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,e lateral unloading strength and deformation of surrounding frozen rock are the key parameters for safety evaluation of frozen shaft
construction. A low-temperature and high-pressure rock triaxial test system was used to simulate freezing construction, and a constant
axial pressure unloading confining pressure test was carried out on frozen sandstone.,e effects of freezing temperature, initial confining
pressure, and unloading rate on the strength, deformation, and failuremodes of frozen sandstone are studied.,emain results of the study
are as follows: (1) under the initial confining pressure of 20MPa, the temperature of the sandstone decreases from 20°C to –5°C, and the
peak stress and elastic modulus of triaxial compression increase by approximately 3 times. Under lateral unloading conditions, the peak
stress of frozen sandstone is about 2∼3 times that of 20°C sandstone, and the peak strain of 20°C sandstone is smaller than that of frozen
sandstone.,e temperature of frozen sandstone decreases and the rate of increase in the peak stress of triaxial compression is slightly less
than the rate of increase in the peak stress of lateral unloading. (2),e initial confining pressure of frozen sandstone increases, the growth
rate of axial and radial strain increases, the radial strain dominates the failure process, and the lateral unloading strength decreases
significantly. (3) ,e lateral unloading rate of frozen sandstone increases, the peak strength increases, and the axial and radial strain
decrease. At a low unloading rate, partial creep deformation occurs. (4) ,e frozen rock sample undergoes tensile splitting failure under
lateral unloading. According to the stress-strain curve of the frozen rock sample, the relationship between changes in the deformation
modulus and changes in the confining pressure unloading amount during the unloading process of the rock sample is obtained.

1. Introduction

When mining deep coal resources, the artificial freezing
method is often used to cross deep water-rich soft rock
strata. ,e freezing of the shaft wall can block the leakage of
groundwater, provide a watertight working environment,
and improve the strength and deformation resistance of the
excavated rock and soil [1]. Temperature has a substantial
influence on the mechanical behavior of rock and soil.
Excavating a frozen shaft is equivalent to lateral unloading of
frozen rock. Studying the mechanical characteristics of
frozen rock lateral unloading is very important to the
construction design of the frozen shaft.

With the development of artificial freezing construction
technology and cold area engineering, useful results have

been achieved in research related to the mechanical prop-
erties of frozen rock. ,e unfrozen water content of satu-
rated rock decreases with the decrease of freezing
temperature, which has a great influence on the strength and
deformation [2]. Shen et al. [3] studied the water migration
and phase change of sandstone as the two core factors of
freezing (20°C⟶−30°C) damage. Liu et al. [4] concluded
that the peak strength of saturated silty mudstone under
uniaxial compression has a parabolic relationship with
temperature, and the axial strain at peak strength has a linear
relationship with temperature. Kodama et al. [5] concluded
that the strength of water-containing rock is inversely
proportional to temperature. Gao et al. [6] concluded that
the average fracture toughness of frozen sandstone was
10.47% ∼ 158.33% higher than that of normal temperature
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sandstone. Shan et al. [7] conducted an impact test on red
sandstone at –15°C. ,e strength, deformation, and failure
modes of frozen red sandstone are related to the strain rate.
Jia et al. [8] concluded that the tensile strength of saturated
coal and rock increased below 0°C. Yue et al. [9] concluded
that as the temperature of coal decreases, the compressive
strength and tensile strength increase linearly. Li et al. [10]
revealed that the strength of ice crystals, the strength of the
particle mixture, the friction strength between blocks, and
the occlusal strength are the main factors affecting the
uniaxial compressive strength of the frozen soil rock mixture
and the ice crystals improve the bearing capacity and
ductility. Xia et al. [11] proposed the transverse isotropy of
frost heave under the condition of unidirectional freezing of
saturated rock. Yu et al. [12] showed that the number of
freeze-thaw cycles has an important influence on uniaxial
compressive strength, elastic modulus, internal friction
angle, and cohesion. Vikram and Julian [13] used a CT scan
to observe the development and penetration of microcracks
during 20 freeze-thaw cycles. Fang et al. [14] studied the
failure characteristics of yellow sandstone under triaxial
compression under the action of chemical corrosion and
freeze-thaw cycles. Freeze-thaw damage mainly occurs
during freezing, and chemical corrosion mainly occurs
during thawing. Han et al. [15] concluded that under the
combined action of chemical solutions and freeze-thaw
cycles, the fracture toughness of sandstone deteriorated the
most, followed by the tensile strength, while the compressive
strength deteriorated relatively little.

