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Abstract. In order to study the soil seasonal dynamic characteristics in the regions with four distinct seasons, the soil dynamic
triaxial experiments were conducted by considering the environmental temperature range from -30°C to 30°C. The results
demonstrate that the dynamic soil properties in four seasons can change greatly. Firstly, the dynamic triaxial experiments were
performed to obtain the dynamic stress-strain curve, elastic modulus, and damping ratio of soil, under different confining
pressures and temperatures. Then, the experiments also obtain the dynamic cohesion and internal friction angle of the clay under
the initial strain, and the changing rule was summarized. Finally, the results show that the dynamic elastic modulus and dynamic
cohesion will increase significantly when the clay is frozen; as the temperature continues to decrease, this increasing trend will
gradually slow down, and the dynamic damping ratio will go down when the freezing temperature decreases. In this paper, the

change mechanism is objectively analyzed, which verifies the reliability of the conclusions obtained from the experiment.
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1. Introduction

In China, seasonally frozen soil occupies 53.5% of
China's total land area (Zheng et al. 2002), as shown in Fig.
1. When winter comes, the surface layer soil in these areas
will freeze for about half a year. When winter passes and
summer comes, the surface soil will gradually melt, so this
layer of soil is called the freeze-thaw layer. Such a freezing
and thawing phenomenon is repeated continuously with the
environmental temperature changing, which affects
dynamic soil properties directly and obviously, leading to
hidden dangers to the stability and safety of surrounding
engineering structures.

Dynamic soil properties can be influenced by many
factors, including region, temperature, geological
conditions, soil age, etc. The difference of these factors will
cause great differences in the dynamic soil properties
(Wang ef al. 2017). Fredlund (2006) extensively researched
the mechanics of unsaturated soils, laying the foundation
for understanding the characteristics of unsaturated soil
mechanics. Thomas et al. (2010) studied the drying effects
on unsaturated cohesive soil, emphasizing the necessity of
investigating variations in soil moisture levels with
changing seasons. Zhang (2012) provided a comprehensive
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Fig. 1 Seasonal frozen soil area of China

analysis of the research progress on the dynamic
characteristics of sand, suggesting that the analysis of soil
dynamic characteristics should be based on constitutive
relationships while considering the changing patterns of soil
dynamics under factors like high temperatures and cold
conditions. Currently, numerous experiments are being
conducted to study soil characteristics, encompassing
conventional triaxial tests, dynamic triaxial tests, and low-
temperature triaxial tests. Kang er al. (2015) conducted
strain-controlled cyclic simple shear tests on silica sand
using the radial strain measurement method. They found
that the higher the confining pressure, the smaller the
volume change. When the confining pressure exceeded 200
kPa, the volume change was less than 0.1%. Additionally,
Kang et al. (2015) proposed that the improved cyclic simple
shear test could better replicate field conditions. Le et al.
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(2017) researched the dynamic properties of unsaturated
sand using a custom-made direct simple shear testing
device. They demonstrated that this device could
continuously capture changes in the dynamic properties of
unsaturated sand. Cheng et al. (2021) used freeze-thaw
cycle tests and consolidated drained triaxial tests, finding
that saline soil exhibited strain hardening in its stress-strain
relationship. Chen et al. (2017) developed a triaxial testing
apparatus that can be used in conjunction with medical CT
scanners, enabling high-quality imaging of the
microstructural changes in soil. Different regions and soil
types exhibit diverse dynamic properties, with notable
distinctions observed between soil at normal temperature
and frozen soil. Regarding different soil types at normal
temperatures, Voottipruex et al. (2014) conducted research
on the expansive soil in northern Thailand and found that
different soil types affect the soil's expansion pressure.
Mosallamy et al. (2016) conducted resonance column tests
on Egyptian loess, concluding that an elevation in confining
pressure leads to a reduction in the damping ratio. Reznik et
al. (2007) studied the physical properties of collapsible
loess and discovered that its collapsibility induces
significant changes in its physical characteristics. Garakani
et al. (2015) investigated collapsible loess through indoor
dynamic triaxial tests, revealing that the cohesion of the
loess decreases with increased moisture content, while the
internal friction angle increases with higher moisture
content. Kallioglou er al. (2008) employed a resonance
column apparatus to test the small-strain dynamic shear
modulus and damping ratio of Greek clay, thereby
establishing the attenuation curve of the dynamic shear
modulus. Mu et al. (2020) conducted tests on the dynamic
properties of undisturbed red clay in Guiyang, China, and
they proposed the concept of equivalent dynamic elastic
modulus, and obtained the dynamic elastic modulus of
undisturbed red clay under different confining pressures and
vibration times. Onur et al. (2014) discovered, through
experiments, a continuous increase in the shear modulus of
sand with rising saturation. Giiler et al. (2021) conducted
dynamic triaxial and resonant column tests on cohesive
sand in Turkey, determining the patterns of stress-strain
curves and concluding that the damping ratio undergoes
significant changes with varying lateral pressure. Yasuhara
et al. (2003) conducted an undrained dynamic triaxial test
on the soil, and the results demonstrated that vibration times
had a strong impact on the dynamic soil properties.
Teachavorasinskun et al. (2002) researched soft soil in the
Bangkok area using indoor dynamic triaxial and resonant
column tests, concluding that consolidation time has the
greatest impact on the dynamic shear modulus and damping
ratio of soft soil. Shogaki er al. (2003) extensively
researched soft soil in the Busan region of South Korea
through numerous indoor experiments, studying detailed
patterns of changes in its microstructure, and physical and
mechanical properties, among other parameters. Tamotsu et
al. (2004) studied borehole data of thick-layered soft soil in
the Osaka Bay area of Japan, deriving the physical
characteristics of the soft soil in that region. Abuel-Naga et
al. (2009) performed indoor tests on soft soil in the
Bangkok area, finding that the thermal conductivity of soft

