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Abstract: In high-altitude mountainous areas, the phenomenon of rock frost damage
under repeated freeze–thaw cycles are pronounced, with the deformation and failure pro-
cesses of rock often accompanied by energy dissipation. To elucidate the energy evolution
mechanism of rocks under freeze–thaw cycles, triaxial compression tests and numerical
simulation tests were conducted under different freeze–thaw cycles. Results from indoor
tests indicate that successive freeze–thaw cycles deteriorate the mechanical properties of
rocks. Compared to conditions without freeze–thaw cycles, after 40 freeze–thaw cycles,
the peak stress of the rock decreased by 42.8%, the elastic modulus decreased by 64%, and,
with increasing confining pressure, the rate of decrease lessened, indicating that confining
pressure can inhibit the decline in the mechanical properties of rocks. As the freeze–thaw
cycles increase, the total absorption energy (TAE) of rocks gradually decreases. Meanwhile,
with increasing confining pressure, the TAE, elastic strain energy (ESE) and dissipated
energy (DE) of rocks all gradually increase. However, as the confining pressure increases,
the TAE increases by 781%, the ESE increases by 449%, and the DE increases by 6381%.
Numerical simulation results reveal that with an increase in the freeze–thaw cycles, shear
failure phenomena gradually decrease while tensile failure phenomena gradually increase.
During the compression process, the evolution of internal cracks in rocks demonstrates
a trend of slow–steady–rapid development, with the number of cracks produced being
positively correlated with the freeze–thaw cycles. The performance can provide valuable
insights into the degradation mechanism of the mechanical properties of rocks and failure
analysis in high-altitude mountainous areas.

Keywords: freeze–thaw cycle; mechanical properties; energy evolution; numerical
simulation; crack

1. Introduction
In high-altitude mountainous regions characterized by typical cold climates, the

strength of rocks deteriorates under repeated freeze–thaw cycles, exhibiting significant
complexity and diversity in the degradation process [1–3]. This degradation involves
aspects such as strength reduction, crack propagation, and energy fluctuations, posing a
potential threat to the stability of engineering structures [4,5]. Therefore, it is essential to
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conduct the influence mechanisms of freeze–thaw cycles on the strength properties of rocks
to ensure the stability and safety of major engineering projects.

Considerable progress has been made in the study of the mechanical properties of
rocks under freeze–thaw conditions [6–8]. Regarding the effects of freeze–thaw cycles on
the physical and mechanical properties of rocks, uniaxial compression tests and acoustic
emission tests were conducted under different freeze–thaw cycles to investigate the impact
on rocks [9,10]. Results indicate that pore structure expansion caused by water–ice phase
change is the primary cause of freeze–thaw damage [11]. In terms of freeze–thaw damage
and crack propagation in rocks, a heterogeneous freeze–thaw damage coupled constitutive
model was established to vividly describe the initiation, propagation, and coalescence of
cracks in rocks under freeze–thaw conditions, highlighting that freeze–thaw damage is
an irreversible cumulative process [12–14]. Researchers have also studied the sensitivity
of rock damage under different freeze–thaw cycles and confining pressure conditions,
identifying deterioration laws in fractured rock mass due to freeze–thaw damage and
exploring the relationship between damage and freeze–thaw cycles [15–17]. During the
freeze–thaw cycle, the strength of the rock deteriorates, internal cracks increase, and the
rock is more prone to failure [18–20]. In terms of energy evolution, uniaxial compression
tests under freeze–thaw cycles have shown that with an increase in cycles, the DE/TAE
corresponding to the peak stress point exhibits exponential decay [21–23]. In the damage
constitutive models under freeze–thaw cycles, an evolutionary equation for rock damage
under the coupled action of freeze–thaw and confining pressure has been established based
on the Lemaitre strain equivalent hypothesis theory, further revealing the damage and
failure laws of rocks [13,15,17]. Moreover, numerical techniques serve as an essential tool
for studying the complex mechanical behavior of rocks and provide effective solutions for
issues like rock fracturing [24–26]. In conclusion, there is a lack of literature focusing on the
comparative analysis of the degradation laws of rock mechanical properties and energy
evolution under different freeze–thaw cycles and confining pressure conditions through
triaxial compression tests [18,19]. The energy evolution usually involves the conversion
of multiple forms of energy, but the mechanisms and proportional relationships between
different forms of energy are still not fully understood [27–30]. The freeze–thaw cycle is
an important factor affecting the energy evolution of rocks, which can affect the energy
storage and release methods of rocks [20,31]. Additionally, there are still shortcomings in
the numerical simulation research on rock mechanics under freeze–thaw conditions [32,33].

