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Numerical simulation research
on the micro failure mechanism
of sandstone under freeze-thaw
cycles
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The process of micro crack formation in sandstone subjected to freeze-thaw
cycles is pivotal for strip mine in cold regions. A discrete element numerical
model considering the variation of frost heave force and water saturation during
the freeze-thaw cycles is established by PFC3D in this paper. The results indicate
that: (1) During freeze-thaw cycles, the development of cracks can be divided
into three stages: stable, growth and explosive stage. The crack quantity in
the stable and growth stage increases exponentially, while the quantity of
cracks in the explosive stage increases linearly quickly. (2) Repeated freeze-
thaws cause progressive damage to rocks from surface to interior. As the
times of freeze-thaw increase, cracks gradually develop, and their distribution
becomes more uniform on different angles. (3) Sandstone that have undergone
freeze-thaw cycles is more prone to tensile failure, and the distribution of
cracks becomes even more complex. These research findings provide a more
accurate understanding of micro-fracture mechanisms in rocks in the freeze-
thaw condition.

KEYWORDS

freezing and thawing cycles, discrete element, water saturation, volume expansion,
crack

1 Introduction

The annual production of open-pit coal mines in China exceeds 1 billion tons, and
these mines play a crucial role in ensuring Chinas energy security. Open-pit coal mines
are typical rock slopes, so the mechanical properties of rock have a significant impact
on safe mining. The majority of China’s open-pit coal mines are nestled in the northern
regions that extend beyond the 38°N latitude, characterized by their cold climates (Prischepa
and Xu, 2025; Qingxiang and Yanlong, 2024), and one of the environmental characteristics
of these cold regions is the large temperature fluctuation. Meanwhile the rock in open-
pit coal mines have convenient access to water supply. When the temperature is below
0°C, the water within rocks freezes into ice, resulting in an increase in volume by about
9%. The repeated freeze-thaws cause cracks development within the rocks, leading to
deterioration in their mechanical properties and subsequently affecting slope stability.
Therefore, delving into the micro-fracture mechanisms of rocks amidst the cyclical freeze-
thaw processes is of paramount importance.
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FIGURE 1

Experimental facilities. (A) Specimen. (B) Dryer. (C) Vacuum Saturator. (D) Freeze-thaw machine. (E) Press machine.

TABLE 1 Basic mechanical parameters of sandstone.

Elasticity modulus/GPa
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FIGURE 2
Temperature setting for freeze-thaw cycle.

At present, CT, NMR, and SEM have been widely used
as non-destructive testing techniques in the field of rocks.
Abdolghanizadeh et al. (2020) defined the damage coefficient
of freeze-thawed rocks through CT numbers. Ju et al. (2024)
explored the variation characteristics of the microstructure of
frozen-thawed sandstone under different water saturation, and
found that increasing water saturation during the freeze-thaw
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56.67
TABLE 2 Porosity of sandstone.
20 Porosity of fresh Porosity of
sandstone/% freeze-thawed
sandstone/%
o 10
LN 0 7.23 7.23
[}
2
s 0 10 7.25 8.65
2
g 20 723 9.11
= -10
30 7.15 10.91
-20 40 7.18 12.59

cycles leads to an enlargement in pore size. Xu et al. (2023)
have elucidated the correlation between the microstructure of
sandstone and its macroscopic mechanical properties, highlighting
the substantial influence of rock microstructure on mining safety.
With the help of NMR detection method, researchers have found
that the expansion of macropores is the primary culprit in the
degradation of sandstone’s mechanical properties over the course of
freeze-thaw cycles, with the initiation of new pores emerging as a
secondary factor (Li et al., 2018; Xie Haotian, 2024),the uniformity
of pores continues to increase (Jia et al., 2020), and it is clear
that freeze-thaw cycles result in progressive cumulative damage
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FIGURE 3
The variation curve of porosity with freezing-thawing times.
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FIGURE 4
Stress-strain curve of freeze-thawed sandstone.

to sandstone (Gao et al., 2017; Liu et al., 2022a; Lu et al., 2023;
Shi et al,, 2023; Wu et al, 2022). CT and NMR detection are
expensive and their accuracy heavily relies on algorithm precision.
SEM is a direct detection method that allows for the observation
of microscopic damage features in rocks. Researchers found that
freeze-thaw cycles lead to the formation of pores and microcracks,
and strength decrease between particles (Shi et al., 2024; Yang et al.,
2019; Yin et al., 2023), particle loose or detach (Wu et al., 2020;
Zhang et al., 2022a), the size of these pores increase, along with
an increase in roughness (Liu et al.,, 2022b; Xu et al., 2022), and
transgranular cracks become more prevalent (Zhang et al., 2022b).
However, SEM can only detect specific areas of the specimen and
cannot fully characterize the micro-damage mechanisms caused by
freeze-thaw cycles on rocks as a whole. Furthermore, fixed point
scanning techniques pose significant challenges. Therefore, SEM
detection methods also have certain limitations (Wu et al., 2024).
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FIGURE 5
The curves of peak strength and elastic modulus with freeze-thaw
times.