Studying the deformation and failure of frozen rock under
triaxial compression is a prerequisite for understanding the
mechanical properties of frozen rock under lateral unloading.
,e artificial freezing method is adopted for construction, and
the initial spatial stress redistribution caused by the excavation
of the frozen shaft can be regarded as a process in which the
axial stress remains unchanged and the horizontal stress
gradually decreases.,is process will inevitably produce lateral
unloading deformation. Extant research has tended to carry out
constant axial pressure unloading confining pressure tests at
room temperature in the laboratory and study the size and
deformation parameters of the lateral unloading deformation
of normal temperature rock. Qiu et al. [16] found that when the
unloading confining pressure accounts for 60% of the initial
confining pressure, it is usually the boundary point between
linear and nonlinear unstable damage. Yang [17, 18] concluded
that under the same confining pressure, the peak strain of the
lateral unloading test of red sandstone is higher than that of the
triaxial compression test, and the confining pressure has a
significant influence on the failure mode. Xu et al. [19] carried
out an unloading confining pressure test of brittle rock samples
and found that Poisson’s ratio increases as the confining
pressure increases, and the confining pressure has a certain
softening effect. Zhang et al. [20] showed that as the unloading
rate decreases, the axial strain and radial strain of the rock
sample first decrease and then increase. Zhao et al. [21] used a
true triaxial test system to explore the effect of unloading rate
on granite strain. Huang et al. [22] carried out a sandstone
lateral unloading test and obtained the damage evolution law
related to the unloading rate, and the continuous unloading

confining pressure exhibited an approximately linear rela-
tionship with strain softening. Feng et al. [23] obtained the
failure characteristics of hard rock with holes under different
unloading rates and different in situ stresses. Huang and Li [24]
suggested that the conversion rate of strain energy in the
unloading test is much greater than the conversion rate of
strain energy in the compression test.,e higher the unloading
rate and the initial compressive stress, the more serious the
rockburst. Duan et al. [25] concluded that the higher the
unloading rate of granite, the more serious the damage, the
greater the lateral expansion and deformation, and the more
the debris. He et al. [26] and Xu et al. [27] undertook true
triaxial unloading tests on limestone and marble and studied
the effects of initial stress and unloading rate on deformation
and failure mechanisms. Xiao et al. [28] carried out a constant
axial pressure unloading test on rock with fissures. When the
fissure inclination angle of the rock sample is 0° or 30°, and the
confining pressure unloading amount is less than 75%, the
confining pressure unloading amount exhibits a linear rela-
tionship with the amount of change in the deformation
modulus. Using discrete element software, Li et al. [29] applied
the unloading relaxationmethod to study the influence of stress
path on excavation unloading.

Most scholars at home and abroad have explored the
deformation and failure characteristics of normal temper-
ature rock lateral unloading and have not considered the
effect of freezing on these phenomena. In this article,
considering the effect of low-temperature freezing, lateral
unloading tests of frozen sandstone under different initial
confining pressures and different unloading rates are carried
out to identify the impacts on lateral unloading strength and
deformation. According to the stress and strain, the con-
fining pressure unloading amount and the change in the
deformation modulus are calculated and explored.

2. Test Content

2.1. Sample Preparation. Cretaceous water-rich sandstone
blocks from the Binchang mining area, Shaanxi Province,
China, were drilled and cored along the vertical bedding
direction. Drilling, cutting, and grinding were used to obtain
standard cylindrical samples (φ� 50mm, H� 100mm)
based on the requirements of international standards. All the
rock samples were taken from the same rock, as shown in
Figure 1.,is rock was dark red, with obvious bedding, large
particles, large pores, and weak cementation. A vacuum
saturation device was used to saturate the rock sample. To
reduce the dispersion, rock samples with similar longitu-
dinal wave velocities were selected, with an average wave
velocity of 2410m/s.

2.2. Test Instruments. ,e RTX-1500 electrohydraulic servo
control low-temperature and high-pressure triaxial rock test
system (GCTS company, United States) was used for the
mechanical test of the frozen sandstone, as shown in Fig-
ure 2. A refrigeration circulator (JULABO FP75) controlled
the temperature of the triaxial pressure chamber in real time
during the test. ,e temperature control range was –30°C
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to + 80°C, with an accuracy of ±0.05°C. ,e maximum
confining pressure of the instrument is 140MPa, the
maximum axial pressure is 1500 kN, and the accuracy is
0.1%. ,e stress and strain data of rock samples were ob-
tained in real time.

2.3. Test Plan. During the construction process of the ar-
tificial freezing method, the temperature of the internal and
external freezing walls was about −6.3 °C∼−16.8°C [30]. ,e
test temperatures were set to −5 °C, −10°C, and −15°C, and
these were compared with the rock sample at room tem-
perature (20°C). Rock strata with different buried depths
have different stress states. According to the rock buried
depth, the existing coal mine shaft freezing depth in China
has reached more than 1 km. It is expected that the freezing
depth will continue to increase in the future. During the
active freezing period, the water phase changes into ice,
resulting in volume expansion and an increase in pore
pressure, which increases the ground stress. ,e confining
pressure during the test was set to 10MPa, 20MPa, and
30MPa.

A triaxial compression test (TCT) of sandstone was
carried out at different temperatures (20°C, −5, −10°C, and
−15°C) under 20MPa confining pressure. Further, a TCTof
sandstone at −10°C was carried out under different confining
pressures (10MPa, 20MPa, and 30MPa). ,e initial axial
compression of the frozen sandstone lateral unloading test
(LUT) was based on 70% (the corresponding stress level
when the volumetric strain rotates) of the triaxial com-
pression strength. ,e test plan for lateral unloading of
frozen sandstone is shown in Table 1.

