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Abstract: As a widely-applied engineering material 
in cold regions, the frozen subgrade soils are usually 
subjected to seismic loading, which are also 
dramatically influenced by the freeze-thaw (F-T) 
cycles due to the varying temperature. A series of 
dynamic cyclic triaxial experiments were conducted 
through a cryogenic triaxial apparatus for exploring 
the influences of F-T cycles on the dynamic 
mechanical properties of frozen subgrade clay. 
According to the experimental results of frozen clay at 
the temperature of -10°C, the dynamic responses and 
microstructure variation at different times of F-T 
cycles (0, 1, 5, and 20 cycles) were explored in detail. 
It is experimentally demonstrated that the dynamic 
stress-strain curves and dynamic volumetric strain 

curves of frozen clay are significantly sparse after 20 
F-T cycles. Meanwhile, the cyclic number at failure 
(Nf) of the frozen specimen reduces by 89% after 20 
freeze-thaw cycles at a low ratio of the dynamic stress 
amplitude. In addition, with the increasing F-T cycles, 
the axial accumulative strain, residual deformation, 
and the value of damage variable of frozen clay 
increase, while the dynamic resilient modulus and 
dynamic strength decrease. Finally, the influence of 
the F-T cycles on the failure mechanisms of frozen 
clay was discussed in terms of the microstructure 
variation. These studies contribute to a better 
understanding of the fundamental changes in the 
dynamic mechanical of frozen soils exposed to F-T 
cycles in cold and seismic regions. 
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1    Introduction  

The construction of structures and foundations in 
cold regions is frequently affected by freeze-thaw (F-
T) cycles due to periodic fluctuations in ambient 
temperatures near the freezing point (Matsuoka and 
Murton 2008). Generally speaking, the freeze-thaw 
cycle is a physically weathering process (Zhang et al. 
2013; Deprez et al. 2020) that significantly affects the 
mechanical and deformation features of frozen soils 
(Qi et al. 2008). During the freezing process, soil 
particles will sustain internal stresses, which might be 
caused by the phase change of moisture transition 
from water to ice. While during the thawing process, 
the stresses are released, which consequently changes 
the arrangement and bonding of soil particles (Edwin 
et al. 1979). The processes of freezing and thawing 
have outstanding complexity and diverse behavior, 
which will have a strong impact on the environment, 
soil foundation, and engineering construction (Zhou 
et al. 2000; Wu et al. 2005), such as railways, 
highway engineering, oil pipeline constructions, 
hydropower station. Besides, the dynamic loading 
directly leading to the failure of frozen soil in cold 
regions is another inescapable issue in cold and 
seismic zones, such as the south-west and north-west 
zones in China, where earthquakes occur frequently. 
Frozen soil will be permanently deformed under 
cyclically dynamic loading, with gradual loss of 
strength, and appearance of the nonlinear 
deformation and accumulative plastic strain (Zhao et 
al. 2020). These damage and deformation 
characteristics will profoundly influence the stability 
of infrastructural projects in cold regions (Vinson 
1975; Zhu et al. 2011; Liu et al. 2016; Hu et al. 2021). 
Since the ground in cold regions has been 
experiencing F-T cycles, the mechanical behaviors will 
become more complex if the dynamic loading is 
applied. Herein, special attentions should be paid to 
exploring the mechanical features of frozen soil in 
response to the coupled influence of dynamic stress 
state and F-T cycles. 

Some of the earliest concerns have emphasized 
the specific impacts of F-T cycles on the physical 
features of frozen soils, like the particle distribution, 
pores, density, distribution of pores, and soil 
structures (Viklander 1998; Hauck et al. 2004; Yang 
et al. 2004; Aldaood et al. 2014; Ma et al. 2015; 
Hendry et al. 2016; Fan et al. 2021a; Wang et al. 
2020). The change in soil structure caused by freeze-

