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Frozen soils exhibit unique mechanical behavior due to the coexistence of ice and unfrozen water, making
experimental studies essential for engineering applications in cold regions. This review comprehensively ex-
amines laboratory investigations on frozen soils under static and dynamic loadings, including uniaxial and
triaxial compression, creep, direct shear, and freeze-thaw (F-T) cycle tests. Key findings on stress-strain char-
acteristics, failure mechanisms, and the effects of temperature and time are synthesized. Advancements in
microstructural analysis techniques, such as computed tomography (CT), scanning electron microscopy (SEM),
nuclear magnetic resonance (NMR), and mercury intrusion porosimetry (MIP), are also summarized to elucidate
the internal structural evolution of frozen soils. While significant progress has been made, further efforts are
needed to better replicate complex environmental and loading conditions and to fully understand the in-
teractions between multiple influencing factors. Future research should focus on developing novel experimental
techniques, establishing standardized testing protocols, and creating a comprehensive database to enhance data
accessibility and advance frozen soil research. This review provides critical insights into frozen soil mechanics
and supports validating constitutive models and numerical simulations, aiding infrastructure design and con-
struction in cold regions.

1. Introduction components: soil mineral particles, liquid water, gaseous inclusions, and

ice crystals (Li et al., 2020a; Li et al., 2023a). The mechanical behaviors

In recent decades, frozen ground engineering has experienced sig-
nificant advancements driven by the increasing demand for infrastruc-
ture development in cold regions. The mechanical behaviors of frozen
soils are closely associated with several engineering problems, such as
slope instability and subgrade settlement (Li and Yin, 2024; Li et al.,
2024a, 2024b). Moreover, frozen soils play significant roles in engi-
neering construction in permafrost regions and the implementation of
artificial ground freezing (AGF) methods in mining and urban con-
structions, including tunnels, shafts, and deep excavations under chal-
lenging ground conditions (Liu et al., 2022a; Li et al., 2023b, 2023c; Li
et al., 2024a, 2024b). The mechanical behaviors of frozen soils also
serve as the basis for evaluating the stability and ensuring the safety of
the corresponding structures or engineering projects. Therefore, it is
necessary to capture and determine frozen soils’ mechanical behaviors
accurately.

As a typical composite material, frozen soil consists of four
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of frozen soils are more complicated than those of unfrozen soils due to
frozen soil’s complex configurations (or cryostructure) and their higher
sensitivity to temperature (Bray, 2012; Lai et al., 2013; Li et al., 2022; Li
et al., 2025), particularly near the phase transformation temperature (e.
g., 0 °C). The temperature effect stems from two aspects. The first is that
the ice properties are significantly dependent on the temperature. Many
scholars (e.g., Smith and Schulson, 1994; Gagnon and Gammon, 1995;
Fish and Zaretsky, 1997; Xu et al., 2011a, 2011b) have explored the
characteristics of ice, but there is no consensus on the shear strength of
ice. Generally, it is acknowledged that the shear strength of ice exhibits
an inverse relationship with decreasing temperature. Additionally, the
shear strength of ice shows a nonlinear correlation with confining
pressure and is positively influenced by the strain rate (Rist and Murrell,
1994; Jones, 1982). Besides, the ice content is also strongly dependent
on the temperature, especially for fine-grained soils due to their higher
water retention capacity. The second is the bonding strength of the
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interface between soil particles and ice, which is also highly related to
temperature. In most cases, the strength can improve with decreasing
temperature, leading to an enhanced capacity to resist external defor-
mation. Besides, the impact of temperature variation on mechanical
behaviors is generally different under various stress levels, indicating
that temperature’s effect is more complex. In general, the mechanical
properties of frozen soils are affected by soil type, ice content, unfrozen
water, dry density, mineralogy composition, temperature, confining
pressure, freeze-thaw process, loading paths, and so on (e.g., Johnson
et al., 1979; Qi and Ma, 2007; Zhu et al., 2016; Yao et al., 2017).

A large number of mechanical tests under static and dynamic load-
ings have been conducted. Previous experimental tests have discussed
the influences of external environmental factors and soil properties, but
few have considered all the critical influencing factors and their joint
effects. Given that numerous studies on static and dynamic tests of
frozen soils, herein, the typical investigations in recent two decades have
been checked (see Fig. 1, topics are "frozen soil", "mechanical behaviors",
and "test" in the Web of Science, contributions from pre-2003 research
and conference papers are not fully represented here). It can be noted
that the experimental studies on frozen soils are growing exponentially.

To further illustrate the primary research themes in frozen soil me-
chanical behaviors studies, Fig. 2 presents a co-occurrence network of
keywords from existing literature. The visualization highlights "me-
chanical properties", "freeze-thaw cycles", "soil", and "strength" as cen-
tral themes, indicating their dominant role in frozen soil research. These
topics are strongly interconnected with other key aspects, such as
"microstructure", "compressive strength", "constitutive model", "tem-
perature” and "strain". Secondary focuses, including '"permafrost",
"durability”, and "stabilization" reveal the practical and diverse appli-
cations of frozen soil mechanics in engineering and environmental
studies.

This study provides a comprehensive review of experimental in-
vestigations on frozen soils under static and dynamic loads. Section 2
systematically examines various types of static tests, while Section 3
summarizes existing studies on frozen soils subjected to dynamic
loading. Section 4 reviews recent advancements in microstructural
analysis of frozen soils. Section 5 discusses key advancements in
experimental techniques and microstructural observations and explores
potential extensions to frozen soil analogs. Finally, the concluding sec-
tion highlights key findings and discusses future research directions in
experimental testing of frozen soils. This study enhances the under-
standing of the complex mechanical behavior of frozen soils and serves
as a valuable reference for constitutive modeling, engineering design,
and maintenance in cold regions.
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Fig. 1. Number of investigations of experimental tests on frozen soils in recent
two decades (from 2003 to 2023), based on records available in the Web of
Science database.
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2. Mechanical behaviors under static loading
2.1. Experimental methodology

To date, numerous experimental tests under static loadings have
been widely conducted to examine the effects of various factors (e.g.,
temperature, confining pressure, strain rate, stress path, and stress level)
on the mechanical properties of frozen soils, which play a significant
role in understanding the response of frozen soils under static loadings
and provide essential data for the development of constitutive models
and engineering design (He et al., 2023; Yu et al., 2024; Xu et al., 2025;
Zhang et al., 2025).

In general, laboratory tests conducted on undisturbed frozen soil
samples tend to yield results that are closer to real-world conditions.
However, utilizing undisturbed frozen soil in laboratory testing presents
various challenges, including the complexities associated with sampling
and transporting soil from the field and the inherent irregularity within
undisturbed frozen soil samples, which can lead to inconsistent test re-
sults. Consequently, remolded frozen soil specimens are prepared with
standardized structures, which enables consistent test results and facil-
itates the comprehensive analysis of the influence of various factors on
the mechanical properties of frozen soils. Accordingly, the majority of
the experiments documented in the literature have been conducted on
remolded samples in addition to some studies (i.e., Cui et al., 2014; Yang
et al., 2015; Wang et al., 2019c¢; Li et al., 2020b) that collected in situ
undisturbed soils in an unfrozen state and then subjected them to
freezing before testing. Only one study (Shastri et al., 2021) reported in-
situ testing of natural frozen soils directly in their frozen state in Alaska.
To simulate the real-world conditions of frozen soils, diverse parame-
ters, such as temperature, moisture content, and soil composition, are
taken into account. Subsequently, the frozen soil samples are subjected
to static loadings employing specialized testing equipment.

According to test types, existing experiments are divided into four
categories, i.e., triaxial compression tests, uniaxial compression tests,
creep tests and other tests. Tables 1-4 list the experimental tests on
frozen soils under static loadings that have significantly contributed to
the active research on the mechanical behavior of frozen soils in the last
few decades. Besides, detailed information on test conditions and frozen
soil samples is summarized in Tables 1-4. It can be noted that various
tests have investigated frozen soil’s mechanical characteristics under
different testing conditions, including temperature, strain rate,
confining pressure, and so on.

Table 1 summarizes key studies on triaxial compression tests of
frozen soils, focusing on those that provide significant contributions to
understanding the mechanical behaviors of frozen soils under varying
conditions. The studies were selected based on their relevance, meth-
odological rigor, and representation of diverse factors such as temper-
ature, confining pressure, strain rate, and freeze-thaw cycles. A clear
trend emerges from the table, highlighting a progressive shift in research
focus. Early studies primarily investigated the fundamental effect of
temperature (e.g., Chamberlain et al., 1972; Sayles, 1974), laying the
groundwork for understanding frozen soil mechanics. More recent
studies (e.g., Lai et al.,, 2014; Zhou et al., 2016) have integrated
advanced testing systems, such as MTS-810, to explore the combined
effects of multiple factors, including stress paths, freeze-thaw cycles, and
material composition (e.g., salt and coarse-grain content). These ad-
vancements reflect an increasing emphasis on simulating complex real-
world engineering conditions.

Additionally, there has been a growing trend in the measurement and
analysis of volumetric strain during triaxial tests. While earlier studies
often neglected volumetric strain, recent research (e.g., Xu et al., 2016;
Liu et al.,, 2019) has increasingly incorporated advanced volume-
measuring devices to capture these changes. This shift highlights the
need to account for the coupling between stress-induced deformation
and ice phase transitions, particularly under varying confining pressures
and temperatures. The ability to measure volumetric strain has provided
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Fig. 2. Co-occurrence network of keywords from existing studies on mechanical behaviors of frozen soils.

deeper insights into mechanisms such as dilation, compression, and ice-
water interactions during shearing. Yao et al. (2013) developed a ver-
satile triaxial apparatus for frozen soils, featuring precision control of
temperature and Ky-state, along with the capability to accurately mea-
sure volumetric changes. These advancements demonstrate the field’s
progression from basic parameter studies to more comprehensive in-
vestigations that integrate both stress-strain and volumetric responses,
enabling a better understanding of frozen soil behavior in practical en-
gineering scenarios.

It is concluded that existing triaxial compression tests are limited in
their ability to simulate true triaxial conditions, as they cannot inde-
pendently control the intermediate principal stress. Recent advance-
ments, such as the novel true triaxial testing system developed by Huang
et al. (2022), offer a promising approach to investigate the strength and
deformation properties of frozen soils under general stress states.
Additionally, the stochastic effects of ice lenses, such as their spatial
distribution, orientation, and interconnectivity, play a significant role in
the mechanical behaviors of frozen soils but remain underexplored.

To better understand the mechanical behavior of frozen soil under
complex loading conditions, researchers have employed static cyclic
loading-unloading (SCLU) tests and stress path experiments. These
methods provide deeper insights beyond conventional triaxial tests,
capturing the effects of elastoplastic coupling, damage evolution, energy
dissipation, and loading history. Early studies by Xu et al. (2011a,
2011b), Xu et al., 2014) utilized the MTS-810 triaxial apparatus to
investigate the mechanical behavior of frozen soil under different
loading paths, including uniaxial and triaxial cyclic loading-unloading
tests. Xu et al. (2015) conducted a series of SCLU tests on frozen loess
to analyze energy dissipation and damage characteristics, offering a
quantitative approach to defining damage variables. Shen et al. (2022)
explored the effect of stress paths on frozen subgrade soil through six
different linear stress paths, highlighting the influence of stress history
on deformation and strength evolution. Wang et al. (2023) extended this
research by designing 32 distinct stress paths for frozen silty clay,
providing a comprehensive understanding of frozen soil mechanical
behavior under complex conditions.

Fig. 3(a) illustrates the number of studies reviewed in this study that
focus on certain influencing factors, which shows that most previous
triaxial tests have comprehensively explored the impact of temperature

and confining pressure on mechanical behaviors. Some scholars have
also conducted uniaxial compression (UC) tests on frozen soils (see
Table 2). The UC test is generally capable of characterizing the me-
chanical properties of frozen soils, especially shallow frozen soils. Fig. 3
(b) depicts the influencing factors considered in these uniaxial tests,
which demonstrated that most studies addressed the impacts of tem-
perature on the mechanical behaviors of frozen soils in uniaxial
compression tests. In addition to the effect of temperature, strain rate,
freeze-thaw (F-T) cycles, and some soil parameters were also incorpo-
rated in these previous uniaxial studies.

As summarized in Table 3, many scholars have conducted creep tests
of frozen soils to explore the long-term deformation characteristics
under various complex conditions, including temperature, confining
pressure, thermal gradient, stress path and history, coarse grain content,
and heterogeneous structures. Additionally, other experimental tests are
conducted to assess the mechanical properties of frozen soils (see
Table 4), such as tension tests, direct shear tests, directional shear tests,
small-stain loading tests, and stress relaxation tests. The outcomes
derived from these tests significantly contribute to characterizing the
stress-strain behavior and crucial mechanical properties of frozen soils.
Experimental tests conducted under static loading conditions offer
essential insights into frozen soils’ mechanical properties and behaviors.
These static tests play a crucial role in formulating accurate constitutive
models that capture the mechanical response of frozen soils and provide
valuable guidance for designing and constructing infrastructure projects
in cold regions where frozen soils are prevalent.

2.2. Mechanical behaviors

The mechanical behavior of frozen soils under static loading is a
critical area of research due to its importance in understanding the
performance of infrastructure in cold regions. Frozen soils exhibit
unique mechanical properties influenced by the coexistence of soil
particles, ice, and unfrozen water. These properties are heavily affected
by internal factors (e.g., soil type, ice content, moisture content, and
salinity) and external environmental conditions (e.g., temperature,
strain rate, confining pressure, and freeze-thaw cycles). Table 5 sum-
marizes frozen soils’ typical static mechanical behaviors under different
external loads and internal factors.



Table 1

Summary of triaxial compression tests on frozen soils.

