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*is study is based on the tunnel-face slope engineering of Dongfeng tunnel in Shanxi section of China’s Shuozhou-Huanghua
Railway. *e sandstone specimens in the perennial freeze-thaw zone of the slope were collected to carry out freeze-thaw cycle
static physical mechanics test and split Hopkinson pressure bar (SHPB) dynamic mechanical test. *us, the damage process of
sandstone under freeze-thaw cycle and impact load is studied. Also, the dynamic compressive strength and dynamic elastic
modulus of sandstone are analysed under different loading strain rates and freeze-thaw cycle based on LS-DYNA, a dynamic finite
element program.*e results showed that the dynamic compressive strength of sandstone subjected to multiple freeze-thaw cycles
under 0.04MPa air pressure has a greater damage ratio than that under 0.055MPa and 0.07MPa air pressure, which was more
likely to cause damage to slope sandstone than in actual engineering; the dynamic compressive strength and elastic modulus of
sandstone decrease greatly within a certain range of freeze-thaw cycles and loading strain rate, leading to significant deterioration.
When the freeze-thaw cycle exceeded 200 times and the strain rate was greater than 200 s−1, the physical and mechanical
properties of sandstone gradually tended to be stable.

1. Introduction

During the construction of mining, roads, and tunnels, in
cold regions, the construction zone is often subjected to
blasting vibration, heavy truck transportation vibration,
earthquake vibration, and other dynamic loads. *e frost
heaving effect of the pore water inside the rock with the
temperature change promotes the development of pores,
and when the pores are subjected to dynamic loading, there
is a serious impact on the stability of the rock engineering. It
is of great significance for the stability and life cycle pre-
diction of rock engineering in cold regions to analyse the
deterioration law of static and dynamic mechanical pa-
rameters, strain rate effect, and rock failure mode of frac-
tured rock masses under the coupling of freeze-thaw cycles
and dynamic loads [1].

Domestic and international scholars have conducted in-
depth research on the static and dynamic mechanical prop-
erties of rocks under the action of freeze-thaw cycles [2, 3].
Many scholars have studied the variation law of the longitu-
dinal wave velocity, strength, elastic modulus, and permeability
of different rocks under the action of freeze-thaw cycles [4, 5].
In 2013, a serious landslide accident occurred in the Lhasa
Jiama mining area in China, causing serious casualties and
property losses. *e main cause of the accident was the de-
terioration of the mechanical properties of the rock mass
caused by freeze-thaw cycles and dynamic loads [6].*erefore,
it is of great significance to study the dynamic mechanical
properties of rocks under the action of freeze-thaw cycles and
dynamic disturbance for construction in cold regions.

*e freeze-thaw cycle induces the fracture propagation
in rock mass and then weakens the mechanical parameters
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such as elastic modulus and uniaxial compressive strength
of rock mass. Deng et al. [7] made a back analysis of the
rock mass mechanical parameters in the underground
project through Seepage-Stress Coupled Analysis. Xu et al.
[8] and Deng et al. [9] studied the energy distribution and
transmission process in dynamic compression tests and
dynamic tensile tests for different rock types and analysed
the variation law of the dynamic energy parameters, ab-
sorption energy, reflection energy, projection energy, and
other related energy. Zhang et al. [10], Alam et al. [11], and
Yavuz [12] studied the deterioration law of sandstone
under freeze-thaw action and quasistatic and dynamic
loading conditions and analysed it from the change in the
mechanical parameters such as the porosity, P-wave ve-
locity, strength, and elastic modulus. Wang et al. [13]
through improved the sandstone rheological constitutive
model and optimized the algorithm of parameter inversion
and put forward a long-term stability analysis model that
can accurately reflect the rheological characteristics of
surrounding rocks under the complex geological condition
including high stress induced by great depth and high
seepage pressure. Mutlutürk et al. [14] and Wang et al. [15]
proposed a mathematical model for describing the integrity
loss of rocks under freeze-thaw cycles. *e reliability of the
model was verified by studying ten different types of rocks.
Zhang et al. [16] and He and Cui [17] would be simulating
the failure process of rock under dynamic loading by a
numerical simulation method and analysing the crack
propagation path of rock after the reliability of the model
was verified by the SHPB tests.

