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Abstract Abstract 
To investigate the mesoscopic damage accumulation and the loading-induced fracture process in freeze-
thawed rocks, a method coupling water-ice particle phase transition and expansion based on the discrete 
element method is proposed. The rock freeze-thaw process is simulated using a particle flow program, 
and the reliability of the simulation results is verified through laboratory experiments. The frost heave 
evaluation index of pore water particles is quantitatively characterized, and a functional relationship 
between and the number of freeze-thaw cycles N is established. Furthermore, the fracture characteristics 
and the evolution of microcrack, displacement field and force chain field in freeze-thawed rocks during 
the loading process are evaluated. The results show that: (1) The volumetric expansion of pore water in 
the rock and continuous water replenishment are the essential causes of rock damage under freeze-thaw 
treatments. Microcracks in the samples are dominated by tensile cracks during the freeze-thaw process, 
exhibiting an “initially slow, then fast” evolutionary trend, with more significant displacement of rock 
particles on the periphery than those in the interior. (2) The number of microcracks in the samples under 
loading exhibits a “slow→gradual→rapid” growth trend. The numbers of freeze-thaw cycles positively 
correlated with the number of microcracks but negatively correlated with the microcrack initiation stress . 
(3) The fracture process and morphology of the samples differ significantly before and after freeze-thaw 
treatment. When the load approaches the peak stress , there are “abnormal signals” in the microcrack 
distribution, displacement field and force chain field, which can serve as a precursor to failure 
identification. Under the influence of freeze-thaw cycles, the spatial arrangement of microcracks inside 
the samples becomes more complex, and the fracture mode transitions from dominance by tensile 
microcracks to dominance by mixed tensile-shear microcracks. This study provides a new idea and 
method for exploring the failure behavior of freeze-thawed rocks. 
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Abstract: To investigate the mesoscopic damage accumulation and the loading-induced fracture process in freeze-thawed rocks, a method 

coupling water-ice particle phase transition and expansion based on the discrete element method is proposed. The rock freeze-thaw 

process is simulated using a particle flow program, and the reliability of the simulation results is verified through laboratory experiments. 

The frost heave evaluation index v  of pore water particles is quantitatively characterized, and a functional relationship between v
and the number of freeze-thaw cycles N is established. Furthermore, the fracture characteristics and the evolution of microcrack, displacement 

field and force chain field in freeze-thawed rocks during the loading process are evaluated. The results show that: (1) The volumetric 

expansion of pore water in the rock and continuous water replenishment are the essential causes of rock damage under freeze-thaw 

treatments. Microcracks in the samples are dominated by tensile cracks during the freeze-thaw process, exhibiting an “initially slow, 

then fast” evolutionary trend, with more significant displacement of rock particles on the periphery than those in the interior. (2) The 

number of microcracks in the samples under loading exhibits a “slow→gradual→rapid” growth trend. The numbers of freeze-thaw cycles 

positively correlated with the number of microcracks but negatively correlated with the microcrack initiation stress i . (3) The fracture 

process and morphology of the samples differ significantly before and after freeze-thaw treatment. When the load approaches the peak 

stress f , there are “abnormal signals” in the microcrack distribution, displacement field and force chain field, which can serve as a 

precursor to failure identification. Under the influence of freeze-thaw cycles, the spatial arrangement of microcracks inside the samples 

becomes more complex, and the fracture mode transitions from dominance by tensile microcracks to dominance by mixed tensile-shear 

microcracks. This study provides a new idea and method for exploring the failure behavior of freeze-thawed rocks. 

Keywords: discrete element method; freeze-thaw cycles; particle flow; mesoscopic damage; uniaxial compression; fracture evolution 

1  Introduction

Rock is a typical heterogeneous geological material 
composed of cemented mineral particles and various 
types of micro-defects, such as micropores and microcracks. 
These defects serve as channels for water to enter the 
interior of rock[1−2]. In cold regions, significant temperature 
variations due to seasonal changes and diurnal cycles result 
in long-term freeze-thaw weathering of near-surface rocks[3], 
causing a rapid deterioration in their physico-mechanical 
properties[4]. In fact, the freeze-thaw weathering failure 
of rocks is mainly caused by the frost heave pressure 
generated by the frequent freezing/thawing process of 
internal pore water[5]. When the frost heave pressure 
exceeds the tensile strength of the rock, new microcracks 
develop, gradually reducing the strength of the rock, 
thereby posing a significant threat to the stability of rock 
engineering in cold regions[6−8]. Therefore, conducting 
research on the mesoscopic damage evolution and failure 
behavior of rocks under cyclic freeze-thaw conditions 