No.  Refs. Test conditions Frozen soil samples
Factors &y Devices T(°C) o3 (MPa) £(/s) FTC Types Locations Size Gs [ Pdry LL PL fs fe
(mm) (%) (g/em®) (ORI CD! (%)
Chamberlain Ottawa US (New $35.56 2.63, 19.9-22, 1.62-1.67,
! etal., 1972 3 Y TA -10 8.45-275.79  0.001 - sand, silt Hampshire) x 889 284 17.9-195  1.77-1.81 »16 - - -
3.33 x 470 %
2 Sayles, 1974 03, € N TA -3.85 0.34-8.2 107°-1.67 x - Ottawa sand — 2.65 18.8-25.1 1.67 - - -
) N 152.5
10
Parameswaran 5 - $50.8 x
3 and Jones, 1981 03 N TA (MTS) -10 0.1-75 7.7 x 10 - Ottawa sand US (Illinois) 108 - 20 - - - - -
Wang et al., -2, -5, . $61.8 x
4 2004 T, o3 N TA (MTS-810) 710 1-5 - - Loess China (Lanzhou) 125 - 16.5 1.78 246 17.7 - -
Soil type,
Wang et al., . -2, -5, . $61.8 x - -
5 2005 l;a;img way, N TA (MTS-810) 7 10 1-5 - - Sand, loess  China (Lanzhou) 125 - 10.5, 16.5 2,1.78 246 177 -
, 03
6 Qi and Ma, 2007 o3, T N TA (MTS) j’ =35 590 1.1 x 1073 - Finesand  China (Lanzhou) ‘f:é's - 24.2 15.6 - - - -
China
7 Zhang et al, Soiltype, T, o5 Y TA (MTS-810) —4, —6  0.3-18 167 x107% - Sandy clay, o ohai-Tiber #0018 % _ - - 149 245 - -
2007 silty clay . 125
Railway)
Warm clay, China
8 Lai et al, 2008  Soil type, T N TA (MTS) :2'5’ Lo 1.67 x 1074 - warm ice-  (Qinghai-Tibet ‘1/’2;‘8 o - _ _ _ _ _
rich clay Railway)
China #61.8 x
9 Lai et al., 2009 o3 N TA (MTS) -6 1-18 1.67 x 1074 - Sandy clay  (Qinghai-Tibet 125' - 12.7 1.97 - - - -
Railway)
. , —2, -4, » . China #61.8 x
10 Lai et al., 2010b T, o3 Y TA (MTS-810) 6 1-14 1.67 x 10 - Silt (Qinghai-Tibet 125 - 12.8 - 23.2 15 - -
Railway)
Yang et al., 4 $61.8 x 1.95,1.81,
11 2010b 03, ® Y TA (MTS-810) —6 0.5-14 1.67 x 10 - Sand - 125 - 10, 15, 20 1.68 - - -
Yang et al., _4 . $61.8 x
12 2010¢ o3 Y TA (MTS-810) -6 4-14 1.67 x 10 - Silt - 125 - 12.8 1.81 - - - -
Yang et al., 4 $61.8 x
13 2010d o3 N TA (MTS-810) —4 0.5-14 1.67 x 10 - Sand - 125 - 15 1.85 - - - -
14 Cui et al., 2014 o3 N - -20 0.1-0.35 - Silty clay - ﬁgQ.lx - - - - - - -
-L-2 $61.8 x
15 Xu, 2014 T, 03 Y - —5,-10; 1;0.3-1 167 x 1074 - Sand - 125 - - 1.82 - - - -
-4, -6
16  laietal, 2014 Stress path,o3 Y TA (MTS-810) -6 ?251;7 1.67 x 1074 — Loess China (Lanzhou) ‘fg;'s X 269 17 2.01 27 15.4 - _
4 . $61.8 x
17 Yangetal, 2015 Stress level, 63 Y TA (MTS-810) -8 0.5-3 1.67 x 10 - Frozensilt - 125 - - - - - - -
0.0 %, 0.5
0 0,
18  laietal, 2016 f, o3 Y TA (MTS-810) -6 0-16 1.67 x107* - Sandy - P61.8 x 13 1.89 232 15 %, 1.5%,
125 25%
(NayS04)
L2 1, (0.3, 0.6 Sand, frozen $61.8 x
Xu et al., 201 -5, — NS B - ’ ina (Xi ’ - . - - - -
19 u et al., 2016 T, o3 Y TA 72, 10), 08, 1) 1.67 x 10 silty sand China (Xiamen) 125 1.82
20 Zhouetal., 2016 T, o3 Y TA :g’ =5 1-15 4x107* - Frozen loess China (Lanzhou) ffg: x 16.5 1.78 - - _ _

(continued on next page)
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Table 1 (continued)

No.  Refs. Test conditions Frozen soil samples
Factors &, Devices T(°C) o3 (MPa) £(/s) FTC Types Locations Size Gs @ Pdry LL PL fs fe
(mm) (%) (g/em®) %) () (%) (%)
0.0 %, 0.5
China !
. i Frozen . P $61.8 x %, 1.5 %,
21 Liao et al., 2017 f;, o3 N TA (MTS-810) 6 2-16 - - saline soils égli;lv%:a;—leet 125 - - - - - 25 0 -
v (NaS0,)
1.67 x 10°°
ang et al. -2, — ’
9o Wangetal, T, ¢ TA 25 167 x 1075, - Kasaoka Japan #30 X 565  36.63-51.01 1.709-1.848 62 28 - -
2017 -10 167 x 10~7 clay 60
_3 _5 China (Ningxia #61.8 x
23 Xuetal., 2017a T, f;, 03 N TA (MTS-810) 77’ ’0.3-6 - - Silty sand Hui Autonomous 1 25' - - 1.87 - - 1% (NaCl) -
Region)
1.67 x 107°,
3.33x10°°
Esmaeili-Falak . -1~ 0, 0.05, 0.1, 5 $50 x 2.635,
24 etal, 2018 T, 03, €, 03 N - 1 0.2,0.4,0.8 ?23 i 1374, - Sand, clay Iran 100 07 - 1.98, 2.11 49 24 - -
3.33x 107"
Nassr et al., . —0.5 ~ 1.67x 1075, $50 x
25 2018 T, 03, € N - 11 0-0.8 3.3 x 10-* - Sand - 100 - - - - - - -
Cycles
26 Tangetal, 2018 FTC N - ~10 01,0203 167x103 135 Expensive  China (Jilin #39.1 27 1.65 53 38 - -
9; T, = soil Province) 80
10°C
Multifunction Iner 61.8 x
27 Yaoetal, 2018 T N environmental fr(fnfa—selo - - - Sand - (1/}25' - 16.3-16.8 1.75-1.77 - - - -
testing apparatus
Cycles
28 Zhouetal., 2018 FTC, 03, T N TA (MTS-810) -6, -12 - - 9:(1’2:?’,[6’ Loess China (Lanzhou) ;/'Z; X - - - 17.4 25.7 - -
) s Lt
=15°C
0, 0.5, 1.5,
29 ;:gf;g etal, e Y - -6 0-16 167 x 104 - Sandy - (1/’26;‘8 o - 1.85 - - 25,35 -
(NayS04)
20,
Silty clay 40,
30  Liuetal, 2019 f, T, o3 Y - =6,-10, 415 148 x107% - with coarse  China (Lanzhou) POL8 X H66 - - - - - 60,
-15 125
sand 80,
100
- 1.67 x 1075,
31 g;‘:m“m etal, 4 N TA :f’o’s’ 0.1,0.2,04 1.6 x 10°°, Clay - :go x 0.596 0.225 - - - -
1.33 x 1077
1.67 x 1074,
1.67 x 1075 $61.8 x
Yao et al., 201 J - - .5~ ’ - - .2-16. .74-1. - - - -
31 10 et al,, 2019 €, o3 N 5 0.5-10 1.6 x 10 5’ Sand 125 16.2-16.8 1.74-1.78
1.33 x 1077
Zhang et al., 4618 x
32 2019a, 2019b, 03 Y TA (MTS-810) -5 0.3-2 1.48 x 1074 - Silt soils China (Lanzhou) 125' - 15 1.9 27.58 13.7 - -
2019c¢
Zhang et al., 4 $61.8 x
33 2019b 03 N TA (MTS-810) -6 0.3-1.8 1.67 x 10 - Sand - 125 - - 1.78 - - - -
Self-developed
34  Lietal,2020c T, o3 N W3Z-200 testing :‘;”5710’ 3-7 - - Clay China (Huainan) (1/?;.8 x - - _ _ _ _
system

(continued on next page)
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Table 1 (continued)

No.  Refs. Test conditions Frozen soil samples
Factors ey Devices T (°C) o3 (MPa) £(/s) FTC Types Locations Size Gs w Pary LL PL fs fe
(mm) (%) (g/cm®) %) %) (W) (%)
China
35 ég;gf ctals N TA 2,4 054 167 x 1074 - Silty clay  (Qinghai-Tibet ‘fg;'g - 15,30,50 - 31.87 17.44 - -
: region)
. Cycles Kasaoka
Nishimura et al., -5, —10, = o . $30 x 62, 28,
36 2021 FIC, T N TA _20 - - =5, T, = clay, silty - 60 - - 2.65, 2.59 46 39 - -
25°C clay
Pham et al., -1, -5, $40 x
37 2021 T, 03 N TA ~10, -20 0.3-2 - Sand - 80 2.64 33.04 - - - - -
38 Zhao et al., 2020 Stress path Y TA (MTS-810) -6 - - - Loess — (fg: x - 30 2.07 288 157 -
Shastri et al., T, loading —6 ~ _4 .
39 2021 type, o3 Y - _2% 0-54.6 10 x 10 - Silty clay Alaska - - 40 1-1.3 - - - -
40 Shen et al., 2021  Stress path Y TA (MTS-810) -6 - - - Loess China (Lanzhou) fg;s ol 16 1.782 27.14 18.33 -
TA (MTS Red-bed . . .
41 Heetal,2023b o3 N Landmark -6 0.2-1.2 167 x 1074 - weathered ~ Cfina (Qinghai  #61.8 x 13 1.528 - - -
s Province) 125
370.10) soil
Huang et al Intermediate 100 x
2 2; & etaL, principal N True TA -10 0.8-2.6 - - Sand 100 x - 12 - - - -
stress* 100
Eyﬁlej China $61.5 x
43 Quetal.,, 2022 FTC N - -20 0.15 - 1_1 ,T > Silty clay (Heilongjiang 121' - 22.38 1.47 - - -
s 4t — .
20°G Province)
Cycles
-5, -10. =05 $39.1 x
44 Yu et al., 2022 FTIC, T N TA 2 702 - 10, 20, Silty sand ' - 12.2 1.97 256 176 -
-15 80
30, T, =
30°C
Wang et al Cycles fiifslmh China $61.8 x 0
2 al., B B T - . - . B B N
45 2023n FTC, f,, 03 Y 10 0.3, 1.4 1.67 x 10 0,5, grained (Qlinghal Tibet 125 16.8 1.89 27.5 159 30
10 Railway)
gravel

Notes: ¢, is volumetric strain; T is temperature; T, is thaw temperature; o3 is confining pressure; ¢ is axial strain rate; FTC is freeze-thaw cycles test; Gg is specific gravity; w is initial water content; LL and PL are liquid limit
and plastic limit; f; is salt content; f, is the coarse grains content; TA is triaxial apparatus; Y and N represent yes and no, respectively. MTS is material testing system; ¢ is diameter. * indicates that the intermediate principal
stress ratio b = 0.2, 0.4, 0.6, 0.8, 1.

w3217 O-Y

L6¥b0I (S20T) 95T A3010uyd3 ], pup 29U2108 SUOISIY PloD



Table 2

Summary of uniaxial compression tests on frozen soils.

No.  Refs. Test conditions Frozen soil samples
Influence Device T (°C) £(/s) FTC Types Locations Size Gs ® Pdry LL PL fs
factors (mm) (%) (g/cmg) (%) (%) (%)
Sand and
Ogata . —-32, cohesive soil , 0.5,
1 et al., Z’ f: soil TA —20, 1.7 x 1074 - (alluvial sand, Japan (f(?(()) x - - - - - 1, 1.5,
1983 P -10, -2 clayed silt and , 3
kaoline)
-0.5,-1
Zhu and o7 o (1.08-1.10),
2 Carbee, T,6pay  TA :é’ :3, 513? z 18 2 - silt US (Alaska) 4115;2 268 - (1.18-1.23), 384 342 -
1984 P ’ (1.39-1.43)
-10
Pharr and 0, 1.6,
3 Merwin, T, f, TA :;55'5 - 10t - - - ‘isf(')z - 20 16.8 - - 3.2,
1985 . 4.8
0
Hivon and . —-12, — Fine sand, silty 17.4, ’
4 Sego, tTyg; soll oy 10, -7, 2% 1076 - sand, Devon - 267 166, - - - g'(l)s’
1995 -5 ilt 22.2 7
si 0.3
. Low- 100 x
Lietal., . i
5 2001 T, € temperature -15 - - Silty sand - 100 x - - - - - -
apparatus 300
1.067 x
Lietal., . -2, -5, 6 $61.8 34, 25.4,
6 2024a, b T, € pdry TA ~10,-15 1((;74—6.67 X - Clay - % 150 - 16 1.38,1.58,1.88 28.8 17.7
Cycles =
Christ T, FIC St?:d: rdi n 2,-5 g(()),l;)()),) (?65% Sand, silt: 50 x 115,
7 etal, o compressio T 167 x 1071 P o0 oA ST - 4 - 117, 19,191,153 - - -
2009 soil type testing -10 10, 20); T, = sand, silt 100 19.8
equipment -1°C, Tr= :
-10°C
Liu and China
10, -5. 100 13, 15.
8 Peng, T, ® TA (SLB-1) T 1.11 x 107 - Sandy soil (Beijing-Baotou-Lanzhou ¢ 2.663 ey 1.87 30 20.1 -
3 . x 150 18,20, 23
2009 railway)
Nguyen 1.67 x 1074, 5,13,
9 etal, T, € fs TA 72’ 7‘1‘6 1.67 x 1075, - Sands - ﬁe’f;; 2.65 37 - - - 20 g/L
2010 ’ 1.67 x 10°° NaCl
Yang Universal .
. . —-0.7 ~ _ Sandy organic 2.44, 86-225, 320-780, 47, 44,
10 etal, T, Pdry> testing machine 103 - o US (Alaska) - -
2015 (UTM-100) —-11.6 silt, silt 2.55 63-134 534-941 39 37
11  Xuetal, 2017b T, 03, € - (-2, —4, 1.67 x1074, - Loess (silty China (Inner $61.8 2.526 23.58 1.97 - - -
-5, =7), (1072,1073, sand) Mongolia x 125
-4 1074 5 x Province)
1075,10°%)
1.1 x 107°°,
1.1 x107°
’ 47.7-51.2, 1.08-1.12
Fei and Yang —-0.5 ~ . -4 ’ i’
12 2;‘1;”‘ ne; T, € parys ® - 7(1) (f i 1 i 18 N silt ‘;lzisﬁanks) ‘f;g X 268 39.4-45.9, 1.155-1.239, 34 38 -
: _3 30.3-31.7 1.309-1.426
5.6 x 1077,
6 x 102

