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ABSTRACT
Gravelly soil is widely used in cold regions in engineering as a filler material and the research on the strength
characteristics is the basis for the design and maintenance of frozen gravelly soil engineering. To investigate
the strength characteristics of frozen gravelly soil, a series of tri-axial tests were carried out at various negative
temperatures and confining pressures. The experimental results demonstrate that the deviatoric stress-axial
strain curve of frozen gravelly soil is characterized by three stages. The strength of frozen gravelly soil is
significantly affected by confining pressure and temperature and the strength increases with the decrease in
temperature and the increase in confining pressure. The E0 and E0.5 of frozen gravelly soil increase as
temperature decreases. In addition, E0 is extremely sensitive to changes in confining pressure and E0 increases
with the increase in confining pressure, while E0.5 changes with less regularity with confining pressure.
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INTRODUCTION

related to frozen gravelly soil (Feng et al., 2008; Yuan
et al., 2007). The mechanical properties for filler
material are the basis for the evaluation of the stability
and safety of buildings and structures (Mittal and
Shukla, 2019; Fu et al., 2020; Mittal and Shukla, 2020).
Therefore, research into the strength properties of frozen
gravelly soil is important for the safe construction and
operation of projects in cold regions.
Numerous experimental studies on the strength
properties of various types of frozen earth materials have
been carried out. (Parameswaran and Jones, 1981; Ma et
al., 1994; Razbegin, 1996; Li et al., 2005; Chang et al.,
2007; Christ and Kim, 2009; Sinitsyn and Loset, 2011;
Yang et al., 2013; Xu et al., 2014; Liu et al., 2019; Luo
et al., 2019; Choi et al., 2021) and the results show that
the frozen soil strength envelope has nonlinear features
and the frozen soil skeleton materials have an assignable
impact on the mechanical characteristics of frozen soil
(Liu et al., 2019). Therefore, a targeted experimental
study of permafrost with different skeletal materials is

Frozen soil is a type of geotechnical composite
material formed of soil particles, ice, liquid water and
gas (Morgenstern et al., 1976). The mechanical
properties of frozen soil are very complex due to the
presence of ice and the possible ice-water phase change
(Lai et al., 2013). Frozen gravelly soil is a type of frozen
soil material that has a skeleton of sand and gravel and
is commonly found in moraine deposits formed by
Quaternary glaciers. It is widely distributed in the
Tianshan Mountains, the Qinghai Tibet Plateau and
surrounding high-altitude mountainous areas in China.
Engineering construction in cold regions is constantly
underway (Wang and Zhang, 2000) and gravelly soils
are widely distributed in the slopes of railroads and
roads (Cheng, 2005; He et al., 2017; Li et al., 2007; Liu,
1998) and there are more and more disaster problems
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strength characteristics of frozen gravelly soil. The
quasi-static tri-axial tests of frozen gravelly soil were
carried out under five temperature conditions (-2, -3, -5,
-7 and -10 °C) and five confining pressure conditions
(0.5, 1.0, 2.0, 4.0 and 8.0 MPa). The stress-strain
behavior and the influence of temperature on the
strength characteristics of frozen gravelly soil were
analyzed based on the experimental results.

necessary. The major reason resulting in more
complicated mechanical characteristics of frozen soil
than unfrozen soil is the phase transition of ice and water
in frozen soil, while the content of unfrozen water is
directly influenced by temperature (Lai et al., 2009). To
the present, some experimental research on the influence
of temperature on the mechanical characteristics of
frozen soils has been conducted (Bragg and Andersland,
1981; Ma et al., 1996; Zhao et al., 2009; Chen et al.,
2012; Zhao et al., 2013; Fei and Yang, 2019). However,
for frozen gravelly soils, relevant studies are lacking.
Therefore, it is of significance to study the effect of
temperature on the strength properties of frozen gravelly
soils.
Given the scarcity of research on the strength
characteristics of frozen gravelly soil, the goal of this
study is to clarify the effect of temperature on the

EXPERIMENTAL RESULTS
Sample Introduction
The tested soil material was collected from a loose
accumulation slope in the eastern part of the QinghaiTibet Plateau. The site of soil sampling and the particle
characteristics of the soil are shown in Fig. 1.