Scholars, aiming to address the shortcomings of physical
detection methods, have endeavored to probe the micro-damage
mechanisms under freeze-thaw cycles through the application of
numerical simulation techniques (Exadaktylos, 2006; Pu et al.,
2020). Han and Li (2021) has conducted research on the impact
of freeze-thaw cycles on the fracture toughness of sandstone,
utilizing the finite element analysis software ANSYS to simulate
and understand the behavior of rock under such conditions.
Lv et al. (2022) has developed a thermo-mechanical coupling
deformation model for porous rocks under low-temperature
conditions, employing elastoplastic mechanics and finite element
software to simulate the frost heave deformation of sandstone.
Although significant progress has been made in studying the
rock freezing-thawing process by finite element simulations, the
limitations of continuum mechanics prevent freezing-thawing
simulations based on finite element from capturing the evolution
of internal cracks (Chao-jun et al., 2024). Therefore, Zhu et al.
(2021) proposed a simulation method by water particle expansion
using discrete element method to simulate the microscopic failure
mechanism. However, the interaction between pore ice and rock
and the water saturation degradation has not been considered
during freezing and thawing in this study. Yong-jun et al
(2023a) introduced a freeze-thaw model in which the interaction
between pore ice and rock is considered. However, the influence
of rock mechanical property degradation and reduced water
saturation on the growth of water particle radius during freeze-
thaw cycles in PFC3D are not considered, which is extremely
important (Tan et al., 2018).

In summary, a simulation method for freeze-thaw cycles in
which the decrease in water saturation and mechanical property
degradation are considered based on discrete element is proposed.
By incorporating parameters provided by laboratory experiments,
a discrete element-based numerical model for freeze-thaw is
established, and the accuracy of the numerical model is verified by
laboratory experiments results in this paper.
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FIGURE 6
Schematic diagram of fracture caused by freeze-thaw cycles.
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FIGURE 7
Numerical rock specimen.

2 Laboratory tests
2.1 Experiment method

2.1.1 Specimen preparation

The specimens were taken from Inner Mongolia and the
specimens were processed into diameter of 50 mm and height of
100 mm, as shown in Figure 1A. The basic mechanical parameters
of sandstone are shown in Table 1.

2.1.2 Experiment scheme

According to the relevant standards, the specimens underwent
a drying and weighing process, followed by vacuum saturation
in water. These saturated samples, enveloped in cling film,
were then positioned within a freeze-thaw chamber, where
they were subjected to temperatures alternating between +
20°C and -20°C, with each cycle lasting 4 hours, as illustrated
in Figure 2. The number of freeze-thaw cycles N was set at
intervals of 0, 10, 20, 30, and 40. The specimens' porosity was
ascertained via Equation 1 the saturation method, and subsequently,
the TAW-2000 pressure apparatus was utilized to perform uniaxial
compression tests.

Frontiers in Earth Science

2.2 Analysis of laboratory experiment

2.2.1 Sandstone porosity during freeze-thaw

Porosity is the most direct macroscopic physical parameter
for characterizing sandstone damage (Huang et al, 2021). The
porosity before and after freeze-thaw of sandstones with similar
initial porosity was determined by the mass method, as shown
in Table 2.

m, — 1,
¢ oV 1)

where ¢ is porosity; m, is rock mass before freeze-thaw; m, is rock
mass after freeze-thaw; p , is water density; V,, is rock volume.