is of significant practical guidance. 
The mechanical properties of rocks in cold regions 

under freeze-thaw environments have attracted considerable 
attention for a long time. Previous studies have indicated 
a significant impact of freeze-thaw action on the physico- 
mechanical properties of rocks[9−11]. However, considering 
that the damage caused by freeze-thaw weathering mainly 
manifests as the initiation, propagation, and connection 
of internal microcracks[12], these internal evolutionary 
behaviors are a challenging to reveal from a macroscopic 
perspective. Therefore, numerous scholars have conducted 
extensive research at the mesoscopic level. Martínez- 
Martínez et al.[13] conducted freeze-thaw experiments 
on carbonate rocks, and they used scanning electron 
microscopy to examine the evolution of the microscopic 
structure of rocks after freeze-thaw treatment. Song et al.[14] 
conducted freeze-thaw tests on fractured sandstone in both 
saturated water and saturated ice conditions and analyzed 
the characteristics of secondary fracture evolution under 
freeze-thaw condition using CT scanning. Jiang et al.[15] 
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investigated the damage of sandstone during the freeze- 
thaw process under different hydration environments 
using nuclear magnetic resonance and acoustic emission 
techniques. Chen et al.[16] analyzed the formation of cracks 
in freeze-thawed rocks using laser scanning microscopy 
and found that the depth, width, and surface area ratio 
of cracks all increase with the number of freeze-thaw 
cycles. The above studies have made gratifying progress, 
but there are still challenges in accurately observing and 
characterizing the generation and local evolution of internal 
microcracks during cyclic freeze-thaw conditions. However, 
with the development of advanced numerical techniques, 
new solutions have been found in addressing this issue. 

Numerical technology is a crucial means for studying 
the complex mechanical behaviors of rocks and provides 
an effective approach to addressing issues such as rock 
fracturing[17−18]. Existing numerical methods mainly focus 
on finite element methods and discrete element methods. 
Due to the limitation of continuity assumption, finite element 
methods usually cannot directly capture the process of 
crack initiation and propagation inside rocks[19]. In contrast, 
discrete element methods can reproduce the entire process 
of microcrack development inside rocks from a mesoscopic 
perspective, presenting certain advantages relative to finite 
element methods[20−21]. Based on the discrete element 
method, the particle flow method has been widely applied 
in the study of rock mechanics problems. Zhou et al.[22] 
analyzed the internal strain evolution and crack propagation 
mechanism of granite under ultrahigh-frequency fatigue 
loads through laboratory experiments and PFC2D numerical 
simulations. Xiong et al.[23] used a particle flow program 
to simulate sandstone with intersecting cracks and inves- 
tigated the fracture characteristics of samples under the 
influence of intersecting cracks. Bian et al.[24], based 
on PFC2D, simulated the unloading process of shale samples 
under different water absorption times, revealing the 
evolution of internal cracks at different unloading stages. 
Wu et al.[25] conducted numerical tests on anchored fractured 
rock samples and studied the impact of different anchoring 
angles on crack propagation in the sample. Although the 
application of numerical methods to the study of freeze- 
thawed rocks has been proposed previously[26], unfortunately, 
there is currently a lack of attention to the mesoscopic 
damage evolution during the freeze-thaw process. Addi- 
tionally, it remains unclear how the internal microcracks, 
displacement field, and force chain field evolve and result 
in macroscopic fracture characteristics in freeze-thawed 
rocks under loading conditions. 

Based on the above considerations, a method coupling 
water-ice particle phase transition and expansion is proposed 
in this paper. The numerical model of freeze-thawed 

sandstone is established using the particle flow program, 
and the mesoscopic parameters of the model are calibrated 
based on indoor tests. The Fish code is employed to simulate 
the freeze-thaw process. The simulation results are validated 
through indoor experiments. The frost heave evaluation 
index of pore water particles is quantitatively characterized, 
and the evolution of internal microcracks and the fracture 
evolution law of freeze-thawed rocks under loading con- 
ditions are investigated. 