This study aims to explore the degradation laws of the mechanical properties of
cold region sandstone under freeze–thaw conditions. Through conducting indoor tests
and numerical simulation tests under varying freeze–thaw cycles and confining pressure
conditions, a systematic comparison of stress–strain curves and energy variations will be
performed to analyze the influence of freeze–thaw cycles on the mechanical properties of
sandstone, including strength and elastic modulus, thereby elucidating the degradation
mechanism and energy evolution laws.

2. Experimental Design
The experimental rock sample is a whole sandstone with uniform lithology, fine-

grained structure, and no macroscopic visible joints and fissures. Before the experiment,
test the porosity, wave velocity, and quality parameters of the rock sample, and select
samples with little difference for the experiment. The samples were obtained from a specific
region and were prepared as standard cylindrical specimens with a diameter of 5 cm and a
height of 10 cm. Before conducting the freeze–thaw tests, the rock samples were dried in
a constant temperature box at (105 ± 1) ◦C for 12 h. After cooling, the dried weight was
measured. Subsequently, under a pressure of 0.1 MPa, the rock samples underwent 4 h
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of dry pumping and 2 h of wet pumping using a vacuum pump. After completion, the
samples were immersed in room temperature water for 12 h to ensure saturation.

After subjecting the rocks to 0, 10, 20, 30, and 40 freeze–thaw cycles, triaxial compres-
sion tests were conducted with confining pressures set at 0 MPa, 3 MPa, 6 MPa, 9 MPa,
and 12 MPa. The freeze–thaw cycle tests were performed using a TDS-300 freeze–thaw test
machine with a freezing temperature of −20 ◦C and a thawing temperature of +20 ◦C, each
lasting for 4 h. The temperature of the freeze–thaw cycle was set based on the temperature
of the rock sample location. The experimental procedure and method are illustrated in
Figure 1.
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Figure 1. Flowchart of triaxial compression test under freeze–thaw conditions.

3. Experimental Results
3.1. Deterioration Laws of Mechanical Properties

Figure 2 illustrates the stress–strain curves for different freeze–thaw cycles. The rocks
generally go through stages of crack closure, elastic deformation, plastic yielding, and
failure. With an increase in the freeze–thaw cycles, the peak stress of the rock samples
sequentially decreases, while the peak strain slightly increases and the curve slope of the
elastic deformation stage gradually decreases. By comparing the initial part of the curve, it
is evident that significant deformation occurs under lower stress after freeze–thaw cycles.
This indicates that rocks are more prone to deformation after freeze–thaw cycles. As the
freeze–thaw cycle increases, this trend becomes more pronounced.
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Figure 2. Stress–strain curves under different confining pressures, F-T represents freeze-thaw cycles:
(a) 0 MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa.