soil increases with the density of the soil mass. Okamura et
al. (2011) conducted experimental research on soft soil
foundations using a centrifuge, revealing that during
vibration, there is a significant increase in pore water
pressure within the soft soil. Yang ef al. (2018) used GCTS
dynamic hollow cylindrical torsional shear apparatus to
conduct dynamic cyclic tests on Tianjin Binhai marine soft
soil and found that under cyclic loading, the damping ratio
evolution and dynamic compression modulus of the soil
were related to the amplitude of the applied load. It was
concluded that at low amplitude, the shear strength of the
soil would decrease with the increase of the number of
vibrations and gradually stabilize.

In terms of frozen soil research. Li et al (2017)
elaborated on the main factors affecting the properties of
frozen soil, including soil quality, moisture content and
confining pressure. Wijeweera et al. (1990, 1991, 2011)
examined the influence of moisture content, and soil type
on the compressive strength of frozen soil and put forward
empirical formulas for predicting the compressive strength
of frozen soil. Christ et al. (2009) analyzed the dynamic
elastic modulus and damping ratio of frozen soil under
different confining pressures and water content. Girgis et al.
(2019, 2020) conducted uniaxial compression tests on
frozen sandy clay, establishing a linear relationship between
Young's modulus of frozen clay and temperature within the
range of -15°C to 0°C. Esmaecili-Falak et al. (2019, 2020)
concluded, through triaxial compression tests, that non-
cohesive soil transitions from a hardening-type stress-strain
curve to a softening-type curve after freezing. Tounsi ef al.
(2020) conducted triaxial compression tests on frozen
metamorphic shale, determining that the stress-strain curve
of frozen metamorphic shale is highly sensitive to changes
in temperature and confining pressure. Kim et al. (2021)
studied the effects of ice content and fine content on frozen
sand-silt mixtures through unconfined compression tests,
concluding that the unconfined compressive strength
increases with higher ice content and pore ratio. Yamamoto
et al. (2014) conducted triaxial constant strain rate tests and
constant stress creep tests on artificial frozen soil samples,
discovering that ice content does not affect shear strength
when the ice volume exceeds 40%. Ma et al. (2021)
elaborated on the research progress of the seismic response
of permafrost sites in the Qinghai Tibet region and
mentioned that studying the dynamic characteristics of
permafrost sites should be combined with actual
engineering geological conditions to make the research
results closer to the actual site situation. Shelman et al.
(2014) studied the dynamic elastic modulus changes of five
typical soils at different freezing temperatures. Czajkowski
et al. (1980) concluded through experiments that the
dynamic elastic modulus of soil increases upon freezing.
Similarly, Wu et al. (2019), Xu et al. (2020) also found that
the dynamic elastic modulus increases with soil freezing. Li
et al. (2016) mentioned that when soil undergoes freezing,
its strength can increase by a factor of 10 to 20. It is
concluded that the elastic modulus of the soil increases by
300 times after freezing. Fard ef al. (2020) highlighted the
significant impact of freeze-thaw cycles on the engineering
properties of frozen soil. Viran et al. (2018) investigated the
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Table 1 Temperature change in Harbin

Daily average maximum

Daily average minimum

Historical maximum Historical minimum

Month temperature(°C) temperature(°C) temperature(°C) temperature(°C)
January -14 -25 -1 -34
February -8 -20 6 -30
March 3 -9 22 -24
April 15 2 32 -7
May 22 11 34 1
June 28 17 38 9
July 29 20 35 14
August 27 19 35 8
September 22 11 29 -2

October 12 1 25 -12
November 0 -9 16 -24
December -11 -21 7 -32

changes in the physical and mechanical properties of clay
before and after freeze-thaw cycles, observing a reduction
of 38.54% in cohesion and 36.99% in the internal friction
angle of the clay after freeze-thaw cycles. Aldaood et al.
(2016) conducted experimental research on lime-treated
gypsum soil, concluding that moisture and gypsum content
significantly affect the properties of the soil after freeze-
thaw cycles. Kumar et al. (2020) studied the physical
properties of plastic soil after freezing and thawing, noting a
128.97% increase in unconfined compressive strength after
three freeze-thaw cycles. Lee et al. (2020) performed
uniaxial compression tests on sand-silt mixtures,
determining that the unconfined compressive strength
decreases with an increase in the volume of unfrozen water
and the number of repeated load applications.

It can be seen from the above contents that there is much
research on soil dynamic parameters at present, and the soil
dynamic test technology is also relatively mature. However,
there is still a lack of systematic research on the evolution
laws of soil dynamic properties considering seasonal
variations. Because of the huge area of seasonally frozen
soil in the world, season change has a significant impact on
the soil, and the change of soil parameters will have a great
impact on the ground structure, which endows this research
with great necessity. Based on previous studies, this paper
considers the impact of seasonal changes on clay dynamics,
sets different temperatures to simulate seasonal changes in
the test process, and quantitatively analyzes their
differences. In previous experimental studies, the majority
of tests involved removing the soil sample from the freezer
after it reached the freezing temperature and then installing
it in the triaxial test box for testing. During the process of
sample removal and installation, the temperature tends to
increase, resulting in errors in the test results. However, in
the experiment described in this article, the triaxial tester is
directly connected to the temperature control box. To better
simulate the environmental temperature, the triaxial tester
can be set to a specific temperature to ensure that the test
box reaches the desired temperature. Throughout the entire
experiment, there is no temperature loss, effectively
avoiding errors in the test results.

