlinear creep function fits well with the experimental data obtained

from creep tests.

The variations of creep strain limit &, and nonlinear creep parameter g of three isothermal
oedometer tests generated by curve fitting with Eq. (13) are shown in Fig. 15. It appears that
under different temperature conditions (20 °C, 40 °C, and 60 °C), the value of both yy and &’

decrease with the increasing vertical effective stress. The results are quite consistent with the
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previous findings (Yin, 1999a; Tong & Yin, 2011; Feng et al., 2017; Le et al., 2017). Similar
to the variation of creep coefficient with the increasing temperature, it can be observed that
both the nonlinear creep parameter and creep strain limit decrease as temperature increases.
Based on the above results, the creep behavior and the non-linear parameters of HKMC could

be seen as temperature dependent.

Microstructure interpretation

As mentioned above, SEM tests will provide the microstructural evidence of the oedometer
tests. Fig. 16 presents the SEM photos of the three specimens after oedometer tests subjected
to different temperatures in group 1 with 1000x and 3000x magnification. Figs. 16(a), 15(b),
and 15(c) after binarization are also provided. The pores, particles, and morphological
characteristics of soil aggregates are observed. It can be found, from Figs. 16, that the
flocculated structure is the main microstructure, and the soil particles are mainly in the form of
aggregates. It seems that the interaction between soil particles and aggregates in the G1T1
specimen is mainly characterized by face-to-face connection, while that in G1T2 and G1T3
specimens are dominated by the form of the face-to-face and line-to-face connection. The
difference indicates that temperature will attribute to the soil particle rearrangement and the
restructuring stage in soil microstructure. Comparing Figs. 16, it appears that, while the
temperature increases, the contact between the particles is closer, the directionality gets much
stronger, and the agglomerate morphology is more obvious. Meanwhile, one can observe that
the microstructure of the specimen after oedometer test at room temperature is relatively loose,

whereas the specimens get denser after heating treatment in oedometer condition.

The photographs show that as the higher temperature is subjected to soil specimens during 1D

consolidation, the soil microstructure becomes denser, the interaction is changed to some extent,
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and the soil particle rearrangement is more complicated. These micro behaviors indicate that
the vertical strain increases as the temperature increases (see Fig. 3). It also explains the above
inference that temperature may play a similar role as vertical stress in 1D consolidation

condition to make the soil dense and thus reduce the creep rate.

In general, as the internal structure of the soil becomes denser, the soil particles and aggregates
are compressed and recombined, and the total pore volume is supposed to reduce (Zheng et al.,
2021). However, it can be found that the number of small-sized pores seems to have become
more, and penetrating pores appear when the temperature increases. To quantitatively analyze
the pore microscope parameters, Image Pro Plus (IPP) software was adopted to process the
SEM photos. The pore size, pore area, mean pore diameter, and fractal dimension have been
obtained the results from IPP process. The surface porosity was introduced and defined as the
ratio of the total area of pores on a surface to the total area of that surface of the specimen since
the photos of specimen in SEM test can be approximated as a flat 2D surface. The surface
porosity can be expressed as the following equation

Spore

total

where N is surface porosity, Spore 1s the total pore area in the photo after binarization, and Sior

is the total area of the photo after binarization.

Fig. 17 presents the variations of surface porosity and mean pore diameter with temperature in
SEM photos with 1000x magnification. It can be observed that the surface porosity is varied
from 15% to 20% and the mean pore diameter ranges from 2.5 to 2.9 um with different
temperature. Since the surface porosity is a two-dimensional parameter that does not consider
the depth and direction of pores, it is different from the conventional porosity. Moreover, the

surface porosity increases and the mean pore diameter becomes smaller as temperature
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increases, which means that there is much more small-sized pore in the high temperature treated
soil. Combined Fig. 18, it appears that, with temperature increases, the large-sized and middle-
sized pores transfer to the small-sized pores owing to the more active microstructure
rearrangement. More pores benefit to form drainage channels in the internal structure of soils.
It is a possible reason for that why the hydraulic conductivity increases with temperature in
addition to the viscosity of the water decreases. The pore area distributions of three HKM D
specimens after isothermal oedometer tests are presented in Fig. 18. One can see that the
proportion of pores with the area ranging from 0 to Sum? in G1T2 and G1T3 specimens is
12~15% more than that in G1T1 specimen, however, the proportion of pores with the area
larger than 10um? is the largest in G1T1 specimen. It is revealed that the small-sized pores are
easier to be formed after particle sliding and inner structure rearrangement for soils at high
temperatures. The results of SEM tests strongly support the macro consolidation and creep

behaviors of HKMD.

Conclusions

The multi-staged oedometer tests with different temperatures were performed to investigate the
effects of temperature on the consolidation behavior of the remolded HKMD. The
compressibility characteristics, the preconsolidation pressure, and the creep parameters were
obtained from the data of oedometer tests. Moreover, the creep behavior was evaluated by
using Yin’s non-linear creep function and the influences of temperature on the nonlinear

parameters were presented. In this study, the main conclusions can be drawn as follows:

(1) Casagrande’s logarithmic of time method was used for the tzop determination. Under any

vertical stress, the value of 7zop decreases with the increasing temperature, indicating the
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primary consolidation ends prematurely at high temperatures. Correspondingly, the rate of
consolidation increases with temperature increases.

(2) The compression index C. of HKMC is independent of the temperature between 20 to 60
°C, while the swelling index Cs of HKMC slightly decreases after the heating-cooling cycle.
Meanwhile, C; is also related to unloading amplitude: the larger the unloading amplitude,
the higher the value of the swelling index.

(3) Due to the decreasing viscosity and unit weight of pore water at high temperatures, the
permeability of HKMD increases with an increase in temperature. It is also found that Ci
value proposed by Taylor slightly increases with the increasing temperature.

(4) The preconsolidation pressure o,, decreases as temperature increases. The experimental
results showed a good agreement with calculated preconsolidation pressure by utilizing
these functions published in the literature with appropriate parameters.

(5) The creep behavior and nonlinear creep of HKMD are temperature and stress-dependent.
The creep coefficient, the nonlinear creep parameter, and the creep strain limit gradually
decrease with increasing vertical stress and temperature.

(6) SEM photos show that the soil microstructure becomes denser, the interaction is changed
to some extent, and the soil particle rearrangement is more complicated when soil is
subjected to high temperatures. The quantitative analysis reveals the surface porosity and

small-sized pore increase in soil with temperature increases.
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Table 1. Physical properties of HKMD

Properties

Value

Specific gravity, G
Water content, w (%)
Liquid limit, wr (%)
Plastic limit, wp (%)
Plastic index, Ip (%)

Initial void ratio, ep

2.65
49-51
59
23.8
35.2
1.29-1.31

Table 2. Loading procedures and temperatures in oedometer test

Loading Duration of Group 1 Duration of G2T1 Duration of G2T2
(kPa) (day) (day) (day)
2.5 - 1 (20°C) 1
5 1 1 (20°C) 1
10 1 1 (20°C) 1
20 1 1 (20°C) 1
50 7 1 (30°C) 7
100 7 10 (40°C) 10
200 7 10 (50°C) 10
400 7 - -
200 0.1 - -
100 0.1 0.1 (20°C) 0.1
50 0.1 0.1 (20°C) 0.1
100 0.1 0.1 (20°C) 0.1
200 0.1 0.1 (20°C) 0.1
400 0.1 10 (30 °C) 10
800 7 7 (40 °C) 7
1600 7 10 (50 °C) 10
Total 45.6 524 58.4

Group 1 includes G1T1, G1T2, and GIT3.
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