To further analyze the influence of freeze–thaw cycles on the mechanical properties of
sandstone, the peak stress, peak strain, and elastic modulus under different cycles were
determined, as shown in Figure 3. With an increase in the cycles, the peak stress and elastic
modulus exhibit a linear decrease overall, while the peak strain shows a linear increase.
Taking the curve at a confining pressure of 6 MPa as an example, when the cycles increase
to 10, 20, 30, and 40 cycles, the peak stress of the rock samples decreases by 11.51%, 16.80%,
21.74%, and 34.08% compared to 0 cycles, respectively, and the elastic modulus decreases
by 28.66%, 37.87%, 47.93%, and 67.56%, respectively. This trend is also observed at other
confining pressures. Additionally, under the same freeze–thaw cycles, the elastic modulus
increases with increasing confining pressure.
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Comparing 40 freeze–thaw cycles with 0 cycles, the decrease in the elastic modulus at
various confining pressures exceeds 50%, indicating that freeze–thaw significantly weakens
the rock’s deformation resistance. This is due to the frost heave force generated when the
pore water freezes into ice during the freeze–thaw cycle process. As shown in Figure 4,
the blue region represents water and the yellow region represents ice. The frost heave
force leads to the development of internal micropores and microcracks in the rock. Upon
thawing, water enters these newly formed micropores and microcracks and further expands
the cracks during the next freeze. As the freeze–thaw cycles increase, the phase change
during water freezing becomes more thorough, allowing more water to enter the internal
micropores and microcracks of the rock, intensifying the damage caused by freeze–thaw
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cycles. However, as the freeze–thaw cycle continues to increase, the damage effect becomes
less affected by the increasing freeze–thaw cycle due to the sufficient freezing and thawing
of water inside the rock.
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Figure 4. A schematic diagram of the frost heave force model.

Figure 5 illustrates the variation curves of mechanical parameters with the confining
pressure. The peak stress and peak strain show a linear relationship with increasing con-
fining pressure. As the confining pressure increases from 0 to 12 MPa, the peak stress of
the rock samples after 40 freeze–thaw cycles decreases by 42.8%, 33.8%, 34.1%, 33.4%, and
28.0%, respectively. This indicates that increasing the confining pressure gradually reduces
the impact of freeze–thaw cycles on the strength of the rock. Comparing 12 MPa with
0 MPa confining pressures, when the freeze–thaw cycles increase from 0 to 40 cycles, the
peak stress increases by 202.1%, 230.4%, 250.1%, 258.9%, and 278.7%, respectively. There-
fore, with freeze–thaw cycles increase, the rate of increase in peak stress with increasing
confining pressure becomes greater. Overall, with the increase in the confining pressure,
the elastic modulus shows an upward trend, indicating that with more freeze–thaw cycles,
the impact of confining pressure on the deterioration of rock strength is more significant.
However, after a certain number of freeze–thaw cycles, the elastic modulus undergoes
significant attenuation, suggesting that freeze–thaw action causes microscopic damage and
deterioration inside the rock, weakening its ability to undergo elastic deformation. These
microstructural changes require numerical simulation for further analysis.
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3.2. Energy Evolution Laws

The failure of rocks is closely related to the evolution of energy, where energy dissipa-
tion reflects the internal damage of rocks, and energy release drives the rock to undergo
failure. Assuming that the rock unit is in a closed system during the deformation and failure
process without energy loss through heat exchange or acoustic emission to the external
environment, the TAE (U) input by external loads to the rock mass is entirely converted
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into releasable ESE (Ue) and the DE (Ud). According to the first law of thermodynamics,
the function is expressed as follows [34,35]:

U = Ue + Ud (1)

When the rock unit is subjected to triaxial principal stress loading, the energy calcula-
tion formulas can be expressed as

U =
∫ E1

0
σ1dε1 +

∫ E2

0
σ2dε2 +

∫ E3

0
σ3dε3 (2)

Ue =
1
2

σ1εe
1 +

1
2

σ2εe
2 +

1
2

σ3εe
3 (3)

σe
i =

1
Ei

[
σi − σi

(
σj + σk

)]
(4)

Ue =
1

2Eu

[
σ2

1 + σ2
2 + σ2

3 − 2v(σ1σ2 + σ2σ3 + σ3σ1)
]

(5)

where σi3 represents the principal stress in the iiith direction; σe
i denotes the elastic strain

corresponding to the three principal stress directions; vi signifies the Poisson’s ratio in the
three directions; and Eu stands for the unloading elastic modulus. For practical engineering
applications, the initial elastic modulus E0 is often used instead of Eu during calculations.