This paper not only obtained the results of the dynamic
elastic modulus and dynamic damping ratio, but also

studied the dynamic internal friction angle and dynamic
cohesion of the clay, and considered the impact of different
freezing temperatures on the dynamic parameters of the soil
sampled in Harbin as shown in Fig. 1 where is very cold in
almost half year winter season as surveyed throughout the
year in Table 1, it can be seen that the historical minimum
temperature in Harbin is -34°C and maximum temperature
is 38°C; the daily average minimum temperature is about -
25°C and the daily average maximum temperature is about
29°C. According to the findings from the investigation, in
seasonal frozen soil regions, during winter, temperatures
mostly fall below -20°C. In summer, temperatures are
consistently  positive. During spring and autumn,
temperatures generally range between positive temperatures
and -15°C. The experiment studied the dynamic parameters
of clay under different temperatures and different confining
pressures. The temperature is set based on the results of the
investigation, which is the normal temperature (23°C), -
5°C, -10°C, -15°C and -20°C. The positive temperature was
set at 23°C, as preliminary surveys indicated that summer
temperatures were mostly above 20°C. Within the range of
positive temperatures attainable in summer, fluctuations in
temperature have a negligible impact on soil property
parameters. Since the experiments were conducted in
winter, to better simulate summer temperatures, the indoor
temperature at the time was set to the required positive
temperature for the experiments, which was 23°C. To better
observe the variability, the interval of 5°C is used for the
setting of negative temperature, and it provides a better
simulation of the transitions between seasons. To better
analyze the evolving patterns of soil dynamic properties
with seasonal variations, this study sets the temperature for
summer at 23°C. The temperature is set to -5°C for late
spring and early autumn. For early spring and late autumn,
the temperatures are set at -10°C and -15°C. The
temperature for winter is set at -20°C.

2. Dynamic triaxial test
2.1 Test equipment

UTM-100 in the lab of Heilongjiang Institute of
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Fig. 2 UTM-100 universal testing machine: (a) UTM-100 loading frame, (b) Environmental chamber, (c) Confining

pressure loading instrument and (d) IMACS

Technology, Harbin, China is used as the instrument used
for triaxial test. This instrument has high accuracy and
stability. The rheological properties of the material are
measured by tension, compression, and dynamic loading. It
is suitable for various materials, like asphalt mixture,
concrete, soil, unbound granular materials, fibers and
plastics, etc. The test equipment consists of an electro-
hydraulic loading system, a confining pressure system, an
environmental chamber, and a corresponding control
system. It has a highly improved geotechnical triaxial
chamber, which also serves as an environmental chamber
and uses air as a confining pressure medium. The electric
power requirement of the environmental box is 115 V/60
Hz 25 A or 240 V/50 Hz 15 A. The test control is based on a
computer, and the feedback signal is obtained by the sensor
on the device, and the additional sensor is used for virtual
feedback. At the same time, the triaxial testing machine is
directly connected to the temperature control box, which
ensures that the test process is carried out at the required
temperature, to make it closer to the real external
environment, as shown in Fig. 2.

Fig. 2(a) shows the UTM-100 loading frame, consisting
of a crossbeam and a base. It is connected by two chrome-
plated columns to form a basic reaction loading frame. The
position of the upper crossbeam can be adjusted using two
auxiliary hydraulic lifting pistons. The range of static
loading is 130 kN. The range of fatigue loading is 100 kN.

The actuator stroke is 100 mm. The maximum speed of
the actuator is 1200 mm/min. The pressure sensor is £100
kN (the accuracy is 0.1%). Fig. 2(b) shows the
environmental chamber, with the latter half dedicated to the

temperature control system, which achieves a temperature
adjustment accuracy of 0.1°C. Fig. 2(c) represents the
confining pressure loading instrument, where pneumatic
pressure is used for loading in this test. Fig. 2(d) represents
an integrated multi-axis control system (IMACS) with a
closed-loop sampling rate of up to 2.5 kHz. It offers three
feedback control modes: force, position, and strain. The
displacement sensor has a range of 100mm, the force sensor
has a range of £100 kN, and the confining pressure sensor
has a range of +1000 kPa.

2.2 Test soil

The soil in the test was clay in Harbin. Because the test
was carried out in winter, the average temperature in Harbin
had reached about -20°C during the test, and the surface soil
had been frozen firmly. The clay used in the test was
collected from a construction site, the depth of the soil was
about 2.5 m below the surface. The depth for soil extraction
is determined based on actual field surveys. Before the
extraction, a preliminary study was conducted on the frozen
soil layer depths across various regions in Heilongjiang
Province. It was found that the thickness of the frozen soil
layers in most cities ranged between 1.8 to 2.6 m. Taking
into account the ambient environmental temperatures at that
time, the depth for soil extraction was thus set at 2.5 m. As
the construction site was in a semi-suspended state, the soil
within was not firmly frozen and was marked by the
presence of a foundation pit. During soil extraction, we
utilized an excavator in conjunction with manual digging to
collect the soil samples at specific depths. The collected soil
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was then transported to the laboratory. The test soil sample
was a cylindrical soil sample with a diameter of 50 mm and
a height of 100 mm. To achieve a uniform distribution of
soil samples, a layered compaction method is employed
during the manufacturing process. In order to lower the test
error, three groups of soil samples with close test results
were taken under each working condition, and then the
average value was taken as the test result. In order to better
compare the soil dynamic properties at the normal
temperature and various freezing temperatures, the moisture
content of the soil sample was set more strictly. In order to
get a more suitable moisture content, the test process was
carried out for the clay with various moisture content. In the
preliminary test, the moisture content was 5%, 10%, 15%,
20%, and 25%. According to the soil sample preparation
and the deformation of the soil sample during the test, when
the moisture content was 5%, the freezing effect and the
freezing temperature had little effect on it. When the
moisture content was set to 25%, due to the high moisture
content, the normal temperature soil sample would be
greatly deformed during the production process and the
sample installation process, leading to inaccurate test
results. According to the problems of pre-test clay samples,
at the same time, in order to better compare the difference
between non-frozen soil and frozen soil at various
temperatures, the clay moisture content was finally
determined at 15%.

