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Aiming at the dynamic mechanical properties of weakly cemented fine sandstone in the rich water-bearing strata in western China
under dynamic loading, a 50mm rod diameter separation Hopkinson pressure bar (SHPB) test was used to study the Paleogene
fine sandstone in a coal mine in Ningxia. +e system carried out the impact compression tests of −15°C, −20°C, and −30°C and the
average strain rate of 28 s−1–83 s−1 and obtained the dynamic compressive strength of the frozen fine sandstone specimens under
different test conditions. +e strain curve and the fracture morphology were analyzed for the relationship between dynamic peak
stress, peak strain, dynamic strength growth coefficient (DIF), and fracture morphology and strain rate. +e results show that the
peak stress of frozen fine sandstone increases from the decrease of freezing temperature under the same average strain rate. +e
peak stress of the specimen increases from the increase in the average strain rate of the same freezing temperature. +e failure
modes of specimen are mainly divided into axial splitting tensile failure and compression crushing failure. To the splitting tensile
failure and the compression crushing failure, the main factors determining the two failure modes are the strain rate, while the
temperature affects the severity of the impact damage. In the load strain rate and temperature range, the DIF of the frozen fine
sandstone is linearly correlated with the strain rate, and the lower the temperature, the slower the growth rate of the DIF.

1. Introduction

In the construction of coal mine shafts in western China,
Paleogene fine sandstone is often encountered, which easily
disintegrates in water to form quicksand, seriously endan-
gering the safety of workers and equipment at the working
face [1, 2]. +e freezing method is widely used in shaft
construction in water-rich strata due to its effective water
shutoff [3–5]. +e frozen bedrock section of the shaft is
usually constructed by drilling and blasting. However, the
Paleogene fine sandstone is mostly nondiagenetic or slightly
semidiagenetic and has poor cementation. +e study of the
dynamic mechanical properties of frozen fine sandstone
under a dynamic load is of great value of practical appli-
cations because it ensures the safety of the frozen sidewalls
and guides drilling and blasting construction.

Until now, research on the freezing of Paleogene fine
sandstones in western China has mainly focused on its static
physical and mechanical properties. Using freezing shaft

construction in the Hujiahe Coal Mine in the Binchang
Mining Area, Shaanxi, China, as the study area, Yang and Lv
[6] experimentally studied the uniaxial and triaxial me-
chanical properties of the sandy mudstone in the main shaft
and investigated the variation patterns of the strength and
deformation properties under different temperatures and
confining pressures. Liu et al. [7] studied the strength
properties of red sandstone with a weak plane in the Me-
sozoic strata of western China at various low temperatures
using uniaxial and triaxial compression tests. Dai and Carlos
Santamarina [8] conducted stress freezing tests on unsat-
urated fine sand under a nonlateral strain boundary con-
dition to study the variation in the P-wave velocity in fine
sand during loading, freezing, unloading, creep, and ice
melting. +ey also investigated the influence of the loading
and unloading rates on sand stiffness. Shogaki et al. [9]
studied the dynamic strength and deformation properties of
the sand layer in the Niigata East Port using a cyclic triaxial
test. Hu et al. [10], Xu et al. [11], and Xu et al. [12] studied the
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mechanical properties of saline frozen silty sandy sand using
triaxial compression tests. Liu et al. [13] investigated the
influence of the dynamic axial load on the dynamic prop-
erties and fatigue properties of frozen silty sand using cyclic
triaxial tests. Ma et al. [14] used an environmental material
test apparatus with three-point temperature control to
perform triaxial compression tests for four temperatures and
four confining pressures to examine the scattering of the
mechanical properties of frozen sand. Liu et al. [15] con-
ducted uniaxial compression tests for frozen sandstone
samples and used X-ray computed tomography (X-ray CT)
to study the effects of temperature and water content with
uniaxial compression strength. Bai et al. [16] studied the
microstructure and mechanical properties of frozen red
sandstone samples by X-ray diffraction, mesostructure ob-
servation, and subzero rock triaxial test system.When a rock
is broken by impact, the rock will break only when the stress
is greater than the crushing strength of the rock.+us, a rock
test of a static or quasi-static load cannot be used to study the
crushing strength or failure mode of the rock. +erefore, the
study of the dynamic mechanical properties and failure
modes of a rock mass under dynamic loading uses the
comprehensive resistance index to measure the rock
crushing difficulty during dynamic crushing. In this case, it
is of great significance to study the dynamic mechanical
properties and failure mode of frozen fine sandstone under
an impact load in a low temperature environment.