In conventional triaxial compression, where the second and third principal stresses
are equal, the energy calculation formula for the rock can be simplified as follows:

U =
∫ ε

0
σ1dε1 + 2

∫ ε

0
σ2dε2 (6)

Ue =
1

2Eu

[
σ2

1 + 2σ2
2 − 2v

(
σ1σ2 + σ2

2

)]
(7)

Ud = U − Ue (8)

Figure 6 illustrates the relationship between rock energy and the freeze–thaw cycles at
0 MPa of confining pressure. As the cycles increase, the TAE of the rock gradually decreases.
During the crack closure and elastic deformation stages, internal microcracks in the rock
close without significant crack propagation, resulting in relatively low DE. As the rate of
internal crack propagation within the rock increases, plastic deformation begins to occur,
leading to a gradual increase in DE. Overall, the energy dissipation rate of the rock under
different freeze–thaw cycles shows an increasing trend.
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Figure 7 displays the relationship between rock energy and confining pressure at 0
freeze–thaw cycles. With increasing confining pressure, the TAE by the rock also gradually
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increases. Compared to 0 MPa of confining pressure, the TAE at 3, 6, 9, and 12 MPa
of confining pressure increases by 209%, 407%, 674%, and 781%, respectively. The ESE
increases by approximately 100%, 208%, 340%, and 449%, while the DE increases by 2041%,
3756%, 6309%, and 6381%. These relationships highlight the impact of freeze–thaw cycles
and confining pressure on the energy dynamics of rocks, showcasing how these factors
influence energy dissipation and absorption within the rock mass.
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4. Numerical Simulation
4.1. Numerical Simulation Design
4.1.1. PFC Model Establishment

To further investigate the microstructural failure behavior of rock masses, PFC3D
software version 5.0 is employed to simulate the microstructural alterations within the rock
masses, helping to reveal the microscopic mechanisms behind the failure behavior of rock
masses under macroscopic experimental conditions. A standard model with a diameter
of 50 mm and a height of 100 mm is initially constructed, with particle radii randomly
distributed between 0.001 and 0.002. The numerical model of the specimen is shown in
Figure 8. This model is composed of two materials: rock particles and pore water particles,
and its dimensions are consistent with those of the laboratory sample. In the triaxial test
simulation, the upper and lower walls represent the loading plates, while the lateral walls
are controlled by a servo mechanism to maintain a constant confining pressure throughout
the experiment. During the entire compression process, the axial strain, volumetric strain,
principal stress, and confining pressure of the sample are continuously recorded.
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4.1.2. Microscopic Parameter Calibration

The microscopic parameters of the discrete element particle in the contact mechanics
model significantly impact the mechanical properties. In PFC3D simulations, microscopic
parameters such as inter-particle friction coefficient, contact stiffness, and initial porosity are
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typically calibrated through adjustment parameter methods with macroscopic parameters.
Due to the time-consuming nature of adjustment parameter methods, some parameters
can be assumed as constant values. For instance, the particle radius is constrained between
0.001 and 0.002, the particle density is set at 2700, and the damping coefficient is set at
0.7. The simulation involves adjusting parameters like elastic modulus, cohesion, and
compressive strength to calibrate the microscopic parameters. In numerical simulation, the
elastic modulus primarily affects the strain rate of the rock, while the cohesion and the
tensile stress influence the peak stress. After multiple trial adjustments, specific values for
the microscopic parameters are obtained, as shown in Table 1. It is observed that under
the same freeze–thaw cycle, the microscopic parameters of the rock remain consistent,
with each parameter decreasing as the freeze–thaw cycles increase. As the freeze–thaw
cycles increase, all parameters decrease, indicating the detrimental effect of freeze–thaw
conditions on rock deformation and failure.

Table 1. Parameter values under different freeze–thaw cycles.