In this paper, the typical sandstone sample of Dongfeng
tunnel slope of Shuohuang railway in China is taken as the
research object. *rough the laboratory freeze-thaw cycle
test, SHPB impact compression test, and dynamic finite
element numerical simulation test, the degradation law of
dynamic mechanical properties of sandstone is studied and
the numerical relationship between mechanical parameters
such as dynamic strength and the number of freeze-thaw
cycles and strain rate is established. It provides theoretical
basis for the study of long-term stability and protection
engineering of rock mass in the dynamic disturbance en-
vironment in cold region. *e specific flowchart of research
methodology is shown in Figure 1.

2. Dynamic Mechanical Test of Freeze-Thaw
Rock Mass in Dongfeng Tunnel-Face Slope

2.1. Engineering Background of Freeze--aw Rock Mass in
Dongfeng Tunnel-Face Slope. Dongfeng tunnel is located in
the northwest of Shuozhou-Huanghua Railway Shanxi
section [18], with a total length of 3,290 meters and an
altitude of about 1,200meters as an area of high latitudes, the
highest temperature of 20 degrees Celsius in winter, and the
lowest temperature of minus 20 degrees Celsius. It is affected
by the freeze and thaw obviously. Besides, Dongfeng tunnel
is the hub of the heavy-haul railway such as coal trans-
portation. Due to the heavy tonnage and heavy acting load of
transport trains, the rock slope involved in the tunnel has
been under unfavorable conditions such as heavy train load

and freeze-thaw cycle for a long time, so more attention
should be paid to its self-stability ability.

2.2. Test Equipment andPrinciples. *e SHPB device used in
the test is shown in Figure 2. *e main equipment includes
launcher, bullet, buffer rod, bar, adjusting bracket, and
control console; the loading system includes air com-
pressor, transmission pipeline, and control valve; the test
recording system includes elastic velocity and dynamic
strain measuring system, in which the length of the incident
rod is 4m, the transmission rod is 3m, and the pressure rod
diameter is 100mm. Due to the difference in wave im-
pedance between the rod and the specimen, part of the
incident wave is reflected for the incident rod to form a
reflected wave, while the other part enters the transmission
rod through the specimen to form a transmitted wave (see
Figure 3). *e voltage data measured by the strain gauge
sensor on the incident bar and the transmission bar are
converted into the data of stress, strain, and strain rate with
calculation principle in the following equations, respec-
tively [1]:

σ �
A0E0

2A1
εI + εR + εT( , (1)

ε �
C0

L1


t

0
εI − εR − εT( dt, (2)

_ε �
C0

L1
εI − εR − εT( , (3)
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Figure 1: Specific flowchart of research methodology.
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where E0, A0, and C0 refer to the elastic modulus, cross-
sectional area, and compressional wave velocity of the
pressure bar, respectively,C0 �

�����
E0/ρ0


; εI, εR, and εT refer to

incident strain, reflected strain, and transmitted strain, re-
spectively; ε refers to stain and _ε refers to stain rate; A1, L1
refer to the cross-sectional area and length of the specimen,
respectively.

2.3. SHPBTest Protocol. *e sandstone in the test came from
the tunnel-face slope of Dongfeng Tunnel of Shuozhou-
Huanghua Railway; all sandstone samples in the freezing-
thawing cycle tests were in the state of saturated water.
According to the International Society for Rock Mechanics
rock mechanics test standard, the sandstone specimen is
processed into Φ 50mm× 100mm cylinders, with flatness,
parallelism, and perpendicularity to the test specimens code
requirements. *e specimens were tested by ultrasonic
waves, and the one with similar ultrasonic wave velocity was
selected to ensure the uniformity inside.