At present, few studies have been conducted on the
dynamicmechanical behavior of frozen fine sandstone. Yang
et al. [17, 18] studied the dynamic compression character-
istics of red sandstone, marble, and granite at different low
temperatures using a split Hopkinson pressure bar (SHPB)
testing device.+erefore, it is necessary to study the dynamic
compressionmechanical properties of frozen fine sandstone.

In this study, we used a Φ50mm SHPB test device and a
high-low temperature experimental chamber to make froze
fine sandstone specimens at −15°C, −20°C, and −30°C. +e
impact compression tests were performed using an impact
air pressure in 0.15MPa, 0.25MPa, and 0.3MPa. +e var-
iations in dynamic peak stress, dynamic peak strain, failure
morphology, and dynamic increase factor of frozen fine
sandstone with temperature and strain rate are discussed
and analyzed.

+is paper is organized as follows. In Section 2, the
preparation of the frozen fine sandstone specimens, the
experimental procedure, and the test scheme are discussed.
In Section 3, we present and discuss the experimental results,
and we describe the dynamic mechanical properties and
failure modes of the frozen fine sandstone specimens under
lower temperatures and high strain rates. In Section 4, we
present the conclusions reached based on the previously
discussed results.

2. Impact Compression Tests of Frozen
Fine Sandstone

2.1. Specimen Preparation. +e rock samples were collected
from the Paleogene strata of a coal mine in Ningxia, China.
+e geological data shows that the mine shaft passes through

multiple layers of fine sandstone. +e rock has poor ce-
mentation and softens easily in water. +e maximum
thickness is 40m, and the water inrush rate is 3 to 6m3/s.
Quicksand can form into construction disturbance, and the
risk of water and sand inrush is extremely high. After a
relevant technical demonstration, it was decided to adopt a
construction method combining the freezing method and
blasting excavation.+e rock samples easily disintegrate into
fine sand. +e detailed physical indicators of fine sand are
shown in Table 1.

+e test specimens were prepared by remodeling the
disintegrated fine sand. A Φ50mm× 100mm cylinder was
used to prepare the quasi-static uniaxial compression
specimens, and a Φ50mm× 30mm cylinder was used to
prepare the impact specimens. +e specimen preparation
process was conducted as follows:

(1) +e disintegrated fine sand was placed in an oven
and heated for 12 h at a constant temperature of
105°C.

(2) An appropriate amount of distilled water was added
to prepare a sand sample of a moisture content of
9.88%. +en, it was stirred evenly and sealed for 24 h
to make the moisture content and structure of the
sand uniform.

(3) +e sand sample was stirred a second time, divided
evenly into three parts, placed into the mold in
layers, and compacted. Vaseline was applied to the
surface to reduce the moisture loss of the specimen.
To ensure the same degree of compaction, we poured
each sand sample with a consistent quality into a
custom abrasive tool to ensure the same depth each
time, and then, we press the sand samples the same
number of times. After sample compaction, we
ensure that the same quality is achieved each time.

(4) +e prepared sand sample in the mold was placed
into the high-low temperature test chamber and
frozen for 12 h at the required temperature (−15°C,
−20°C, and −30°C). +e mold was quickly removed,
and then, the specimen was placed in a numbered
sealed bag for moisture isolation, put back in the
high-low temperature test chamber, and frozen at a
constant temperature for more than 12 h.

A prepared frozen fine sandstone specimen is shown in
Figure 1.