Freeze–Thaw Cycles Pb-coh/MPa Pb-ten/MPa Pb-fa/◦ Fric Kratio

0 39.6 106.92 77.9 0.3 1.5
10 38 102.6 73.7 0.3 1.5
20 33.3 89.91 70.3 0.3 1.5
30 31.9 86.13 72 0.3 1.5
40 25.2 68.04 71.8 0.3 1.5

4.2. Stress–Strain Analysis

The results of the numerical simulation are depicted in Figure 9. From the graph, it
is evident that the results do not capture the rock’s initial crack closure. This discrepancy
may arise because, in the PFC3D simulation, the rock is subjected to stress after being
already in a densified state, leading directly into the elastic deformation stage. Furthermore,
the indoor test results exhibit a more pronounced brittle behavior in the post-peak stage,
with a more significant stress drop, while the numerical simulation curve undergoes a
more prolonged strain-softening stage after the peak. Consequently, the residual strength
obtained from the numerical simulation generally tends to be lower than that observed
in indoor tests, while the peak stress remains relatively consistent. Although numerical
simulation methods cannot capture the initial compaction stage of rock failure, they can
still be used to model the subsequent deformation stages of rock failure.
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4.3. Energy Evolution Law Analysis

Figures 10–12 present the energy evolution laws obtained from numerical simulations
at 0, 20, and 40 freeze–thaw cycles. The energy variation laws obtained from numerical
simulations is similar to the those obtained from indoor tests. Before reaching the peak
stress, both the ESE and the DE increase with axial strain. After the peak stress, the DE
continues to rise, while the ESE gradually decreases. This phenomenon occurs because
during the post-peak stage, the rapid and extensive propagation of microcracks requires
a significant amount of energy, leading to a steep increase in the post-peak DE curve.
However, since the numerical simulation essentially lacks the rock’s crack closure stage, the
front part of the curves obtained from numerical simulations tends to be steeper compared
to those obtained from indoor tests. Additionally, the residual ESE obtained from numerical
simulations is generally lower than the ESE observed in indoor tests. Furthermore, the DE
eventually tends to approach the TAE.

Water 2025, 17, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 9. Comparison of stress–strain curves obtained from indoor tests and numerical simulations: 
(a) 0 MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 

4.3. Energy Evolution Law Analysis 
Figures 10–12 present the energy evolution laws obtained from numerical simula-

tions at 0, 20, and 40 freeze–thaw cycles. The energy variation laws obtained from numer-
ical simulations is similar to the those obtained from indoor tests. Before reaching the peak 
stress, both the ESE and the DE increase with axial strain. After the peak stress, the DE 
continues to rise, while the ESE gradually decreases. This phenomenon occurs because 
during the post-peak stage, the rapid and extensive propagation of microcracks requires 
a significant amount of energy, leading to a steep increase in the post-peak DE curve. 
However, since the numerical simulation essentially lacks the rock’s crack closure stage, 
the front part of the curves obtained from numerical simulations tends to be steeper com-
pared to those obtained from indoor tests. Additionally, the residual ESE obtained from 
numerical simulations is generally lower than the ESE observed in indoor tests. Further-
more, the DE eventually tends to approach the TAE.  

 

Figure 10. Energy evolution obtained from numerical simulations at 0 freeze–thaw cycles: (a) 0 MPa; 
(b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 
Figure 10. Energy evolution obtained from numerical simulations at 0 freeze–thaw cycles: (a) 0 MPa;
(b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa.