In order to prepare the moisture content of the clay,
firstly, the clay soil sample was naturally dried massively at
normal temperature and then vibrated the dried soil. After
vibrating, pass through a sieve with a diameter of 2 mm,
and then put the vibrated soil in the oven to dry it further
and completely remove the remaining moisture in the soil.
Fig. 3 shows the soil specimen after drying.

Then weigh a certain quality of soil into the test basin,
and weigh the water of the corresponding quality, spray it
into the test basin in batches, stir evenly, and finally seal the
test basin with plastic wrap to prevent the loss of water. Let
it stand still for more than 24 hours to make the water fully
combined with clay, and then make the test soil sample. In
the preparation of soil samples, we initially prepared molds
with an inner diameter of S0mm and a height of 100 mm.

The inside of the mold was coated with Vaseline to
facilitate the extraction of the prepared soil sample.
Subsequently, clay was placed into the mold and compacted
in layers, with each layer undergoing a scraping process to

Fig. 4 Soil sample

ensure the continuity and integrity of the soil sample. A
forming tube was then prepared, with a latex membrane
inverted over it, and the air between the forming tube and
the latex membrane was extracted. Finally, the soil sample
in the mold was placed into the forming tube. The soil
sample was fixed with a holder and frozen at a constant
temperature. The freezing process was conducted directly in
an environmental chamber, as shown in Fig. 2(b), utilizing a
temperature control system to adjust to the required
temperature. The soil samples are covered at both ends with
cling film and impermeable stones to prevent moisture loss,
as shown in Fig. 4. The confining pressures set in the test
were 100 kPa, 20 0kPa, and 300 kPa, and the consolidation
ratio was 1. Fig. 5 shows the sample loading process.
Firstly, the soil samples are installed in the pressure
chamber outdoors, and then the bolts of the pressure
chamber are tightened to ensure a completely sealed state.
Next, the pressure chamber is installed in the environmental
chamber, and the chamber door is immediately closed. After
a period of rest, when the temperature inside the
environmental chamber reaches the desired level, confining
pressure is applied. The application of confining pressure
was carried out using the confining pressure loading device
shown in Fig. 2(c). From Fig. 5(c), it can be observed that
the soil samples are tightly wrapped without any signs of
loosening. This indicates that the confining pressure was
successfully applied. Finally, the experiment begins.

2.3 Loading method

The test adopted a cyclic loading method with a
frequency of 1 Hz and a step-by-step loading method. The
loading was divided into 10 levels; each level was 1 minute
in duration; each level was divided into 6 stages; each stage
had a duration of 10 seconds. For normal temperature soil,
the loading force of each stage was set to 5 kN; for frozen
soil, the loading force of each stage was set to 50 kN.
Control of the IMACS was conducted via computer.
IMACS is the core control component of UTM-100, and it
was used to ensure the stable operation of the loading
frame, thereby ensuring the smooth progress of the
experiment. For dynamic triaxial tests, the main observed
strain was between 10-4 and 10-2 (Bo et al. 2021). Fig. 6
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(d

Fig. 5 Test process

shows the comparison diagram of the clay sample before
and after the test, and the cross-sectional view of the
sample. Fig. 6(a) shows that before the experiment, the soil
sample was in a regular cylindrical shape. After the
experiment, the soil sample was subjected to forces and
exhibited bulging, as shown in Fig. 6(b). Fig. 6(c) presents
the cross-sectional view after cutting the soil sample with a
cutter.

3. Dynamic parameters
3.1 Dynamic elastic modulus

The dynamic elastic modulus is an important dynamic
parameter that reflects the dynamic stress-strain relationship
of the soil in the elastic phase. Due to the certain viscosity
of the clay in different states, the dynamic stress-strain
hysteresis loop obtained by the test results shows that the
maximum dynamic stress and the maximum dynamic strain
do not correspond to each other. Fig. 7 shows the dynamic
stress-strain curve relationship in the test.

The dynamic modulus of elasticity adopts secant
modulus (Ishihara et al. 1985), which can be calculated by
the following Eq. (1)

Ed = M (1)

&4 — &

(b)

Fig. 6 Change of soil sample and profile

where o, is the maximum dynamic stress, o, is the
minimum dynamic stress, &, is the maximum dynamic

strain, and &, is the minimum dynamic strain.

3.2 Dynamic damping ratio

The dynamic damping ratio is an important index
reflecting the vibration energy absorbed by the soil, and it is
an indispensable parameter in analyzing the dynamic
response of frozen soil. The dynamic damping ratio is the
ratio of the area of the hysteresis loop to the area of the
triangle enclosed by it, as shown in Fig. 8. It is the ratio of
the elastic strain energy in a cyclic period to the energy lost
in the cyclic period, where Seise represents the area of the
hysteresis loop, and S-apc represents the area of the
triangle, and it is calculated using the following Eq. (2) (Xie
2011).