thaw cycles will inevitably bring about the variation of 
mechanical features of frozen soils (Chang et al. 
2013). Specifically, the internal friction angle, uniaxial 
compressive strength, shear strength, resilient 
modulus, elastic modulus, and cohesion of frozen 
soils are affected in some degree by the F-T cycles 
(Xie et al. 2015; Wang et al. 2007; Qi et al. 2008). 
Although many researchers have carried out 
experimental and theoretical studies on the static 
mechanical properties of frozen soils subjected to 
freeze-thaw cycles (Vinson 1975; Vinson 1980; Zhao 
et al. 2014; Balandin et al. 2020), the methods and 
the conclusions are considerably different in some 
conditions. For example, Alkire and Morrison (1983) 
perfomrmed a series of isotropic, consolidated, 
undrained triaxial tests to explore the influence of 
freeze-thaw cycles and repeated loadings on strength 
and deformation characteristics of Manchester silt 
and Elo clay, and the results showed that freeze-thaw 
cycles or repeated-load conditions cause a strength 
increase. While, Li et al. (2012) undertook a series of 
tests including freeze-thaw (F-T) (after 0, 2, 5, 11, 21, 
and 31 freeze-thaw cycles, respectively), unconfined 
compression (UC), and unconsolidated-undrained 
triaxial compression (UUTC) tests to establish a 
correlation between the mechanical behavior and 
freeze-thaw cycles, and confirmed the weakened and 
deteriorated effects of freeze-thaw actions on the 
compacted fine-grained soil. In addition, Qi et al. 
(2008) studied the influence of freeze-thaw on the 
engineering properties of silty soil under different 
freezing conditions and dry unit weights, and pointed 
out that the elastic modulus of the samples was 
increased after freeze-thaw cycles. Liu et al. (2016) 
conducted a set of triaxial compression tests on frozen 
silty sand with different freeze-thaw cycles, and found 
that the elastic modulus of silty sand decreases at first 
and then increases with the increasing freeze-thaw 
cycles, which is in agreement with the studies from 
Wang et al. (2007), but different from Qi et al. 
(2008). Moreover, Xie et al. (2015) believed that the 
shear strength of Qinghai-Tibet clay decreases with 
the increase of freeze-thaw cycles. On the contrary, 
Chang et al. (2013) studied the influence of freeze-
thaw cycles on the mechanical properties of Qinghai-
Tibet silt and pointed out that as the freeze-thaw 
cycles increase, the strength of samples decreases first 
and then increases. Some researchers also 
demonstrated that the strength of soil samples 
remains unchanged before and after freezing and 
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thawing actions. These previously mentioned studies 
demonstrate that the mechanical properties of frozen 
soils have distinct tendencies under freeze-thaw 
cycles, in which some factors (like the soil type, 
temperature, confining pressure, and load type) 
significantly affect the variation of their mechanical 
properties.  

Compared to the experimental studies on the 
effects of freeze-thaw cycles on the static mechanical 
behavior of frozen soils, few studies have been 
conducted on the description of the dynamically 
mechanical behaviors of frozen soil subjected to 
freeze-thaw cycles. Recently, some efforts were made 
toward describing dynamic mechanical properties of 
soils subjected to freeze-thaw cycles (Liu et al. 2010; 
Ling et al. 2015; Orakoglu et al. 2017; Zhang et al. 
2019; Luo et al. 2020; Fan et al. 2021b), while the 
corresponding understanding of dynamically 
mechanical features of frozen soils experiencing 
freezing-thawing actions are still in the initial stage of 
development. For example, Xu et al. (2019) presented 
the variation of the accumulative deformation on 
frozen clay exposed to several F-T cycles under 
dynamic loading. Additionally, Fan et al. (2021b) 
presented the coupled influence of freezing and 
thawing action and stress conditions on the dynamic 
mechanical features of the frozen clay, and 
experimentally confirmed that the evolution of the 
accumulative deformation of frozen clay has two 
stages. Although some studies have been studied on 
the dynamic mechanical behaviors of frozen soil 
subjected to freeze-thaw cycles, the influence of 
freeze-thaw on the mechanical behavior of soils is 
difficult to clarify without more extensive 
investigations, and conclusions remain open (Qi et al. 
2006). A systematic study is needed in terms of the 
various testing procedures on frozen soils, in which 
the confining pressure, the ratio of dynamic stress 
amplitude (RDSAR), and F-T cycles are all examined. 
Therefore, understanding the dynamic mechanical of 
frozen soil subjected to freeze-thaw cycles has the 
potentials for providing the design guidance for the 
practical projects in cold regions. 

In view of the lack of references reported on the 
dynamic properties of frozen soil subjected to freeze-
thaw cycles and cyclic loading simultaneously, this 
paper investigates the dynamic mechanical properties 
of frozen soils subjected to the F-T cycles under cyclic 
loading. Herein, a sequence of cyclic triaxial 
compression experiments on frozen clay experiencing 

F-T cycles was carried out. The evolution of the 
dynamic stress–strain relationship, volumetric strain, 
hysteresis curves, accumulative axial strain, dynamic 
resilient modulus, residual deformation, damage 
variables, and dynamic strength of frozen clay 
experienced F-T cycles were analyzed in detail. 
Moreover, the microstructure of soil underwent 
different freeze-thaw cycles was studied by scanning 
electronic microscopy (SEM) tests in order to analyze 
the variation rules of dynamically mechanical 
properties. 

2    Materials and Methods 

2.1 Soil properties and specimen preparation 

The clay used in the study is a typical soil 
deposited in cold regions on the eastern side of the 
Qinghai-Tibet Plateau in China (Sichuan Province, 
Ganzi). Table 1 and Fig. 1 present the grain-size 
distribution and basic index properties of clay, 
respectively.  