Figure (1): Gravelly soil in the Qinghai-Tibet Plateau region
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the contact surface to ensure the integrity and uniformity
of the sample. (3) Place the sample in a container, draw
a vacuum and keep it there for 2 hours before completely
immersing it in degassed distilled water for 12 hours to
achieve the target moisture content of 20%. (4) The
saturated sample and mold are placed in a freezer at -30
°C for more than 24 hours to ensure rapid freezing. (5)
After complete freezing, take out the mold, package the
frozen sample in the latex rubber film and install the
epoxy resin plate and sealing ring at both ends to avoid
moisture evaporation. (6) Leave the sample in the
thermostat for at least 24 hours to ensure that it reaches
the test temperature.

The specification of soil tests (GB/T50123-1999)
issued by the Ministry of Water Resources of the
People's Republic of China is followed in the
preparation of the test samples, as shown in Fig. 2. The
sample preparation process is described as follows: (1)
Dry soil and water are mixed to prepare a soil sample
with 10% water content and plastic film is used to
prevent evaporation for 12 h to evenly distribute the
water in the soil. (2) The soil is poured into the
cylindrical copper mold in three layers through the
funnel to make a standard sample with a diameter of
61.8 mm and a height of 125 mm. After each
compaction, it is necessary to scrape a certain depth on

Figure (2): Sample preparation flow chart
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The dry density of the sample is 1.75 g/cm3 and Fig.

3 shows the particle grading curve.
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Figure (3): The grain distribution curve of the frozen gravelly soil sample

the stress and deformation of shallow subgrade,
according to the monitoring data of ground temperature
at a depth of 0.5 m in the embankment shoulder of the
Gaopingyuan monitoring site on the Qinghai-Tibet
Railway (Ma et al., 2014). The experimental
temperature range selected in this article is -2 ℃
to -10 ℃. Table 1 shows the exact test conditions.

Test Schemes
The loading path of the conventional tri-axial test is
adopted in the test and the consolidation time is 60 min
and the shear time is 20 min, as shown in Fig. 4. The test
termination condition is that the axial strain reaches
20%. The test was conducted at various confining
pressures and temperatures. This paper mainly considers

Figure (4): The loading path of the triaxial test
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Table 1. The experimental conditions
T(℃)

σ3(MPa)

-2, -3, -5, -7, -10

0.5, 1.0, 2.0, 4.0, 8.0
confining pressure range is 0-20 MPa; the axial
displacement range is -75.0 mm -75.0 mm; the
temperature range is +80 °C to -30 °C and temperature
control accuracy can reach 0.1 °C. The instrument has
the function of automatic data acquisition, which can
automatically collect data according to a set time
interval.

Test Apparatus
As shown in Fig. 5, the test equipment is a modified
MTS-Landmark 370.10 tri-axial apparatus. The addition
of a temperature-controlled pressure chamber allows
this unit to be used for triaxial testing at negative
temperatures. The main technical parameters are as
follows: the axial load maximum is 100 kN and the

Figure (5): MTS-Landmark 370.10 material testing system
stage is not obvious under some conditions. At the initial
stage of loading, the frozen gravelly soil has good
integrity, so the stress increases linearly with the
increase of strain. Due to the pressure induced by ice
melting, the stress-strain curve does not maintain a
linear characteristic after the strain reaches a certain
level. Softening occurs after reaching maximal strength
and the stress decreases as the axial strain increases.

TEST RESULTS AND ANALYSIS
Stress-Strain Behavior of Frozen Gravelly Soil
Fig. 6 illustrates the stress-strain curves under
different confining pressures (0.5, 1.0, 2.0, 4.0 and 8.0
MPa) at -2 °C, -3 °C, -5 °C, -7 °C and -10°C,
respectively. The stress-strain curve can be split into
three stages based on Fig. 5, including linear increasing,
nonlinear increasing and strain softening. The softening
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Figure (6): The stress-strain curves for frozen gravelly soil

Effect of Temperature on Yield Stress and Strength
It can be seen from Fig. 7 that the yield stress point
is the turning point when the stress-strain curve of frozen
gravelly soil changes from the linear increasing stage to
the nonlinear increasing stage and the peak stress point
is the turning point from the nonlinear increasing stage
to the strain softening stage. The value of yield stress
can reflect the ability of the sample to resist plastic
deformation and the peak stress is the characteristic
value of strength.