SeIIipse

A 2

When the area of the hysteresis loop and triangle is
small, the dynamic damping is relatively small. At the same
time, the shape of the hysteresis loop can also represent the
size of the dynamic damping ratio. When the shape of the
hysteresis loop is rounder, the damping is relatively larger,
and vice versa.
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3.3 Dynamic cohesion and dynamic internal friction
angle

Dynamic cohesion c reflects various physical and
chemical forces between soil particles under cyclic loading,
including Van der Waals force, cementing force, Coulomb
force, etc., mainly determined by the cementing force of the
cementing material and the distance between particles. The
dynamic internal friction angle ¢ mainly shows the
movement and occlusal friction between the particles under
cyclic loading. For the selection of cohesion ¢ and internal
friction angle ¢, the stress-strain curve needs to be used to
select the appropriate stress difference (0, -0;). In the static

test, the stress-strain curve should be observed first. If the
stress-strain curve has the largest peak, the stress difference
at the peak point should be selected to be the reference
basis; if the stress-strain curve has no peak point, then select
the corresponding stress difference when the axial strain
value is 15% as the reference basis. For the dynamic test,
when the strain reaches 5% (Seed et al. 2002), it can be
selected as the basis for the failure of the soil, and draw
different Mohr's stress circles according to the different
confining pressures, as shown in Fig. 9. The Mohr's stress
circles are (o, —0,)/ 2 is the radius, and (o; +05)/2 is the

abscissa, and then the average straight line (strength

(e1-3),

(o1 t+o3)2

Fig. 9 Mohr's stress circle

envelope) is drawn through the fixed points of each circle.
The intercept between the strength envelope and the vertical
axis is the dynamic cohesion c, and the inclination angle of
the strength envelope is the dynamic internal friction angle
¢. Then, the dynamic cohesion ¢ and the dynamic internal
friction angle @ are obtained.

4. Results and discussion

In the research of soil dynamic properties, there are
many types of dynamic constitutive models of soil,
including elastic-plastic models, bilinear models, Martin-
Finn-Seed models, and Hardin Drnevich equivalent
viscoelastic linear models. Currently, the most widely used
model is the Hardin Drnevich equivalent viscoelastic linear
model (Hardin et al. 1972). For clay, the dynamic
constitutive relationship conforms to the Hardin Drnevich
equivalent viscoelastic linear model, and the model mainly
adopts two parameters, which are equivalent dynamic
elastic modulus (or equivalent dynamic shear modulus) and
equivalent damping ratio, to reflect the nonlinearity and
hysteresis of the dynamic stress-strain relationship of soil.

4.1 Dynamic stress-strain curve

By doing the dynamic triaxial test, the hysteresis loop of
clay under cyclic loading is obtained. Taking the maximum
dynamic stress and the corresponding strain of the
hysteresis loop in each level, the dynamic stress-strain
curve of clay can be drawn in Fig. 10, which shows the
changing trend of clay under various confining pressures at
normal temperatures and different freezing temperatures.

Fig. 10 shows that the dynamic stress has a significant
increase in the initial stage of the strain, and gradually
becomes flat when increasing the strain. The reason is that
the soil in the early stage has a certain integrity of its
structure, and thus has a certain ability to resist external
dynamic stress, which results in a significant increase in the
stress at the early stage of strain. When the confining
pressure is applied to the soil, this ability to resist external
dynamic stress will be strengthened. For frozen soil, the low
temperature makes the water in the soil freeze and
transform from liquid to solid, which further improves the
ability of the soil to resist external dynamic stress. When
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Fig. 10 Dynamic stress-strain curves at different temperatures

the dynamic stress gradually gets a specific critical value,
the ability of the soil to resist the external dynamic stress
will gradually decrease, resulting in a significant increase in
dynamic strain and a slowdown in the trend of dynamic
stress increase.

When confining pressure increases and freezing
temperature decreases, the slowing down stage of the
dynamic stress-strain curve will be delayed. Compared with
the situation of the normal temperature soil, the situation of
the frozen soil is more significant. This is because the

higher the confining pressure, the better the integrity and
stability of the soil would be, and the less likely to be
damaged. When the soil is frozen, the integrity and stability
of the soil will be increased. The lower the freezing
temperature, the more obviously the increasing trend is. As
a result, the slowdown phase of the dynamic stress-strain
curve is delayed.

Regarding the dynamic constitutive relationship of clay,
Hardin et al. found a hyperbolic relationship in accordance
with Eq. (3) under cyclic loading through a large number of
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Table 2 Fitting results

Temperature Confining a b R?

(°C) pressure (kPa)

100 1.020E-05 0.023  0.949

23 200 5.172E-06 0.011 0.823

300 3.353E-06 0.015 0.901

100 4.075E-06 0.004 0.991

-5 200 3.619E-06 0.004 0.987

300 2.937E-06 0.005 0.99

100 2.158E-06 0.003 0.977

-10 200 2.055E-06 0.003  0.997

300 1.828E-06 0.001 0.986

100 1.838E-06 0.002 0.986

-15 200 1.800E-06 0.004 0.993

300 1.799E-06 0.001  0.993

100 1.747E-06 0.002 0.994

-20 200 1.729E-06 0.001  0.992

300 1.717E-06 0.001  0.993

experiments. Eq. (6) can be derived from Eq. (3), Eq. (4),
Eq. (5).

&y

Oy = 3

‘" a+be, )

E,=%=%_%=0_ o __1 4
‘" e,-e, €,-0 & a+be,
. . 1 1

Edmax_gld"‘E0 Ed _SI:rEOa+b8d _g (5)

lo = lim o, = lim ! —1 6

dmax £q > d gdﬁwa+bgd b ()

where o is the dynamic stress, g, is the dynamic strain, a

and b are the soil parameter respectively.