The specific preparation of the standard frozen 
clay specimens for the dynamic triaxial test is 
described as follows: (i) The tested soil was naturally 
air-dried and sieved through a 2.0mm screen; (ii) 
After the procedure (i), tested soil was prepared 

Table 1 Basic physical properties of tested clay  

Physical properties Value 
Liquid limit (%) 27.5 
Plastic limit (%) 15.9 
Plastic index 11.6 
Maximum dry density (g/cm3) 1.81 
Optimal water content (%) 16.8 

 

 
Fig.1 Particle size distribution curve of soil samples. 
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according to its optimal water content of 16.8%, and 
they were placed in sealed bags for 24h to ensure the 
uniformity of moisture content; (iii) The sample-
making machine was used to compress the soil to 
form the specimens, having a diameter size of 61.8 
mm, a height size of 125 mm (Fig. 2 (a)), and 1.89 
g/cm3 of the dry density; (iv) Each specimen was 
mounted in the steel split mold with porous stones at 
each end (Fig. 2 (b)). Subsequently, all the specimens 
were put in the apparatus for vacuuming. The 
vacuuming and saturating processes lasted 3 h and 12 
h, respectively (Fig. 2 (c)), to make sure the degree of 
saturation of the specimens was more than 95%. After 
that, the porous stones were dropped and the epoxy 
resin platens were placed on both ends; and (v) To 
avoid moisture migration and frost heaving during 
the initial freezing, the specimens were put in a 
temperature-controlled apparatus at -30°C for 48 h to 
freeze. Finally, all the specimens were removed from 
the split molds, covered with new rubber sleeves, and 
then prepared for freeze-thaw cycles and dynamic 
triaxial test (the temperature is -10°C) (Fig. 2 (d)). 

2.2 Test apparatus and methodology 

The tests conducted here include the freeze-thaw 
test and the dynamically cyclic mechanical test, in 
which the freeze-thaw test is carried out, followed by 
the mechanical test. The specific experiment 
procedures are shown in Table 2. 

2.2.1 F-T cycle test 

According to the seasonal temperature conditions 

of the cold regions, the test specimens were frozen at -
10°C for 12h and then melted at indoor temperature 
(23°C) for 12h, namely, a single freeze-thaw cycle was 
considered as 24 hours. The specimens subsequently 
experienced different cycles of F-T processes under 
closed conditions. Notably, all the specimens were 
covered with rubber sleeves to avoid moisture 
evaporation. After the frozen specimens underwent F-
T cycles at 0, 1, 5, and 20 times, we took out a group 
of specimens for the dynamic cyclic triaxial tests, and 
the rest of the samples continued to freeze and thaw 
until 20 F-T cycles are completed. 

2.2.2 Mechanical test 

The dynamic mechanical test equipment adopted 
is the modified triaxial material test device MTS-810 
at the State Key Laboratory of Frozen Soil 
Engineering of the Chinese Academy of Sciences 
(CAS), as is shown in Fig. 3. The cryogenic test 
apparatus consists of the refrigerating devices, 
loading equipment, confining pressure chamber, and 
a data acquisition system including mechanical data 
acquisition and temperature acquisition. The results 
of data acquisition during the specimen testing 
include temperature, time, axial displacement, axial 
force, confining displacement, and confining 
pressure. The equipment was able to test static 
mechanical and dynamic features of frozen soil, and 
the temperature error was controlled at ±0.1°C. The 
references have described the test instrument in detail 
(Zhang et al. 2007; Zhang et al. 2019). 

In this paper, the frozen samples that 
experienced F-T cycles were subjected to dynamically 

 
Fig. 2 Specimens preparation: (a) Soil samples; (b) Preparation; (c) Saturation; (d) Freeze-thaw cycles. 

 
Table 2 Summary of the specimen tested conditions 

Specimen number Confining pressure σ3 (MPa) Freeze-thaw cycles 
NF-T 

Ratio of dynamic stress amplitude 
RDSAR 

DT-C-01~12 0.3 0, 1, 5, 20 0.80, 0.90, 0.98 
DT-C-13~24 1.0 0, 1, 5, 20 0.80, 0.90, 0.98 
DT-C-25-36 1.4 0, 1, 5, 20 0.80, 0.90, 0.98 
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cyclic triaxial tests at -10°C temperature. Three levels 
of dynamic stress amplitude ratios (RDSAR=0.80, 0.90, 
and 0.98) were carried out under the confining 
pressure σ3 of 0.3 MPa, 1.0 MPa, and 1.4 MPa, 
respectively. To express the dynamic stress amplitude, 
a stress parameter RDSAR is introduced, which is given 
by the ratio of the dynamic stress ( 𝜎 ) to the 
corresponding static strength ( 𝑞 ), namely, 
expressed as 𝑅 = 𝜎 /𝑞 . It should be noted 
that the corresponding static strength was obtained 
from the corresponding static test of frozen clay. In 
this study, the three groups of the dynamic triaxial 
tests were carried out by adopting an axial stress-
controlled loading system, as is shown in Fig. 4(a). 
The loading frequency was kept at 1.0Hz and the 
loading path is depicted in Fig. 4(b), in which the 
sinusoidal loading form was employed, as is shown in 
Fig. 4(c). Before the cyclic loading, the confining 
pressure was applied and kept for 5min. The frozen 
specimens will fail once the axial strains reach 5%. 