2.2. Static Compressive Strength Test. +e static uniaxial
compression test on the frozen fine sandstone was carried
out using the W3Z-200 frozen soil triaxial test machine.
During the test, the temperature of the test machine was set
at −15°C, −20°C, and −30°C. +ree specimens frozen at each
temperature were selected, and axial loading of the speci-
mens was performed by direct loading, with a loading strain
rate of 1%/min. +e test results are shown in Table 2.

Table 2 shows that the static compressive strength of the
frozen fine sandstone gradually increased with decreasing
temperature. A number of theoretical analyses and similar
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tests have shown that a decrease in temperature leads to a
decrease in the unfrozen moisture content between the fine
sand particles [19]. Part of the unfrozen moisture content is
directly condensed from water vapor into ice, which gen-
erally exists in the form of ice monomers between the pores
or shrinkage cracks of the sand particles, while the other part
of the unfrozen moisture content is frozen in situ by liquid
water into cementing ice, which exists at the contact or
cementation interface between the sand particles, thereby
enhancing the cementation effect of the ice in the frozen fine
sandstone, giving it a high compressive strength and strong
plastic deformation resistance.

2.3. SHPB Test System and Principle. +e SHPB impact test
technique is widely used to test the mechanical properties of
materials at high strain rates [17–22].+e test was conducted
using the Φ50mm SHPB test system in the Impact Labo-
ratory of Anhui University of Science and Technology. +e
test system consists of a dynamic loading module, a rate
timing module, and a data acquisition and processing
module, as shown in Figure 2. +e bullet, incident bar, and
transmission bar are all made of the same high-strength alloy

steel, which has a density of 7800 kg/m3, an elastic modulus
of 210GPa, Poisson’s ratio of 0.30, and a wave velocity of
5190 km/s.

During the test, a specimen is placed between the in-
cident bar and the transmission bar, and the bars are kept
coaxial to ensuring that no scattering occurred during the
propagation of the stress wave. +e bullet is set to hit the
incident bar in the axial direction at a certain initial velocity
v, generating an incident pulse εi in the incident bar. When
the stress wave reaches the specimen, it simultaneously
generates a reflected pulse εr, which returns to the incident
bar, and a transmitted pulse εt, which enters the trans-
mission bar. +e strain signals of the incident bar and the
transmission bar is measured by strain gauge placed on these
bars. Based on one-dimensional stress wave theory, the
stress, strain, and strain rate of the specimen can be cal-
culated using the following equations [23]:

σd(t) �
SBE

2Ss

εt(t) + εr(t) + εi(t) , (1)

_εs(t) �
C0

Ls

εt(t) + εr(t) − εi(t) , (2)

Table 1: Sand parameters.

Dry density (g/cm3) Moisture content (%) Void ratio (%) Particle density (g/cm3) Liquid limit (%) Plastic limit (%)
2.26 9.88 19.0 2.84 31.23 18.27

(a) (b)

Figure 1: Frozen fine sandstone specimens before the SHPB test. (a) Top view of the specimen. (b) Side view of the specimen.

Table 2: Uniaxial compression test results of the frozen fine sandstone.

Freezing temperature T (°C) Static compressive strength σs (MPa) Static average compressive strength σs (MPa)

−15
10.18

9.758.54
10.52

−20
12.43

13.4514.93
12.98

−30
20.15

20.0619.45
20.58
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εt(t) �
C0

Ls


t

0
εt(t) + εr(t) − εi(t) dt. (3)

Here, SB, E, and C0 are the cross-sectional area, elastic
modulus, and elastic compression wave velocity of the bar,
respectively; εi(t), εr(t), and εt(t) are the incident, reflected,
and transmitted strain signals in the bar, respectively; and Ls
and Ss are the length and cross-sectional area of the spec-
imen, respectively.

2.4. Test Control Parameters and Test Scheme. Impact loads
of 0.15MPa, 0.25MPa, and 0.3MPa were applied to
specimens with freezing temperatures of −15°C, −20°C,
and −30°C to obtain the stress pulse data under the
corresponding conditions. +e tests were performed 3
times for each set of conditions, amounting to a total of 27
tests. In order to ensure that the impact velocity of the
incident bar is the same for all three tests, the incident bar
was kept at the same position within the emitter during all
tests.