*e rock cuttingmachine and end face grindingmachine
and other equipment are used to process freeze-thaw
sandstone specimens to produce sandstone specimens with a
size of Ø 50mm× 23mm. According to the indoor pre-
impact test, when the impact pressure is below 0.04MPa, the
bullet will not pop well enough, while when the impact
pressure is above 0.07MPa, the sandstone specimen will be
too crushed, which is not conducive to observing the failure

form of the rock under impact load. In this paper, three
groups of impact compression tests were designed, with an
impact pressure of 0.04MPa, 0.055MPa, and 0.07MPa,
respectively. To ensure the accuracy of the tests, each group
of tests was carried out three times.

2.4. Analysis of Test Results. In this paper, a comparative
analysis is conducted on the sandstone that has undergone 0,
20, 40, 80, and 120 freeze-thaw cycles [19, 20], through which
the typical physical and mechanical parameters of the
sandstone specimens under the freeze-thaw cycle were
obtained (Table 1).

*e dynamic stress-strain curves of sandstone specimens
with different freeze-thaw cycles under three impact pres-
sures are shown in Figures 4–6. To sum up the dynamic
compressive strength in the curve, namely, the stress-strain
peak, which is shown in Table 2, it was indicated that when
the impact pressure increases from 0.04MPa to 0.055MPa
and from 0.055MPa to 0.07MPa in the same times of freeze-
thaw, the dynamic compressive strength of sandstone in-
creased by about two times. However, by comparing the
damage values of sandstone specimens under different
impact air pressure, it can be found that the dynamic
compressive strength of sandstone under 0.04MPa air
pressure suffered from the highest damage rate after being
affected by freeze-thaw cycle, and such strength suffered
from the lowest damage rate under 0.07MPa air pressure.
*is indicated that the smaller was the strain rate of
sandstone and the greater was the influence of the me-
chanical properties produced by the freeze-thaw cycle.
Compared with the SHPB impact test in the laboratory, the
strain rate was smaller in the heavy-haul train, so it could be
inferred that the dynamic mechanical properties of sand-
stone under the action of the heavy load train were more
affected by the freeze-thaw cycle, which should be paid
enough attention to.

3. StudyonMechanicalParameterDegradationof
Freeze-Thaw Rock Mass in Dongfeng Tunnel-
Face Slope

3.1. Study on Degradation of Static Mechanical Parameters of
Sandstone with Different Freeze--aw Cycles. *e design
service life of the tunnel is hundred years. Assuming the rock
experiences about three freeze-thaw cycles in a year, the
dynamic mechanical properties of the rock after about 300
freeze-thaw cycles need to be considered.*rough fitting the
mechanical parameters of measured sandstone specimens,
as shown in Figure 7, uniaxial compressive strength and
elastic modulus fitting formulas of sandstone specimens
under different freeze-thaw cycles are obtained. Further-
more, the physical and mechanical parameters of sandstone
under 150, 200, 250, and 300 freeze-thaw cycles are calcu-
lated [21]. A lot of test data show that the density and
Poisson’s ratio of sandstone specimens are not affected by
the freeze-thaw cycle. *erefore, the physical and me-
chanical parameters of sandstone specimens under the ac-
tion of high-order freeze-thaw cycles are shown in Table 3.
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Figure 3: SHPB impact compression test loading process diagram.

Figure 2: Laboratory SHPB test equipment.
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3.2. Establishment of SHPBNumerical Simulation TestModel.
In the numerical simulation test, a half sinusoidal stress wave
was applied directly at the end of the incident bar to simulate
the impulse process of approximate half sinusoidal stress
pulse produced by the bullet hitting the incident bar. Dif-
ferent strain rate loading was realized by changing the peak
value of the impact loads.