3    Dynamic Test Results 

Following the dynamically cyclic triaxial tests of 
frozen soil experienced the F-T cycles, the influences 
of the F-T cycles on the variation of dynamic stress-
strain, hysteresis loop, accumulative axial strain, 
dynamic resilient modulus, residual deformation, 
damage variables, and dynamic strength were 
investigated. The dynamically mechanical features of 
frozen soil undergoing the F-T cycles will be explored 
and discussed in the following statements. 

3.1 Effect of F-T cycles on dynamic stress-
strain curves and volumetric strain curves 

The dynamic stress–strain curves and volumetric 
strain curves of frozen clay can intuitively declare the 
dynamic deformation features. To understand the 
effects of the F-T cycles on the deformation behaviors, 
a series of dynamic triaxial experiments on frozen clay 
was carried out. For example, Fig. 5 presents the 
experimental results of frozen clay when the confining 
pressure is 0.3 MPa (where RDSAR=0.98) and the 
cycles of F-T processes range from 0 to 20 times. The 
outcomes demonstrate that the dynamic stress–strain 
curves of frozen clay beneath cyclically dynamic 
loading show hysteresis, nonlinearity, and plastic 
strain accumulation. Compared with thawed soil, 
frozen soils exhibit ideal viscoelastic features during 
the cyclic process, and its dynamic hysteresis loop is 
an open curve. Meanwhile, as the dynamic loading 
cycles increase, the dynamic stress-strain curve 
gradually becomes dense from the sparse, and finally 
reaches the failure state. The variation of volumetric 
curves exhibits initial contraction followed by 
dilatancy tendency. Moreover, the curves of dynamic 
stress–strain and volumetric strain of frozen clay 
gradually become sparse along with the increasing  

Fig. 3 MTS-810 test system: (a) Loading equipment; 
(b) Confining pressure chamber; (c) Pressure 
intensifier; (d) Refrigerating devices; (e) Data 
acquisition system. 

 

Fig. 4 Scheme of the loading path and the cyclic loading: (a) Loading mode; (b) Loading path; (c) Loading waveform.



J. Mt. Sci. (2023) 20(1): 242-255    

 247

  

 

 

 

 
Fig. 5 Dynamic stress-strain relationship and volumetric strain curves of frozen soil under different freeze-thaw cycles 
(σ3=0.3MPa; RDSAR=0.98). 
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times of F-T cycles, which means the more F-T cycles, 
the less the cyclic number at failure 𝑁 , as is shown in 
Fig. 6. For frozen clay, the cyclic number at failure 
occurs around the 261st loading cycle. When the 
frozen clay experiencing F-T cycles after 20 times, the 
loading cycle at failure is reduced to 26. This is mainly 
due to that the repeated freeze-thaw cycles have 
degraded the connection between the soil particles, 
leading the soil particles to be rearranged and 
weakening the carrying capacity of frozen samples. 
Meanwhile, Table 3 gives the cyclic triaxial 
compression test results of frozen soil subjected to 
different freeze-thaw cycles. 

3.2 Effect of F-T cycles on the hysteresis loop 

The hysteresis loop is used to describe the 
dynamic stress-strain variation with time for each 
loading-unloading cycle of the soil specimens under 
cyclically dynamic loading. The study of the hysteresis 
loop plays an important role to understand the 
evolution of dynamic features of soil, which reflects 
the energy dissipation of frozen soil during the 
cyclically dynamic loading process, including the 
plastic dissipation, viscous dissipation, and damage 
dissipation. Fig. 7 presents the relationships between 
the hysteresis loops and the loading cycles (N=1, 100, 
1000) at 0, 1, 5, and 20 cycles of the F-T processes. 
The hysteresis loop is found to be non-closed at the 
initial stage of the dynamic deformation (N=1), and 
the opening at the lower end of the hysteresis curve 
gradually becomes larger as the times of F-T cycles 
increased, indicating that frozen clay experienced F-T 
cycles are more prone to energy dissipation and a 

greater plastic deformation generated in the first 
cyclically dynamic loading. With the increasing 
loading cycles (N=100, 1000), the hysteresis curves 
gradually take the shape of closed willow leaves, and 
the development of hysteresis curves with strain for 
frozen clay without freezing and thawing action lags 
behind that for specimens with 1, 5, and 20 times of 
F-T cycles. Additionally, as the increase of F-T cycles, 
the hysteresis loop of frozen clay develops faster 
under the same vibration, which indicates that the 
freezing and thawing action makes frozen clay less 
capable of withstanding dynamic loads, and the 
specimens are more likely to produce larger 
deformations. 

