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China’s western alpine regions are rich in mineral resources. However, factors
such as freeze-thaw erosion, earthquakes, rainfall, and mining disturbances
have weakened the strength of rock masses in alpine mine slopes, leading
to structural weathering. These issues severely compromise the safety and
stability of rock slopes and hinder the safe, efficient production of mineral
resources. Both impact loads (such as blasting) and seismic loads can induce
instantaneous deformation in structures and their components, sharing similar
mechanisms of action. Therefore, this study conducts dynamic impact tests on
sandstone based on the research context of impact loads including seismic
events and excavation blasting. This study focuses on the Lanping Lead-
Zinc Mine. First, through freeze-thaw cycle tests, SHPB (Split Hopkinson
Pressure Bar) impact tests, and DIC (Digital Image Correlation) technology,
the impact mechanical responses and failure characteristics of sandstone
specimens under different freeze-thaw cycles were investigated. The dynamic
mechanical properties and crack propagation patterns of sandstone under
impact loading at various freeze-thaw cycles were revealed. The findings
indicate that the strain rate ε´-t curve of sandstone specimens under dynamic
impact is characterized by “increasing-stabilizing-accelerating decrease”. The
strain (ε-t) curve initially increases before stabilizing, and the peak strain
rises with the number of freeze-thaw cycles. The stress-strain response of
sandstone under impact loading can generally be divided into three stages:
linear elastic, nonlinear hardening, and strain softening. The slope of the stress-
strain curve in the elastic stage decreases as the number of freeze-thaw
cycles increases. The dynamic peak stress and dynamic elastic modulus of
sandstone gradually decrease with increasing freeze-thaw cycles. Analysis of
the dynamic evolution of Y-directional strain in sandstone specimens under
impact loading using DIC technology reveals that crack propagation is closely
linked to strain concentration zones on the specimen surface. The distribution
of axial strain concentration zones determines the initiation and expansion
of primary and secondary cracks during specimen failure. The conclusions
of this study provide theoretical insights for disaster prevention and control
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(e.g., frost heave and dynamic loading) in rock slope engineering in alpine
mining regions.

KEYWORDS

rocky mine slopes, freeze-thaw cycles, split hopkinson pressure bar (SHPB), digital
image correlation (DIC), alpine regions, sandstone

1 Introduction

With the exploitation of open-pit mineral resources, the number
of high and steep slopes has gradually increased, leading to frequent
safety accidents in open-pit mines. According to statistics from 2001
to 2007 (Yang et al., 2020), there were 1951 slope collapse incidents
in metal and non-metal open-pit mines, accounting for 15% of all
accidents (ranking third), resulting in 3,065 casualties (18.75% of
total casualties, ranking first). Among these, 228 incidents involved
three or more fatalities, making up 38.3% of such severe accidents
(ranking first), with 994 deaths (33% of total fatalities, ranking
first). Further data from 2017 shows that slope landslides ranked
third among all mine safety accidents in terms of both incidence
(13.5%) and fatalities (9.3%) in China’s non-coal mining sector
(Ministry of Emergency Management of the People’s Republic of
China, 2017). Therefore, the stability of high rock slopes in open-
pit mines is a critical issue for safe production, with significant
theoretical and practical implications for ensuringmining safety and
improving economic efficiency (Wang, 2017). China’s western alpine
regions are rich in mineral resources, but due to harsh geographical
conditions and extreme climates, slope failures occur frequently,
severely impacting mine safety (Hou, 2022). For instance, in March
2013, a catastrophic landslide at the Jiama Mining Area in Lhasa,
Tibet, was triggered by rock weathering and degradation caused by
freeze-thaw cycles in the high-altitude environment, combined with
seismic activity. The disaster buried 83 people and covered an area
of 3–4 km2 (Li et al., 2021).