In this paper, the dynamic finite element program LS-
DYNA was applied to supplement the interior SHPB experi-
ment analysis, which focused on nonlinear dynamic analysis
with static analysis capabilities. Among them, the HJC con-
stitutive model described the damage of rock brittle materials,
such as concrete body, using the accumulation of the equivalent
plastic strain and the plastic bulk strain, which was capable of
dealing with high speed and large deformation. *e numerical
model used the Solid164 element to simulate the pressure bar
and specimen.*is is an eight-node hexahedral element, which
has the degrees of freedom of translation, velocity, and ac-
celeration in X, Y, and Z directions.

*e model length of the bar is 2m, the thickness of the
specimen is 0.023m, and the radius is 0.05m. *e incident
bar and the transmission bar are evenly divided into 200
parts along the axial direction, and the specimen is evenly
divided into 50 parts as shown in Figure 8.

Table 1: Physical and static parameters of sandstone under freeze-thaw cycle.

Number of freeze-thaw cycles Density (kg/m3) Elastic modulus (GPa) Uniaxial compressive strength (MPa) Poisson’s ratio
0 2688 24.11 42.32 0.2537
20 2643 22.78 38.62 0.2635
40 2600 20.21 30.98 0.2672
80 2586 14.36 25.16 0.2715
120 2572 11.02 20.35 0.2756
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Figure 4: Stress-strain curves of sandstone in different freeze-thaw
cycles under 0.04MPa impact pressure.

0 times freeze-thaw cycle
20 times freeze-thaw cycle
40 times freeze-thaw cycle
80 times freeze-thaw cycle
120 times freeze-thaw cycle

Stain (10–3)

0

20

40

60

80

100

120

140

St
re

ss
 (M

Pa
)

0 2 4 6 8 10 12 14 16 18

Figure 5: Stress-strain curves of sandstone in different freeze-thaw
cycles under 0.055MPa impact pressure.
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*e SHPB is made of steel, and the material parameters
used in the numerical simulation are actual physical pa-
rameters, namely, density ρ� 7900 kg/m3, elastic modulus
E � 210GPa, and Poisson’s ratio ]� 0.2. *e widely used
HJC empirical constitutive model is selected as the material
for the sandstone specimen.

3.3. Study onDegradation ofDynamicMechanical Parameters
of Sandstone with Different Freeze--aw Cycles

3.3.1. Load Selection in Numerical Simulation of SHPB.
In this paper, the indoor SHPB test under the impact
pressure of 0.07MPa is selected as the representative, and
LS-DYNA is used to conduct numerical simulation tests.*e

measured load curve at the strain gauge position on the
incident bar is shown in Figure 9, which is approximate to
the semisinusoidal wave. In the numerical simulation, the
semisinusoidal wave with similar amplitude and frequency is
selected as the input load in the LS-DYNA numerical
simulation test.

3.3.2. Feasibility Verification of Numerical Simulation Cal-
culation of SHPB. Simulation of impact compression is
carried out by LS-DYNA for four model specimens with
different freeze-thaw cycles, and the dynamic compressive
strength is shown in Figure 10, which is well consistent with
the strength measured in the laboratory tests. Meanwhile,
the failure morphology of model specimens is similar to that
of sandstone in the impact compression test, both of which
are split failure modes as shown in Figure 11. Since the
numerical simulation results are similar to the laboratory
test results in strength characteristics and failure modes, the
numerical model could be used to simulate and analyse the
impact test results of sandstone under different freeze-thaw
cycles.

Table 2: Stress peaks of sandstone specimens under different impact pressures.

Impact pressure (MPa)
Number of freeze-thaw cycles

0 20 40 80 120
0.04 65 50 42 34 17
0.055 112 91 78 57 42
0.07 200 185 161 121 111
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Figure 7: Fitting formulas for static compressive strength and elastic modulus of sandstone with different freeze-thaw cycles.

Table 3: Fitting values of physical and static parameters of sandstone under multiple freeze-thaw cycles.