With the increasing times of freeze-thaw, the repeated
migration and freezing of pore water inside rocks exacerbate
the frost
Figure 3 and Equation 2, the porosity of sandstone approximately
exhibits
exponential growth.

heave damage to the rocks. As shown in

¢ =7.31e20142N  R2 = 0.983 ()

2.2.2 Strength and deformation of sandstone

The stress-strain curve is shown in Figure 4, from which it
can be observed that with an increase in freeze-thaw cycles,
the compaction stage extends but the elastic stage shortens.
Furthermore, as shown in Figure 5, Equations 3, 4, for 0 to 10
freeze-thaw cycles, there is only a slight deterioration in mechanical
properties, and the peak strength decreases from an initial value
of 56.67 MPa-53.98 MPa with a decrease rate of only 4.7%,
while elastic modulus decreases from an initial value of 9.37
GPa-9.2 GPa with a decrease rate of only 1.8%. However, from
10 to 40 freeze-thaw cycles the sandstone is deteriorated severely,
with peak strength decreasing from 53.98 MPa to 19.78 MPa,
and the decreasing rate is up to 63.36%. The elastic modulu also
decreases from 9.20 GPa to 4.43 GPa, and the decreasing rate is up to
51.85%. These experimental results are similar to those obtained by
Khanlari et al. (2015).

E(N) = 10.16 — 0.62%¢(©005°N) - p2 — 9 997 (3)
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TABLE 3 Microscopic parameters of the model.

10.3389/feart.2025.1548089

Contact type Rock-rock Rock-ice Ice-ice
Bond effective modulus/GPa 7.8 7.8 7.8
Bond normal-to-shear stiffness ratio 1.5 1.5 1.5
Friction coefficient 0.5 0.5 0.5
Parallel-bond modulus/GPa 7.8 7.8 7.8
Parallel-bond normal-to-shear stiffness ratio 1.5 1.5 1.5
Parallel-bond tensile strength/MPa 30.3 1000 1000
Parallel-bond cohesion/MPa 35.6 1000 1000
Parallel-bond friction/° 32 0 0

60

50 —— Trial curve
—— Simulation curve

30 - b

o/MPa
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
&%

FIGURE 8
The stress-strain curves of fresh sandstone obtained by numerical

simulation and laboratory experiment.

e = 77.04—18.927002'N) - R2 — 0,986 (4)

3 Numerical simulation for
freeze—thaw cycles

3.1 Numerical model establishment

Subzero temperatures trigger the phase transition of pore water,
causing volume expansion that increments porosity and advances
crack propagation within the rock. This phenomenon erodes the
matrix strength, identifying it as the predominant mechanism
of damage during freeze-thaw cycles (Xianjun etal, 2011), as
illustrated in Figure 6. Therefore, a numerical model for single
freeze-thaw of rocks is established in this paper, based on the theory
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of volume expansion. Considering the characteristics of particle
flow, the following assumptions are maded:

(1) The internal pores of the rocks are assumed to be spherical;
(2) The migration of water within rocks at low temperatures is not
considered.

According to rock frost heaving model established by
Quansheng et al. (2016), under the condition of ignoring the
unfrozen water, the volume increment of water particles AV, can
be derived from Equations 5-9:

4
AV, = 57‘[(1‘13 —75%) (5)
S 1+v,+2(1-2v
el 2 2020, "
E, 2(1-¢)
0.029
b= T sraaen 120, ™
E—Z(l—qﬁ) +1029T,
3(1-v,,)
E =|1+————¢|E 8
=it ®
v =0, )]

where AV is increment of water particle volume; ry, r; are the
water and ice particles radius; E(N), v, are the elastic modulus and
Poissons ratio of rock, E,, v,, are the elastic modulus and Poisson’s
ratio of rock matrix, and ¢ is the porosity of rock. E;, v; are the
elastic modulus and Poisson’s ratio of pore ice, which are 9 GPa, 0.35
respectively (Quansheng et al., 2016).

The volume variation of individual water particles with
temperature during freezing process can be expressed by Equations
10, 11 (Zhu et al., 2021):

Vot V,(1-w,) T<0°C

V= (10)
Vo T>0°C
—0.268AT
1—[1+0.139(ALT)1/31n<HET)](l—e-O-mAT) AT <0
w, =
1 AT>0
(11)
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FIGURE 9
The variation curve of crack quantity and tension and shear crack
proportion with freezing and thawing times. (A) The variation curve of
cracks quantity with freezing and thawing times. (B) The variation
curve of tension and shear crack proportion with freezing and
thawing times.

TABLE 4 Fitting parameters for crack quantity.