+e SHPB dynamic test results must meet the following
three basic requirements [23]: (a) the stress wave in the
SHPB bar system conforms to the one-dimensional stress
wave propagation characteristics; (b) the specimen is under
stress equilibrium during the deformation process; and (c)
the friction at each end of the specimen is negligible. To
improve the accuracy of the SHPB dynamic test results in the
frozen fine sandstone, the following measures were adopted
in the test:

(1) To reduce the friction effect at the interface between
the rock sample and the bar, a thin layer of Vaseline
lubricant was evenly applied on the interface be-
tween the specimen and the two compression bars to
reduce the friction between the specimen and the
end face of the bar, the influence of the loading end
restraint forces on the stress state distribution of the
specimen, and the disturbance to the collected
waveform.

(2) To reduce the influence of the dispersion effect
during the test, according to the dispersion correc-
tion concept proposed by Frantz, a thin copper disc
was attached to the impact end of the incident bar as
a pulse shaper to increase the rise time of the pulse
and thereby reduce the magnitude of the waveform
oscillation [23].

(3) To eliminate the notable Pochhammer–Chree (PC)
oscillation at the wave head, which causes the
specimen to be in the repeated loading and

unloading stage, an incident bar with a conical
structure was used. Using an incident bar of a conical
structure, the leading edge of incident waves which
rose slowly was realized. As the loading section
gradually rises, the waveform is flat and smooth, and
the entire waveform has no obvious oscillations. It
can meet the necessary time for the specimen to
reach the requirement of stress uniformity, making it
suitable for testing the dynamic stress-strain curve of
the rock materials [23, 24].

3. Results and Analysis

3.1. Test Results. According to the basic principle of the
SHPB test, the data were processed using the three-wave
method to obtain the mechanical parameters, such as the
dynamic stress and strain, of the frozen fine sandstone
specimens. σd is the dynamic peak stress and εf is the
corresponding strain of the specimen (that is, dynamic peak
strain). +e dynamic increase factor (DIF) is defined as the
ratio of the dynamic compressive strength to the static
compressive strength of the specimen, which represents the
increase in the compressive strength of the specimen under
the impact, that is,

DIF �
σd

σs

, (4)

where σd is the dynamic compressive strength of the
specimen and σs is the static compressive strength of the
specimen.

+e typical waveform of the frozen fine sandstone
specimen obtained from the test is shown in Figure 3. As can
be seen from Figure 3, both the incident and reflected waves
are rectangular pulses. +e higher the impact velocity is, the
larger the amplitude of the incident wave is. +e transmitted
wave has a waveform that is unloaded halfway and has a
small amplitude, which is reduced compared to that of the
incident wave. In addition, it can be seen from the figure that
the reflected wave has a good plateau at the top. So, it can be
concluded that constant strain rate loading was achieved in
the SHPB impact test [23].

+e typical dynamic stress equilibrium waveform of the
frozen fine sandstone specimen obtained from the test is
shown in Figure 4. +e figure contains incident wave (Inc),
reflected wave (Re), and comparison wave (Inc + Re). It can
be seen from Figure 4 that the time-history curve of
transmission waves to coincide with comparison wave ba-
sically. It can be considered that the specimen is in a state of
stress balance during deformation.

Bullet Laser source Transmission barSpecimenIncident bar Damper

Strain gauges

Oscilloscope
Data processing

system
Ultra-dynamic

strain gaugeVelocimeter

Figure 2: Schematic diagram of the SHPB test device.

4 Advances in Civil Engineering



+e measured data were analyzed using equations
(1)–(3) to obtain the average strain rate _ε, the dynamic peak
stress σd, and the dynamic peak strain εf of the specimen at
different freezing temperatures T and impact velocities v.
+e typical test results are shown in Table 3.