Water 2025, 17, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 11. Energy evolution obtained from numerical simulations at 20 freeze–thaw cycles: (a) 0 
MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 

In the pre-peak stage, especially during the elastic deformation stage, the value of the 
ESE/TAE is significantly greater than the value of DE/TAE. Numerical simulation results 
consistently show a much faster and more pronounced increase in the DE compared to 
indoor test results. However, in the post-peak stage, the DE/TAE remains substantially 
larger than the ESE/TAE. During the residual deformation stage, the DE/TAE remains rel-
atively constant, while the ESE/TAE gradually decreases and then keeps stable. Further-
more, with an increase in the confining pressure, the TAE, the ESE, and the DE gradually 
increase. A comparison between the cases of 12 MPa of confining pressure and 0 MPa of 
confining pressure reveals a decrease in the ESE/TAE corresponding to the peak stress, 
while the DE/TAE experiences a sharp increase. Consequently, although the ESE increases 
with rising confining pressure, its proportion diminishes, while the proportion of the DE 
undergoes a significant escalation.  

 

Figure 12. Energy evolution obtained from numerical simulations at 40 freeze–thaw cycles: (a) 0 
MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 

4.4. Crack Quantity Analysis 

The internal deterioration of rocks due to freeze–thaw actions influence their failure 
characteristics under loading. Therefore, in this section, an analysis is conducted on the 
relationship between microcracks and the stress–strain curve to evaluate the sample’s 
fracture process. 

  

Figure 11. Energy evolution obtained from numerical simulations at 20 freeze–thaw cycles: (a) 0 MPa;
(b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa.



Water 2025, 17, 353 10 of 15

Water 2025, 17, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 11. Energy evolution obtained from numerical simulations at 20 freeze–thaw cycles: (a) 0 
MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 

In the pre-peak stage, especially during the elastic deformation stage, the value of the 
ESE/TAE is significantly greater than the value of DE/TAE. Numerical simulation results 
consistently show a much faster and more pronounced increase in the DE compared to 
indoor test results. However, in the post-peak stage, the DE/TAE remains substantially 
larger than the ESE/TAE. During the residual deformation stage, the DE/TAE remains rel-
atively constant, while the ESE/TAE gradually decreases and then keeps stable. Further-
more, with an increase in the confining pressure, the TAE, the ESE, and the DE gradually 
increase. A comparison between the cases of 12 MPa of confining pressure and 0 MPa of 
confining pressure reveals a decrease in the ESE/TAE corresponding to the peak stress, 
while the DE/TAE experiences a sharp increase. Consequently, although the ESE increases 
with rising confining pressure, its proportion diminishes, while the proportion of the DE 
undergoes a significant escalation.  

 

Figure 12. Energy evolution obtained from numerical simulations at 40 freeze–thaw cycles: (a) 0 
MPa; (b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa. 

4.4. Crack Quantity Analysis 

The internal deterioration of rocks due to freeze–thaw actions influence their failure 
characteristics under loading. Therefore, in this section, an analysis is conducted on the 
relationship between microcracks and the stress–strain curve to evaluate the sample’s 
fracture process. 

  

Figure 12. Energy evolution obtained from numerical simulations at 40 freeze–thaw cycles: (a) 0 MPa;
(b) 3 MPa; (c) 6 MPa; (d) 9 MPa; (e) 12 MPa.

In the pre-peak stage, especially during the elastic deformation stage, the value of the
ESE/TAE is significantly greater than the value of DE/TAE. Numerical simulation results
consistently show a much faster and more pronounced increase in the DE compared to
indoor test results. However, in the post-peak stage, the DE/TAE remains substantially
larger than the ESE/TAE. During the residual deformation stage, the DE/TAE remains
relatively constant, while the ESE/TAE gradually decreases and then keeps stable. Further-
more, with an increase in the confining pressure, the TAE, the ESE, and the DE gradually
increase. A comparison between the cases of 12 MPa of confining pressure and 0 MPa of
confining pressure reveals a decrease in the ESE/TAE corresponding to the peak stress,
while the DE/TAE experiences a sharp increase. Consequently, although the ESE increases
with rising confining pressure, its proportion diminishes, while the proportion of the DE
undergoes a significant escalation.

4.4. Crack Quantity Analysis

The internal deterioration of rocks due to freeze–thaw actions influence their failure
characteristics under loading. Therefore, in this section, an analysis is conducted on the
relationship between microcracks and the stress–strain curve to evaluate the sample’s
fracture process.