Many scholars at home and abroad have done a lot of research
on the physico-mechanical properties of rock body under freeze-
thaw cycle, dynamic load and the coupling of the two, and
achieved certain results. Jia et al. found that the permeability and
surface roughness of sandstone increased after freeze-thaw and the
uniformity coefficient of the pore size showed a linear decrease
phenomenon by comparing the internal pore structure of rock
before and after freeze-thaw (Jia et al., 2020). An et al. proposed a
method tomeasure the shape and size of geotechnical particles based
on smartphone photography. This approach significantly reduces
experimental costs and technical barriers, offering a promising
technological pathway for rapid on-site analysis and instructional
demonstrations (An et al., 2025). Zhou et al. have theoretically
analyzed the correlation between specimen, deformation stress,
incident stress, reflected stress and transmitted stress by means
of the SHPB test results of the pulse shaper and special shape
firing pin method to obtain the ontological relationship of rate-
dependent rocks (Zhou et al., 2010). For different waveform incident
waves, a method of stepwise equivalent simplification of incident
waves is proposed to study the influence of sample wave impedance
and incident wave rise time on transmitted and reflected waves
(Li et al., 2025). Li et al. carried out a test on freeze-thaw cycle
of granite (Li et al., 2018), which showed that the internal cracks

of rock would increase and expand continuously after freeze-
thaw cycle, resulting in the deterioration of rocky slope stability
(Zhu et al., 2021; Zhou et al., 2015). Zhang Shuoyan et al. found
that the damage degree of frozen sandstone specimens was weaker
than that of ambient sandstone specimens under the same water
content by conducting SHPB impact tests on sandstones with
different water contents (Zhang et al., 2024).Wang et al. revealed the
energy dissipation mechanism and crack expansion characteristics
of engineering rocks in cold regions by conducting freeze-thaw
cycling experiments on granite (Wang et al., 2019). Zhang andWang
(2022) conducted SHPB tests on sandstone with different numbers
of freeze-thaw cycles, and the results showed that the longitudinal
wave velocity, dry density, dynamic peak stress, elastic modulus,
and average fracture block size of sandstone rock samples gradually
decreased with the increase of the number of freeze-thaw cycles
(Zhang and Wang, 2022). Gao Feng et al. found that the average
uniaxial dynamic compressive and tensile strengths of rock samples
under low-temperature freezing conditions were greater than those
of rock samples at room temperature by conducting dynamic impact
mechanical tests on rock samples under low-temperature freezing
conditions (Gao et al., 2023). Liu Shaohe et al. conducted SHPB
tests on red sandstone specimens with different numbers of freeze-
thaw cycles, and the results showed that with the increase of the
number of freeze-thaw cycles, the dynamic peak strain of the rock
samples gradually increased and the dynamic modulus of elasticity
gradually decreased (Liu et al., 2017). Xia Fei et al. in order to study
the damage deterioration of mine slope rock in cold area under the
action of freeze-thaw cycle, based on the indoor freeze-thaw cycle
test and nuclear magnetic resonance (NMR) technology, analyzed
the change rule of the amount of change in porosity and strength
damage of quartz sandstone and greywacke, and based on the
amount of change in porosity, established a strength deterioration
model of the rock under different number of freeze-thaw cycles
(Xia et al., 2022). Mei et al. based on the freeze-thaw cycle test,
uniaxial compression test and SHPB test, the freeze-thaw damage
ontological relationship of red sandstone under combined dynamic
and static loading was established, which can reflect the effects
of axial compression and freeze-thaw coupling damage, dynamic
impact parameter, etc (Mei et al., 2021). Ping et al. analyzed the
dynamic damage evolution characteristics of sandstone under 0–100
freeze-thaw cycles based on SHPB test and found that with the
increase of loading rate, the dynamic compressive strength and
dynamic elastic modulus of specimen increased, and the dynamic
stress and dynamic elastic modulus increased, and the dynamic
stress and dynamic elastic modulus increased. Modulus of elasticity
increased and dynamic strain decreased (Ping et al., 2020). Lu
et al. investigated the dynamic mechanical properties of sandstone
by using SHPB test and DIC digital image technique (Lu et al.,
2022). The study showed that the temperature had a significant
effect on the mechanical properties and initial damage of sandstone,