In order to verify that the dynamic stress-strain curve of
the clay used in this experiment conforms to the Hardin
Drnevich hyperbolic model, the SPSS software is used to fit
its dynamic stress-strain curve to the Hardin Drnevich
hyperbolic model, and the fitting results are ideal. The
results are presented in Table 2.

Table 2 shows that the variances are all close to 1,
indicating that the fitting results are very ideal. Especially
for frozen soil, the fitting result is better than that of normal
temperature. The reason is the frozen soil is with higher
strength. The cyclic stress exerted by the loading hammer
during the test loading process is more stable. The strength
of frozen soil will be significantly reduced, resulting in
small fluctuations in the applied cyclic stress. Such
fluctuations will lead to relatively poor fitting results for
normal temperature soils.

4.2 Dynamic elastic modulus

The dynamic elastic modulus represents the ability of

Table 3 Growth rate of dynamic elastic modulus at negative
temperature compared to positive temperature (%)

Temperature(°C)
Confining -5 -10 -15 -20
pressure (kPa)
100 152.3 3758 456.2 4589
200 422 1510 1882 199.2
300 12.9 81.7 86.5 95.0

soil to resist deformation. It is a physical quantity that
describes the elasticity of materials. It is a general term.
From a microscopic point of view, it reflects the bonding
strength between molecules, atoms, or ions. Under the
action of cyclic stress and the same confining pressure, the
dynamic elastic modulus of clay will gradually decrease
when increasing dynamic strain, as shown in Fig. 11.

The reason is that when increasing the strain, the
integrity and stability of the soil gradually decrease, the
density of the soil will continue to decrease, and the
distance between the particles will gradually increase. In
this circumstance, the cementation force between the soil
particles will be weakened, and the original structure will be
affected, weakening the ability of the soil to resist
deformation, which decreases the dynamic elastic modulus.

Fig. 12 presents the change of dynamic elastic modulus
with different temperatures. Under the same confining
pressure, the dynamic elastic modulus of clay at normal
temperature is significantly lower than at frozen
temperature. The results of this experiment show a similar
trend to previous studies (e.g., Czajkowski et al. 1980,
Christ et al. 2009, Xu et al. 2020).

The percentage increase in the dynamic elastic modulus
of clay under various negative temperatures, compared to
positive temperature conditions at confining pressures of
100 kPa, 200 kPa, and 300 kPa, is shown in Table 3.

As seen in Fig. 12, the dynamic elastic modulus of clay
is at its lowest in summer. With the change of seasons to
autumn, the temperature decreases. The clay is frozen, its
dynamic elastic modulus will increase sharply. When the
freezing temperature decreases from -5°C to -10°C, the
dynamic elastic modulus increases more dramatically.
When the freezing temperature reaches -15°C, the upward
trend will gradually weaken. As winter approaches and the
temperature continues to decrease to -20°C, there is a
gradual increase in the dynamic elastic modulus. In
addition, the content depicted in the figure does not imply
that the results between different temperatures represent a
linear relationship. However, in order to better observe its
changes, a method of straight line connection has been
adopted, including the temperature comparisons presented
below.

This phenomenon is attributed to the gradual decrease in
temperature from summer to winter. When the temperature
drops below freezing, the water in the clay freezes, forming
many ice crystals. The lower the temperature of the clay, the
more ice crystals form within it. The existence of ice
crystals enhances the cementation force between clay
particles, resulting in strong stiffness of frozen clay and a
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modulus tends to increase more gently. Observing Fig. 12,
as the season transitions from late autumn to winter,
specifically when the environmental temperature is at -15°C
and -20°C, the freezing temperature of clay is quite low, and
the confining pressure exerts a minimal effect on the
dynamic elastic modulus of clay under initial strain. This is
attributed to the significantly low temperatures in winter,
which enhance the internal structural strength and stiffness
of the clay. At this juncture, the presence of confining
pressure has a comparatively weaker impact on its strength
than in the case of soil at normal temperatures.

From this analysis, it can be inferred that the dynamic
elastic modulus of clay is at its lowest during summer due
to higher ambient temperatures and the absence of ice
crystals within the clay. At the end of spring and the
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beginning of autumn, when temperatures drop noticeably,
the emergence of ice crystals causes significant changes in
the internal structure of the soil, leading to a noticeable
increase. In the early spring and late autumn, as
temperatures continue to decrease, the significant increase
in ice crystals results in an even more pronounced increase.
During winter, the dynamic elastic modulus reaches its
maximum value.

Fig. 12 shows that when the clay freezes, the confining
pressure will have a great impact on it. With the confining

pressure of 100 kPa, the dynamic elastic modulus will be
greatly improved. When increasing the confining pressure
to 200 kPa, the increasing trend will slow down, and when
the confining pressure reaches 300 kPa, the trend will
become gentler. When the temperature keeps decreasing,
the confining pressure has little effect on the variation trend
of the dynamic elastic modulus. The existence of confining
pressure will close the cracks between the clay, and the
compactness of the clay will increase, thus, its strength and
stiffness will increase. The greater the confining pressure,
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the greater the pressure on the clay sample, and thus the
dynamic elasticity of the clay would be. The modulus will
increase as the confining pressure increases. For frozen soil,
with the confining pressure of 100 kPa, the confining
pressure exerts a squeezing effect on the clay sample. In
this circumstance, the temperature decreases and the clay
freezes. The cracks between the clay will be connected by
ice crystals, and the dynamic elastic modulus will improve
significantly. With the confining pressure going up to 200
kPa, the confining pressure has a stronger squeezing effect
on the normal temperature clay and frozen clay, leading to a
significant increase in its initial dynamic elastic modulus.
However, because of the enhancement of the extrusion
effect, the increase of the dynamic elastic modulus of clay
during freezing slows down. When the confining pressure
continues to increase to 300 kPa, the increasing trend of
dynamic elastic modulus will continue to weaken. As a
whole, the dynamic elastic modulus of clay will increase as
confining pressure increases, no matter whether it is at the
same temperature or at the same strain.