(continued on next page)
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Table 2 (continued)

13

14

15

16

17

18

Girgis et al.,
2020

Kotov and
Stanilovskaya,
2021

Yang et al., 2022

Zhang et al.,

2022

Ren et al., 2023a

Shi et al., 2023b

T, &, soil type

Soil type, T, w, fs

FTC,

T, 03

Structural type
(with ice lens
inclination angle
= 60°, thickness
=10mm), T

MTS 370.25

WDW-100 low-
temperature
electronic
universal testing
machine

-10

—-15, —20
-5, -10,
—20,
—-30,
—40,
—-50,
—60,
—70, —80

-1, -2,
-3, -4,
-5

1.64 x 1074,
4.92 x 1074,
1.48 x 10732

1.67 x 1074

8x107*

1.04 x 1074

Sandy clay
(Kaolinite-
sand,
Bentonite
sand)

Clay, loam,
fine sand

Weak
expansive
soil

Silt

Clay

Clay

China
(Shandong
Province)

China

Northeast
China

$50.8

101.6

$40 x
80,
75 x
35

$61.8
x 125

#50 x
100

$61.8
x 125

100 x
90 x 20

2.65,
2.63

2.73,
2.71,
2.66

2.75

23, 59

26/46; 20/
30; 10/24

18.2, 20.2,
22.2, 24.2

25.5

17, 20, 23

1.76, 1.53

1.75/1.63;
1.89/1.78;
1.93/1.82

1.7

1.7

30,
97

45,
31,

37

20,
34

25,
20,

22.7

25

0.19, 0.5,
1.03; 0.19,
0.51/0.52,
1.02/1.05;
0.04, 0.52/
0.54, 1.05/
1.01

Notes: T is temperature; o3 is confining pressure; ¢ is axial strain rate; FTC is freeze-thaw cycles test; Gs is specific gravity; o is initial water content; pqry is dry density; LL and PL are liquid limit and plastic limit; f; is salt
content; TA is triaxial apparatus; MTS is material testing system; ¢ is diameter.
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Table 3

Summary of creep tests on frozen soils.

No.  Refs. Test conditions Frozen soil samples
Factors Tests Devices te T (°C) Stress (MPa) FTC Types Locations Size Gs 0] Pdry LL (%) PL (%) fe
(mm) (%) g/ (%)
cm®)
Alkire and Silica
1 Andersland, 03 TCT TA :‘rgg —-12 - - Ottawa - i258’.77 4 - - - - -
1973 sand ’
2 Sayles, 1974 63, € TCT TA 120h 385  0.525-6.89 - Ottawa - P70% 565 188251 167 - - -
sand 152.5
-2,
’ Karlsruhe
3 Orth, 1986 Stress level ucr - 2000 -5, 1-14 - medium - ¢100 265 18 - - - -
min —-10, sand x 100
-15
-1 China
Yang et al. TA (MTS- ’ 1.
4 g et &b Stress level uct (MTS 24h 15 0.5-1.01 - Sand (Qinghai-Tibet 7618 _ 30 143 - - -
2010a 810) B x 125
-2 Railway)
-5,
TA (Self- ~10, 18
5 Lietal., 2011 T, 63 TCT developed 24 h —15, - - Clay China ﬁ 150 - 29 - 77.6 38.4 -
W3Z-200) —20,
—25,
Thermal gradient
Zhao and (0 °C/cm, $100
6 Zhou, 2013 0.25 °C/em, UCT TA 100 h —-20 2.55-4.58 - Clay - % 200 - 33.59 1.42 23.67 51.88 -
0.5 °C/cm)
Silty clay
Hou et al., TA (MTS- with quartz $61.8 2.72, 27.58, 19.37,
7 2018 o3 TCT 810) 24h -10 3.21-6.52 - sand - « 125 2,66 1.35, — - B B -
(100:60)
Zhou et al., -3, . $62 x
8 2016 Stress level TCT TA 24 h 6 -9 1-5 — Frozen loess China (Lanzhou) 125 — 16.5 1.78 - - —
-5,
. TA (W3Z- —-10, 0.3,0.5,0.7 $61.8
9 Lietal., 2017 T, o3 TCT 200) 24 h _15, strength - Clay - % 125 - - - - - -
-20
. (0.79-1.843), China
10 ;t;o;t al, Stress level, o3 TCT g?o()MTS' 20h  -15 (0.272-1.940), - ‘f’:’;;:l it (Qinghai-Tibet ":611';; 15.8 18 - - -
(0.642-1.498) Railway)
Silty clay 0,
Hou et al., Coarse grains TA (MTS- mixed with $61.8 2.72, 20,
1 2018 content Ter 810) 24h -10 B B coarse B x 125 2.66 1.35,0 B 27.58 19.37 40,
grains 60
Cycles
Zhou et al., TA (MTS- —6, =0,3,6, . $62 x
12 2018 FTC, o3 TCT 810) 24h _19 9,12 T, Loess China (Lanzhou) 125 - - - 17.4 25.7 -
=15°C
—0.5,
-0.9 China
Zhu et al., Pdry, grain size TA (MTS- ’ . - $61.8 1.75,
13 2010 distributions* €T 370.10) <20 -l2, - - Sand (Qinghai-Tibet % 0 - 15.6 192 - -
—-1.5, Railway)
-2
. TA (self- -5,
14 ;10;310;11, T, 63 TCT developed 24h —-10, - - Clay China (Huainan) téll 285 - - - - - -
W3Z-200 -15

(continued on next page)
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Table 3 (continued)

No.  Refs. Test conditions Frozen soil samples
Factors Tests Devices te T (°C) Stress (MPa) FTC Types Locations Size Gs 0] Pdry LL (%) PL (%) fe
(mm) (%) (g/ (%)
cm®)
testing
system)
TSS10 -10,
Li et al., . ’ China $39.1
15 2020b FTC TCT triaxial creep 100 h —20, - - Clay (Shanghai) « 80 2.74 47.1 1.16 - - -
test system -30
Consolidation
Zhou et al., TA (MTS- $62 %
16 2021 pressure, stress TCT 810) 24 h -6 - - Loess - 125 - 30 2.07 28.8 15.7 -
path
Stress level —4,
Vang et al. ’ ’ .
17 Z\(]'Z";’ &> constant/variable TCT - 24h  -15 0.345-1.216 - Silty clay western China ‘Z611285 - 7.23 17 285 17.4 -
T -0.5
,5,
Zhang et al TA (MTS =7 $50 x
ang et al., _ . _ . . _ _ _ _ _
18 2022 T, o3 TCT 370.25) 12h 712, 0.79-3.7 Silt China 100 25.5
-20
Schindler . . 2000 $50 x
19 et al,, 2023 Loading history UCT - min —-4.3 - - Sand 100 2.65 20 1.66 - - -
Shen et al., Pressure history, TA (MTS- . $61.8
20 2023 stress path TCT 810) 24 h -6 - - Clay China (Lanzhou) 125 2.72 16 1.769 27.17 14.15 -
Deviatoric stress GDS frozen
Shi et al., ’ soil triaxial . $200
21 20232 heterogeneous TCT testing 5h -2 0.1,0.4,0.7, 1 - Clay Northeast China % 100 - - - - - -

soil structure :
machine

Notes: ¢, is volumetric strain, t. is creep time; T is temperature; FTC is freeze-thaw cycles test; LUC is loading-unloading cycles test; Gs is specific gravity; o is initial water content; LL and PL are liquid limit and plastic limit;
fsis salt content; f, is the coarse grains content; o3 is confining pressure; ¢ is axial strain rate; TCT is triaxial creep test; UCT is uniaxial creep test; MTS is material testing system; ¢ is diameter; * represents that three different
content were considered in Zhu et al. (2019a) tests where the content of particle with 0.075 to 1 mm were 0.54, 0.6 and 0.69.
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Table 4

Summary of other experimental tests on frozen soils.

No.  Refs. Test conditions Frozen soil samples
Factors Tests Devices T Stress £(/s) FTC Types Locations Size (mm) Gs w Pdry LL PL
(9] (MPa) (%) g/ (%) (%)
em®)
. 304.8 x
1 femaich T, ¢ Four-point - 03~ - - Devon silt - 76.2 x 265 27 - 2 22
etal, 2011 bending test -1.4
76.2
Cycles
Zhou et al Stress =03 $62 x
2 o FTC, o3 . TA (MTS-810) -6, —12 - - 6,9,12; Loess China (Lanzhou) - - - 17.4 25.7
2018 relaxation tests T 125
L=
15°C
3 Chen et al., 6 =-30°, —-16.1°, Directional Dynamic hollow -6, —10, 1,3, Clay (C(;ilr?;hai Tibet {:I(j()o/)li)o 198 19
2019 0°, 16.1°, 30°, p shear test cylinder apparatus -15 45,10 Railway) 125
1.67x
10-5,
Wang et al., Small-strain -2, -5, 1.67x
4 20192 T, € loading test TA _10 - 105, - Kasaoka clay Japan $30 x 60 - - - 59.6 22.5
1.67x
1077
1,-5 1.64 % fli:jl};nclltzy
5 Girgis et al., T Step-loaded 1;) ’ 1074, sand $50.8 x 2.65, 23, 1.76, 30, 20,
2020 ’ relaxation test N ’ N 1.48 x N - N 101.6 2.63 59 1.53 97 34
-15 3 bentonite
10
sand)
Consolidation
Zh al.
6 ) ?U etal, pressure, stress Stress . TA (MTS-810) -6 - - - Loess - #62 x - 30 2.07 28.8 15.7
2020 relaxation test 125
path
Principal stress o . ¢$100/60
7 Chemetal,  rections, Directional Hollow cylinder “10 2,45 _ - Standardsand  China (W/0)x 2643 153 - - -
2022 . shear test apparatus 6
anisotropy 200
Large-scale Temperature-
R 8 controlled large- $50,
s Chang et al., T, normal pressures  direct shear test scale direct shear 9 _5 Sand variable 265 s
2023 (0.2, 0.4, 0.6, 0.8) (shear rate = 2 L ? )
mm/min) apparatus (Txtzj- length
500)
Pre-freezing
_ o . . $50/30
Nishimura consolidation Direct tension —-1,-4, —8.33 x
9 et al., 2023 effective stress and test TA -9, —15 B 10°° B Kasaoka clay B (1((1)30) X 265 B B 28 62

total radial stress

Notes: T is temperature; o3 is confining pressure; € is axial strain rate; FTC is freeze-thaw cycles test; Gs is specific gravity; o is initial water content; pqyy is dry density; LL and PL are liquid limit and plastic limit; TA is triaxial
apparatus; MTS is material testing system; ¢ is diameter; 6 is stress Lode angle; p is mean principal stresses.
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Triaxial compression test
3% 1%

4% 2%

\

= Temperature
= Salt content

u Stress level

= Water content

1%

4%

5%

7%

= Confing pressure
Strain rate

= Soil type

= Loading type

Freeze-thaw cycle
= Stress path
= Coarse grain content

(a)
Uniaxial compression test

13%

Water content
= Dry density

= Temperature = Strain rate

Soil type

= Freeze-thaw cycle

= Salt content
= Heterogeneous structure

(b)

Fig. 3. Numbers of experimental studies on frozen soils with different influ-
encing factors; (a) triaxial compression test; (b) uniaxial compression test; Note:
This figure is based on the studies reviewed in this work.

2.2.1. Strength characteristics of frozen soils

The strength of frozen soils is a key parameter often defined as the
peak stress observed during uniaxial or triaxial compression tests. It is
influenced by several factors:

(1) Temperature: Experimental studies consistently show that the
strength of frozen soils increases as temperature decreases. Lower
temperatures enhance ice-particle bonding, leading to greater
cohesion and stiffness. However, this also makes the soil more
brittle, resulting in a sudden and catastrophic failure under high
stress. The transition from ductile to brittle behavior is a critical
aspect of frozen soil mechanics.

(2) Confining pressure: Confining pressure affects the strength and
deformation behavior of frozen soils in two opposing ways.
Higher confining pressure increases the frictional resistance be-
tween soil particles, enhancing strength. However, at very high
confining pressures, ice melting and particle crushing occur,
weakening the soil structure. This dual effect leads to a nonlinear

12

Cold Regions Science and Technology 236 (2025) 104497

relationship between strength and confining pressure, with a
peak strength reached at a critical pressure.

(3) Moisture content and ice content: The moisture content of frozen
soils directly influences the amount of ice present, which in turn
affects strength. Higher ice content typically correlates with
higher strength due to increased ice-particle bonding. However,
excessive ice can lead to structural instability, especially under
stress, as ice deformation dominates the mechanical response.