Crack type A B ‘ R? ’ A ’ Q ’ R2

Crack 167.72 0.176 0.9944 | 1828.7 | 33,243 | 0.9998
Tension crack 155.53 | 0.1621 | 0.9941 1032 —17605 | 0.9981
Shear crack 28.12 0.2056 | 0.9942 | 796.27 = -15638 | 0.9996

where V is the water particles volume; Vj is initial water particle
volume; w,, is unfrozen water content, AT = T— T, and the water
freezing point is taken as 0 °C.

Due to the instantaneous implementation of temperature in
numerical model, maintaining a constant low temperature is not
essential. When the temperature exceeds 0°C, water particle radius
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do not change anymore. Therefore, Equation 12 is the relationship
between temperature and time.

T:—|20 sin(n—t)| (12)
30

At present, the freeze-thaw cycle

saturates the rocks initially and does not replenish water

experiment only

during the cycling process. As a result, the water saturation
of the
with water is introduced (Huang et al, 2020), as show

rocks gradually decreases,so the porosity filled

in Equation 13.

¢2N = ¢N—1 - 0'5A¢N_1 (13)

where ¢ is the porosity filled with water during the Nth rock
freeze-thaw, ¢, is the rock porosity after the (N-1) th freeze-
thaw cycle, and A¢y,_, is the increment in cumulative porosity of
rock after N-1 freeze-thaw cycles. The porosity of sandstone, which
is filled with water during freeze-thaw cycles, can be obtained by
substituting Equation 2 into Equation 13.

¢, = 7.27¢0008IN (14)

According to Equation 14, we continuously adjust the radius of
water particles at the beginning of each cycle to simulate changes in
porosity of frozen rock,and combining the mechanical parameters
obtained from laboratory experiments results, rock particle radius
increment are determined during each cycle. Due to the minimal
impact of freeze-thaw cycles on rock Poisson’s ratio of, a constant
value 0.22 for the rock Poisson’s ratio of is assumed.

Linear parallel bonding model in PFC3D is used, which can
simulate the rock mechanical behavior (Yang et al.,, 2015). The
numerical model has the same dimensions as the laboratory test,
as shown in Figure 7. The particles in the model are divided into
water and rock particles, with the volume ratio of water particles
being equal to the water-filled porosity. The initial model consists
of 68,463 particles, including 46,156 rock particles and 22,307
water particles. The rock particle size ranges from 0.9 to 1.1 mm,
and the size of water particles ranges from 0.5 to 0.6 mm. After
freeze-thaw cycles, a displacement loading of 0.05 m/s was applied
after removing water particles from the specimen to ensure that
sandstone strength is provided by its skeleton.

3.2 Microscopic parameter calibration

Combining the stress-strain curve of fresh sandstone, the micro-
parameters of sandstone were calibrated by the trial-and-error
method. The micro-parameters of the model are shown in Table 3,
where the rock-ice particle and ice-ice particle contacts are large
enough to ensure that cracks occur between rock particles. As shown
in Figure 8, numerical calculations obtained a peak strength of
56.67 MPa and an elastic modulus of 9.36 GPa for the sandstone, and
peak strength is 56.67 MPa and elastic modulus got by laboratory
tests is 9.37 MPa. Except for the compaction stage, the stress-strain
curves obtained from numerical calculations and laboratory tests are
nearly identical, indicating that it is scientifical and reasonable to use
the micro-parameters in Table 2 for numerical calculations.
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FIGURE 10

Distribution of cracks in specimen. (A) N = 10. (B) N = 20. (C) N = 30. (D) N = 40.
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FIGURE 11
Diagram of specimen area division. (A)Front View. (B)Top View.

4 Analysis of simulation results

4.1 Sandstone micro damage during
freeze-thaw cycles

4.1.1 Crack quantity characteristics

The quantity and proportion of shear cracks and tension
cracks in sandstone during the freeze-thaw are shown in Figure 9.
The data was fitted by Equation 15, revealing that as the freeze-
thaw cycles increases, cracks continue to increase. Tensile cracks
consistently remain dominant. This finding aligns with the
results obtained by Liu et al. (2020) through CT. Based on the
characteristics of crack quantity, crack development can be divided
into three stages.

Frontiers in Earth Science 07

20 T T T T T
18
16
14
12
10

K1/103

S N A &N X

FIGURE 12
The variation of the crack with distance from the center of the circle.

TABLE 5 Fitting parameters for crack location.