3.3 Effect of F-T cycles on axial accumulative 
strain 

The axial accumulative strain refers to the 

         
Fig. 6 Cyclic number at failure of frozen clay under different conditions: (a) Different freeze-thaw cycles; (b) Different 
amplitude ratio of dynamic stress.  
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Fig. 7 The hysteresis curves of frozen clay under 
different freeze-thaw cycles with different cyclic 
numbers. 
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accumulation of the axial deformation in each loading 
cycle along with the cyclically loading cycles 
throughout the dynamic loading process, and its 
magnitude can be determined by the original data of 
triaxial cyclic loading, which is the basis for studying 
the long-term deformation of foundation soil under 
the action of load. Fig. 8 presents the difference of F-T 
cycles on the evolution of the axial accumulative 
strain for frozen clay by three groups of cyclic 
experiments. Taking the 0.3MPa confining pressure 
for example, when the dynamic stress amplitude ratio 
(RDSAR) is respectively 0.80, 0.90, and 0.98, the 
evolution tendency of the axial accumulative strain 

versus the cycles of F-T processes among different 
RDSAR is uniform. It is noteworthy that the F-T cycle 
increases the axial accumulative strain. When 
RDSAR=0.80, the axial cumulative strain of frozen clay 
undergoing 0, 1, 5, and 20 cycles of F-T processes 
ranges from 3.87% to 7.05%. In addition, at a high-
stress amplitude ratio, the influence of F-T cycles on 
the development of the axial accumulative strain in 
frozen clay is little. For example, when RDSAR=0.80, 
the  axial accumulative strains of frozen clay 
experienced 1, 5, and 20 F-T cycles increase by 49.2%, 
68.9%, and 82.0% compared with the frozen clay 
without F-T cycles experience. While, when 
RDSAR=0.98, the axial accumulative strain of frozen  

Table 3 The results of cyclic triaxial compression test 
for frozen soil subjected to different freeze-thaw cycles 

Temperature  
(℃) NF-T σ3 

(MPa) RDSAR 
Failure 
strain 
(%) 

Nf 
Freeze Thaw 
-10 23 0 0.3  0.80 5 2666
-10 23 0 0.3  0.90 5 692
-10 23 0 0.3  0.98 5 256
-10 23 0 1.0  0.80 5 2469
-10 23 0 1.0  0.90 5 688
-10 23 0 1.0  0.98 5 294
-10 23 0 1.4  0.80 5 2448
-10 23 0 1.4  0.90 5 636
-10 23 0 1.4  0.98 5 374
-10 23 1 0.3  0.80 5 683
-10 23 1 0.3  0.90 5 452
-10 23 1 0.3  0.98 5 223
-10 23 1 1.0  0.80 5 677
-10 23 1 1.0  0.90 5 430
-10 23 1 1.0  0.98 5 148
-10 23 1 1.4  0.80 5 830
-10 23 1 1.4  0.90 5 282
-10 23 1 1.4  0.98 5 174
-10 23 5 0.3 0.80 5 419
-10 23 5 0.3 0.90 5 230
-10 23 5 0.3 0.98 5 94
-10 23 5 1.0 0.80 5 267
-10 23 5 1.0 0.90 5 232
-10 23 5 1.0 0.98 5 66
-10 23 5 1.4 0.80 5 798
-10 23 5 1.4 0.90 5 280
-10 23 5 1.4 0.98 5 130
-10 23 20 0.3 0.80 5 292
-10 23 20 0.3 0.90 5 155
-10 23 20 0.3 0.98 5 66
-10 23 20 1.0 0.80 5 274
-10 23 20 1.0 0.90 5 134
-10 23 20 1.0 0.98 5 58
-10 23 20 1.4 0.80 5 251
-10 23 20 1.4 0.90 5 144
-10 23 20 1.4 0.98 5 47
Notes: NF-T, Freeze-thaw cycles; σ3, Confining 
Pressure; RDSAR, Amplitude ratio of dynamic stress; Nf, 
Cyclic number at failure. 

 

  

 
Fig. 8 The accumulative axial strain with different 
freeze-thaw cycles under different dynamic stress 
amplitude. 
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clay after 1, 5, and 20 F-T cycles increases by 13.3%, 
51.5%, and 69.9% on average. Further analysis shows 
that the increase rate of the axial accumulative strain 
in 20 F-T cycles is relatively slow compared with the 
other F-T cycles (0, 1, and 5 cycles). Taking 
RDSAR=0.90 for example, there is a significant 
difference among the four F-T cycles on frozen clay, 
the axial accumulative strain of the specimen that 
experienced 5 freeze-thaw cycles increases by 23.3%, 
while the axial cumulative strain of the samples that 
experienced 20 freeze-thaw cycles increases by only 
10.6% compared with those that experienced 5 freeze-
thaw cycles. The reason is that frozen clay is subjected 
to relatively small external loading, microcracks are 
gradually closed and ice crystals in the interface make 
the soil aggregates compact more tightly. To sum up, 
these results indicate that the F-T cycles exhibit a 
noticeable impact on the evolution of the axial 
accumulative strain for frozen clay. 