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2025.1636234
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2025.1636234

and meanwhile, the process of crack formation and expansion was
explained by using DIC technique. Jia et al. carried out SHPB tests
on muddy siltstone under different damage conditions after freeze-
thaw cycling treatment and found that the dynamic compressive
strength and strain rate of sandstone containing initial damage
under freeze-thaw conditions decreased exponentially, and that
containing the initial damage exacerbated the damage deterioration
of the rock (Jia et al., 2022). Chen Hui et al. carried out 0–120
freeze-thaw cycle tests to analyze the fine structure of rocks in cold
regions after freeze-thaw cycle, and found that after freeze-thaw
cycle, the internal pores of rocks have obvious fractal characteristics,
and the fractal dimension of the pores shows “V” type changes
with the increase of freeze-thaw cycle times, and the complexity
of pores increases and the connectivity increases with the increase
of fractal dimension. As the fractal dimension increases, the
complexity of the pores increases and the connectivity is enhanced
(Chen et al., 2022).

With regard to the mechanical properties of rocks under
the conditions of freeze-thaw cycles, most scholars at home and
abroad have focused their research on the freeze-thaw properties
of rocks on the macroscopic mechanical properties of freeze-thaw
damage. However, for sandstone specimens in the western alpine
region of China, the deterioration mechanism of rock damage
under the coupled action of dynamic loading and freeze-thaw
cycle is unclear, and the mechanical properties are not known. In
order to ensure the safety of mine engineering construction and
operation in the cold region, it is of great significance to study the
deterioration law of physical and mechanical properties of rocks
under the coupled action of freeze-thaw cycle-dynamic load for
exploring the destructive mechanism of rocky slopes of mines in
the alpine region and the safe construction of rock engineering
in this region.

2 Engineering overview

The Lanping Lead-Zinc Mine is located in Lanping County,
Yunnan Province (Figure 1). The mining area lies in the central
part of the Hengduan Mountains in northwestern Yunnan, on
the eastern slope of the Gaoping-Laomujing synclinal basin. The
highest elevation within the mining area is 2,885 m, while the
lowest is 2,475 m, resulting in a relative height difference of
410 m. After years of mining operations, the open-pit stope in the
Beichang-Jiayashan ore section has taken on an inverted “C” shape.
Currently, production is primarily concentrated in the Beichang ore
section, where a large-scale hillside open-pit stope has been formed,
consisting of the northern, eastern, southern, and relatively gentle
western slopes. The top of the stope is located at an elevation of
2,740 m on the northern slope, while the bottom is at 2,552 m,
making the mining depth 188 m.

Due to the combined effects of freeze-thaw weathering, rainfall,
and seismic activity, small-scale landslides have occurred on
individual or multiple benches of the sandstone rock mass on
the southern slope of the mining area (Figure 2). Additionally,
cracks have developed on the slope platforms along the upper
sections of the northern and southern slopes (Figure 3). The
eastern slope consists of highly to completely weathered argillaceous
sandstone, which has been eroded by rainwater, forming gullies

that significantly impact slope stability. On the lower section of the
northern slope, the rock mass is composed of black argillaceous
siltstonewith weakweathering resistance.The slope surface is highly
weathered, breaking down into fine sand and gravel. Furthermore,
remnants of old underground mining tunnels in this area also pose
localized stability risks.

3 Physical experimental design

3.1 Freeze-thaw cycle test

Under the influence of long-term freezing and thawing cycles,
earthquakes and other factors, the rock body of the mine slope will
have certain damage deterioration, causing serious safety hazards.
In order to study the destabilization and damage mechanism of
the mine slope, this paper carries out the freeze-thaw cycle test
and impact mechanical test on the sandstone specimens in the
field. The size of the sandstone specimen used in the test is 50 mm
× 50 mm (Figure 4).

The freeze-thaw cycle test program is to saturate the sandstone
specimens, and after the rock samples are thoroughly saturated, they
are put into the fully automatic freeze-thaw cycle box for freeze-thaw
cycle processing. Synthesis of climate extremes in the study area and
related literature (Zhang et al., 2022), the freezing temperature was
set to −20°C, the freezing time was 4 h, the thawing temperature
was set to 20°C, the thawing time was set to 4 h, and one freeze-
thaw cycle was set to 8 h (Figure 5), and the freeze-thaw cycle test
was completed for 0, 10, 20, 30, 40, and 50 times, respectively.
Among them, the next freeze-thaw cycle process was carried out
immediately after the completion of each specimen freeze-thaw
cycle. There were a total of 6 groups of freeze-thaw cycle tests, with
3 specimens in each group.