\ ‘ H ( ‘ R? ‘
10 11.74 0.105 0.8403
20 147.9 0.118 0.9752
30 571.87 0.1154 0.9527
40 1103.6 0.1133 0.9474

(1) When N <5, itis the stable stage. During this stage, the porosity
increases slowly and the frost heave force does not increase
significantly. Therefore, there are only a few cracks, with tensile
cracks accounting for more than 94.4%.
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FIGURE 13
Proportion of crack angles under different freeze-thaw cycles. (A) N = 10. (B) N = 20. (C) N = 30. (D) N = 40.
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Verification of numerical simulation.
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FIGURE 15
The crack quantity K, at the time of freeze-thawed specimen failure
under uniaxial compression.

(2) When 5 < N < 25, it is growth stage of crack quantity. As
the mechanical properties of sandstone gradually decrease and
porosity continues to increase, the frost heave force acting on
the sandstone keeps increasing. During this stage, the quantity
of cracks increases exponentially with each cycle. The relative
displacement between particles becomes more likely to occur,
leading to a significant increase in shear cracks from 5.6% to
30.5%, which is a growth rate of 5.45 times, similar to the
findings by Yong-jun et al. (2023b).

(3) When 25 < N < 40, it is explosive stage. Cracks penetrate

through the sandstone gradually, significantly reducing its

cementation strength. Therefore, the quantity of cracks in this
stage increases rapidly in a linear form, while the proportion of
tensile and shear cracks changes slightly.

In order to clarify the relationship between the quantity of cracks
and freeze-thaw cycles more clearly, a fitting is performed on the
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FIGURE 16

The proportion of tension and shear crack at the time of
freeze-thawed specimen failure.

data in Figure 9A, as shown in Equation 15. It can be observed
that when the time of freeze-thaw is less than 25, crack quantity
increases exponentially with freeze-thaw cycles. When the freeze-
thaw cycles exceed 25, crack quantity increases linearly with freeze-
thaw times. The determination coefficients R? are all greater than
0.99, indicating that this fitting formula reflects the relationship
between crack quantity and freeze-thaw cycles effectively.

AeBN A 0<N<25
(15)
AN+Q 25<N<40

where K is crack quantity, and A, B, A, Q are fitting parameters, which
are shown in Table 4.

4.1.2 Crack position distribution characteristics

The distribution of freeze-thaw cracks is shown in Figure 10.
It can be observed that when sandstone undergoes 10 cycles of
freezethaw, only a small number of cracks appear on the sample
surface. However, when sandstone undergoes 40 times freeze-thaw,
crack connectivity occurs on the sample surface and the crack
expanded into a fissure. According to Griffith's strength theory, as
the crack size increases, it becomes easier for cracks to propagate and
the rock strength decreases. This result is consistent with laboratory
test results.

During the freeze-thaw cycles, it is a common phenomenon that
rock spilling,and the specimen porosity of the surface layer is greater
than the porosity of the interior, which indicates that freeze-thaw
gradually damages rocks from the surface to interior. Therefore, the
samples were divided into five regions with a radius interval of 5 mm,
and a fitting analysis was conducted on the quantity of cracks within
each region in relation to their positions (as shown in Figures 11,
12; Equation 16). It can be observed from the graph that due to
greater constraint forces on internal particles compared to external
ones, crack quantities follow this order: Region I > Region II >
Region IIT > Region IV > Region V. Moreover, as R increases, crack
quantities exhibit exponential growth. When sandstone undergoes
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FIGURE 17

The crack quantity variation of freeze-thawed sandstone under uniaxial compression. (A) N = 0 (B) N = 10 (C) N = 20 (D) N = 30 (E) N = 40

10 times freeze-thaw cycles, cracks in outermost region I account K, = He® (16)
for 54.38% of all cracks; however, after 40 cycles, this proportion
decreases to 39.04%, representing a decreasing amplitude of 28.21%. ~ Where K| is crack quantity in different region, R is the distance from

This result indicates that cracks continuously propagate towards the  the center of the circle to the outermost part of the region, and H and

interior during freeze-thaw cycles.
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[ are the fitting parameters, which are shown in Table 5.
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FIGURE 18

Failure process of freeze-thawed sandstone under uniaxial
compression (characteristic points (1-4) are selected at 70%, 85%,

100% of peak stress and at the failure time). (A) N = 0 (B) N = 10 (C) N
=20 (D) N =30 (E) N = 40.