3.4 Effect of F-T cycles on dynamic resilient 
modulus 

The dynamic resilient modulus (ER) is an 
important indicator of the kinetic parameters of 
frozen soil, which is defined as the slope between the 
unloading curve and reloading curve, and the 
calculation method is interpreted in Fig. 9. The 
dynamic resilient modulus is defined as: 𝐸 = , ,                                (1) 

where 𝜎  and 𝜎  stand for the stress of point A and 
point B, 𝜀 ,  and 𝜀 ,  stand for the strain of point 
A and point B, respectively. 

From the experimental and calculated results, the 
variation of dynamic resilient modulus for frozen clay 
under the same external loading conditions with 
different times of F-T is revealed in Fig. 10. The 
evolution characteristics for the dynamic resilient 
modulus of frozen clay under 0, 1, 5, and 20 F-T 
cycles are summarized as follows: (1) Freezing and 
thawing action causes the reduction of the dynamic 
resilient modulus (Simonsen et al. 2002; Qi et al. 
2008), and the dynamic resilient modulus of frozen 
clay is negatively correlated with different times of F-
T cycles. Herein, with the increasing number of F-T 
cycles, the resilient modulus gradually decreases and 
eventually reaches a stable value. This phenomenon 
can be explained as the freezing and thawing action 
that makes soil particles and ice crystals rearrange 

and change the loose structure of the soil. When the 
long-term loading is applied, deformation is more 
likely to occur and thus the dynamic modulus of the 
frozen clay is reduced; and (2) for frozen clay, when 
the axial strain is within 2%, the dynamic resilient 
modulus gradually increases with the development of 
the axial strain, and then slowly tends to a stable 
value. However, the underlying trends of the dynamic 
resilient modulus for frozen clay which experienced F-
T cycles are observed to be significantly different in 
this study. For frozen clay experiencing F-T cycles, 
with the development of the axial strain, its dynamic 
resilient modulus gradually decreases and then tends 
to a constant value. It is mainly because the structural 
changes caused by the external loading are the main 
reason for the evolution of dynamically mechanical 
features of frozen clay. During the initially cyclical 
loading process, the ice crystal in the sample is 
damaged leading the dynamic resilient modulus to 
change greatly. With the continuing application of 
dynamic loading, the particles in the frozen soil are 
slippage by shear, the open pores are gradually close, 

 
Fig. 9 The calculate method of the dynamic resilient 
modulus. 
 

Fig. 10 The variation of resilient modulus of frozen clay 
under different freeze-thaw cycles. 
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and it is not easy to produce deformation, thus the 
rebound modulus gradually tends to a constant value. 

3.5 Effect of F-T cycles on residual 
deformation 

The deformation behaviors of frozen soil that 
undergo dynamic cyclic loading is a significant 
portion of soil dynamics research. The residual 
deformation of the soil is the most important part to 
express the dynamic deformation, and it is defined as 
the axial strain which reaches a minimum value in 
each loading cycle (Liu et al. 2016). During the entire 
dynamic loading process, the residual deformation 
gradually increases, and the deformation cannot be 
recovered after the dynamic test ends. Fig. 11 presents 
the axial residual strain of frozen clay undergoing 
different F-T cycles with the same RDSAR and different 
confining pressures (0.3 MPa, 1.0 MPa). In Fig. 11, we 
can find that the residual strain exhibits an increasing 
trend along with the number of the increasing 
dynamic loading cycles and the residual strain of 
frozen clay increases with the cycles of F-T processes 
under the same loading cycles. Taking 0.3 MPa 
confining pressure and RDSAR=0.8 as an example, 

when the number of loading cycles reaches 100, the 
residual strain is 1.70% for frozen clay without freeze-
thaw, and 2.52%, 2.85%, and 3.51% for the specimens 
with 1, 5, and 20 F-T cycles, respectively. The 
experimental results demonstrate the freezing and 
thawing action makes the frozen clay to be more 
susceptible to irrecoverable deformation. Another 
important finding is that when the confining pressure 
increases to 1.0 MPa, the residual strain of the frozen 
clay undergoes 5 and 20 F-T cycles are 3.36% and 
3.58% at 100th dynamic loading cycles, respectively, 
and the rate of variation between them is only 0.22%. 
It means the residual strain of frozen clay experienced 
5 and 20 F-T cycles remain almost the same tendency 
with increasing load cycles. The reason might be that 
in the saturated clay some kinds of structures were 
gradually formed and the effects were weakened after 
7 times of F-T cycles (Othman et al. 1993; Lin et al. 
2017). This phenomenon proves that the F-T cycle 
and confining pressure affect the evolution of residual 
deformation features of frozen clay under cyclically 
dynamic loading. 