Number of freeze-thaw cycles Density (kg/m3) Elastic modulus (GPa) Uniaxial compressive strength (MPa) Poisson’s ratio
150 2572 7.91 14.93 0.2756
200 2572 5.97 11.74 0.2756
250 2572 4.51 9.23 0.2756
300 2572 3.40 7.26 0.2756

Incident bar Rock specimen Transmission bar

Figure 8: Establishment of the numerical simulation SHPB model.
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3.3.3. Analysis of Study Results on Degradation of Dynamic
Mechanical Parameters of Sandstone with Different Freeze-
-aw Cycles. *e sandstones with 150, 200, 250, and 300
freeze-thaw cycles are simulated under the same impact
load, and the stress-strain curve of sandstones is obtained as
shown in Figure 12. It is observed that when the number of
freeze-thaw cycles increased from 150 to 200 times, the peak
stress of the specimen, namely, the maximum compressive
strength, decreased greatly. However, when the number of
freeze-thaw cycles is greater than 200 times, the amplitude of
the peak stress of the stress-strain curve reduced gradually.
Combined with the data from the indoor SHPB impact test,
it can also be found that as the number of freeze-thaw cycles
increases, the compressive strength of the specimen de-
creases more slowly after reaching a certain number of

freeze-thaw cycles. In the laboratory test, there is a long
pressure dense section, and the stress-strain curve in the
simulation started directly from the elastic section. *ere-
fore, there is a slight difference between the stress-strain
curve in the numerical simulation and the test.

Assuming that the ratio of dynamic compressive
strength to static compressive strength is dynamic com-
pressive strength growth factor (DIF) [22], the curves of
dynamic compressive strength, static compressive strength,
and DIF with freeze-thaw cycles of sandstone specimens
under the same strain rate are shown in Figure 13. It is
observed that the dynamic compressive strength and static
compressive strength both decrease with the increase of
freeze-thaw cycles, while the value of DIF is always around
4.5, indicating that there is a certain correlation between
dynamic compressive strength and static compressive
strength, the correlation fluctuates with the number of
freeze-thaw cycles, and DIF as a whole shows a slight
downward trend.

*e ratio between dynamic elastic modulus and static
elastic modulus is defined here as a modulus proportional
coefficient. Under the same strain rate, the curves of static
elastic modulus, dynamic elastic modulus, and modulus
proportional coefficient of sandstone specimens changing
with the number of freeze-thaw cycles are shown in Fig-
ure 14. It is observed that in the numerical simulation ex-
periment, there is a certain correlation between dynamic
elastic modulus and static elastic modulus, which increase
with the increase of freeze-thaw cycles. *is means that with
the increase of freeze-thaw cycles, the degradation of dy-
namic elastic modulus is gradually affected by the static
elastic modulus and the number of freeze-thaw cycles.

3.4. StudyonDynamicMechanicalParameters of Freeze--aw
Cycle Sandstone under Different Strain Rates. Numerical
simulation research of the freeze-thawed sandstone with
different loading strain rates is carried out using LS-DYNA,
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a type of numerical simulation software. *e software can
overcome the weakness in accurate control of strain rates in
the laboratory SHPB experiment. It is observed from
Figure 15 that with the increase of strain rate, the com-
pressive strength under 200 s−1 significantly increases in
comparison with that in static state. However, when the
strain rate increases to 380 s−1 of its original value, its
dynamic compressive strength only increases by less than
0.1 times; when the strain rate reaches 580 s−1, the dynamic
compressive strength increases by an obviously smaller
amount; under the strain rate of 750 s−1, the mean increase
of its dynamic compressive strength is only 0.03 times of
580 s−1. It shows that the dynamic compressive strength of
sandstones will gradually become stable with the strain rate
increasing to a certain extent under the same freeze-thaw
cycles.