(4) Strain rate: The mechanical response of frozen soils is strain rate-
dependent. At higher strain rates, frozen soils exhibit greater
strength and stiffness due to the limited time for ice and unfrozen
water to deform. Conversely, at lower strain rates, the soil ex-
hibits softer, more ductile behavior as ice and water have suffi-
cient time to redistribute under the applied load.

Salinity: Saline frozen soils exhibit reduced strength compared to

non-saline frozen soils due to the presence of unfrozen water at

subzero temperatures. Higher salinity lowers the freezing point of
water, resulting in a weaker ice matrix and reduced bonding
between soil particles.

Freeze-thaw cycles: Strength decreases with an increasing num-

ber of freeze-thaw cycles due to the expansion and contraction of

ice, which generates microcracks and disrupts the soil structure.

The degradation stabilizes after a certain number of cycles as the

soil reaches a new equilibrium state. Besides, coarse-grained soils

are generally more resistant to freeze-thaw degradation than fine-
grained soils, as the larger particles provide greater structural
stability.

5

-

(6

-

2.2.2. Deformation and failure

Under static loading, the deformation behavior of frozen soils is
governed by the interaction between soil particles, ice, and unfrozen
water. The stress-strain response typically exhibits strain-softening or
strain-hardening behavior depending on the soil type, ice content,
temperature, and confining pressure (o3). These mechanical responses
can be classified into five categories by (Zhang et al., 2007): strong strain
hardening, weak strain hardening, strong strain softening, weak strain
softening, and perfect plasticity.

(1) Strain Hardening: Strain hardening is most pronounced at higher
confining pressures (typically above 3 MPa), where particle
rearrangement is restricted, and at lower temperatures, which
enhance ice bonding and structural stability. The degree of
hardening varies among soil types. For instance, frozen saline
sand and frozen silt exhibit a transition from weak to strong strain
hardening as o3 increases (Yang et al., 2016). However, due to the
weakening effect of salinity on ice bonding, frozen saline sand
experiences delayed hardening, which only becomes significant
when o3 exceeds 5 MPa (Lai et al., 2016). In contrast, frozen clay,
characterized by high plasticity and strong interparticle cohesion,
exhibits quasi-perfect plasticity with minimal strain hardening
(Wang et al., 2017).

(2) Strain-softening: Strain softening is more pronounced at lower
confining pressures, where particle sliding and ice bond degra-
dation dictate the mechanical response. Frozen sand experiences
significant post-peak strength loss under these conditions (Xu
et al., 2016), particularly at lower temperatures, where initial ice
bonding temporarily enhances strength but ultimately leads to
brittle failure upon bond breakage. Similarly, frozen silty clay
undergoes progressive strain softening at low oz and low tem-
peratures due to structural degradation (Xu et al., 2020a,b).
Frozen saline sand is also highly susceptible to softening, as
salinity weakens ice bonding, making it more prone to post-peak
strength loss. In contrast, frozen clay exhibits only limited strain
softening, as its intrinsic cohesion helps maintain structural
integrity even after reaching peak strength (Wang et al., 2017).
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(3) Failure modes: The failure modes of frozen soils vary with loading strain rates. The presence of ice lenses and heterogeneities in the
conditions and environmental factors. Brittle failure is commonly soil structure can also lead to localized failure and stress

observed at lower temperatures and higher strain rates, while concentration.
ductile deformation occurs at higher temperatures and lower

Table 5
Summary of typical mechanical behaviors of frozen soils under different influencing factors.
Influencing Frozen soils Static tests Mechanical behaviors Primary characteristics References
factors
16
=14
(=¥
212
210
£
@ 8
= ——3MPa
.g ——5MPa
s 4 ——7 MP
& , 1f T=-6C S 10MPa
&£=1.67E-4/s . sk .
0 . . (1) The strength increases with increasing o3
0 10 20 30 at first, but the strength decreases with
Axial strain (%) further increments in 63 due to pressure
. Triaxial melting and crushing phenomena under .
Confining . . . & &P Lai et al.,
ressures (o) Silt compression high o3. 2010a
P 3 test (2) The frozen silt exhibits strain softening
4 at low confining pressures, while the frozen
9 35 silt presents strain hardening at high
= 3 confining pressures.
£ 25
2
g 2
5
£ 15 ——3 MPa ""o.
2 1 ——5 MPa
N —A—7MPa T=-6°C
0.5 =10 MPa £=1.67E-4/s
0 : ,
10 . 20 30
Axial strain (%)
14
512 ;=1 MPa, £=1.67E-4/s
g10
2
£8
@ AAAAAAAAAAAA AAAALLL L
,g 6
2 4
5 ———10°C ———5°C
|2 —A——2°C__—8——|°C
o0& + +
0 5 10 15 .
Axial strain (%) (1) The strength increases as T decreases due
s to the enhanced cementation of ice.
Triaxial . L .
Temperature (T) Sand compression (2) The volumetric strain increases with Xu et al.,
P test P decreasing T, which is attributed to the 2016
-8 transition of the specimen from a plastic to a
7 ¥+ [ —e==10°C 03 =1 MPa, £=1.67E-4/s brittle nature.
g
g
£
@
.2
=
g
=}
S
-
2 + + + + + +
0 2 4 6 8 10 12 14
Axial strain (%)
5
£45 —8—1.1E-3/s —o—1.1E-4/s
s 4 —A—1.1E-5/s _—m—1.1E-6/s
235
£ 3
2
Uniaxial 2 2.5 (1) Strain softening; Zhu and
Strain rate (¢) Silt compression z 2 (2) The strength increases with the Carbee,
test :a_} 1'? increment of strain rate. 1984
o
Q0.5
0 , ,

0 10 20 30
Axial strain (%)

(continued on next page)
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Table 5 (continued)
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Influencing Frozen soils Static tests Mechanical behaviors Primary characteristics References
factors
600
—8—-NFT=0 ——NFT=1
= 500 H —4&—NFT=3 —8-NFT=5
= 400 K—NFT =9 (1) The strength decreases as the freeze-
2 thaw cycles (NFT) increase;
4
. Triaxial @ 300 2) The frozen expensive soils display the
Freeze-thaw Expansive . g @ . . p . . play R Tang et al.,
) compression 2 200 strain-softening with increasing o3. Besides,
cycles soils -2 . . 2018
test > the mechanical properties become stable
2 100 =200 kPa once the freeze-thaw cycles exceed a
0 L L . . . threshold value (i.e., NFT = 5).
0 3 6 9 12 15 18
Axial strain (%)
—®&— 1 MPa (salt content = 0%) —4&— 3 MPa (salt content = 0%)
—&— 6 MPa (salt content = 0%) —— 8 MPa (salt content =
—%— 10 MPa (salt content = 0%)
~ ©- 3 MPa (salt content = 1.5%) = A= 6 MPa (salt content = 1.. 5%)
— £1- 8 MPa (salt content = 1.5%) = =+- 10 MPa (salt content = 1.5%)
=
==}
2
£
g
5
a
10
Axial strain (%)
_— The strength decreases with the increase in
Triaxial . . ..
Coarse sandy . salt content since higher salinity causes an Chang et al.,
Salt content R compression . .
soil test increment in unfrozen water content, 2019
—@— 1 MPa (salt content = 0%)  —#— 3 MPa (salt content = 0%) consequently reducing strength.
—&— 6 MPa (salt content = 0%) —il— 8 MPa (salt content = 0%)
—%— 10 MPa (salt content = 0%) - ©- 1 MPa (salt content = 1.5%)
~ ©- 3 MPa (salt content = 1.5%) - A- 6 MPa (salt content = 1.5%)
—E— 8 MPa (salt content = 1.5%) = == 10 MPa (salt content = 1.5%)
g
g
£
@
2
E
o
E
=
G
>
40
g
=30t
=
2
o 20 +
g
=
©
=10 1
E (1) The initial yield strength decreases with
= increasing dry density.
1.0 1.1 1213 . 1.4 1.5 (2) The peak strength appears to be less
Dry density (g/em’) influenced by dry density, especially at high
Uniaxial strain rates. At high strain rates, the peak Zhu and
Dry density Silt compression strength remains relatively constant across Carbee,
test various dry density levels. However, at low 1984
50 strain rates, the peak strength for low
E‘) 40 & density is lower than that for high dry
2 density due to the enhanced rheological
7
g _301 properties of the ice matrix.
28
2220 1
g
© 10 + - -0
3 &= 1.1E-6/s
=% 0 + + + +
1.0 1.1 1.2 1.3 14 1.5
Dry density (g/cm?)

14

(continued on next page)



K.-Q Lietal Cold Regions Science and Technology 236 (2025) 104497

Table 5 (continued)

Influencing Frozen soils Static tests Mechanical behaviors Primary characteristics References
factors
——4 MPa (15%) —o—2 MPa (15%)
—®—0.5MPa (15%) —6— 4 MPa (30%)
—&—2 MPa (30%) —E—0.5 MPa (30%)
----- 4 MPa (50%) — — 2 MPa (50%)
— - — 0.5 MPa (50%)
=
=9
=)
2
£
@
=
8
<
=
3
a
Triaxial * (1) Strain-softening;
. . 0 5 10 . 150 20 2 (2) The strength initially decreases as the Zhang et al.,
Water content Silt clay compression Axial strain (%) .
test water content increases but then shows a 2020a
subsequent increase.
25
23 1 —8—4 MPa
5 2.1 ¥ ~4—2 MPa
s 197 —&—0.5 MPa
g 1.7 7
S 157
@ 13 F
=
% 1.1 7
= 09 F
& 077%F
05 . . . .
10 20 30 40 50 60
‘Water content (%)
—@&— 15 MPa, mass ratio = 40:100
~—&— 10 MPa, mass ratio = 40:100
—&— 6 MPa, mass ratio = 40:100
—— 3 MPa, mass ratio = 40:100
— — =15 MPa, mass ratio = 80:100
— = -10 MPa, mass ratio = 80:100
— — 6 MPa, mass ratio = 80:100
— — 3 MPa, mass ratio = 80:100
10 (1) Strain-softening;
(2) The strength consists of the bond
E 8 strength between ice and the friction
= between particles. As the coarse grain
36 content increases, the water and ice content
8 in the frozen samples decrease, reducing ice
w
£ 4 bond strength. Additionally, an increase in
s 2 the mass ratio results in a higher content of
. _— [ coarse particles and an increase in the
. Silty clay Triaxial . . .
Coarse-grained with coarse compression 0 L L L L frictional force between particles. Liu et al.,
content P 0 5 10 15 20 25 Consequently, the strength of frozen mixed 2019
sand test Axial strain (%)

soil samples generally exhibits an initial
decrease followed by an increase with an
increasing mass ratio. This behavior can be
attributed to the dominant effect of

decreasing ice-cemented force on strength
at low mass ratios. In contrast, the
§ increasing frictional force among inner
=3 9 particles becomes more significant at high
£ mass ratios.
28
=
£ 7
& —e—15MPa——10MPa
6 —4—6MPa _ —#—3MPa
5 . , , ,

0 0.2 0.4 0.6 0.8 1
Mass ratio of coarse grains to fine grains

(continued on next page)
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Influencing Frozen soils Static tests Mechanical behaviors Primary characteristics References
factors
(1) Strain-softening;
(2) The order of uniaxial compression
strength is Type 1 > Type 2 > Type 3 > Type
4 frozen soil. The strength decreases with an
Uniaxial 1,600 p— —— increasing number of ice lenses, particularly
Heterogeneous . ype 7 homogeneons fozen sof for Type 4 frozen soil. This can be attributed ~ Shi et al.,
Clay compression . .
structures 1200 +  Type 2 to the ice lenses cutting through the frozen 2023b

test frozen ol
containing

single ice lens

»
3
8

Axial stress (kPa)

IS
S
3

I
Type 3: frozen soil containing t
lens with same inclination angle
Type 4: frozen soil containing two ice
lens with different inclinati

soil destroying its integrity. Besides, the
presence of ice lenses promotes stress
concentration at their tips during loading,
which further exacerbates the failure of the
frozen soil.

ice

angle

0 2 4 6

Axial strain (%)

8

10 12

Notes: The aforementioned figures on the mechanical behaviors of frozen soils are modified from corresponding references.

2.2.3. Creep

The creep is one of the most vital aspects of the time-dependent
behaviors of frozen soils. Due to the viscosity of ice and water, frozen
soils possess significant creep deformation properties under external
load conditions (Ladanyi, 1972; Wang et al., 2019b). The creep defor-
mation has been acknowledged as one of the essential sources of uneven
settlement and hazards in permafrost regions (Yu et al., 2013; Xu et al.,
2017c) and is closely related to ground temperature (Mu et al., 2020).

The creep deformation of frozen soils is affected by many factors,
such as temperature, stress level and state, moisture content, ice content,
soil types, and so on (Ladanyi, 1972; Andersland and Ladanyi, 2003;
Zhou et al., 2016; Zhu et al., 2019a; Wang et al., 2020b). Existing
experimental studies have indicated that the characteristics of creep
deformation possess two types: attenuation creep and nonattenuation
creep (see Fig. 4). The attenuation creep occurs when the shear stress is
less than the long-term strength, where the creep rate gradually de-
creases and ultimately remains constant (i.e., the curve OAjA2A3 in
Fig. 4), and this creep deformation increases as deviatoric stress rises. In
contrast, the creep curve becomes non-attenuated when the shear stress
exceeds the long-term strength, including three stages: decaying creep
(also named primary creep), steady creep (also called secondary creep),
and accelerated stage (also termed tertiary creep). During the primary
creep, ice-hardening controls the behaviors of frozen soil, leading to a
decreasing creep rate. As for the secondary creep, the creep rate is
constant and keeps its minimum values, and the frozen soil exhibits its
maximum creep resistance. During the tertiary stage, where the creep

Primary Secondary
creep creep

Tertiary
creep

<

Axial strain (g)

Type 2:

Vl
| |
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|

B2

Type 1: Attenuation creep

X

Bl A2

A3

Nonattenuation creep

Al

rate gradually increases until the failure of frozen soil, cracking of the ice
matrix becomes more dominant than ice-hardening, and excessive
deformation occurs within a short period, which can result in damage to
infrastructure such as pipelines, foundations, and railways (Sun et al.,
2020). Since the frozen soil in deep alluvium withstands considerable
ground pressure and is prone to enter the accelerated stage, this stage
should be considered (Li et al., 2020c¢).