3.6 Effect of F-T cycles on damage properties 

In this study, the damage variables DFTD in terms 
of the residual axial strain of frozen soil experienced 
different F-T cycles are proposed. Take the 1.0MPa 
confining pressure and RDSAR=0.8 for example. 
According to the failure mechanism, the specimen 
after 20 freeze-thaw cycles fail when loaded 247 
times. To describe the effects of the freezing and 
thawing action on damage properties of frozen clay, 
the value of the residual axial strain at the 40th, 80th, 
120th, 160th, 200th, and 240th loading cycles are 
selected and the corresponding DFTD is calculated. The 
definition of DFTD is given in Eq. (2), in which we keep 
a watchful eye on the variation tendency of the 
damage variables with the cycles of F-T processes and 
consider the damage variables of non-experienced F-T 
cycle samples as a reference substance. 𝐷 = , ,, ,                            (2) 

where 𝜀 ,  is the residual axial strain (RAS) for the 
non-experienced freeze-thaw cycles specimen, 𝜀 ,  is 
the RAS for frozen clay which experienced 1, 5, and 20 
freeze-thaw cycles, respectively. 𝜀 ,  is the RAS for 
the non-experienced freeze-thaw cycles specimen at 
240th loading cycles, 𝜀 ,  is the RAS for frozen clay 

 

 
Fig. 11 The relationship between residual axial strain 
and the number of freeze-thaw cycle of frozen clay. 
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which experienced 1, 5, and 20 times of F-T cycles at 
240th loading cycles, respectively. 

As shown in Fig. 12, the damage variable takes 
values in the range of 0~1. When the stress conditions 
are the same, the value of damage variables is larger 
along the number of F-T cycles increases. The 
phenomenon mentioned above illustrate the freezing 
and thawing action makes the dynamic damage 
variables of frozen clay exaggerate. In addition, the 
increasing tendency of damage variables of frozen 
clay experienced 1, 5, and 20 cycles of F-T which are 
dependent on the dynamic loading cycles, while its 
variation tendency exhibits difference. Specifically, 
the increasing tendency of frozen clay experienced 
after 1 freeze-thaw cycle increases sharply compared 
with the other two freeze-thaw cycles. 

3.7 Effect of F-T cycles on dynamic strength 

According to the definition of dynamic strength, 
the damage strain method is employed to calculate 
the dynamic strength of frozen clay. Hence, the 
ultimate failure strain of frozen clay is regarded as the 
5% of the axial strain. The dynamic strength variation 
curve is plotted according to the dynamic stress value 
corresponding to the deteriorated strain, where 𝑙𝑔𝑁  
is the horizontal coordinate and the dynamic stress 
ratio 𝜎 /(2𝜎 ) is the vertical coordinate. Herein, three 
sets are shown in Fig. 13. Firstly, the dynamic 
strength of frozen clay decreases linearly with the 
increase of cyclically dynamic loading numbers under 
the same stress loading conditions and numbers of F-
T cycles. Additionally, the dynamic strength of frozen 

clay decreases as the cycles of F-T increase. The 
possible reason is that the freezing and thawing action 
reduces the dynamic strength of frozen clay and leads 
to the loosing of structure. Moreover, the dynamic 
strength of frozen clay response to the confining 
pressure is not remarkable after freeze-thaw cycles. 

4    Failure Mechanisms and Discussion 

Unlike unfrozen soils, saturated frozen soil is a 
complex multiphase material consisting of soil 
particles, ice crystals, and unfrozen water (Liu et al. 
2016). The presence of ice crystals makes the 
structure, mechanical properties, and deformation 
characteristics of frozen soil highly sensitive to 
temperature. Freeze-thaw cycles are a crucial 
environment influencing factor (Zhang et al. 2013), 
which can change the dynamic mechanical features of 
frozen soil by altering microstructure and particle 
arrangement (Viklander 1998; Tian et al. 2019; Kong 
et al. 2020). Herein, the variation of mechanical 
properties for frozen soil is affected by freeze-thaw 
cycles, which are mainly caused by alterations in the 
soil structures, and can be elaborated by a re-
structuring of soil microstructure. As is shown in Fig. 
14, the microstructures of frozen clay subjected to 
different freeze-thaw cycles (0, 1, 5, and 20 cycles) 
were obtained to investigate the influence of freeze-
thaw cycles on dynamic mechanical properties from 
the micro-scale. As shown by the example of frozen 
clay, the shape and orientation of soil aggregates, 
along with the generated ice crystals and cementation, 
should be taken into account for a comprehensive 