2.4. Test Procedure

(1) Petroleum jelly was evenly spread on the surface of
the saturated rock sample; it was put on a rubber
mold. ,e rock sample was fixed on the base and the
deformation measuring device was installed as
shown in Figure 3. After sealing the pressure
chamber, antifreeze liquid was injected and cotton
was used for insulation.

(2) At a cooling rate of 10°C/h, the temperature of the
rock sample was reduced from room temperature to
the set freezing temperature, and the temperature
was kept constant for 10 hours.

(3) ,e LUTwas conducted using the stress control mode
to simulate the excavation unloading of a freezing shaft.
,e axial stress remained unchanged, and the hori-
zontal stress gradually decreased. ,e stress path is
shown in Figure 4. First, a particular confining pressure
was applied (σ1 � σ2 � σ3) to the set value (o) (a) at a
rate of 0.5MPa/min, and the confining pressure was
stabilized for 2 minutes. ,e confining pressure was
kept fixed and axial pressure (σ1) was applied at a rate
of 3MPa/min to 70% (a, b) of the triaxial compressive
strength (TCS) of the rock sample under the same
confining pressure. ,e axial pressure was then sta-
bilized for 2 minutes. Keeping the axial pressure (σ1)
constant, the confining pressure (σ3) was reduced at a
certain unloading rate until the rock sample was
broken (b c⟶ c d). ,e rock sample always main-
tained a constant temperature during the entire loading
and unloading process.

(4) Stress and strain data spanning the entire process of
frozen sandstone LUT were obtained.

3. Test Results and Analysis

3.1. Stress-Strain Curve of Frozen Sandstone under Triaxial
Compression. ,e stress and strain of frozen sandstone under
triaxial compression are studied to provide initial axial com-
pression for the LUT of frozen sandstone. ,e relationship
between deviator stress (σ1 − σ3) and axial strain (ε1) of rock
samples at different temperatures (σ3 � 20MPa) in triaxial
compression is shown in Figure 5. In the rock samples at
different temperatures, the initial cracks are closed during the
confining pressure loading stage, and the stress-strain curve at
the early stage of axial loading is approximately linear. ,e
deviator stress continues to increase, entering the plastic yield
stage, and the stress-strain curve is convex upward. ,e axial
strain in the plastic yielding stage of the 20 °C rock sample is
greater than that of the frozen rock sample. After the peak
stress, the internal crack propagates and penetrates, and the
lower the temperature, the faster the deviatoric stress decay
rate. At a confining pressure of 20MPa, the temperature of the
rock sample drops from 20°C to −15°C, the peak stress in-
creases, and the peak strain decreases. From 20°C to −5°C, the
peak stress increases by approximately 3 times. ,e freezing
temperature decreases and the peak stress of the rock sample
slowly increases.

Confining pressure controller

Electrohydraulic servo control system

Refrigeration circulator

Triaxial pressure chamber

Stress and strain collection

Figure 2: Electrohydraulic servo control low-temperature and
high-pressure rock three-axis test system.

Figure 1: Rock samples.
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,e relationship between deviator stress (σ1 − σ3) and
axial strain (ε1) in triaxial compression for −10°C sandstone
under different confining pressures is shown in Figure 6. As
the confining pressure increases, the rate of increase of the
stress-strain curve in the elastic stage gradually becomes
larger, the yield stage becomes longer, the crack density
increases, and the slope of the stress-strain curve gradually

decreases after the peak stress. As the confining pressure
increases, the peak stress of the −10°C rock sample increases,
and the peak strain increases.

3.2. Lateral Unloading Stress-Strain Curve of Sandstone at
Different Temperatures. According to different temperature
sandstone LUTdata (initial confining pressure is 20MPa and
the unloading rate is 0.2MPa/min), the relationships of
deviatoric stress (σ1 − σ3), axial strain (ε1), and radial strain
(ε3) are shown in Figure 7. At the initial stage of unloading
confining pressure of the 20 °C rock sample, the stress-axial
strain curve is approximately linear. After the peak stress, the
deviatoric stress gradually decreases, and the rate of increase
in axial and radial strain becomes higher. ,e freezing
temperature decreases, the peak stress of lateral unloading
increases, and the peak strain decreases. After the confining
pressure unloading of the frozen sandstone begins, the axial
and radial stress-strain curves first increase linearly, and the
radial expansion and deformation are obvious under the
action of lateral unloading. As the confining pressure
continues to unload, the frozen sandstone enters the yield
failure stage. Near the peak stress, there is a horizontal

Table 1: Lateral unloading test plan.