4.4.1. Crack Evolution

The stress–strain curve is closely related to crack evolution. Hence, Figure 13 records
the curve of cracks evolving with stress–strain changes. The analysis of Figure 13a reveals
that during 0 freeze–thaw cycles, cracks mostly appear in the form of shear cracks, with
tensile cracks increasing towards the later stages of loading, albeit in much smaller numbers
compared to shear cracks. This implies that shear cracks dominate the fracture of the sample
during 0 freeze–thaw cycles.

As depicted in Figure 13b–e, with an increase in freeze–thaw cycles, a transition in
cracks occurs during sample loading. After 10, 20, 30, and 40 freeze–thaw cycles, the
number of shear cracks remains higher than tensile cracks. However, it can be seen from
the locally enlarged part of the crack curve that the appearance of tensile cracks is earlier
and their quantity gradually increases compared to 0 freeze–thaw cycles. In conclusion, the
overall evolution of the crack curve exhibits a trend of slow–steady–rapid development,
generally experiencing stages of no cracks (I), crack initiation (II), steady crack propagation
(III), accelerated crack propagation (IV), and late-stage crack propagation (V).
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Furthermore, by taking the stress corresponding to the point of initial crack appearance
as the initiation stress threshold, the tensile and shear crack initiation stresses and peak
stresses after specimen loading are summarized in Table 2. In the 0 MPa of confining
pressure, as the cycles increases from 0 to 10, 20, 30, and 40, tensile crack initiation stress
decreases by 5.62%, 12.88%, 18.74%, and 33.02%, respectively, while shear crack initiation
stress decreases by 10.27%, 18.92%, 27.57%, and 37.84%. This signifies the weakening of
interparticle cementation within the rock matrix after some freeze–thaw cycles, where lower
stresses during loading can induce crack formation, consequently decreasing load-bearing
capacity. During the freeze–thaw cycle processes, moisture within the rock undergoes
repeated freezing and thawing. Water expands when freezing, generating expansive forces.
These forces exert pressure and dilation effects on the rock’s internal pores, fissures, and
structures, leading to the continuous expansion of existing microcracks and the formation
of new cracks. Therefore, the integrity of the rock is ultimately destroyed.

Table 2. Crack initiation stress and peak stress under different freeze–thaw cycles.

Freeze–Thaw Cycles Tensile Crack Initiation
Stress/MPa

Shear Crack Initiation
Stress/MPa Peak Stress/MPa

0 42.7 18.5 48.9
10 40.3 16.6 46
20 37.2 15 41.5
30 34.7 13.4 40.7
40 28.6 11.5 34.7

Figure 14 presents the statistical results of the proportion of tensile and shear cracks
after loading. Specifically, as the cycles increases to 10, 20, 30, and 40 cycles, the proportion
of shear cracks decreases by 5.6%, 11.9%, 16.5%, and 22.1%, respectively, compared to
0 cycles. Conversely, the proportion of tensile cracks increases by 5.6%, 11.9%, 16.5%, and
22.1%, respectively. Furthermore, the ratio of shear cracks to tensile cracks after specimen
loading gradually decreases with the increase in cycles, indicating a certain change in the
form of microcrack generation after freeze–thaw cycles.
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4.4.2. Fracture Evolution Processes

Taking two specimens, one subjected to 0 freeze–thaw cycles and the other to 40 freeze–
thaw cycles, as examples, we investigate the progressive fracture process of sandstone
under loading. Figure 15a,b depict the fracture processes of the specimens at various
loading stages, where the force chains in the specimens indicate the paths of external load
transmission, with the thickness representing the magnitude of the force chain. According
to Figure 14, the process of rock fracture evolution is discussed in five stages.