 
Fig. 13 The dynamic strength for frozen clay subjected 
to different freeze-thaw cycles (1.0MPa confining 
pressure). 
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Fig. 12 The evolution of damage variables of frozen clay 
under different freeze-thaw cycles subjected to cyclic 
loadings (1.0 MPa confining pressure). 
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understanding of the degradation of the dynamic 
mechanical properties of frozen soils that experienced 
freeze-thaw cycles. Different morphological  
characteristics of the geometric transformation of 
frozen soil structure after experiencing F-T cycles are 
described. For an undisturbed initial frozen structural 
status of clay samples, soil aggregates and ice crystals 
coexist and have bonds between them, and can be 
seen as face-to-face clumps about aggregation 
structure, as shown in Fig. 14(a). Herein, the curves of 
the dynamic stress–strain and volumetric strain of 
frozen clay are relatively dense, which means the 
frozen specimen has a higher capability of 
withstanding cyclic loads with non-experienced F-T 
cycles. When the temperature increases gradually, the 
ice crystals in the soil samples turn from a solid into a 
liquid and resulting in a smaller volume. After the 
melting of ice crystals or thaw consolidation of an 
undisturbed initial frozen soil experiences thawing 
action, the inter-granular pores often develop and the 
micro fissures can still be open, leading to a 
rearrangement of the aggregates, as shown in Fig. 
14(b). When the cyclically dynamic loading is applied 
on frozen clay experiencing a single F-T cycle, newly 
created pores are firstly compressed and the pore ice 
crystals between soil particles begin to crush firstly 
companied by the excess moisture generated to 
reduce the friction of particles, and then the stress 
applying to the soil particles leading frozen soil to 
failure. Consequently, compared to undisturbed 
initial frozen clay, the frozen soil is re-structured due 
to a single F-T cycle which increases dynamic 
deformation (hysteresis loop, axial accumulative 
strain, residual deformation, and damage properties) 

and decreases dynamic strength (including dynamic 
resilient modulus). When repetitive F-T cycles affect 
frozen soil, the re-structural microstructure is affected 
by the phase transition of water, aggregate damage, 
particle translocation, and internal pores growth, as 
shown in Fig. 14(c). Briefly, the frozen clay that 
experienced times of F-T cycles has more pores, 
smaller soil aggregates, more pore ice, and weaker 
cementation between soil and ice crystals, the 
repeated ice-water phase transitions between 
particles, causing the large-size clay aggregate to 
break up and split (Hallet et al. 1991; Hall et al. 2011), 
as shown in Fig. 14(d). Admittedly, F-T cycles exhibit 
a great influence on the dynamic mechanical 
properties of frozen soil, where the soil aggregates 
and ice crystals together contribute to the main 
bearing capacity of the soil elements. When the 
dynamic loading applied, the cementation of particles 
is damaged, and frozen soil is more readily to failure. 
Correspondingly, repeated freezing and thawing 
cycles are leading to a conspicuous reduction in the 
dynamic strength and an increase in dynamic 
deformation characteristics (hysteresis loop, axial 
accumulative strain, and residual deformation). 

5    Conclusions 

Based on the experimental works presented in 
this study on frozen clay after different freeze-thaw 
cycles (0, 1, 5, and 20 cycles) under dynamically cyclic 
loading, the following main conclusions can be 
summarized: 

(1) The dynamic mechanical properties of frozen 
clay are strongly sensitive to F-T cycles. With the 
increasing F-T cycles, the dynamic stress–train 
relationship curves and volumetric strain curves 
gradually tend to spare. This indicates that the frozen 
clay undergoing F-T cycles produces larger plastic 
deformation. Meanwhile, with the increasing cycles of 
F-T, the cyclic number at failure decreases 
nonlinearly. 

(2) As the F-T cycles increase, the dynamic 
deformation of the frozen clay always increases. 
Specifically, the evolution of the hysteresis loop 
curves shows a strong increasing tendency with the 
increase of the F-T cycles. Additionally, the trend of 
the axial accumulative strain in the first five freeze-
thaw cycles (0, 1, and 5 cycles) increases more rapidly 
than 20 F-T cycles under the same loading conditions. 

Fig. 14 SEM images of clay after different freeze-thaw 
cycles (magnification 1000X): (a) 0 F-T cycle; (b) 1 F-T 
cycle; (c) 5 F-T cycles; (d) 20 F-T cycles. 
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Moreover, the effect of F-T cycles on the axial 
accumulative strain evolution in frozen clay is little at 
the high-stress amplitude ratios. 

(3) With the increasing F-T cycles, the resilient 
modulus gradually decreases and eventually reaches a 
stable value. For frozen soil that has not experienced 
F-T cycles, the dynamic resilient modulus gradually 
increases when the axial strain is within 2%, while the 
underlying trends of the dynamic resilient modulus 
decreases for frozen clay that has experienced F-T 
cycles. 

(4) The value of the residual strain and damage 
variables exhibits an increasing trend along with the 
increasing F-T cycles. Additionally, the increasing 
trend of F-T cycles always results in a low value of 
dynamic strength. Moreover, repeated freezing and  
 

thawing cycles lead to a loose microstructure, which 
makes the frozen soil prone to deformation and 
failure under dynamic loading. 
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