Rock
sample
number

Temperature T
(°C)

Initial confining
pressure σ03 (MPa)

Initial axial
pressure σ01

(MPa)

Unloading rate
Vu (MPa/min) Test Test content

LUT-1 20 20 26 0.2

Lateral unloading
mechanics test

Confining pressure, axial
stress, radial strain, axial

strain

LUT-2 −5 20 42 0.2
LUT-5 10 40 0.2
LUT-7 50 0.04
LUT-3 −10 20 50 0.2
LUT-8 50 4.0
LUT-6 30 55 0.2
LUT-4 −15 20 50 0.2

Radial strain sensor

Axial strain sensor

Figure 3: Deformation measuring device.
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Figure 4: Stress path of lateral unloading test.
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Figure 5: Stress-strain curve of sandstone at different temperatures
(σ3 � 20MPa).
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section of axial strain, which represents axial plastic flow.
,e displacement increase turning point is defined as the
ultimate state of structural critical instability [31]. After the
plastic flow stage, the deviator stress is greatly attenuated,
and the axial compression strain and radial expansion strain
increase unambiguously. ,e lateral unloading of frozen
sandstone has more obvious brittle characteristics than
triaxial compression. ,e lateral unloading failure of frozen
sandstone is more severe and the instant of failure is ac-
companied by a larger crisp sound. Under lateral unloading,
the peak stress of frozen sandstone is about 2∼ 3 times that
of 20°C sandstone. ,e peak strain of 20°C sandstone is
smaller than that of frozen sandstone. Frozen sandstone has
more obvious brittle failure characteristics than 20°C
sandstone.

3.3. Lateral Unloading Stress-Strain Curves of Frozen Sand-
stone under Different Initial Confining Pressures. ,e lateral
unloading stress-strain curve of −10°C sandstone under
different initial confining pressures (unloading rate is
0.2MPa/min) is shown in Figure 8. As the initial confining
pressure of frozen sandstone increases, the peak stress of
lateral unloading increases, and the axial and radial strains
increase. At the initial stage of unloading of confining
pressure, the curves of stress and axial and radial strain
increase approximately linearly. ,e greater the initial
confining pressure, the greater the radial expansion and
deformation caused by lateral unloading, and the more
obvious the dominant effect of radial strain on the failure
process of frozen sandstone. As the confining pressure
continues to unload, the frozen sandstone enters the yield
failure stage, and plastic flow occurs axially near the peak
stress.,e initial confining pressure increases and the plastic
flow stage becomes shorter. Compared with the triaxial
compression of frozen sandstone under the same confining
pressure, the lateral unloading brittleness of frozen sand-
stone is more obvious.,e lateral unloading failure of frozen
sandstone is accompanied by a loud and crisp sound, the
deviator stress attenuates greatly after the peak stress, and
the axial and radial strain increase greatly.

3.4. Stress-Strain Curves of Frozen Sandstone under Different
Lateral Unloading Rates. ,e stress-strain curve of −10°C
sandstone under different lateral unloading rates (initial
confining pressure is 20MPa) is shown in Figure 9.,e lateral
unloading rate increases, and the peak stress of lateral
unloading of frozen sandstone increases. At the initial stage of
unloading of confining pressure, the axial and radial stress-
strain curves change linearly, the lateral unloading rate in-
creases, and the axial and radial strains decrease. Continue to
unload the confining pressure, the frozen sandstone enters the
yield failure stage, the axial deformation curve has a hori-
zontal section, the lateral unloading rate increases, and the
horizontal section becomes shorter. Under the lateral
unloading rate of 4MPa/min, the axial plastic flow of frozen
sandstone is not obvious, while the brittleness characteristics
are obvious.,e instantaneous failure of the frozen sandstone
is the loudest and most violent.

4. Analysis and Discussion

4.1. Influence of Temperature on Lateral Unloading Defor-
mation of Sandstone. Lateral unloading causes internal
cracks to propagate in the rock sample, leading to changes in
deformation parameters. To study the change law of the
deformation modulus during lateral unloading of frozen
sandstone, the confining pressure unloading amount (Δσ3)
and the amount of change in the deformation modulus (ΔE)
are calculated according to the stress-strain curve; see
equations (1) and (2), respectively.

Δσ3 �
σt
3 − σ03

σ03 − σd
3

⎛⎝ ⎞⎠ × 100%, (1)
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Figure 6: Stress-strain curves of sandstone with different confining
pressures (−10°C).
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Figure 7: Stress-strain curves of lateral unloading sandstone at
different temperatures (σ03 � 20MPa, Vu � 0.2MPa/min).
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where σt
3 is the confining pressure corresponding to the

unloading time t, σ03 is the initial confining pressure of lateral
unloading, and σd

3 is the confining pressure when the rock
sample fails. All of the obtained Δσ3 are negative values,
indicating the direction of confining pressure unloading.

ΔE �
Et − E0

E0
× 100%, (2)

where Et is the corresponding secant modulus at unloading
time t and E0 is the initial deformation modulus before
lateral unloading.