(a) Stage OA (I): Both the 0-cycle and 40-cycle specimens initially have no cracks. As
loading reaches point A, the crack initiation stress of the 30-cycle specimen occurs
earlier compared to the 0-cycle specimen, indicating that freeze–thaw action increases
the susceptibility to cracking, thereby reducing the load-bearing capacity. Displace-
ment analysis reveals that the 0-cycle and 30-cycle specimens are notably under
compression, with the force transmission predominantly being vertical.

(b) Stage AB (II): This stage marks a slow crack propagation stage. The displacement and
force chain analysis of the 0-cycle specimen indicates that at the top and bottom ends,
maximum displacement is approximately between 1.5 × 10−4 m and 2.0 × 10−4 m
and the maximum force chain value is 1.5 × 103 N. In contrast, the 40-cycle spec-
imen displays that at the ends, maximum displacement is between 3.0 × 10−4 m
and 3.5 × 10−4 m and the maximum force chain value is 5.96 × 102 N, suggesting
increased deformability under lower loads in the 40-cycle specimen.

(c) Stage BC (III): During this stage, cracks develop steadily at a faster rate than the stage
AB with no significant changes.

(d) Stage CD (IV): Here, cracks occur rapidly. For the 0-cycle specimen, tensile cracks
rapidly aggregate when approaching the peak stress. At a peak stress of 48.9 MPa, the
distribution of cracks is at the top of the specimen, as supported by the force chain
analysis. Conversely, the 40-cycle specimen behaves distinctly. At a peak stress of
34.7 MPa, clear cracking at the top and bottom occurs in the form of aggregation–
expansion–penetration, forming a pronounced fracture zone. Both the 0-cycle and
40-cycle specimens exhibit precursor fracture characteristics near the peak stress.

(e) Stage DE (V): Entering the post-peak stage, both the 0-cycle and 40-cycle specimens
exhibit a steep increase in cracking. When the stress reaches point E, the 0-cycle
specimen displays multiple fracture zones along the axis, with a macroscopic fracture
zone formed by concentrated cracks. The displacement field shows a downward cone
shape. Locally, the force chains indicate residual capacity. In contrast, the 40-cycle spec-
imen at point E shows more prominent macroscopic fracture features, with secondary
cracks extending near the fracture zone. The displacement field shifts upward towards
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the fracture location, with force chains prominently emphasizing the fractured region.
These features collectively indicate that the specimen has been damaged.
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5. Conclusions
(1) With 40 freeze–thaw cycles, the peak stress decreased by 42.8%, 33.8%, 34.1%, 33.4%,

and 28.0% under different confining pressures compared to 0 cycles. The peak stress
and peak strain increase with increasing confining pressure, with a more pronounced
yield plateau at higher confining pressures. This indicates that both freeze–thaw
and confining pressure lead to the transition of rock from brittle to ductile failure.
Additionally, the elastic modulus decreased by 64.0%, 65.1%, 59.3%, 55.5%, and
58.8%, signifying a significant weakening of the rock’s deformation resistance due to
freeze–thaw action.

(2) As the cycles increase, the TAE of the rock gradually decreases. With increasing
confining pressure, the TAE, the ESE, and the DE all increase. Compared to 0 MPa of
the confining pressure, the TAE at 3, 6, 9, and 12 MPa increases by 209%, 407%, 674%,
and 781%, respectively. Furthermore, the ESE increases by approximately 100%, 208%,
340%, and 449% and the DE increases by 2041%, 3756%, 6309%, and 6381%.

(3) Shear failure is the primary factor leading to rock failure. However, shear failure
gradually decreases with an increase in freeze–thaw cycles, with the proportion of
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tensile cracks increasing. The cracks generated under loading are the propagation and
penetration of microcracks caused by freeze–thaw damage.

(4) The evolution of cracks during the loading of specimens shows a trend of slow–
steady–rapid development. The number of cracks formed during loading is positively
correlated with the freeze–thaw cycles, while it is negatively correlated with the tensile
and shear crack initiation stresses. As the freeze–thaw cycles increase, the proportion
of shear and tensile cracks after loading decreases.
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