Figure (7): The typical form of deviatoric stressaxial strain curve of frozen gravelly soil
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Fig. 8 shows the evolution law of the frozen gravelly
soil yield stress with temperature for different envelope
pressure conditions. According to Fig. 2, the yield stress
increases nonlinearly as the temperature decreases.

Because a reduction in temperature enhances ice
cementation and decreases the quantity of unfrozen
water, the capacity of frozen gravelly soil to withstand
plastic deformation rises with temperature.
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Figure (8): Relationship between yield stress and temperature
Fig. 9 shows the evolution law of the frozen gravelly
soil strength with temperature for different envelope
pressure conditions. The strength of frozen gravelly soil
is greatly influenced by temperature fluctuations. The
strength increases as the temperature drops under the
8.0

same confining pressure. The stronger the ice
coagulation between the soil particles becomes as the
temperature drops, the overall strength of the frozen
gravelly soil increases.
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Figure (9): Relationship between strength and temperature
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temperature decreases, as illustrated in Fig. 10 and Fig.
11. The main reason is that the decrease in temperature
enhances the cementation of ice, which increases the
overall stiffness of a frozen sample and improves the
ability to resist deformation. In addition, E0 is extremely
sensitive to changes in confining pressure and E0
increases with the increase in confining pressure, while
E0.5 changes with less regularity with confining pressure.
This occurrence shows that the early deformation of
frozen gravelly soil is more sensitive to the confining
pressure than the later deformation, which is consistent
with the test results of Xu et al., (2017).

Effect of Temperature on the Elastic Modulus of
Frozen Gravelly Soil
The commonly used elastic modulus indices of
frozen soil are initial tangent modulus (E0) and secant
modulus (E0.5) (Wang et al., 2005; Xu et al., 2016). The
initial tangent modulus is obtained by fitting the initial
data of triaxial test results and the secant modulus is
determined by the peak stress point and its axial strain
(Xu et al., 2017).
E0 and E0.5 at five temperatures are given in Fig. 10
and Fig. 11 to analyze the influence of temperature on
the elastic modulus of the frozen gravelly soil. Both E0
and E0.5 of the frozen gravelly soil increase when the
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Figure (10): Relationship between E0 and temperature
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frozen gravel soil to withstand plastic deformation and
the overall strength increase with the reduction in
temperature. When frozen gravelly soil is used for
roadbed or dam engineering, temperature rise should be
controlled as much as possible to avoid excessive
settlement deformation caused by strength reduction.
(3) E0 and E0.5 of frozen gravelly soil increase as the
temperature decreases. In addition, E0 is extremely
sensitive to changes in confining pressure and E0
increases with the increase in confining pressure, while
E0.5 changes with less regularity with confining pressure.
This phenomenon shows that the change in confining
pressure has a greater impact on the early deformation
of frozen gravelly soil.

CONCLUSIONS
The effects of temperature and confining pressure on
the mechanical behavior, strength characteristic values
and elastic modulus of frozen soils were explored using
conventional tri-axial compression experiments on
frozen gravelly soil at various temperatures and
confining pressures. Some conclusions are made as
follows:
(1) Under different temperature conditions, the
stress-strain curves of frozen gravelly soil can be split
into three stages: linear increasing, nonlinear increasing
and strain softening. At the linear increasing stage, the
stress increases linearly with the increase of strain. Due
to the pressure induced by ice melting, the stress-strain
curve does not maintain a linear characteristic after the
strain reaches a certain level. After reaching its peak
strength, softening occurs.
(2) Temperature changes have a significant impact
on the strength and the yield stress of frozen gravelly
soil. At the same confining pressure, the yield stress and
strength increase as the temperature decreases. This is
due to the fact that the reduction in temperature
enhances the cementation of the ice and reduces the
amount of unfrozen water; therefore, the ability of the
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