Under the initial confining pressure of 20MPa, the
sandstone at different temperatures is unloaded at a rate of
0.2MPa/min. In Figure 10, the absolute value of the
unloading amount of the confining pressure (Δσ3) is plotted
on the horizontal axis, and the deviator stress (σ), axial strain
(ε1), and deformation modulus changes (ΔE) during the

lateral unloading stage are plotted on the vertical axis. When
the confining pressure unloading amount of the 20°C rock
sample increases from 0% to 100%, the deviator stress in-
creases linearly. When the confining pressure unloading
amount of 20°C rock samples increases from 0 to 90%, the
axial strain increases approximately linearly. However, when
the confining pressure unloading amount increases from
90% to 100%, the rate of increase in axial strain gradually
becomes larger leading to failure.

As the confining pressure unloading amount of the
frozen rock samples increases from 0 to 100%, the deviator
stress increases linearly.,e freezing temperature of the rock
sample decreases and the peak stress increases. When the
confining pressure unloading amount increases from 0 to
70%, the axial strain of the frozen rock sample increases
approximately linearly. As the freezing temperature de-
creases, the rate of axial strain increase decreases. As the
confining pressure unloading amount continues to increase,
the rate of increase in axial strain gradually becomes larger.
When the unloading amount of confining pressure increases
from 90% to 100%, the axial strain increases exponentially.

When the confining pressure unloading amount of the
20°C rock sample increases from 0 to 70%, the deformation
modulus increases at an increasing rate. As the unloading
amount of confining pressure increases from 70% to 95%,
the rate of increase in the deformation modulus change was
small. When the unloading amount of confining pressure
increases from 95% to 100%, the change in the deformation
modulus reduces.

As the confining pressure unloading amount increases
from 0 to 70%, the rate of change in the deformation
modulus of the rock sample at −5°C gradually decreases; at
−15°C, it gradually increases; at −10°C, it decreases first and
then gradually stabilizes. ,is is because the rate of increase
in stress was similar between the −5°C and −15°C rock
samples. Due to low-temperature freezing, the strain in-
crease rate of the −5°C rock sample is unambiguously greater
than that of the −15°C rock sample. It is estimated that there
must be a certain critical temperature between −10°C and
−15°C. At this temperature, the unloading amount of the
confining pressure of the rock sample increases, and the
amount of change in the deformation modulus remains
stable. When the unloading amount of confining pressure is
between 70% and 100%, the frozen rock sample is in the
stage of yield failure. As the unloading amount of confining
pressure increases, the deformation modulus decreases at an
increasing rate. As the freezing temperature of rock samples
decreases, the unloading amount of confining pressure in-
creases from 70% to 90%, and the rate of decrease in the
deformation modulus decreases. When the freezing tem-
perature of rock samples decreases, the unloading amount of
confining pressure increases from 90% to 100%, and the rate
of decrease in the deformation modulus increases.

Under the effect of freezing of saturated sandstone, the
pore water phase becomes solid ice, and the rock skeleton is
combined with the ice, which increases the average contact
stress between particles. ,e lower the freezing temperature,
the tighter the bond and the higher the overall bearing
capacity of the frozen sandstone. During the confining
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Figure 9: Stress-strain curves of frozen sandstone under different
unloading rates (–10 °C, σ03 � 20MPa).

10MPa 20MPa

30MPa

σ 1
 –

 σ
3 (

M
Pa

)

–1 0–2
ε3 (%)

2 3 4 51
ε1 (%)

25

30

35

40

45

Figure 8: Lateral unloading stress-strain curves of frozen sandstone
under different confining pressures (−10°C, Vu � 0.2MPa/min).

6 Advances in Civil Engineering



pressure loading stage, the frozen sandstone skeleton and ice
crystals both bear the confining pressure and the rock
sample compresses and deforms in the axial and radial
directions. During the axial compression loading stage,
compression deformation continues to occur in the axial
direction, and the radial direction gradually changes from
compression deformation to expansion deformation. At the
initial stage of confining pressure unloading, the confining
pressure restraint of the solid skeleton and ice crystals of the
rock sample in the horizontal direction gradually weakens,
and the axial compression deformation and radial expansion
deformation both increase; this occurs in the elastic
unloading deformation stage. When the confining pressure
is unloaded to a certain value, the frozen sandstone solid
framework, ice crystals themselves and between each other
produce horizontal tensile stress. As the confining pressure
continues to unload, the tensile stress between the solid
sandstone framework, the ice crystals, and the contact
surface gradually increases. When the tensile strength is
exceeded, cracks appear and propagate, radial deformation
increases rapidly, and brittle failure occurs. Radial defor-
mation dominates the lateral unloading failure process of
frozen rock samples.

4.2. Influence of Initial Confining Pressure on Lateral
Unloading Deformation of Frozen Sandstone. Under differ-
ent confining pressures, the relationship between confining
pressure unloading amount and deformation of −10°C
sandstone is shown in Figure 11. When the confining
pressure unloading amount increases from 0 to 100%, the
deviator stress increases linearly. As the initial confining
pressure increases, the deviator stress growth rate increases
and the peak stress increases. When the confining pressure
unloading amount increases from 0% to 70%, the axial strain
of the rock sample at −10°C increases approximately linearly.
As the initial confining pressure increases, the rate of axial
strain increases. When the confining pressure unloading
volume continues to increase, the rate of increase in axial

strain gradually becomes larger. As the confining pressure
unloading volume increases from 90% to 100%, the axial
strain increases exponentially.