3.2. Dynamic Stress-Strain Curve. A typical dynamic stress-
strain curve obtained from the test is shown in Figure 5.

As can be seen from Figure 5, the entire testing process of
the frozen fine sandstone specimens at different tempera-
tures (−15°C, −20°C, and −30°C) under different strain rates _ε
can be divided into four stages (as shown in Figure 5(d)).
Stage I (OA) is the compaction stage. +e stress-strain curve
has a small slope and is to bent upward, that is, its line slope
gradually increases. +is stage reflects the inelastic defor-
mation caused by the closing of the initial defects (micro-
cracks and microvoids) in the frozen fine sandstone
specimen during compression. Because the strain rate of the
dynamic load is much higher than that under the static or
quasi-dynamic load, the microcracks in the frozen fine

sandstone are closed to a relatively small extent, so this stage
is not obvious, but it is still present on the stress-strain curve.
Stage II (AB) is the elastic deformation stage. +e stress state
of the impact load on the specimen is lower than the yield
state of the material, forming an elastic stress wave. +e
stress-strain relationship enters the linear elastic deforma-
tion stage, at which the compression modulus of the
specimen reflects the true elastic modulus. Stage III (BC) is
the plastic deformation stage. +e stress-strain relationship
is no more linear, and the curve is bent downward with a
gradually decreasing slope. Due to the propagation of the
stress waves, the cementation of the ice crystals in the
specimen is gradually destroyed. As a result, the material
yield strength decreases, which is the plastic stage before
yielding is reached, and the specimen undergoes irreversible
plastic deformation. In this stage, the microcracks at the
specimen gradually nucleate and propagate, and the plastic
deformation stage ends at the peak stress. Stage IV (CD) is
the failure stage. In this stage, the specimen is damaged, its
stress decreases in increasing deformation, and the curve has
a negative slope.

As can be seen from Figures 5(a)–5(c), under different
test conditions, the variation patterns of the stress-strain
curves of the specimens are similar, and the strain on the
elastic deformation stage is smaller than that in the plastic
deformation stage. As can be seen from Figure 5(c), the
stress-strain curve of the frozen fine sandstone specimen at a
freezing temperature of −30°C is similar in shape to the
stress-strain curve of ice subjected to impact compression
tests at low temperatures [25, 26]. Because the frozen fine
sandstone specimen is a multiphase complex consisting of
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Figure 4: Typical dynamic stress equilibrium waveform.

Table 3: Typical SHPB tests results.

Number T (°C) v (m·s−1) _ε (s−1) σd (MPa) εf DIF

A1-1

−15

1.98 28 26.38 0.007 2.71
A1-2 2.12 32 26.77 0.009 2.75
A1-3 2.28 34 30.92 0.013 3.17
A2-1 2.74 41 33.78 0.010 3.46
A2-2 2.87 42 37.63 0.012 3.86
A2-3 3.28 47 38.35 0.016 3.93
A3-2 3.83 64 57.72 0.015 5.92
A3-3 4.52 70 55.34 0.016 5.68
B1-1

−20

2.15 33 37.34 0.009 2.78
B1-2 2.28 34 42.26 0.012 3.14
B1-3 2.31 36 42.19 0.008 3.14
B2-1 3.28 48 51.44 0.020 3.82
B3-1 3.99 60 58.33 0.017 4.34
B3-2 4.21 64 62.58 0.016 4.65
B3-3 4.48 67 60.37 0.017 4.49
C1-1

−30

1.40 31 55.49 0.006 2.77
C1-3 2.17 36 55.48 0.009 2.77
C2-1 3.01 46 71.55 0.010 3.57
C2-2 3.03 46 71.63 0.016 3.57
C2-3 3.34 54 72.99 0.014 3.64
C3-1 3.94 58 78.06 0.014 3.89
C3-2 4.96 74 80.15 0.017 4.00
C4-1 5.51 83 87.79 0.025 4.38
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Figure 3: Typical waveform.
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fine sand particles of ice cemented between them [27], it can
be inferred that the strength properties of the frozen fine
sandstone at −30°C mainly depend on the properties of the
cementing ice between the sand particles, which is consistent
with previous results [28].

3.3. Dynamic Peak Stress. +e variation in the dynamic peak
stress of the specimens at different temperatures with the
strain rate is shown in Figure 6.