4.1.3 Crack angle characteristics

The angles between tensile and shear cracks and the coordinate
axis is extracted by Fish language, and a rose diagram showing
the proportion of crack quantities in different angles is plotted,
as shown in Figure 13. Because the cracks are mostly on the
surface when sandstone undergoes 10 times freeze-thaw, it can
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be observed that the crack angles are chaotic. As sandstone
undergoes 20-40 times freeze-thaw, the frost heave force increases
continuously and the influence of internal constraint on cracks
gradually decreases. Therefore, cracks are distributed more evenly in
all directions.

4.2 Microscopic fracture of frozen-thawed
sandstone under uniaxial compression

4.2.1 Crack development under uniaxial
compression

The peak strength and elastic modulus of sandstone obtained
from laboratory experiments and particle flow simulations are
shown in Figure 14. It can be observed that the curves obtained
from both methods have a high similarity, with a maximum
error of 10.5%. Additionally, the failure modes are also similar
(as shown in Figure 15), indicating the simulation results reliability.

Freeze-thaw cycles cause a decrease in the intergranular
bonding force, so the crack quantity decreases with the freeze-
thaw cycles increase at point 4, as shown in Figure 15. As shown
in Figure 16, when the specimen ruptures, tensile cracks accounts
for more than 73%, which is the dominant factor for rock
failure. Moreover, with the freeze-thaw times increasing, proportion
of tensile cracks gradually increases. From 0 to 40 cycles, the
proportion increases from 73.56% to 88.41%, with an increment
rate of 20.19%. This conclusion is consistent with that obtained by
Chao et al. (2023), Huang et al. (2018), which states that under
uniaxial loading conditions, sandstone subjected to freeze-thaw
cycles exhibits increased susceptibility to tensile failure.

4.2.2 Failure characteristics

The genesis of rock failure under stress is characterized by the
evolution of crack initiation, propagation, and coalescence, which
is a pivotal mechanism in the rock failure, as shown in Figurel7A,
characteristic points (1~4) are selected at 70%, 85%, 100% of peak
stress and at the end of curve to analyze the distribution of internal
cracks and contact forces in rock samples under specific stress
conditions. Figure 18 shows the process of sandstone failure, from
which it can be observed that:

(1) When the axial stress reaches point 1 and 2, only a few of
cracks appear.

(2) When the axial stress reaches point 3, cracks in the sample
gather in some region and stress concentration occurs,
leading to local failure. Freezing-thawing cycles reduce rock
brittleness (Zhang et al., 2022a), so as the time of freezing-
thawing increases, the crack accumulation decreases.

When the axial stress reaches point 4, a large number of cracks
gather, intensifying the phenomenon of stress concentration
and forming a through-failure zone where the sandstone
fractures. In the case of 0 and 10 freeze-thaw cycles, localized
crack accumulation appears in the upper left corner of the
sample but does not penetrate through. However, in instances
of 20, 30, and 40 cycles of freeze-thaw, fractures within
the upper left corner of the specimen coalesce with the
principal region of failure, culminating in an interconnected
zone of rupture. This outcome is in agreement with the
findings by Zhu et al. (2021), which posit that an increment
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in the number of freeze-thaw cycles results in a more intricate
pattern of crack distribution within sandstone.

5 Conclusion

The numerical model considering the frost heaving force
increment and water saturation reduction during freeze-thaw
cycles was constructed by combining laboratory experiments,
frost heaving theory, and discrete element software PFC3D.
This model can simulate crack evolution during freeze-thaw
effectively and the fracture process of frozen-thawed sandstone
under uniaxial loading is investigated further. This model capably
simulates the progression of cracking throughout the freeze-
thaw process, and it provides a deeper examination into the
fracture mechanisms of sandstone when subjected to uniaxial
stress after being frozen and thawed. The main conclusions
are as follows:

(1) Compared with the
established numerical model for freeze-thaw process is

laboratory experimental results,
effective within an acceptable range of error. The development
of cracks within sandstone under freeze-thaw cycles typically
evolves through a tripartite phase: stable phase (N < 5), growth
phase (5 < N < 25), and explosive phase (N > 25). Furthermore,
a relationship between crack quantity and freeze-thaw times
has been established.

(2) Cracks distribute more uniformly at various angles, while

cracks gradually develop towards the specimen interior during

freeze-thaw cycles.

(3) The freeze-thaw cycles lead to an incresed proportion of tensile

cracks under uniaxial loading, making the specimen more

prone to tensile failure. Meanwhile, freeze-thaw cycles cause

brittleness reduce in sandstone, resulting in a more complex

distribution of internal cracks when sandstone fractures.
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