As the confining pressure unloading amount of −10°C
rock samples increases from 0 to 70%, the amount of change
in the deformation modulus is relatively stable. ,e amount
of change in the deformation modulus under an initial
confining pressure of 10MPa is greater than that under
20MPa and 30MPa. As the confining pressure unloading
amount increases from 70% to 100%, the rock sample is in
the stage of yield failure, and the deformation modulus
decreases at an increasing rate.

,e triaxial compression strength of frozen rock samples
increases with increasing confining pressure. ,e greater the
initial confining pressure, the greater the initial axial pres-
sure of the frozen rock sample in the LUT, the greater the
compression deformation produced by the loading con-
fining pressure, and the greater the axial and radial defor-
mation produced by the unloading confining pressure. ,e
main reasons are as follows:

(1) ,e initial confining pressure and initial axial
pressure cause a certain amount of compression
deformation of the frozen sandstone solid frame-
work and ice crystals. ,e increase in the initial
confining pressure and the initial axial pressure
increases the compression deformation, and the
rebound deformation caused by lateral unloading
also increases.

(2) ,e initial confining pressure of frozen sandstone
increases, and the initial axial pressure increases
accordingly, and the releasable elastic energy stored
inside increases. ,e lateral restraint effect of the
rock sample gradually weakens at the stage of
unloading confining pressure, and the elastic energy
is converted into plastic deformation energy and
released by radial deformation. ,e release of energy
causes the lateral deformation rate of the rock sample
to increase, the growth rate of axial strain increases,
and the deformation modulus decreases at an in-
creasing rate.

4.3. Analysis of Influence of Lateral Unloading Rate on De-
formation of Frozen Sandstone. Under the initial confining
pressure of 20MPa, the confining pressure of −10°C sand-
stone is unloaded at a rate of 0.04, 0.2, and 4MPa/min,
respectively. ,e relationship between the confining pres-
sure unloading amount and deformation is shown in Fig-
ure 12. As the confining pressure unloading amount
increases from 0 to 100%, the deviator stress increases
linearly and the peak stress increases. As the confining
pressure unloading amount increases from 0 to 70%, the
axial strain of the −10°C rock sample increases linearly. ,e
slope of the curve of Δσ3–ε1 at the unloading rate of 4MPa/
min is less than that at the unloading rate of 0.04MPa/min
and 0.2MPa/min. As the confining pressure unloading
amount increases from 70% to 100%, the axial strain in-
creases exponentially.
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Figure 10: ,e relationship between sandstone Δσ3 and defor-
mation at different temperatures (σ03 � 20MPa, Vu � 0.2MPa/min).
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As the unloading amount of confining pressure increases
from 0 to 70%, at a lateral unloading rate of 4MPa/min, the
amount of change in the deformation modulus of the rock
sample at −10°C increases slightly and then stabilizes. At
0.04MPa/min and 0.2MPa/min lateral unloading rates, the
amount of change in the deformation modulus of the rock
sample at −10°C decreases first and then gradually stabilizes,
and the Δσ3–ΔE curve is very close. At a high unloading rate
(4MPa/min), the energy stored in the frozen rock sample
cannot be fully released through the deformation of the rock
sample, less cracks develop, and the amount of change in the
deformation modulus increases. At low unloading rates
(0.04MPa/min and 0.2MPa/min), the unloading time is
longer, and the energy accumulated in the frozen rock
sample is fully released through the slow deformation of the
rock sample. ,is produces rebound deformation, plastic
deformation, partial creep deformation, and the deforma-
tion modulus changes substantially. When the unloading
amount of confining pressure is between 70% and 100%, the
frozen sandstone is in the stage of yield failure. As the
unloading amount of confining pressure increases, the rate
of change in the deformation modulus decreases at an in-
creasing rate.

As the confining pressure unloading rate of frozen rock
samples increases, the axial and radial deformations de-
crease. ,e unloading rate mainly affects the failure of rock
samples through radial deformation.,emain reasons are as
follows:

(1) Frozen rock samples cannot produce sufficient radial
deformation in a short time under a high unloading
rate. ,e elastic energy stored in the frozen rock
sample cannot be released in time through lateral
expansion, resulting in low unloading deformation.

(2) At a low unloading rate, the unloading duration of
confining pressure is longer, and the frozen rock
sample has produced sufficient springback defor-
mation, while also producing a certain amount of
creep deformation. ,e amount of plastic defor-
mation before the instability failure is large, resulting
in a large amount of unloading deformation. ,e
higher the confining pressure unloading rate, the
shorter the excavation period of the frozen shaft and
the lower the surrounding rock deformation. Before
the completion of the supporting structure, whether
the maximum lateral deformation of the sur-
rounding rock meets relevant safety requirements
should be considered. ,en, a reasonable excavation
and unloading confining pressure rate should be
formulated.