3.2 Impact mechanics test

The Hopkinson dynamic impact mechanics test system
primarily consists of a Split Hopkinson Pressure Bar (SHPB)
apparatus, with incident and transmission bars measuring 50 mm
in diameter, along with a data acquisition and processing system.
The SHPB test setup includes the following components: Gas
gun (capable of generating 0–2 MPa impact pressure), Striker
projectile, Incident bar, Transmission bar, Energy absorber
(damper) Additionally, a high-speed camera system was employed
to record the failure process of sandstone specimens during testing.
The high-speed imaging system operated at a frame rate of 75,000
frames per second (Figure 6).

The loading air pressure of the impact mechanical test is
0.2 MPa, and the speed is 8 m/s∼10 m/s. Before the test, a piece of
vacuum sealingmud should be placed at the end of the projectile rod
in contact with the impact slug as a waveform shaper, which is used
to reduce the amplitude of the transverse oscillatory waveform in
order to obtain the slower and smoother waveform along the rising
edge. At the same time, in order to reduce the inertial effect and
friction caused by the radial impact, the sandstone specimen and
the projectile rod, the projectile rod and the two contact surfaces
coated with petroleum jelly (Figure 7). It's an effective way to
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FIGURE 1
Location of lanping lead-zinc mine.

FIGURE 2
Minor landslides on mine slope terraces.

FIGURE 3
Multi-step landslides and platform cracks on mine slopes.
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FIGURE 4
Sandstone specimen.

FIGURE 5
Freeze-thaw cycle temperature field.

reduce the amplitude of oscillations and ensure smoother waveform
propagation (Haroon et al., 2017).

4 Analysis of test results

4.1 Waveform curves of specimens under
different freeze-thaw cycles

To minimize errors from freeze-thaw cycle tests and SHPB tests,
the average value of three experimental datasets was adopted for
analysis in this study. As shown in Figure 8 for the waveform curve
of the impact mechanics test of sandstone under different numbers
of freeze-thaw cycles, it can be seen that, because of the selection
of a suitable waveform shaper between the impact rod and the
incident rod in the SHPB test system, the shape of the original

waveform curve obtained from the test is basically a half-sinusoidal
waveform and the curve does not have any obvious oscillations, and
the superposition of the incident wave and the reflected wave is
basically equal to the transmittedwave. According to the principle of
one-dimensional wave propagation theory and three-wave analysis
method, the force P1 and P2 acting on both ends of the test piece can
be calculated as:

P1 = AE[εi(t) + εr(t)] (1)

P2 = AEεt(t) (2)

Where: P1 is the dynamic force at the incident rod-specimen
interface; P2 is the dynamic force at the transmitted rod-specimen
interface; A is the cross-sectional area of the rod; E is the Young’s
modulus of the elastic rod; ε is the strain; and the subscripts i, r, and
t denote the incident wave, reflected wave, and transmitted wave,
respectively.

According to Equations 1, 2, the dynamic force P1 acting on
one side of the specimen is proportional to the sum of the incident
and reflected stress waves, and P2 on the other side is proportional
to the transmitted stress wave. As can be seen in Figures 8a–c, the
curves of the sum of incident and reflected stress waves almost
coincide with those of the transmitted waves, which indicates
that P1 and P2 are almost identical during the dynamic loading
period, in which case the inertial effect is neglected because there
is no global force difference in the specimen to induce inertial
force, i.e., the specimen reaches stress equilibrium, which proves
the accuracy and validity of dynamic uniaxial compression test.
According to the strain rate and strain curves of sandstone rock
samples under dynamic impact, it was found that the strain rate
ε′-t curve showed a trend of increasing first, then stabilizing, and
finally decreasing rapidly, and the strain rate was more stable during
the overall loading process, and the strain ε′-t curve showed an
increase first, and then tended to be stabilized, and the strain peak
increased gradually with the increase of the number of freezing
and thawing.
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FIGURE 6
Schematic diagram of SHPB test set system and conventional SHPB test set.

FIGURE 7
Schematic diagram of scattering treatment of rock samples.