The creep of frozen soils was also investigated via scanning tech-
nologies (e.g., computed tomography (CT)) that observed the change of
internal structure during the creep process (Wu et al., 1995; Ma et al.,
1997; Torrance et al., 2008; Li et al., 2020b). Specifically, both the pore
volume and accumulated area decreased, and the size distribution
became more evenly after creep due to the pore closure caused by soil
compression and pores gathering larger pores (Li et al., 2020b). These
phenomena were also observed in the CT scanning tests by Wu et al.
(1995) (see Fig. 5). As a typical three-phase material, the creep defor-
mation stems from the collective contribution of each component and
their individual properties (Li et al., 2019). On the one hand, the vis-
cosity of ice, unfrozen water and soil fabric enhance the creep properties
of frozen soils. On the other hand, the pore ice in the frozen soils is likely
to be partially melted and crushed by stress concentration, which in turn
results in the weakening of ice-cementation and increment of unfrozen
water content, facilitating the readjustment of solid particle displace-
ment (Li and He, 2024).

Besides, given the application of AGF in tunnel excavations, varying
stress states and different loading types exist during the construction

Type 1: Attenuation creep

Stage 1 (OA,) Instantaneous deformation stage
Stage 2 (A;A,) Primary creep stage
Stage 3 (A,A;) Steady-state creep stage

Type 2: Nonattenuation creep
Stage 1 (OB,)
Stage 2 (B,B,)
Satge 3 (B,B;)
Stage 4 (B;B,)

Instantaneous deformation stage
Primary creep stage
Steady-state creep stage
Accelerated creep stage

°T

Time ()

Fig. 4. Typical creep curves of frozen soils (modified from He et al., 2023a).
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Before creep test

Primary creep stage
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Secondary creep stage

Tertiary creep stage

Fig. 5. CT images of frozen soils at different creep stages (modified from Wu et al., 1995; Yang et al., 2010a).

stage, resulting in the shearing of frozen soils and rapid increases in
stress. The excavation leads to the shearing of the frozen soil and a
relatively rapid growth in stress. After tunnel excavation, the frozen soil
body undergoes deformation under a predominantly constant stress
state and needs to provide support until the tunnel lining is finished.
Common excavation techniques (e.g., partial face advance) can cause a
stepwise increment in loading of the frozen soil body, and the duration
of stepwise increased loading could be up to over six months. For in-
surance, three long-duration excavation steps during the challenging
construction of the Toledo underground station in Italy were docu-
mented by Russo et al. (2015). Some scholars (i.e., Classen et al., 2019;
Zhou et al., 2021) explored the usage of AGF to support large-scale
tunnel excavations with fourteen excavation stages. On the other
hand, the unloading state of frozen soils during construction may result
from complex stress histories, including repeated loading and unload-
ing, which influence the mechanical response. The unloading creep
behaviors of frozen soil are rarely reported despite being the most
realistic stress state in underground engineering. Therefore, these in-
stances provide compelling evidence for the critical need to enhance the
fundamental understanding of the impact of loading/unloading history
and load path on the mechanical performances of frozen soils from a
practical perspective. Some investigations (e.g., Vyalov et al., 1989;
Zhou et al., 2021) have been conducted, and their results contributed to
the understanding of the complex mechanical behaviors of frozen soils,
which is dependent on the strain-strain history. In contrast, Schindler
et al. (2023) concluded via uniaxial single-stage and multi-stage loading
tests that both the average axial strain at the turning point (i.e., the
moment when the tertiary begins) and the minimum strain rate are in-
dependent of load history. They also proposed a transform creep time to
convert the multi-stage creep tests into single-stage tests. Therefore,
further investigations involving broader loading and creep stages are
necessary to reinforce the loading history independence. Largely, the
impacts of the stress and strain history (e.g., stepwise loading) on the
rate-, stress-, and temperature-dependent mechanical behavior of frozen
soils is not yet fully comprehended, which is crucial for safe construction
and maintenance in geotechnical engineering, particularly in control-
ling deformation and preventing hazards in the artificially frozen
ground.

3. Mechanical behaviors under dynamic loading
3.1. Experimental methodology

Up to now, investigations on the dynamic responses of frozen soils
for practical engineering applications remain a challenging task, pri-
marily due to the limited availability of testing equipment capable of
exploring the dynamic behavior of frozen soils, such as the split Hop-
kinson pressure bar (SHPB) and some other specialized devices (such as
frozen hollow cylinder apparatus and bender elements). Furthermore,
the complex environment and other soil properties (e.g., temperature,
strain rate, and water content) can affect the mechanical behaviors of
frozen soils under dynamic loadings.

17

The SHPB method has emerged as an efficient tool for dynamic
testing for various materials under high strain rates (10-10,000/s)
related to engineering applications such as seismic actions, vibration,
and blasting loadings (Ma et al., 2019), which was initially applied for
metals and then developed for exploring other construction materials (e.
g., rock and concrete). The US Sandia National Laboratory first exam-
ined its application for frozen soils (Furnish, 1998). They conducted
experiments on artificially frozen soils from Alaska, subjecting them to
uniaxial strain conditions or negative lateral confinement. Their results
revealed that the Alaskan frozen soils depend on both pressure and
temperature, in addition to displaying characteristics such as rate
sensitivity, anisotropy, and brittle and ductile behaviors. Subsequently,
Lee et al. (2002) extended their investigations to undisturbed frozen
soils and introduced a cap plasticity model to characterize the dynamic
mechanical responses. However, the results exhibited significant dif-
ferences in the observed behavior, primarily attributed to undisturbed
frozen soils’ inherent heterogeneity and complexity. Consequently, their
proposed model is too complex and fails to accurately capture frozen
soils’ dynamic behaviors. Based on the principles of one-dimensional
stress wave theory (Kolsky, 1949) and the assumption of uniform
stress, soil samples’ strain rate, strain, and stress history can be deduced
utilizing three signals (i.e., the incident, reflected, and transmitted) by
the following equations.

o) = e W

£(t) = _21c0 / [ &de (2)
S 0

o(t) = %E& 3)

where [ is specimen length, Ag and A are the initial cross-sectional areas
of soil specimen and bar, respectively, E and Cy are Young’s modulus
and elastic wave speed of the bars, respectively, ¢, is the reflected strains
on the incident bar, and ¢ is the transmitted axial strain on the trans-
mission bar. Once the three signals are measured, the stress-strain data
of frozen soils can be determined. Fig. 6 shows schematic diagrams of
the SHPB apparatus and three typical waves (i.e., incident, reflected, and
transmitted). Liu et al. (2014) also designed an efficient temperature-
controlled dynamic direct shear system that can be applied to various
dynamic shearing loads and accurately control temperature for
analyzing frozen soils’ dynamic characteristics and interface properties.

Recently, the hollow cylinder apparatus (HCA) has emerged as a
critical experimental tool for studying the mechanical behavior of frozen
soils under complex stress conditions (see Table 6), especially in sce-
narios involving principal stress rotation, cyclic loading, and multi-
stress-path environments. For example, Chen et al. (2022) conducted a
series of tests on frozen soil to investigate the effects of principal stress
direction on the anisotropic behavior and non-coaxiality. Liu et al.
(2024a, 2024b) conducted a series of experiments using FHCA to
simulate the cardioid-shaped stress path induced by repeated traffic
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loads on frozen silt. Their results demonstrated that the rotation of the
principal stress direction accelerates axial permanent deformation in
frozen soil by increasing viscous energy dissipation. This study high-
lights the ability of HCA to capture the dynamic deformation behavior of
frozen soils under complex stress paths, which conventional triaxial tests
cannot replicate. Similarly, Liu et al. (2025) explored the dynamic re-
sponses of frozen soil under pure principal stress rotation (PSR) induced
by wave loads using the FHCA. This capability of the HCA to simulate
pure PSR conditions fills a critical gap in understanding wave load-
induced deformation in permafrost regions, such as coastal engineer-
ing foundations within the Arctic Circle.

3.2. Dynamic behaviors under different factors

Fig. 7 summarizes the investigated influencing factors in the studies
reviewed in this work. In general, most experiments have primarily
addressed the effects of cryogenic temperature and strain rate on the
dynamic behaviors of frozen soils. Typical impact loading results are
plotted in Figs. 8(a-b), showing that the compressive strength exhibits a
positive strain rate and negative temperature sensitivity. This phenom-
enon has been widely reported (e.g., Zhang et al., 2013; Ning et al.,
2014; Xie et al., 2014; Zhu et al., 2016; Ma et al., 2017; Zhu et al., 2017;
Caoetal., 2018; Fuetal., 2019a, 2019b, 2019¢; Zhu et al., 2019b; Zhang
et al., 2020b; Zhu et al., 2020; Fu et al., 2021; Zhang et al., 2021; Zhu
et al., 2021a, 2021b; Chunyu et al., 2023). The dynamic stress-strain
curves can be divided into three stages: elastic/viscoelastic stage, plas-
tic stage, and failure stage (Zhu et al., 2021b; Li et al., 2022). Besides, the
frozen soils also exhibit remarkable strain softening beyond the peak
stress (Xie et al., 2014) and show brittle damage at high strain rates or

400

600 800 1000

Time (us)

(b)

Fig. 6. Schematic diagram of (a) split Hopkinson pressure bar (SHPB) device; (b) three typical waves.
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low temperatures (Zhu et al., 2016). In addition, some researchers have
investigated the mechanical behaviors under cyclic triaxial loading (Xu
et al., 2015; Xu et al., 2020b). For example, Xu et al. (2020b) conducted
a series of cyclic triaxial tests on frozen silty clay, and the corresponding
mechanical responses are shown in Fig. 8(c). One can observe that the
stress-strain curve exhibits hysteresis and a gradual accumulation of
irreversible strains with increments in the number of cycles. Further-
more, the differences in residual axial strain between two adjacent cy-
cles decrease in the initial loading cycles and then increase as the
loading cycles progress.

In practice, frozen soils are often subjected to pre-existing stresses
before impact loading, so it is crucial to explore the dynamic mechanical
behavior of frozen soil under confining pressure. Accordingly, Ma et al.
(2017) conducted a series of SHPB tests on frozen sandy clay under
varying temperatures, strain rates, and confining pressure. The dynamic
stress-strain of frozen soils reveals that the confining pressure has a
negative effect on the dynamic strength of frozen sandy clay since the
internal structure of frozen soils can be destroyed by high confining
pressure. Subsequently, to study the coupled static and dynamic loads
that are more in accordance with the actual loading conditions, Ma et al.
(2019) employed a modified triaxial SHPB system developed by Central
South University for dynamic impact tests; their experimental data
revealed: (1) The dynamic compressive strength of frozen silty clay on
the uniaxial and coupled static and dynamic states increases linearly
with the logarithm of & (2) The confining pressure has considerably
enhanced the strength of frozen silty clay at coupled static and dynamic
loadings, and their relations are nearly exponential; and (3) The frozen
soil specimens subjected to axial pre-compressive state exhibited higher
strength in comparison to those tested under uniaxial conditions.



61

Table 6

Summary of typical experimental investigations of frozen soils under dynamic loadings.

No.  Refs. Test conditions Frozen soil samples
Type Device T (°C) Loading o3 (MPa) Type Location Pdry (g/cm3) o (%) LL (%) PL (% Size Influence factors
(Default: (mm)
£/5)
Axial strain
Axial strain
Vinson et al., . Cyclic triaxial test -1, -4, amplitude = L $100 . .
1 1978 Cyclic DTC system _10 2% 1038 0-1.4 Clay Michigan 1.09-1.52 40-98 23-37 % 200 amplitude, soil
% 10-2% type, T, 03,
Caajkowski Cyclic triaxial test — —1, —4 ::;lallitsfllt‘:le:n* 305 x Axial strain
2 and Vinson, Cyclic DTC s ystem 716 ’ 9 ><p10 3—; 0-1.4 Silt Hanover, Alaska - 35.5, 38.9 22,28 -, 23 71 x amplitude, soil
1980 Y x 1072% 13 type, T, 03, @
Lee et al -5 $22 x
3 IO DTC SHPB -10, 1000 - Soil Alaska 0.85-2.09 42 T
2002 11
—-20
Modified triaxial -2 -5 13,15
Li al. — . X . i i o .
4 2'(;’(?9“ o Cyclic DTC material test jb f=6HZ (1) 2 08,10, g::;') (Beiluhe 1.8 18.19,21, 393 20.8 ‘i6112% T, 03, 0
device (MTS-810) 1 2’ ! 23
. Modified triaxial China T, 03, ®, and salt
Ling et al., . . —0.5, . . $61.8
5 2013 Cyclic DTC material test 1 f=2HZ 0.3, 0.6, 0.9 Clay (Harbin-Daqing 1.73 12,16 26.7 12.5 125 content (1.13 %,
: device (MTS-810) railway) 3.42 %)
Uniaxial :?2378’
6 'thu'1g etal, strfnn. and SHPB “17, 900-1500 B Clay Chmfa (Chengdu 1.6 20 B B $30 x T ¢
2013 uniaxial _o3 Province) 18
stress test _og8
Ning et al -3 $45 x
7 & et als DuC SHPB -13, 800-1400 - Sand - 1.7 15 - - g T, €
2014 21
—28
. . . . 100 x
Park and Elastic wave Piezo disk and 20 to Sand-silt .
8 - - . Korea - - - - 100 x T, saturation
Lee, 2014 test bender elements -10 mixtures 200
-3, -8
Xie et al., >
9 lecta DUC SHPB —18, 400-1000 - Sand - 1.6 30 - - #30x
2014 18
—28
Modified triaxial China
Ling et al., . . -2, —6, f=1,2,34 0.3, 0.6, 0.9, . . 8.63, $61.8 T, 03, @, f and F-T
10 Cyclic DTC material test Clay (Heilongjiang 2.01 - -
2015 -1 HZ 1.2 . 10. 12 1 1
’ device (MTS-810) 0 Province) 9.55,107 ¥125 - cyele(0,1,3,5)
Modified triaxial
Liu et al. . . . .
1 uweral CyclicDTC ~ material test _15 f=1HZ 0.6,1.4,6 Silty China (Qinghai- ¢ 8.86 32.3 18.3 P18 F
2014 . Tibet Plateau) x 125
device (MTS-810)
Zhu et al -3, -8 $30 x
12 N o DUC SHPB —18, 400-1000 - Sand - 1.6 10, 15, 30 - - T, € 0
2016 18
—28
China
Ma et al.
13 (;1 ';‘ o DUC SHPB -5,-15  160-265 05,1,1.5 Sandy clay (Shandong - - 26.3 18.2 ‘é’;’o O
Province)
. -5,
14 gg?;‘ al. pUC SHPB 15, 700-1200 - Sand - 16 30 - - ‘f;o X T, ¢ particle size
—-25
Cao et al -5 $30 x
15 L DUC SHPB ~15, 500-950 - - - 1.6 30 - - T, €
2018 _o5 18