As can be seen from Figure 6, the dynamic peak stress of
the fine sandstone specimens increases linearly with the
increasing strain rate. +e fitted straight lines σd − _ε asso-
ciated with −20°C and −30°C are both located above the
fitted straight line associated with −15°C, that is, the σd in
this temperature range is higher than the σd at −15°C for the
same _ε. Among them, the fitted straight line σd − _ε associated
with −30°C is at the top of the fitted straight lines associated

with the three temperatures, that is, it has the largest value of
the curve σd − _ε; with _ε � 31 to 83 s−1, σd � 55.49 to
87.79MPa, and σd is increased by 44.8% to 107.3% com-
pared with that of the frozen fine sandstone at −15°C for the
same _ε. +is shows that, in the temperature range of
−30°C≤T≤−15°C, a decrease in temperature has a
strengthening effect on the dynamic compressive strength of
the frozen fine sandstone specimens, and this temperature
effect is the most remarkable at −30°C. Regression analysis of
the test gives

σd � a_ε + b, (5)

where σd is the dynamic peak stress; _ε is the strain rate; and a
and b are the coefficients related to the fitted straight line.
+e values of the frozen fine sandstone specimens at dif-
ferent low temperatures are reported on Table 4.
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Figure 5: Typical strain-stress curves. (a) −15°C. (b) −20°C. (c) −30°C. (d) +e different stages.
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As can be seen from Table 4, the minimum value of the
fitting correlation coefficient R2 of the dynamic peak stress
σd and the strain rate _ε of the frozen fine sandstone spec-
imens at different low temperatures is 0.87, indicating that
there is a significant correlation between the two. +e fitted
straight line σd − _ε is shown in Figure 6.

As can be seen from Table 4, temperature has little
influence on parameter a, so the average value (0.6580) of a
at the three temperatures can be used. Parameter a reflects
the influence of the strain rate for the dynamic compressive
strength of the frozen fine sandstone. +e temperature has a
high influence on parameter b, and the value of b increases
linearly from decreasing temperature:

B � −2.3976T − 30.1462,

R
2

� 0.98 −30°C≤T≤ − 15°C( ,
(6)

where b is the influence parameter of temperature on the
dynamic compressive strength of the frozen fine sandstone
and T is the freezing temperature.

By substituting equation (6) into equation (5), the re-
lational expression of the dynamic peak stress of the spec-
imen to the freezing temperature and strain rate for the test
conditions (−30°C≤T≤−15°C, 28 s−1≤ _ε≤ 83 s−1) can be
obtained as

σd � 0.658_ε − 2.3796T − 30.1462, (7)

where σd is the dynamic peak stress of the specimen.
To quantify the influence of temperature on the dy-

namic compressive strength of the frozen fine sandstone
specimens, the dynamic peak stress of the specimens with a
certain range of strain rates (with a fluctuation of 5 s−1) is
evaluated, as shown in Table 5, and then, the variation in
the average dynamic peak stress of the frozen fine sand-
stone specimens with different strain rate ranges as a
function of temperature (σd—T curve) is obtained, as
shown in Figure 7.

As can be seen from Figure 7, at the approximate strain
rate, the peak stress is very sensitive to the freezing tem-
perature, i.e., it increases sharply as the freezing temperature
decreases. Under different strain rates, the higher the strain
rate is, the more dramatic the variation in dynamic peak
stress with the initial freezing temperature is, that is, as the
initial loading rate increase, the sensitivity of the frozen fine
sandstone to temperature becomes increases. As can be seen
from Figure 7, the dynamic compressive strength of the
specimen within the tested strain rate range of −30°C is
higher than the dynamic compressive strength of the
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Figure 6: Relationship between the peak stress and the strain rate.

Table 4: Fitting parameters for the peak stress and the strain rate.

Temperature T
(°C)

a
(MPa·s)

b
(MPa)

Correlation coefficient
R2

−15 0.582 41.024 0.97
−20 0.635 20.078 0.98
−30 0.749 4.303 0.87

Table 5: Average peak stress of the frozen fine sandstone.