It is observed from Figure 16 that the dynamic elastic
modulus of sandstones is affected by both the number of
freeze-thaw cycles and the strain rate. Under different
strain rates, the law of the dynamic elasticity modulus
varying with the number of freeze-thaw cycles is similar.
When the strain rate increases to a certain extent, the
influence of strain rate on dynamic elasticity modulus is
weakened. *e law is similar to the dynamic compressive
strength.

*e least-square method is used to fit the fitting formula
of dynamic compressive strength of high-order freeze-thaw
cycle rock mass under different strain rates, as shown in
Table 4.

Table 4 indicates that the fitting formulas describing the
fact that dynamic compressive strength of sandstones varies
with freeze-thaw cycles under different strain rates are
similar with high correlation coefficient R. *erefore, the

(a) (b)

Figure 11: Failure modes of freeze-thaw cycle sandstone at 0.07MPa impact pressure. (a) Typical failure patterns of a quarter of the
specimen under numerical simulation. (b) Typical failure modes of laboratory test specimens.
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coefficients of the fitting formula in Table 4 are refitted to
obtain the fitting equation (4), the fitting formula of dynamic
compressive strength of sandstones with freeze-thaw cycles,
which is related to the strain rate:

y � Me
− 0.004x

, (4)

where M � 89.5_ε0.0988 correlation coefficient R� 0.9987, in
which _ε referred to strain rate.

*is formula can be used to predict the dynamic
compressive strength of sandstone under different freeze-
thaw cycles based on the number of freeze-thaw cycles and
strain rate, and the dynamic compressive strength of rock

mass has certain reference value for the safety and stability of
practical engineering.

4. Conclusion

In this paper, the indoor SHPB impact compression test was
carried out using the sandstone under freeze-thaw cycles as
the object. Also, the mechanical parameter degradation law
of sandstones under numerous freeze-thaw cycles was
studied by LS-DYNA, the dynamic finite element. Results
are shown as follows:

(1) With the increase of freeze-thaw cycles in sand-
stones, the dynamic compressive strength and
elastic modulus of rock specimens decreased under
the impact pressures of 0.04MPa, 0.055MPa, and
0.07MPa. Under the same freeze-thaw cycle, the
dynamic compressive strength of sandstone under
0.04MPa air pressure suffered from the highest
damage rate after being affected by freeze-thaw
cycle, and such strength suffered from the lowest
damage rate under 0.07MPa air pressure, which
indicates that the smaller was the strain rate of
sandstone, the greater was the influence of the strain
rate on the mechanical properties under the freeze-
thaw cycle.
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Table 4: Dynamic compressive strength fitting formula of freeze-
thaw cycle sandstone under different strain rates.

Strain rate
(s−1)

Fitting formula (x is the number
of freeze-thaw cycles)

Correlation
coefficient R

200 y � 151.0e− 0.004x 0.978
380 y � 160.9e− 0.004x 0.999
580 y � 168.5e− 0.004x 0.998
750 y � 171.6e− 0.004x 0.997
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(2) When the freeze-thaw cycle of sandstone increases in
arithmetic progression, the decrease of stress-strain
peak curve of sandstone tapered off under the same
impact pressure and the dynamic compressive
strength growth factor fluctuated around 4.5 along
with the freeze-thaw cycles. Also, the static elastic
modulus and the freeze-thaw cycles had a gradually
increased influence on the degradation of dynamic
elasticity modulus.

(3) With the increase of strain rate, the dynamic com-
pressive strength and dynamic elastic modulus of
sandstone with different freeze-thaw cycles de-
creased with the increase of freeze-thaw cycles and
gradually approached a stable value, indicating that
the deterioration of sandstone was greater with the
strain rate changing below 200 s−1.

In this paper, only the influence of freeze-thaw cycle and
impact load on the deterioration of sandstone mechanical
parameters was studied. How to improve the soil envi-
ronment was not considered to increase the bearing capacity
of the foundation and therefore to improve the safety and
service life of railways [23, 24]. *is would be studied in
future studies.
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