(continued on next page)
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Table 6 (continued)

No.  Refs. Test conditions Frozen soil samples
Type Device T(°C) Loading o3 (MPa) Type Location Pdry (g/cm®) o (%) LL (%) PL (% Size Influence factors
(Default: (mm)
£/s)
Zhang et al., Elastic wave Bending disksand ~ —10 to Clay, silt, and North $75 x .
1 © - - ’ ? 1.6-2. - 24. . 15.4-24. T, 1
6 2018 test bender elements -2,20 sand Slope of Alaska 6-2.07 4.4-33.4 5.4-24.4 100 » soil type, depth
-5,
Fu et al. ’
17 veral DUC SHPB 12, 500-1000 - Sand - 1.6 20 29.1 18.8 930
2019a, b 18
-19
Fu et al -5 $30 x
18 . o DUC SHPB -10, 300-900 - Sand - 1.6 15 29.1 18.8 T, ¢
2019c¢ 18
-15
€, coupled static
Ma et al., DTC, DUC, Modified triaxial . China (Shanxi $50 x pre-stress and
19 2019 and CSDL SHPB system 10 285-407 0.819-4.641 Silty clay Province) 212 224 283 14.2 25 dynamic impact
loading effect
S-wave velocity 10,
Wang et al., Small-strain -8, —6, clay, silt and Arctic $70 x )
2 - - 1.601-2.1 16.6-37. 24. . 15.4-24. 1 T
0 2019¢ loading test measurement —4, sand Coastal Plane 60 08 6.6-37.8 4.4-33.4 54-24.4 140 Soil type,
apparatus
—2,20
multiaxial Modified SHPB
loading device with an _
Zhu et al., (DUC and aluminum sleeve ’ China (Chengdu $30 x .
= 2019b DUC with offering passive :ig’ 500-1100 - Clay Province) 16 20 291 188 18 Lé
confining confining
state) pressure
Modified triaxial Silty soils . .
Zhe al. : -
22 €8 GyclieDTC material test 6 - 0.3-6 with medium g:‘c‘):il(cf)a"“ - 8.86 32.3 18.3 ‘i6112f_’ Dﬁgifﬁﬁﬁf;fs
¢ device (MTS-810) silica gravel 8
23 Liu et al., Elastic wave Bender/extender _20. 20 B B Sand-loess China (Loess B B B B $50 x Eri‘fez:_z}::lg
2020 test elements ’ mixtures, Plateau) 100 yees,
content
China
94 Ruetal, CyclicDTC - -3 -5 0.2 Silty clay (Qinghai-Tibet 1.828 15 28 17.7 #6181 yelic loading
2020b -7, -9 . x 125
Railway)
-5,
95 Zhangetal, e Modified SHPB 15, 400-950 - Clay - 16 30 - - P30 oy
2020b 18
—-20
n,=0.701 Initial static
- . HZ, R . . . stress, loading
2% ?ll?o et al., Cyclic DTC Trlaxml'materlal _6 sinusoidal 1,3,5,8,12, Saline silty C.hma (Qinghai- B B 3 B $61.8 cycle, and salt
2020 test device . 14, 16, 18 clay Tibet plateau) x 125
loading content (0, 0.5,
form) 1.5, 2.5 %)
—10.
Zhu et al. 4 . .
27 w etal, DUC Modified SHPB _15, 100-1200 - Clay China (Sichuna 30 - - #30>x
2020 _20 Province) 18
-6,
Fuet al., -10, Unsaturated $30 x
28 2021 DUC SHPB 20, 100-700 - sand - - 25 - - 18 -
-30
o €, prefabricated
99 Mactal, DUC SHPB -10 120,170, - Silty soil - 1.72 24.2 32.2 225 #50 % rack number
2021a 220, 270 50
0,1,2,3)
Pre-existing
3 Maetal, DUC SHPB Clay 23.1 43 21 P50 racks with
2021b 25 .
different

(continued on next page)

w3217 O-Y

L6¥b0I (S20T) 95T A3010uyd3 ], pup 29U2108 SUOISIY PloD



1C

Table 6 (continued)

No.  Refs. Test conditions Frozen soil samples
Type Device T(°C) Loading o3 (MPa) Type Location Pdry (g/cm®) o (%) LL (%) PL (% Size Influence factors
(Default: (mm)
£/5)
positions,
numbers, lengths,
and obliquities
Zhang et al -1, $30 x
31 0‘2 1" “” bpuc Modified SHPB -15, 200-1200 S Ling and - 1.6 30 - - 18 T, €
-20
Frozen hollow $60/ T, cyclic stress
Zhang et al., cylinder —8to Cyclic (0.2 China (Qinghai- 100 (I/ » .
32 2021b apparatus (FHCA-  —15 Hz) 25 Clay Tibet plateau) 177 198 27.7 17.6 0) x ::::; f;z:;gjl
300) 200
-5,
33 huetal, DUC SHPB ~12, 500-1200 - Sand - - - - - #P30x oy
2021a 18
-19
Zhu et al -1, $30 x
34 o DuC SHPB —15, 450-924 - Clay 2.1 20 T, €
2021b 18
—-20
Freeze
(=10,
Number of F-T
Lietal., DUC with F-T —15, $30 x
35 2022 loading SHPB _25) 500 - Sand - 2 40 - - 18 ;})lcles 0,1,3,5,
Thaw
(5)
Freeze-thaw
Liu et al., Elastic wave . $50 x
36 2022 test Bender elements —20, 20 - - Loess China (Lanzhou) 1.72 9.5,13.5 - 17.7 100 cycles, salt
content
Qiao et al. $30 x .
37 (2022) DUC SHPB 10 300-800 - Clay - - 20, 25, 30 - - 18 £
Chunyu -10, 308, 506, $30 x
.. y 'y 'y . p. .
38 et al., 2023 DUC SHPB —-15, 636 - Silty clay - - - - - 18 T, €
—20
Freeze 1 = 0.8, 0.9,
Wang et al., C}.’Chc pbre MOle}ed triaxial (-10) 0.'98 q Hz, China (Sichuan $61.8 Number of F-T
39 with F-T material test sinusoidal 0.3,1,1.4 Clay . 1.89 16.8 27.5 15.9
2023b R R Thaw . Province) x 125 cycles (0, 1, 5, 20)
loading device (MTS-810) loading
(23)
form)
Cyclic Frozen hollow $60/ ;ZEEI;};:T::;SS
Zhang et al., . cylinder Cyclic China (Qinghai- 100 (I/ ..
1 -1 2. 1 1. 19. 27. 17. ffi
40 2022 rotationa apparatus (FHCA- ' (0.1-2 Hz) ° Clay Tibet plateau) 77 o8 77 7o 0)x  coctent
shear tests rotation radius,
300) 200
frequency
Frozen soil with
i . -10, two different
41 ggzgf etals g SHPB 15, zzg’ 520, Clay - - 30 - - ngo X average sizes (1.7
: -20 and 0.725 mm) of
coarse particles
-5
Zhang et al., ? 350, 550, . China (Gansu $30 x
42 2023b DUC SHPB :;g, 750 - Silty clay Province) 1.6 20 - - 1s -
. $60/ Principal stress
Liu et al., . Frozen hollow . . . . Lo
43 2024a, Cyclic traffic ) er 2 Cyclic 024 silt China (Qinghai- —, o, 15 22.92 14.13 1000/ direction,
. loading test Hz) Tibet plateau) 0) x cardioid-shaped
2024b apparatus (FHCA)
200 stress path,
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Fig. 7. Numbers of experimental studies on frozen soils with different influ-
encing factors under dynamic loadings. Note: This figure is based on the studies
reviewed in this work.

w (%)
18.7

Additionally, Zhang et al. (2019a) conducted experiments using SHPB
with an aluminum sleeve as a passive confining pressure device to
examine the dynamic behaviors of frozen soils under multiaxial loading
conditions. The results showed that the peak stress observed in the
multiaxial state is significantly higher than in the uniaxial loading.
Furthermore, unlike the failure model of frozen soil at a uniaxial state,
the frozen soils under a passive confining pressure state displayed a
viscoplastic failure mode.

Besides, some studies explored the effect of moisture content (Ling
et al., 2009; Zhu et al., 2016), salt content (Zhao et al., 2020), particle
size dependence (Zhu et al., 2017; Zhang et al., 2023a) and the effect of
prefabricated cracks (Ma et al., 2021a) on the dynamic behaviors of
frozen soils. The key dynamic behaviors of frozen soils under varying
conditions are replotted in Fig. 9. It can be noted from Fig. 9(a) that the
higher initial moisture content results in higher strength of frozen soils
under impact loading states. Fig. 9(b) shows the relationship between
accumulated shear strain and cyclic loading numbers for different
NaySO4 contents (i.e., 0 %, 0.5 %, 1.5 %, and 2.5 %) under 63 = 5 MPa in
the work of Zhao et al. (2020). The results reveal that the salt content
significantly influences the dynamic strength of saline soil. Notably, the
dynamic strength of saline soil reaches its minimum and maximum
values at f; = 0.5 % and f; = 2.5 %, respectively. When subjected to
dynamic impact loading, the peak stresses of frozen soils are in the
following order, from largest to smallest: fine particle specimens, mixed
frozen soil specimens, middle particle specimens, and rough particle
specimens (see Fig. 9(c)). Similar findings can be found in the impact
loading tests conducted by Zhang et al. (2023a) on frozen soils with
different average sizes (0.725 mm and 1.7 mm). Specifically, it was
observed that the frozen soil mixed with 0.725 mm soil particles
exhibited a higher strength compared to the mixture with 1.7 mm par-
ticles. Fig. 9(d) illustrates that prefabricated cracks contributed to a
reduction in the dynamic compressive peak stress of the frozen silty soil
specimen.

Dynamic properties (e.g., shear modulus, damping ratio, accumula-
tive plastic strain) are important to evaluate the construction stability
and safety. Compared to the experimental studies on the effect of cyclic
loading on the static mechanical response of frozen soils, investigations
on the dynamic behaviors of soils subjected to cyclic loading are rela-
tively limited and still in the virgin stage of development, which needs to
be further conducted. Vinson and his coauthors (e.g., Vinson, 1978;
Vinson et al., 1978; Czajkowski and Vinson, 1980) are the pioneers in
investigating the dynamic properties of frozen soil via cyclic loading. For
example, Vinson (1978) summarized the dynamic properties of frozen

Pary (g/cm®)
1.84

Location
China (Qinghai-
Tibet plateau)

Frozen soil samples

Type
Silty Clay

o3 (MPa)

Loading
(Default:

£/s)

T (°C)

Hollow cylinder

Device
apparatus

Test conditions
Cyclic wave
loading test

Type

Liu et al.,
2025

[0}
44

Notes: DUC is dynamic uniaxial compression test (impact loading test); DTC is dynamic triaxial compression test; CSDL is coupled static and dynamic loading tests; LUC is loading-unloading cycles test; F-T is freeze-thaw

loading; SHPB is split Hopkinson pressure bar (SHPB); modified SHPB refers to a variable cross-section bar is adopted as the incident bar; T is temperature; € is strain rate; o3 is confining pressure; f is frequency; pary is dry
density; w is initial water content; LL and PL are liquid limit and plastic limit; #, is dynamic stress amplitude ratio, which equals the ratio of dynamic stress to the strength of frozen soil sample with corresponding confining

pressure and salt content under static loading.