_ε (s−1) T (°C) σd (MPa) σd (MPa)

28
−15

26.38
28.0232 26.77

34 30.92
33

−20 37.34 39.8034 42.26
31

−30 55.49 55.4933 55.48
49 −15 38.35 38.35
48 −20 51.44 51.44
50 −30 72.99 72.99
68

−15 57.72 56.5370 55.34
64

−20 62.58 61.4867 60.37
74 −30 80.15 80.15

σd = –1.1617T + 31.0725
R2 = 0.965

σd = –1.7933T + 2.2477
R2 = 0.977
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Figure 7: Relationship between the average dynamic peak stress
and the temperature.
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specimen with the highest test strain rate for −15°C.
+erefore, for the two test temperatures, temperature is the
main factor affecting the dynamic compressive strength of
the specimens. However, frozen fine sandstone is a complex
structure composed of frozen ice and fine sandstone [29],
and the content of unfrozen water decreases from decreasing
temperature [30]. +e unfrozen water in the frozen fine
sandstone determines the migration of the liquid water in
the frozen fine sandstone. In addition, as the temperature
decreases, the liquid water changes from the liquid phase to
the solid phase, that is, part of the unfrozen water within the
pores of the fine sandstone particles is converted into pore
ice, which leads to an increase in the dynamic compression
strength of the specimen.

3.4. Dynamic Fragmentation Degrees. +e typical fragmen-
tation degrees of specimens under different test conditions are
shown in Table 6. As can be seen from Table 6, at the same
temperature, as the strain rate increased, the number of
fracture cracks in the specimen gradually increased, and the
size of the fragments decreased. At −15°C, under a strain rate
of 32 s−1, there were no notable macrocracks on the surface of
the specimen. Under a strain rate of 34 s−1, the failure plane of
the specimen was approximately parallel to the axial direction
and the specimen was broken into two pieces. Under a strain
rate of 47 s−1, the specimen was broken into 7 pieces. Under a
strain rate of 70 s−1, the specimen was crushed. At −20°C and
−30°C, as the strain rate increased, the fracture morphology of
the specimen after failure showed the same development
trend.+e typical failure modes of specimens are mainly axial
splitting tensile failure and compression crushing failure. +e
failure mode of the specimen depends on the strain rate level.
When the strain rate is within a certain low range, the frozen
fine sandstone specimen mainly fails in the axial splitting
tensile failure. In general, the failure plane is approximately
parallel to the axial direction and the specimen is broken into
two or more pieces, which is characteristic of a typical tensile
splitting failure. +is is because the resistance of the frozen
fine sandstone to tension is far less than its resistance to
compression. As the strain rate increased, the axial com-
pression loads increased rapidly under a large impact load,
and the frozen fine sandstone exhibited a compression
crushing failure. (1) At −15°C, the specimens under impact
compressions of 34 s−1 to 64 s−1 failed in the axial splitting
tensile failure. In Table 6, the specimens under 34 s−1 and
47 s−1 failed in this mode.When the strain rate reached 70 s−1,
the specimens failed in the compression crushing failure. In
Table 6, the specimen under 70 s−1 failed in this mode. (2) At
−20°C, the specimens under impact compressions of 36 s−1 to
64 s−1 failed in the axial splitting tensile failure. In Table 6, the
specimens under 36 s−1 and 48 s−1 failed in this mode. When
the strain rate reached 67 s−1, the specimens failed in the
compression crushing failure. In Table 6, the specimen under
67 s−1 failed in this mode. (3) At −30°C, the specimens under
impact compressions of 46 s−1 to 58 s−1 failed in the axial
splitting tensile failure. In Table 6, the specimens under 46 s−1
to 54 s−1 failed in this mode. When the strain rate reached
74 s−1, the specimens failed in the compression crushing

failure. In Table 6, the specimen under 74 s−1 failed in this
mode.