4.4. Lateral Unloading Strength of Frozen Sandstone. A
comparison of the peak stress of frozen sandstone lateral
unloading and the peak stress of triaxial compression is
shown in Figure 13.

(1) Under the initial confining pressure of 20MPa, the
peak stresses of 20°C, −5°C, −10°C, and −15°C sand-
stone under triaxial compression are 19.14MPa,

63.41MPa, 67.73MPa, and 70.86MPa, respectively,
and the lateral unloading peak stresses are, respectively,
16.09MPa, 37.57MPa, 41.4MPa, and 47.88MPa. ,e
peak stress of lateral unloading of rock samples
accounted for 84.1%, 59.2%, 61.1%, and 67.6% of the
peak stress of triaxial compression, respectively. As the
freezing temperature decreases, the ratio gradually
increases. As the temperature of the rock sample de-
creases, the rate of increase in the peak stress in triaxial
compression is slightly lower than that of the peak
stress in lateral unloading.

(2) Under the initial confining pressure of 10MPa,
20MPa, and 30MPa, the peak stress of triaxial com-
pression of −10°C sandstone is 58.02MPa, 67.73MPa,
and 82.03MPa, and the peak stress of lateral unloading
is 39.38MPa, 41.4MPa, and 43.08MPa, respectively.
,e peak stress of lateral unloading of rock samples
accounted for 67.9%, 61.1%, and 52.5% of the peak
stress of triaxial compression, respectively. As the initial
confining pressure increases, the proportion decreases
significantly. ,e initial confining pressure of −10°C
sandstone increases, and the rate of increase in the peak
stress of triaxial compression is greater than that of the
peak stress of lateral unloading. ,e greater the initial
confining pressure, the more obvious the strength
attenuation effect under lateral unloading conditions.

(3) At 0.04MPa/min, 0.2MPa/min, and 4MPa/min lat-
eral unloading rates, the peak stresses of –10°C
sandstone lateral unloading are 39.42MPa, 41.4MPa,
and 49.26MPa, respectively. As the unloading rate
increases, the lateral unloading peak stress of the rock
sample increases, accounting for 58.2%, 61.1%, and
72.7% of the peak stress in triaxial compression under
the same conditions, and the proportion gradually
increases. Lateral unloading of frozen sandstone
causes more damage than triaxial compression.

Cretaceous sandstone contains swelling clay minerals
and hydration softens the rock skeleton. Unfrozen water
cannot resist shear forces. When the hole walls are forced
into contact, the combined water film reduces the friction
between the hole walls and the strength of the rock sample is
reduced [32]. ,e mechanical changes in frozen rock mainly
depend on the phase change of the water-ice system. When
the temperature of the rock sample drops from 0°C to −5°C,
the bound water and capillary water are significantly re-
duced. When the temperature of the rock sample drops from
−5°C to −15°C, the capillary water gradually decreases, and
the bound water shows a fluctuating downward trend [33].
Ice in pores can act both as a cementing material providing
adhesion force under tension and a filling material providing
sustaining force under compression. During the lateral
unloading failure process of sandstone with different
freezing temperatures, the axial strain increases linearly with
time, and microcracks appear and extend in the weaker
medium. Since the strength of sandstone particles is greater
than the strength of ice crystals, the main reasons are that the
ice crystals are broken and the ice crystals and sandstone
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cements are debonded to produce microcracks. As the
freezing temperature decreases, the bearing capacity of the
ice crystals increases, the bond with the solid sandstone
becomes stronger, and the overall strength of the frozen
sandstone increases. As the freezing temperature decreases,
the peak stress of sandstone increases, the axial deformation
decreases, the dissipated strain energy used for plastic de-
formation decreases, the elastic deformation energy stored
inside increases, and the damage is more substantial at the
moment of failure.

4.5. Deformation and Failure of Frozen Sandstone in Lateral
Unloading. Using electronic image processing equipment,
the side cylinder of the damaged rock sample is expanded
into a plan view, as shown in Figure 14.

(1) ,e 20°C rock sample was split axially by a slightly
inclined crack, showing a certain degree of shear fric-
tion. ,e crack zone is wide, the sandstone at the crack
is broken and loose, and there is a transverse crack in
the middle of the rock sample, which is the most se-
verely broken.,e–5 °C rock sample was split axially by
a crack.,e crack splits from the upper part of the rock
sample and extends to the lower part. Without being
penetrated by cracks, the rock sample has lost its
bearing capacity. ,e −10°C rock sample was split
vertically by a crack, and the section was neat.,e split-
shear cracks in the upper part of the −15°C rock sample
develop together, and the upper indenter and the rock
sample froze more firmly. ,e axial load is applied by
the upper indenter, and the upper indenter and the rock
sample slip and cause friction, resulting in additional
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Figure 11: ,e relationship curve between Δσ3 and deformation of –10°C sandstone under different initial confining pressures
(Vu � 0.2MPa/min).
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local shear stress, and the coexistence of splitting and
shearing at the upper end of the rock sample.,e upper
end of the rock sample was severely fragmented. ,e
cementation of ice and particles improves the integrity
of the rock and increases brittleness.