Table 6 (continued)
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Fig. 8. Dynamic responses (a) stress-strain curves of frozen soil for different strain rates at T = —18 °C, ® = 15 % and corresponding fracture modes of frozen soils
after the SHPB tests (data from Zhu et al., 2016); (b) stress-strain curves of frozen soil for the different temperature at € = 1000/s, ® = 15 % (data from Zhu et al.,
2016); (c) stress-strain relationship of frozen silty clay under cyclic triaxial loading (data from Xu et al., 2020b).

soils from field and laboratory studies and indicated that the frozen
soils’ dynamic properties could be divided into two categories, including
dynamic stress-strain properties (e.g., shear moduli, S wave velocity,
longitudinal wave velocity) and energy absorbing properties (e.g.,
damping ratio, loss factor, attenuation coefficient). In recent years, Ling
et al. (2013) conducted a series of cyclic triaxial tests on frozen soils and
analyzed the influences of the dynamic axial stress amplitudes,
confining stresses, temperatures, moisture contents, and salt contents on
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the stiffness and damping ratio under low-level repeated cyclic loading.
Ling et al. (2015) investigated the influence of dynamic axial loading on
frozen silty sand’s dynamic features and fatigue. Zhang et al. (2019a)
examined the impact of coarse-grained contents on the dynamic prop-
erties (i.e., stress-strain curves, hysteresis loops, accumulative plastic
strain, dynamic strength, and damage variables, resilient modulus,
damping ratios, accumulative plastic strain, dynamic strength, and
damage variables) of frozen silty soils subjected to cyclic loadings. Zhao
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Fig. 9. Dynamic responses (a) stress-strain curves of frozen soils under different water content (data from Zhu et al., 2016); (b) accumulated shear strain and loading
number of frozen saline soils with different salt contents (data from Zhao et al., 2020); (c) stress-strain curves of frozen soils with different particle sizes at T = —5 °C
and £ = 900/s (data from Zhu et al., 2017); (d) stress-strain curves of frozen soils with different crack numbers (data from Ma et al., 2021a).

et al. (2020) explored the dynamic behaviors of frozen saline soil under
cyclic triaxial compression tests, and their results demonstrated that the
salt contents and confining pressure could significantly affect the
strength and deformation of frozen salty soils under cyclic loading. The
tests of Zhang et al. (2019a) and Zhao et al. (2020) indicated that the

and strain accumulation.
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stress-strain curves of frozen soils display strong nonlinearity, hysteresis,

Freeze-thaw cycles can also considerably affect frozen soils’ dynamic
mechanical behaviors. Ling et al. (2015) explored the dynamic shear
modulus and damping ratio of frozen compacted sand subjected to
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Fig. 9. (continued).

various freeze-thaw cycles, temperatures, initial moisture contents,
loading frequencies, and confining pressures. Li et al. (2022) conducted
experiments to explore the dynamic mechanical behaviors of frozen soils
at varying numbers and temperatures of F-T cycles using the SHPB,
where a gradual weakening of the peak stress as the number of F-T cycles
increased until reaching the critical cycle number at which the soil
specimen attains a steady state. Additionally, a decrease in the peak
stress of the frozen soil with decreasing freezing temperatures could be
noted in their measurement. Fig. 10 plots the variation on the frozen soil
surface after several Freeze-Thaw cycles in Li et al. (2022), which de-
picts the micro-cracks on the sample surface increased with the number
of F-T cycles. Considering the limited availability of references

regarding the dynamic properties of frozen soil subjected to both freeze-
thaw cycles and cyclic loading simultaneously, Wang et al. (2023)
conducted dynamic cyclic triaxial experiments of frozen subgrade clay
under cyclic loading conditions during freeze-thaw cycles. The experi-
ments showed that the dynamic stress-strain and volumetric strain
curves became progressively more dispersed and irregular after 20 F-T
cycles. Additionally, the hysteresis loop curves, which represent the
energy dissipation and deformation behavior during cyclic loading,
exhibited a marked increase in loop area and deformation amplitude
with increasing F-T cycles. Furthermore, as the number of freeze-thaw
cycles increases, the axial accumulative strain, residual deformation,
and damage variable of frozen clay also rise while the dynamic, resilient
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Fig. 10. Effect of Freeze-thaw cycles on dynamic behaviors of frozen soils (a) stress-strain curves under different numbers of F-T cycles at T = —12 °C; (b) variation of

sample surfaces after F-T cycles (modified from Li et al. (2022)).

25



K.-Q. Li et al.

modulus and dynamic strength decrease.

4. Microscopic experiments on frozen soils

The microstructures of frozen soils alter during the freezing process
due to the phase change and moisture migration, which not only affect

Cold Regions Science and Technology 236 (2025) 104497

the mechanical properties of frozen soils but also reflect the failure
mechanism of frozen soils under external loadings (Ershov, 1988; Wang
and Wang, 1998). At present, various advanced techniques have been
utilized for microstructure characterizations, including scanning elec-

tron microscopy (SEM), computed tomography (CT), nuclear magnetic
resonance (NMR), and mercury intrusion porosimetry (MIP). These

Table 7
Summary of typical investigations on microstructure variations of frozen soils.
Methods Tests Microstructure indexes References Influencing factors Soil types
Uniaxial creep test Wu et al., 1995 T, o3 Loess soil
P & (T = —5°G, stress = 3.5 MPa)
- T, .
Triaxial creep test Crack Ma et al., 1998 (TO-:B _5°C, 63 = 2 MPa) Loess soil
Zha t al. T,
Triaxial compression test 25?2% erabs (7:”:3 6, -10°C, 03 = 0.5, 1, 2, 3 MPa) Silty clay-sand mixture
Romanenko .
Crack etal, 2017 F-T cycle (NFT = 20) Loamy soils
F-T cycles, salinity
F-T le test
e Pore and crack Xu et al., 2021 WFT'=0,1,2,5,10, Tt = 20 °C, T; = Saline intact loess
o —20 °C, salinity = 0.0 %, 0.5 %, 1.0 %, 1.5
%)
CT Uniaxial compressive test ~ Damage Qi et al., 2003 T, 63 (T=-5,-10°C,063=0,1, 2, 3 MPa) Loess soil
Romanenko .
Crack etal, 2017 F-T cycle (NFT = 20) Loamy soils
F-T cycles (NFT =0, 1, 2, 5, 10, T, =20 °C,
Pore and crack Xu et al., 2021 Ts = —20 °C), salinity (0.0 %, 0.5 %, 1.0 %, Saline intact loess
1.5 %)
Chen et al., T,03(T=-3,-6,-10°C,03=0.5,1,2,3
F-T cycle test 2021 MPa) Lanzhou loess
. T, 65 (T = -2, -5, —10, 15 °C, 65 = 0.2, .
CT value Li et al., 2021a 0.5, 1 MPa) Graded gravel soil
T, 03, w (T=-5,-10,-15°C,03=0,1, 3,
Sunetal, 2022 6,8, 10, 12 MPa,  (10.3 %, 16.6 %, 20.3  Silty clay
%)
. Japanese volcanic ash, Linxia
Ice lenses Wang and Soil type, salt, water, T, and overburden .. R
B (Number, shape and thickness) Wang, 1998 ressure (5) kaolinite, Inner Mongolia clay,
» shap ang. p Lanzhou silt, and Lanzhou sand
Dynamic impact loading Particle .
test, triaxial compressive (shape, arrangement, porosit Hu et al., 2001 Numbers of repeated impact loads (1-8, Loess
g P pe, arrangement, porosity, o 10, 13, 16, 20, 26, 32)
tests connectivity)
Triaxial compression Han et al F-T cycles (NFT =0, 1, 5, 10, 30, 60 and
tests P Particle size and crack 2(()18 o 120, Ty = 20 °C, T = —20 °C), salinity =0,  Saline clay
0.5, 1, 2, 3 %, and 03 = 0.1, 0.2, 0.3 MPa
SEM Particle size, crack and pores Xu et al., 2018 F-T cycles (NFT =0, 2, 5, 7, 10, 14,17, 20) Loess
Pore number. porosi Ding et al., F-T cycles (NFT = 0-2, T = —10, —20, Marine cla
» porosity 2019 ~30°C) v
Wang et al. F-T cycles (NFT = 0, 10, 60, 120, T, =
F-T test Proportion of pores and cracks 9 (; o OZ’T‘ o 20 °C, Tr= —20 °C), salinity (0, 0.5 %, 1 %, Saline clay
‘ 2 %, 3 %)
F-T les (NFT =0, 1 10, 15, 2
Particle size distril?ution, shape, thao etal, T, :Cilg Ceé,(Tf o 10 (’) B ":?;f’: g’ 0; ’ 0(1)1 ?)02’ Loess
arrangement, and intercontact 2023
MPa)
Dynamic triaxial . s . Jiang et al., T, 03 (T =0, -2, -5, =10, —15 °C, 63 = .
P 1 b 1t cl:
instrument article distribution and porosity 2023 0.15 MPa) Silt clay
Uniaxial compression Toy s . . Ren et al,, o (0 =17 %, 20 %, 23 %, Tf = —10 ~ —
NMR H 1 int t Cl
test signal Intensity 2023b 180 °C) &y
SEM, Triaxial compression test Particle size Zhang et al., F-T cycles (NFT =1, 3, 5, 9, 15, 20, 30, 50, Silty sand
LDA (T = -6 °C, 63 = 2 MPa) 2019c¢ T =25°C, Tf= —15°C) ty
(T;a:xic%r?zef‘;hfz; Pores Youetal,2017  Salinity (0, 0.5 %, 1.5 %, 2.5 %) Silty clay
Unidirectional freezi Zhang et al.
SEM, oty HORETEEARE  pores (Porosity, volume) om0 @=10%14%18% Tr= -5, -10°C  Silt
MIP
P ber, si h
s ores (m,lm e, size, shape, Wen et al., Temperature rise gradient (T = 0, —5, .
Dynamic triaxial test distribution, arrangement, volume, Silty clay
. 2023 -10, —15, —20 °C,
contact type, and cementation type)
Unfrozen water content, particle size T, stress (T = —5 °C, stress = 0, 8, 10, 16 Lanzhou fine sand and Huaibei
Ma et al., 1999 .
Uniaxial compressive test and crack MPa) silty clay
F-T cycles (NFT =0, 1, 2,4, 6,10, T, = . .
SEM, Pore ratio and size Li et al., 2021b cycles ( ¢ Expensive soils
NVR 25 °C, Tr= —20 °C)

Freezing test

Pore size and ratio, damage

Kong et al.,
2022

Freezing duration =1, 2,4, 6,12,18,24h,
pressure = 0.05, 0.1, 0.2, 0.4 MPa, Tf =
-3,-8,-20°C

Soft clay

Notes: T is temperature; T, is thaw temperature; Ty is freezing temperature;  is water content; o3 is confining pressure; scanning electron microscopy (SEM), computed
tomography (CT), nuclear magnetic resonance (NMR), mercury intrusion porosimetry (MIP); Laser diffraction analysis (LDA); F-T is freeze-thaw; NFT is the number of
freeze-thaw cycles.
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methods provide critical insights into crack propagation, pore evolution,
particle arrangement, and moisture distribution, which are essential for
understanding the behavior of frozen soils under different environ-
mental and mechanical conditions.

4.1. Computed tomography (CT) analysis

Computer tomography (CT) offers a promising method to dynami-
cally monitor structural variation within frozen soils (Wu and Ma,
1994). The CT technique employs X-rays to penetrate the object slice
and measure the attenuation of X-rays, which allows for the assessment
of density variations within the sample. The CT value, which reflects the
average density distribution of particles, ice, and unfrozen water, is
commonly used to characterize microstructural changes. A higher CT
value indicates a denser material, and variations in CT values can be
used to track changes in soil structure during loading or freeze-thaw
cycles (Qi et al., 2003).

As shown in Table 7, CT analysis has been widely applied to inves-
tigate crack formation, pore distribution, and density variations in
frozen soils. Studies have shown that under creep conditions, micro-
defects redistribute in the stable creep stage, with smaller cracks clos-
ing and larger cracks propagating and interconnecting to form micro-
fractures. As stress increases, an accelerated creep stage occurs, lead-
ing to complete failure (Wu et al., 1995; Ma et al., 1998). Additionally,
triaxial tests have revealed that confining pressure plays a crucial role in
crack development, where higher confining pressures suppress crack
growth initially but may lead to pressure melting of ice at excessive
levels, resulting in water migration and microcrack formation (Qi et al.,
2003; Chen et al., 2021; Li et al., 2021a). F-T cycles are another key
factor influencing frozen soil microstructures. Studies using CT imaging
have demonstrated that F-T cycles cause the progressive expansion of
small pores and the formation of cracks, which are particularly pro-
nounced in saline soils where salt crystallization amplifies structural
degradation (Romanenko et al., 2017; Xu et al., 2021). The interplay
between salinity and freeze-thaw effects has been observed in graded
gravel soils as well, where confining pressure induces partial melting of
pore ice, leading to pore expansion and microcrack development (Sun
et al., 2022).

4.2. Scanning electron microscopy (SEM) analysis

The SEM technique has been widely employed to observe the
microstructure evolution of frozen soils that were once frozen under
complex loadings (see Table 7). While SEM offers high-resolution im-
aging of soil microstructures, it is important to note that common SEM
techniques operate under high-vacuum conditions, which result in the
sublimation of ice within frozen soils (Chen et al., 2024). Therefore, the
SEM images presented in this study do not capture the intact ice struc-
ture of frozen soils but instead reveal the residual microstructural fea-
tures of soils that are once frozen, such as pore morphology, particle
arrangement, and crack propagation. Despite this limitation, SEM
studies have provided valuable insights into the effects of freeze-thaw
cycles, salinity, and mechanical loading on frozen soil microstructure.
For instance, repeated impact loading has been shown to increase
aggregate size while modifying particle orientation and connectivity
(Huetal., 2001). Triaxial compression tests reveal that F-T cycles lead to
significant changes in particle size and crack development, with the
effects of freeze-thaw being more pronounced than those of salinity
alone (Han et al., 2018). Additionally, freeze-thaw cycles fragment
larger soil aggregates, promoting the formation of fine pores and
increasing overall porosity (Xu et al., 2018).

Fig. 11 shows the SEM images of saline silty sand under different F-T
cycles conducted by Zhang et al. (2019¢). It can be noted from Fig. 11(a-
1) and Fig. 11(b-1) that the salt-free frozen soils remain structurally
stable after 3 F-T cycles, with tight particle arrangement and small
pores. However, after nine cycles, frost heave disrupts the structure,
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which causes increasing porosity and reduced particle size (see Fig. 11
(c-1)). As fine particles fill pores, the porosity gradually decreases (see
Fig. 11(d-1) and Fig. 11(e-1)). In contrast, frozen soil with 2 % salt
content maintains its structure initially, as shown in Figs. 11(a-2) and 11
(b-2). As F-T cycles progress, moisture causes volume expansion,
destroying the soil structure due to salt crystallization. After 20 cycles,
the soil becomes loose with larger pores (Fig. 11(d-2)). Frequent F-T
cycles and salt expansion break down particles, increasing fine particles
and reducing porosity, while smaller particles decrease frost heaving
and salt expansion, ultimately reaching a new structural equilibrium
(Fig. 12(e-2)).