+e underlying mechanism is analyzed as follows. At low
temperatures, the macroscopic fragmentation degrees of the
specimen under impact compression are the result of the
initiation, evolution, propagation, and coalescence of the
internal microcracks of the frozen fine sandstone under the
combined action of temperature and impact load. At different
stages of impact loading, crack propagation reaches different
levels, leading to different failure forms of the frozen fine
sandstone. At a low strain rate level, the resulting cracks are all
from the tip of an existing defect, and it extends along the
direction parallel to the compressive stress and it has obvious
direction. +e main cracks do not participate in the failure of
the material, while the development and aggregation of
microcracks with less energy absorption plays a major role in
the failure of the frozen fine sandstone, resulting in a small
degree of failure of the frozen fine sandstone and exhibiting
the axial splitting tensile failure. At a high strain rate level,
after the axial splitting and tensile failure of the specimen, the
stress wave propagated into the rock continued to increase,
more and more microcracks absorb energy, propagate to
coalesce into a main crack, and they participate in the failure
of the material, resulting in more severer crushing of the
material and exhibiting the compression crushing. However,
a decrease in temperature can increase the strength of the
cementing ice between the sand particles of the material,
enhancing the mechanical properties of the specimen, and
thus, decreasing the severity of the impact failure.

3.5. Dynamic Increase Factor. +e strength of the specimen
increases with decreasing temperature under both dynamic
and static loads.+e variation in the dynamic increase factor
(DIF) of the specimens at different temperatures with strain
rate _ε was obtained using equation (4), as shown in Figure 8.

Specifically, the relationship between the DIF and the
loading strain rate for the three temperatures is

−15∘C :DIF � 0.0768_ε + 0.4412 28 s−1 ≤ _ε≤ 83 s−1
 ,

−20∘C :DIF � 0.0499_ε + 1.3277 28 s−1 ≤ _ε≤ 83 s−1
 ,

−30∘C :DIF � 0.029_ε + 2.0453 28 s−1 ≤ _ε≤ 83 s−1
 .

(8)

As can be seen from Figure 8, under a dynamic load
impact, the DIF increases linearly with increasing strain rate
_ε, and the growth rate of the DIF decreases as the tem-
perature decreases. When the strain rate is around 33 s−1, the
DIF of the three lower temperatures frozen fine sandstone
samples are almost the same, approximately 3.0. However, as
shown in Figure 8, with the lower the temperature, the
growth rate of DIF is smaller. Analyze the cause. With the
decrease of temperature, the content of pore water in the
specimen turned into frozen ice increased, and the initial
dynamic compressive strength of the specimen was relatively
high. +erefore, it was more difficult to rapidly improve the
DIF value of dynamic strength of the specimen. Meanwhile,
with the decrease of temperature, the brittleness of the
specimen became larger, and under the effect of high strain
rate, the tensile stress was less.
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In this paper, we studied the dynamic mechanical
properties and failure modes of frozen fine sandstone
specimens under lower temperatures and high strain
rates. +e experimental results reveal some changes in the
related regularity. However, during the construction of a
coal mine shaft, the influence of the ground stress on the
frozen wall is not negligible. Future research should focus
on the dynamic mechanical properties and failure modes
of frozen fine sandstone under confining pressure and
axial compression. Furthermore, the study of dynamic
crack propagation with a high-speed video system would
improve our understanding of the failure mechanism and
failure mode of dynamic fine sandstone under impact
loading.

4. Conclusions

An SHPB test system was used to perform impact com-
pression tests of frozen fine sandstone specimens within a
strain rate range of 28 s−1 to 83 s−1 at −15°C, −20°C, and
−30°C. +e following conclusions are drawn:

(1) Under low temperature conditions, the dynamic
peak stress of the frozen fine sandstone specimens
increase linearly from increasing strain rate. Under
the same strain rate, the dynamic peak stress grad-
ually increases from decreasing temperature.

(2) +e fragmentation degrees of the specimen are
mainly divided into the axial splitting tensile failure
and the compression crushing failure. Under the
same temperature condition, with the increase of
strain rate, the crack of the specimen increases
gradually and the crushing size decreases.

(3) +e DIF of frozen fine sandstone has a linear rela-
tionship with the strain rate for low temperatures.
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