4.2 The variation law of stress and strain of
rock sample after freeze-thaw cycle

It can be seen from Figure 9 that the sample directly entered
the elastic stage in the dynamic test, and there was no compaction

stage, which was mainly due to the late closure of the microcracks
inside the sample under the impact load and the large inertia of
the rock crystal. After the linear elastic stage, the sample enters the
nonlinear hardening stage and the strain softening stage. According
to the stress-strain curve, it can be found that the post-peak curve
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FIGURE 8
Dynamic impact test result graph.

in the failure stage can be divided into three types: post-peak
plasticity, stress drop and strain rebound (Ke et al., 2018). With
the increase of the number of freeze-thaw cycles, the slope of the

stress-strain curve in the elastic stage decreases, the peak stress of
the sample decreases, and the peak strain increases, indicating that
the internal damage of the sandstone gradually accumulates and
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FIGURE 9
Dynamic stress-strain curves of sandstones treated with different numbers of freeze-thaw cycles.

increases, which will lead to the decrease of elastic modulus and
final strength.

As shown in Figure 10, when the number of freeze-thaw cycles of
sandstone rock samples is 0, the peak stress intensity is 218.95 MPa.
When the number of freeze-thaw cycles is 10, the peak stress
intensity of rock samples is 213.69 MPa, and the peak stress
decreases by 2.4%. When the number of freeze-thaw cycles is 20, the
peak stress intensity of rock samples is 208.02 MPa, and the peak
stress decreases by 5.0%. When the number of freeze-thaw cycles is
30, the peak stress intensity of rock samples is 189.39 MPa, and the
peak stress decreases by 13.5%. When the number of freeze-thaw
cycles is 40, the peak stress intensity of rock samples is 157.79 MPa.
The peak stress decreased by 27.9%. When the number of freeze-
thaw cycles was 40 times, the peak stress of the rock sample was
126.04 MPa, and the peak stress decreased by 42.4%. From the above
data, it can be seen that when the number of freeze-thaw cycles is
within 20 times, the damage of the freeze-thaw cycle to the rock
sample is small and can be ignored. With the increase of the number
of freeze-thaw cycles, to 30 times, 40 times, 50 times, the peak stress
drops sharply, indicating that the rock sample has undergone more
serious damage under the action of freeze-thaw cycles.

4.3 The variation law of dynamic elastic
modulus of rock samples after freeze-thaw
cycles

At present, there are mainly three methods for calculating the
dynamic elastic modulus of rock: the secant definition method of
stress-strain curve (Jin et al., 2012), the slope definition method

between 50% and 100% stress peak strength (Gong et al., 2011) and
the slope definition method from 0.4Rd (Rd is the dynamic stress
peak strength of sandstone) to 0.6Rd (Li et al., 2014; Zhang and
Deng, 2019). Considering the dynamic deformation characteristics
of sandstone, the dynamic elastic modulus of sandstone samples
treatedwith different freeze-thaw cycles was analyzed by themethod
proposed in Reference (Gong et al., 2011). It can be seen from
Figure 11 that with the increase of freeze-thaw cycles, the dynamic
elastic modulus of rock samples decreases continuously, and the
downward trend shows a certain linear relationship. It is proved
that with the increase of freeze-thaw cycles, the internal structure
of rock gradually accumulates under the action of cyclic frost
heave, which significantly affects dynamic mechanical behavior
(Ahmad et al., 2019; Ahmad et al., 2021).

4.4 Strain field and displacement field
evolution based on digital image
technology

In order to study the distribution of strain field and the
dynamic evolution of crack propagation during the failure process of
sandstone samples under impact load, this study uses digital image
technology (DIC) to analyze the imaging images of progressive
fracture, and sets up two virtual strain gauges on the surface of
the sample to obtain the surface strain distribution and crack
propagation process of sandstone samples. This paper selected five
displacement monitoring points, A1-A5, on the specimen surface.
These points were arranged in the middle section of the specimen at
equal intervals, with their specific locations shown in Figure 12.
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FIGURE 10
Dynamic compressive strength of sandstones treated with different numbers of freeze-thaw cyclesh.

FIGURE 11
Dynamic Young’s modulus of sandstone under different number of freeze-thaw cycles.
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FIGURE 12
Virtual strain gauge placement.