4.3. Pore structure and moisture distribution analysis

To complement SEM observations, mercury intrusion porosimetry
(MIP) and nuclear magnetic resonance (NMR) have been employed to
quantify pore size distribution and analyze moisture dynamics in frozen
soils. MIP studies have demonstrated that freeze-thaw cycles signifi-
cantly increase pore volume and alter pore connectivity, with saline soils
showing a higher proportion of fine pores after multiple freeze-thaw
cycles (Wang et al., 2020a). NMR analysis has further revealed that
higher initial water content leads to greater unfrozen water content,
which weakens soil strength and promotes deformation (Ren et al.,
2023b).

Moreover, research has shown that salinity influences pore evolution
in complex ways. At low concentrations, salt dissolution increases the
volume of unfrozen water, enhancing porosity. However, at higher
concentrations, salt crystallization fills the pores, reducing porosity and
reinforcing soil strength through interlocking effects (You et al., 2017).
Temperature gradients also play a crucial role, with lower temperatures
leading to a more compact and uniform soil structure, while higher
temperatures increase pore connectivity and overall porosity (Wen
et al., 2023).

As illustrated in Fig. 12, influencing factors such as temperature,
confining pressure, freeze-thaw cycles, and salinity have been exten-
sively studied, with temperature and F-T cycles each accounting for 23
% of reviewed studies. Overall, microscopic tests on frozen soils are
efficient tools to analyze the microstructure variation of frozen soils with
the advantages of high magnifications and resolutions, which provide
detailed information for understanding the mechanical behaviors of
frozen soils and enable better engineering practices, infrastructure
design, and environmental management in cold regions.

5. Discussion
5.1. Advancement in experimental tests

The aforementioned studies represent experimental investigations
into the mechanical behaviors of frozen soils under static and dynamic
loads. Currently, most static tests on frozen soils have focused on simple
loadings, such as uniaxial compression, triaxial compression, tensile,
and direct shear tests. Dynamic tests on frozen soils are typically con-
ducted employing specialized devices such as the split Hopkinson
pressure bar (SHPB). A range of environmental factors (e.g., tempera-
ture, strain rate, confining pressure, freeze-thaw cycles, frequency) and
soil properties (e.g., water content, salt content, crack, and particle size)
that can influence the mechanical behaviors of frozen soils have been
discussed. However, the majority of experiments have focused solely on
examining the influences of individual, two, or three factors, and the
coupled effect of these factors on the dynamic behaviors of frozen soils
remains unclear.

Significant advancements have been made in recent years to address
the limitations of traditional testing methodologies for frozen soils,
which aim to improve the accuracy and reliability of experimental re-
sults and provide deeper insights into the fundamental mechanisms
governing the behavior of frozen soils. Herein, some typical
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Fig. 11. SEM images of saline frozen soil (1) salt content =0 %; (2) salt content = 2 %; (a) O freeze-thaw cycles; (b) 3 freeze-thaw cycles; (c) 9 freeze-thaw cycles; (d)
20 freeze-thaw cycles; (e) 50 freeze-thaw cycles. Figures are modified from Zhang et al. (2019c¢).

28



K.-Q. Lietal

20pm

Number of F-T

Cold Regions Science and Technology 236 (2025) 104497

20um
s’

(e-2)

Fig. 11. (continued).

cycles = 50
Numbers of . Temperature
Umbers Ol Freezing rise
~repeated  gyration 6%
impact loads 3% .
3%

Pressure
6%

Soil type
3%

Salinity
8%

Fig. 12. Proportion of influencing factors in existing microscopic tests on
frozen soils.

advancements in testing are summarized as follows.

(1) True triaxial testing systems

Traditional triaxial compression tests, widely used in frozen soil
research, are limited in their ability to simulate the true stress states
encountered in engineering applications. To address these limitations,
true triaxial testing systems have been developed (e.g., Huang et al.,
2022). This system enables a more accurate representation of field stress
conditions, providing insights into the anisotropic mechanical behavior
of frozen soils, which is often neglected in classical studies.

(2) Temperature-controlled testing systems with pore pressure
measurement

Pore pressure and suction measurements are central to unfrozen soil
mechanics, especially in unsaturated soils. For example, the application
of pore pressure transducers in frozen soil research represents a signif-
icant step toward understanding coupled THM behavior in frozen soils.
For example, Lyu et al. (2021a,b) proposed a system capable of main-
taining precise thermal conditions while simultaneously measuring
under isotropic and deviatoric loading. This system employs antifreeze-
saturated porous stones and high-precision transducers, ensuring hy-
draulic connectivity at subzero temperatures and enabling accurate
monitoring of pore pressure evolution during freezing and thawing
processes. The measurement of PWP provides critical insights into the
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effects of confining pressure and strain rate, bridging the gap between
empirical observations and theoretical models.

(3) High-precision instrumentation for small-strain behavior

The small-strain deformation characteristics of frozen soils have
received increased attention due to their critical importance in under-
standing stiffness, stress-strain relationships, and the onset of yielding.
High-precision instrumentation, such as bender elements and local
displacement transducers, has enabled accurate measurements of stiff-
ness and strain at resolutions as small as 0.001 %. For example, Nishi-
mura et al. (2019) conducted a comparative study on the small-strain
deformation behavior of frozen and unfrozen Kasaoka clay. By
employing a temperature-controlled triaxial apparatus with semi-local
instrumentation for axial strain and a newly designed miniature
freezing cell for dynamic testing, the study demonstrated that frozen
clay exhibits stiffness behavior qualitatively similar to unfrozen clay at
strains below 0.002 %. Such findings highlight the importance of high-
precision systems in capturing subtle, state-dependent behaviors. In
parallel, unfrozen soil mechanics have long utilized similar instrumen-
tation, such as bender elements, to investigate small-strain stiffness and
shear wave velocity.

(4) Hollow cylinder apparatus

The adoption of hollow cylinder apparatus (HCA) represents another
breakthrough in frozen soil testing. For example, Zhao et al. (2019)
utilized the frozen hollow cylinder apparatus (FHCA) to investigate the
deformation behavior of frozen soils under radial thermal gradients.
Some scholars have employed the FHCA to explore the effects of prin-
cipal stress direction on the anisotropic behavior and capture the me-
chanical behaviors of frozen soils under stress conditions closer to real-
world scenarios, such as wave loads and traffic-induced stresses (Chen
et al., 2022; Liu et al., 2024a, 2024b; Liu et al., 2025). In unfrozen soil
mechanics, HCAs have been extensively used to explore anisotropy,
small-strain stiffness, and rotational shear behavior. The delayed
application of this apparatus in frozen soil research highlights the need
for further efforts to bridge the methodological gap between the two
fields.

It can be concluded that the testing methodologies in frozen soil
mechanics have historically lagged behind those in unfrozen soil me-
chanics, where techniques such as bender elements, hollow cylinder
apparatus, and true triaxial tests have been widely adopted for decades.
However, recent advancements in frozen soil testing are closing this gap.
These advancements not only enhance our understanding of frozen soil
mechanics but also provide valuable insights for infrastructure design
and maintenance in cold regions.

5.2. Advancement in microstructural observations

Regarding the microstructural investigations on frozen soils,
numerous studies reported the microstructure changes in frozen soils
under complex conditions (e.g., F-T cycles) or possessing different
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properties (e.g., salinity). The widely used techniques are SEM and CT,
which enable the quantitative determination of micropore morphology
(e.g., pore size, shape, distribution, arrangement, contact type, and
cementation type) and particle features (e.g., size, ratio, volume) of
frozen soil. To address the limitations of individual methods, researchers
have combined multiple techniques to comprehensively investigate
microstructural variations in frozen soils. For instance, SEM tests are
prone to human interpretation errors and are limited in their ability to
assess a broad range of pore sizes, whereas MIP tests may introduce
inaccuracies due to the presence of irregular’'gourd-shaped’ pores.
Accordingly, coupling SEM and MIP tests is an efficient approach to
accurately capturing the micro characteristics of frozen soil. However,
some limitations of existing microstructural techniques should be
addressed.

(1) The standardization of sample preparation and testing operation
is still lacking. Unified protocols for preparing and testing frozen soil
samples are essential to minimize artifacts and ensure consistency across
studies. The preparation and testing of frozen soils can involve artifacts
and modify the original microstructure of frozen soils. Different studies
may employ various techniques, sample preparation methods, and
analysis approaches, making it challenging to compare and integrate
findings across various investigations.

(2) Microscopic tests are typically conducted on small-scale samples,
which may not fully represent the heterogeneity of natural frozen soil
conditions. Future work should explore scaling-up microstructural
studies to account for the inherent variability in frozen soils. Besides,
some microscopic techniques, e.g., SEM, could only provide two-
dimensional (2D) observations and cannot fully capture the three-
dimensional structure of the entire frozen soil specimen. Integrating
SEM with 3D imaging techniques, such as X-ray micro-CT, could provide
richer datasets to improve our understanding of frozen soil structure.

(3) Current technologies fail to capture the time-dependent behav-
iors and variations in microstructures of in-situ frozen soils. The be-
haviors of frozen soils are time-dependent, while the microstructural
techniques provide snapshots of the microstructure of frozen soils at a
small scale and at a specific moment. Moreover, conducting microscopic
tests directly in the field or in situ frozen soil conditions remains tech-
nically challenging. Developing portable devices for in-situ microstruc-
tural analysis or improving laboratory-based simulations of field
conditions could address this limitation.

5.3. Extensions to frozen soil analogs

Apart from traditional frozen soil, some special soils display char-
acteristics similar to those of frozen soils, e.g., methane hydrates sedi-
ments and water ice-bearing lunar regolith. Recent findings indicate that
methane hydrates sediments might coexist with ice (Yakushev and
Chuvilin, 2000; Li et al., 2016; Yang et al., 2019), and their mechanical
properties are similar to those of frozen soils owing to their similarity in
temperature and morphology (Li et al., 2011b; Miyazaki et al., 2011;
Chen et al., 2023). However, despite extensive investigations on frozen
soils” mechanical and rheological properties, limited studies have been
conducted on methane hydrate sediments, leading to a lack of funda-
mental understanding regarding their unique characteristics. The
development of experimental methods to simulate the combined effects
of gas hydrate dissociation and freezing processes is essential for un-
derstanding their mechanical stability. In addition, investigations have
been conducted to explore the geotechnical properties of lunar regolith
simulants containing ice, employing various laboratory techniques,
including unconfined compression tests, cone penetration tests, and
Brazilian tensile strength tests (Gertsch et al., 2008; Pitcher et al., 2016;
Wardak, 2021). By freezing a mixture of liquid water and dry regolith
simulant, researchers have created "mud-pies" that closely resemble the
physical textures of terrestrial frozen soils and analyzed the relation-
ships of icy lunar regolith strength and other factors such as ice content,
temperature, density, vacuum pressures, and volatile composition

30

Cold Regions Science and Technology 236 (2025) 104497

(Ricardo et al., 2023). Numerous studies have highlighted the significant
influence of ice morphology on the mechanical behaviors of icy lunar
regolith, but few investigations have comprehensively explored their
relationships. Future research in this area should focus on quantifying
the effects of ice morphology, developing constitutive models for
extraterrestrial applications, and creating standardized testing protocols
for icy regolith simulants. Hence, existing experiments on frozen soils
are helpful for elucidating the mechanical responses of these geo-
materials that resemble frozen soils and offer potential avenues for
further research directions.

6. Conclusions and future works

This current review depicts a comprehensive summary of the up-to-
date experiments on the mechanical behaviors of frozen soils, which
discuss the advanced test devices and shed light on the macro and micro
responses of frozen soils under complex conditions. The primary con-
clusions are drawn as follows.

(1) Experiment aspect:

Over the last few decades, extensive experimental investigations
have been conducted to explore the mechanical behaviors of frozen soils
under static and dynamic loadings. Despite significant advancements,
several gaps remain in the understanding of frozen soil mechanics under
realistic and complex stress conditions. Traditional experimental studies
often focus on uniaxial or triaxial conditions, and few of them address
the impact of intermediate principal stress and complex stress paths.
Furthermore, while the roles of some factors, such as temperature and
confining pressure, are well-documented, the coupled effects of multiple
influencing factors remain unclear. Recent developments in experi-
mental tests using advanced equipment such as SHPB, frozen hollow
cylinder apparatus, and microstructural investigation methods (e.g., CT
scanning, NMR) provide opportunities to address these gaps. The
anisotropic effects, small-strain stiffness, and stochastic distribution of
ice lenses deserve further exploration, especially under freeze-thaw cy-
cles and dynamic loading.

In addition, existing experimental tests under static or dynamic
loadings are primarily conducted in the laboratory, and measured data
from in-situ soil samples is still lacking. Under complex loading condi-
tions and climate change, long-term field monitoring data on frozen soils
are also imperative.

(2) Microstructural observation aspects:

It is essential to acknowledge the challenges in sample representa-
tiveness, imaging depth, and standardized sample preparation and
testing when interpreting the microscopic observations on frozen soils.
Additionally, integrating multiple techniques and considering long-term
effects and in-situ observations are essential for a more comprehensive
understanding of the microstructural characteristics and behaviors of
frozen soils.

(3) Available database aspect:

An open database of experimental data on frozen soils is vital for
validating constitutive models and beneficial for the models’ reliability
and generalizability. Hence, to facilitate the constitutive model valida-
tion process and promote further research and practical applications, it
would be helpful to establish a comprehensive database that consoli-
dates information on the mechanical behaviors of frozen soils. This
database can be constructed by incorporating data from scientific pub-
lications and government reports, providing a valuable resource for the
constitutive modeling of frozen soils and references for understanding
the multi-physics interactions within frozen soils (Li et al., 2024a; Li and
Yin, 2024).
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