(2) Under the initial confining pressure of 10MPa, two
axial cracks split the frozen rock sample into three
pieces. Under the initial confining pressure of
30MPa, the axial cracks of the frozen rock sample are
three-stage polyline, showing the main splitting
action and the secondary shearing action. Low initial
confining pressure is conducive to the generation of
tensile cracks. Under high initial confining pressure,
tensile cracks develop slowly and tortuously,
showing a certain shearing effect. Under a low initial

confining pressure, tensioning cracks could be
generated, while under a high initial confining
pressure, tensioning cracks developed slowly in a
zigzag pattern, showing a certain shear action.

(3) At 0.04MPa/min and 0.2MPa/min lateral unloading
rates, a single axial crack splits the frozen rock sample
vertically, and the section is neat. At a lateral unloading
rate of 4MPa/min, a main crack in the axial direction
splits the frozen rock sample vertically, and a transverse
crack divides the rock sample on the right side into two
pieces. Under a high unloading rate, the rock sample
swells rapidly in the lateral direction, and the surface
expansion deformation is greater than the middle ex-
pansion deformation, resulting in hoop tensile cracks,
forming crisscross cracks.
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Figure 13: Comparison of peak stress of lateral unloading and peak stress of triaxial compression (σp: peak stress, σpLUT/σpTCT: ratio of the peak
stress of lateral unloading to the peak stress of triaxial compression). (a) Different temperature. (b) Different confining pressure. (c) Different lateral
unloading rates.
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5. Conclusions

To study the deformation and failure of the artificial freezing
method through the deep and thick Cretaceous water-rich
soft rock layer, lateral unloading mechanics tests were
carried out with different freezing temperatures, different
initial confining pressures, and different unloading rates.

,e conclusions are as follows:

(1) Under the initial confining pressure of 20MPa, the
lateral unloading peak stress of frozen sandstone is
about 2∼3 times that of 20°C sandstone. As the
freezing temperature decreases, the axial and radial
strains decrease, and the rate at which peak stress
increases in triaxial compression is slightly lower
than the rate of peak stress increase in lateral
unloading. As the confining pressure unloading

(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 14: Side elevation view of frozen rock sample lateral unloading failure. (a) 20°C, σ3 � 20MPa, Vu � 0.2MPa/min. (b) −5°C,
σ3 � 20MPa, Vu � 0.2MPa/min. (c) −10°C, σ3 � 20MPa, Vu � 0.2MPa/min. (d) −15°C, σ3 � 20MPa, Vu � 0.2MPa/min. (e) −10°C,
σ3 � 10MPa, Vu � 0.2MPa/min. (f ) −10°C, σ3 � 30MPa, Vu � 0.2MPa/min. (g) −10°C, σ3 � 20MPa, Vu � 0.04MPa/min. (h) −10°C,
σ3 � 20MPa, Vu � 4MPa/min.
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amount of the 20°C rock sample increases from 0 to
95%, and then to 100%, the amount of change in the
deformation modulus first increases and then de-
creases. As the confining pressure unloading amount
increases from 0 to 70%, the amount of change in the
deformation modulus of the rock sample at −5°C
gradually decreases; at −10°C it first decreases and
then gradually stabilizes; and at −15°C it gradually
increases. As the unloading amount of confining
pressure increases from 70% to 100%, the freezing
temperature of the rock sample decreases, and the
deformationmodulus decreases at an increasing rate.

(2) As the initial confining pressure of frozen sandstone
increases, the axial and radial strain growth rates of
lateral unloading increase.,e radial strain dominates
the failure process. ,e rate of peak stress increase in
triaxial compression is greater than that of the lateral
unloading peak stress. Lateral unloading strength
attenuation occurs unambiguously. As the confining
pressure unloading amount increases from 0 to 70%,
the initial confining pressure of 10MPa is greater than
the amount of change in the deformation modulus
under the initial confining pressure of 20MPa and
30MPa. As the confining pressure unloading amount
increases from 70% to 100%, the initial confining
pressure increases, and the deformation modulus
decreases at an increasing rate.

(3) As the unloading rate of frozen sandstone increases,
the peak stress of lateral unloading increases, the
axial and radial strain decrease, and the ratio of the
peak stress of lateral unloading to the peak stress of
triaxial compression increases. As the confining
pressure unloading amount increases from 0 to 70%,
under an unloading rate of 4MPa/min, the amount
of change in the deformation modulus increases
slightly and then stabilizes. Under unloading rates of
0.04MPa/min and 0.2MPa/min, the amount of
change in the deformation modulus decreases first
and then gradually stabilizes. As the confining
pressure unloading amount increases from 70% to
100%, the the deformation modulus changes even
less. ,e frozen rock sample undergoes tensile
splitting failure during lateral unloading. By
changing the construction speed of the freezing
method, the surrounding rock deformation can be
appropriately reduced.
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