In this paper, according to the definition of elasticity, the tensile
strain is positive and the compressive strain is negative. At the
initial stage of loading, the strip-like positive strain concentration
began to appear in some areas of the rock sample surface, which
was the result of the initial tensile crack. After that, with the
continuous superposition of the incident wave and the reflected
wave inside the sample, the axial strain concentration area began
to expand from the middle of the sample surface to both ends of
the sample. By observing the stress concentration area in Figure 13a,
it can be seen that when the loading time is 2970 us, multiple
strain concentration areas appear on the surface of the rock sample,
and the strain concentration area continues to expand with the
loading. When loaded to 3186 us, the strain concentration area
on the surface of the sample is connected to form two nearly
parallel strain concentration areas, and two large cracks appear in
the sample. From the stress concentration area of Figures 13a–f,
it can be seen that there are two parallel strain concentration
areas in Figures 13a,c,e,f, and cross strain concentration appears in
Figures 13b,d. The initial strain concentration areas of b and d are in
the middle of the rock surface, while the initial strain concentration
areas of a, c, e and f are deviated from the middle position.
The results show that the evolution process of crack propagation
under impact load is inseparable from the strain concentration
position on the surface of the specimen.The development of fracture
zones is aligned with simulation-based studies of crack behavior
in cemented geomaterials (Rizvi et al., 2020). The distribution
of axial strain concentration area determines the generation and
propagation of initial cracks and secondary cracks during the failure
process of the specimen. Based on Figure 14, the displacements of
the rock specimens after 10 and 30 freeze-thaw cycles are positive
at monitoring points A4 and A5, but negative at points A1 to A3.
This relationship between positive and negative values indicates the
existence of a crack between A4 and A3.

It can be seen from the results of the virtual strain gauge
measurement that the strain in the Y direction is much larger than

that in the X direction, especially when geometric discontinuities
influence stress concentration (Alsabhan et al., 2021), which
indicates that the failure of the intact rock sample is less related
to the strain in the shear direction during the loading process,
which proves that the failure type of the rock sample under the
impact load is the conclusion of splitting failure.Moreh et al. support
recent efforts in using AI to predict crack localization in structural
materials (Moreh et al., 2024).

5 Conclusion

In this paper, Lanping lead-zinc mine is taken as the research
background. Firstly, based on freeze-thaw cycle test, SHPB impact
test and DIC digital graphic technology, the impact mechanical
response and failure characteristics of sandstone samples under
different freeze-thaw cycles are studied, and the dynamicmechanical
characteristics and crack propagation law of sandstone under
different freeze-thaw cycles are revealed. The following main
conclusions are drawn:

(1) The strain rate ε' -t curve of sandstone specimens under
dynamic impact shows a trend of increasing first, then
stabilizing, and finally decreasing rapidly. The strain rate of the
whole loading process is relatively stable. The strain ε-t curve
increases first and then tends to be stable, and the peak strain
increases with the increase of freeze-thaw cycles.

(2) The stress-strain response process of sandstone specimens
under impact load can be roughly divided into linear elastic
stage, nonlinear hardening stage and strain softening stage.
And in the elastic stage, the slope of the stress-strain curve
decreases with the increase of the number of freeze-thaw
cycles. The dynamic stress peak strength and dynamic elastic
modulus of sandstone samples gradually decrease with the
increase of freeze-thaw cycles.
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FIGURE 13
Cloud diagrams of axial strain distribution of sandstone specimens with different numbers of freeze-thaw cycles under impact loading. (a) 0
freeze-thaw cycles; (b) 10 freeze-thaw cycles; (c) 20 freeze-thaw cycles; (d) 30 freeze-thaw cycles; (e) 40 freeze-thaw cycles; (f) 50
freeze-thaw cycles.
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FIGURE 14
Y-direction displacement at different monitoring points of sandstone samples under freeze-thaw and impact loads.

(3) The dynamic evolution process of Y-direction strain of
rock samples under impact load is analyzed by DIC image
technology. It is found that the crack propagation under impact
load is inseparable from the strain concentration position on
the surface of the sample. The distribution of axial strain
concentration area determines the generation and propagation
of initial cracks and secondary cracks in the failure process of
the sample.
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