4.3 Dynamic damping ratio

Under dynamic load, the soil body vibrates to produce a
certain amount of energy. At the same time, it produces a
certain amount of damping to the shock wave, and the
dynamic damping ratio is an important parameter that
reflects the amount of energy produced by the soil body
absorbing vibration. Fig. 13 shows that the dynamic
damping ratio of clay will gradually increase as the strain
increases.

The reason is that the increase of strain weakens the
bond between clay particles and ice crystals. When the
strain reaches a certain degree, the connection will be
destroyed, the clay sample will produce new cracks, and the
hysteretic energy consumption will increase, leading to the
increased of dynamic damping ratio.

When the soil is frozen, the dynamic damping ratio will
decrease sharply. The results of this experiment show a
similar trend to previous studies (e.g., Czajkowski et al.
1980, Wu et al. 2019, Liu et al. 2020). When decreasing the
freezing temperature, the dynamic damping ratio will
continue to decrease, but the downward trend will gradually
slow down, as shown in Fig. 14.

The percentage decrease in the dynamic damping ratio
of clay under various negative temperatures, compared to
positive temperature conditions at confining pressures of
100 kPa, 20 OkPa, and 300 kPa, is shown in Table 4.

This phenomenon occurs because the transition from
summer to autumn, with the accompanying temperature
decrease, causes the water in the clay to freeze, leading to a
reduction in the content of unfrozen water. The frozen water
transforms into solid ice crystals, which enhance the
cementation forces within the clay, thereby weakening its
ability to absorb dynamic energy and consequently reducing
the dynamic damping ratio. As winter sets in and the
environmental temperature drops significantly, the content
of unfrozen water in the clay becomes negligible, while the
content of ice crystals reaches a level beyond which it does
not increase further, slowing down the declining trend of

Table 4 Attenuation rate of dynamic damping ratio at
negative temperature compared to positive temperature (%)

Temperature(°C)
Confining -5 -10 -15 -20
pressure (kPa)
100 40.9 43.8 57.8 60.9
200 39.8 43.7 59.1 59.6
300 35.1 53.5 56.1 56.1
—s=— 100kPa
0.16 7 —e— 200kPa
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= 0.14 1
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Fig. 14 Dynamic damping ratio-temperature curves under
different confining pressures

the clay's dynamic damping ratio. The reverse can be
inferred as the season transitions from winter to summer.
Overall, under the same temperature or strain, the dynamic
damping ratio of clay gradually decreases with increasing
confining pressure. This is because an increase in confining
pressure reduces the clay's ability to absorb dynamic
energy, leading to such an outcome.

Hence, it can be deduced that in summer, due to higher
temperatures, the cementation forces between particles
within the clay are weaker, and its capacity to absorb
dynamic energy is stronger, resulting in a higher dynamic
damping ratio. At the end of spring and the beginning of
autumn, the reduction in temperature weakens this energy
absorption capacity, leading to a noticeable decrease. In the
early spring and late autumn, the decreasing trend slows
down. During winter, the dynamic damping ratio reaches its
minimum value.

4.4 Dynamic cohesion

The dynamic cohesion ¢ reflects the various physical
and chemical forces generated between soil particles under
dynamic loads, including Van der Waals force, cementation
force, and Coulomb force. The dynamic cohesion is
obtained from the Mohr's stress circle. Fig. 15 shows the
Mohr's stress circle of normal temperature clay and frozen
clay respectively. The Mohr's stress circle of the two
working conditions has a certain difference. It can be seen
that the distance between the three Mohr's stress circles
under the three different confining pressures of the normal
temperature clay is relatively far, and for the frozen clay, the
distance between the three Mohr's stress circles under the
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three different confining pressures is very close. Since the
normal-temperature clay produces a modest force to
produce strain, whereas the frozen clay exerts a
considerable force, the results in Fig. 15 are significantly
different.

Fig. 16 shows the variation of dynamic cohesion ¢ with
temperature. After the clay is frozen, the dynamic cohesion
will increase significantly. The results of this experiment
show a similar trend to previous studies (e.g., Czurda ef al.
1997, Oh et al. 2011, Al-Hunaidi et al. 2011). When the
freezing temperature decreases continuously, the increasing
trend gradually decreases. At the freezing temperature of -
10°C, the dynamic cohesion will no longer increase
significantly. The dynamic cohesion of clay at -5°C is
346.13% higher than that at normal temperature. The
dynamic cohesion of clay at -10°C is 783.8% higher than
that at normal temperature. The dynamic cohesion of clay at
-15°C is 844.84% higher than that at normal temperature.
The dynamic cohesion of clay at -20°C increased by
883.31% compared with that at normal temperature.

This is due to the transition from summer to autumn,
where the temperature drops and the soil undergoes
freezing. The water content in clay transforms into ice
crystals, strengthening the cementation between clay
particles. At this point, the clay particles and ice crystals
collectively bear the shear strength of the clay, leading to an
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Fig. 16 Dynamic cohesion-temperature curve

increase in dynamic cohesion. In autumn, at the onset of
soil freezing, the unfrozen water in the clay gradually turns
into ice crystals, continuously enhancing the cementation
force and significantly increasing the dynamic cohesion. In
winter, the content of unfrozen water in the soil is minimal,
resulting in a slow increase in ice crystals, and thus, the
trend of increasing dynamic cohesion slows down.

From this analysis, it can be deduced that in summer,
due to higher temperatures and the absence of ice crystals,
clay exhibits lower shear strength, leading to minimal
dynamic cohesion. At the end of spring and the beginning
of autumn, with the decrease in environmental temperature
and the appearance of ice crystals, there is a notable
increase in dynamic cohesion. In early spring and late
autumn, as the temperature continues to decrease and the
amount of ice crystals increases, the increase in dynamic
cohesion remains significant. In winter, this increasing trend
slows down, and dynamic cohesion reaches its maximum
value.

4.5 Dynamic internal friction angle

The dynamic internal friction angle ¢ mainly represents
the movement and occlusal friction between particles under
the dynamic load.

Fig. 17 shows that when the soil is frozen, the dynamic
internal friction angle will increase significantly. The results
of this experiment show a similar trend to previous studies
(e.g., Czurda et al. 1997, Jiang et al. 2017, Tong et al.
2018). The lower the freezing temperature, the greater the
dynamic internal friction angle would be. The dynamic
internal friction angle at -5°C is 185.19% higher than that at
normal temperature. The dynamic internal friction angle at -
10°C is 255.47% higher than that at normal temperature.
The dynamic internal friction angle at -15°C is 246.61%
higher than that at normal temperature. The dynamic
internal friction angle at -20°C increased by 242.86%
compared with that at normal temperature.

The contact area between clay particles greatly
influences the dynamic internal friction angle of clay, and
the arrangement of the clay particles also has a significant
impact. As the season transitions from summer to autumn
and the temperature decreases, causing the clay to freeze,
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the resulting frost heave force enlarges the contact area
between soil particles, thus increasing the dynamic internal
friction angle ¢. The lower the environmental temperature,
the stronger the frost heave force exerted on the clay
particles, and consequently, the larger the dynamic internal
friction angle ¢. When the temperature reaches -10°C and
beyond, as the season transitions from autumn to winter,
changes in the dynamic internal friction angle tend to
stabilize. This is because once a certain negative
temperature is reached, further lowering the environmental
temperature does not continuously increase the contact area
between clay particles, resulting in no significant change in
the dynamic internal friction angle.

Hence, it can be concluded that in summer, due to
higher temperatures and the absence of frost heave force,
the dynamic internal friction angle of clay is at its lowest.

At the end of spring and the beginning of autumn, as
temperatures decrease and frost heave force causes an
increase in the contact area between soil particles, there is a
noticeable increase in the dynamic internal friction angle. In
early spring and late autumn, as temperatures continue to
fall, the impact of the frost heave force on the soil compared
to the onset of freezing diminishes, so the increasing trend
slows down. In winter, the dynamic internal friction angle
gradually stabilizes with a slight decrease.

Given that the lowest temperature set for the
experiments was -20°C, the experimental results and
changes in various parameters showed that when the
temperature dropped from -15°C to -20°C, the changes in
soil property parameters were minimal. This suggests that
when the temperature continues to decrease marginally,
there will not be significant changes in the dynamic
properties of the soil.

5. Conclusions

In this paper, a dynamic triaxial test was carried out for
clay in the Harbin area at 3 confining pressures (100 kPa,
200 kPa, 300 kPa) and 5 different temperatures (23°C, -
5°C, -10°C, -15°C, -20°C). Using the temperature variation
to reflect the change of seasons. The dynamic stress-strain

curve of the clay is obtained, and the dynamic elastic
modulus, dynamic damping ratio, dynamic cohesion, and
dynamic internal friction angle of the clay are measured and
analyzed. And analyze the evolving patterns of its changes
with the alternation of seasons. The following conclusions
are drawn:

» The dynamic stress increases significantly in the initial
stage of strain, and gradually tends to level off as the strain
continues to increase. With the increase of the confining
pressure and the decrease of the freezing temperature, the
slowing down stage of the dynamic stress-dynamic strain
curve will be delayed. Compared with the trend of the
normal temperature soil, the situation of this trend in the
frozen soil is more significant.

 Under the action of cyclic stress and the same confining
pressure, the dynamic elastic modulus of clay will gradually
decrease with the increase of dynamic strain. The dynamic
elastic modulus of clay at normal temperature is
significantly lower than the dynamic elastic modulus of clay
when frozen. With the continuous decrease of freezing
temperature, the increase of dynamic elastic modulus tends
to be gentle. When the freezing temperature is between -
15°C and -20°C, which means, when the freezing
temperature is very low, the confining pressure has little
effect on the dynamic elastic modulus of the clay under the
initial strain.

e The dynamic damping ratio of clay will gradually
increase when increasing the strain. When the soil is frozen,
the dynamic damping ratio will decrease significantly.
When the freezing temperature decreases, the dynamic
damping ratio will continue to decrease, but the downward
trend will gradually slow down.

* After freezing, both the dynamic cohesion and dynamic
internal friction angle of clay increase significantly. Once
the temperature reaches -10°C, this increasing trend slows
down and tends to stabilize.

* By analyzing the evolutionary patterns of dynamic
characteristics of clay in the sequence of seasonal changes
in spring, summer, autumn, and winter, it is observed that
the dynamic elastic modulus, dynamic cohesion, and
dynamic internal friction angle exhibit a decreasing trend
followed by an increasing trend, whereas the dynamic
damping ratio demonstrates an increasing trend followed by
a decreasing trend.
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