2  Indoor test 

To provide a basis for the calibration of mesoscopic 
parameters in the numerical model and to assess the 
reliability of simulation results, indoor tests were initially 
conducted. The white sandstone used in this study was 
sampled from at a site in western China and processed 
into standard samples with dimensions of 50 mm×100 mm 
(diameter×heigt). Based on the measured longitudinal wave 
velocity and natural density, the samples with significant 
differences were excluded. After drying and saturating the 
selected samples, the following mean physical parameters 
were obtained as follows: the dry density is 2.294 g /cm³, 
the saturated density is 2.413 g /cm³, and the saturation 
moisture content is 5.19%. The following experiments 
were carried out: 

(1) Cyclic freeze-thaw test. According to Standard for 
test methods of engineering rockmass (GB/T50266― 
2013)[27], initially, the saturated samples were sealed with 
a thin film to ensure moisture retention during the freezing 
process. They were then placed in a low-temperature 
device for freezing and subsequently thawed by placing 
them in a water-containing container. According to the 
temperature variations in cold regions[28], the temperature 
range for the freeze-thaw treatment was set between −20 ℃ 
and +20 ℃, with each cycle lasting 24 hours (see Fig. 1(b)). 
0, 10, 20, and 30 freeze-thaw cycles were considered. 
After reaching the specified number of freeze-thaw cycles 
(10, 20, 30), the moisture content of the samples was 
measured and the average values were 5.32%, 5.76%, 
and 6.30%, respectively. 

(2) Uniaxial compression test. The loading equipment 
is the TAW-1000 computer-controlled rock mechanics 
servo testing machine, as shown in Fig. 1(c). Mechanical 
tests were conducted on the rock samples subjected to 
different numbers of freeze-thaw cycles. 

Figure 2 presents the uniaxial compressive stress−strain 
curves of sandstone corresponding to different numbers 
of freeze-thaw cycles. It can be observed that the deformation 
and failure of the samples roughly go through four stages, 
namely compaction stage, elastic stage, plastic stage, and 
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post-peak stage. Additionally, it is evident that as the number 
of freeze-thaw cycles increases, the stress−strain curve 
shows three significant changes. (i) The compaction stage 
of the stress-strain curve becomes longer, and the nonlinear 
compaction characteristics become more pronounced. 
(ii) The slope of the stress−strain curve in the linear elastic 

stage decreases, and the peak stress decreases. (iii) The 
decrease in post-peak stress gradually slows down, and 
the ductility increases. These features indicate that the 
freeze-thaw process leads to an increase in micropores 
and microcracks inside the rock samples, and the internal 
damage gradually accumulates. 

 

Fig. 1  Indoor test 

 

 

Fig. 2  Stress−strain curves of sandstone corresponding to 
different numbers of freeze-thaw cycles 

 
According to the suggested method of ISRM[29], the 

approximately linear portion of the stress−strain curve 
before the peak in Fig. 2 is selected to calculate the elastic 
modulus E, and both the peak strength and E are plotted 
in Fig. 3. As shown in the figure, it is evident that the 
peak strength f  and E both show a decreasing trend 
with an increasing number of freeze-thaw cycles (N). 
However, the difference lies in the fact that f  decreases 
linearly, while E exhibits an upward convex exponential 
decay. Specifically, for the sample without freeze-thaw 
treatment, f  is 25.16 MPa. After 10, 20, and 30 freeze- 
thaw treatments, f  decreases by 4.64, 9.0, and 12.51 MPa, 
respectively, with strength loss rates of 18.44%, 35.77%, 
and 49.72%. As N increases from 0 to 30, E decreases 
from 4.35 GPa to 1.89 GPa, with a reduction of 57%, 
indicating that the freeze-thaw action significantly weakens 
the deformation resistance of rocks. The continuous decrease 
in f  and E reflects that the deterioration inside rocks 
caused by the freeze-thaw action is gradually accumulated, 
and it is difficult to evaluate the mesoscopic damage caused 

by freeze-thaw weathering solely from physical experiments. 
Therefore, numerical tools are necessary to assist in indoor 
experimental analysis and research. 

 

Fig. 3  Relationship between peak strength, elastic modulus 
and number of freeze-thaw cycles 

3  Numerical realization of freeze-thaw process 

3.1 Particle flow method (PFC3D) 
The bonded particle model (BPM), initially proposed 

by Potyondy et al.[30] based on the discrete element method 
(DEM), can be implemented in Particle Flow Code (PFC). 
Specifically, the parallel bond model(PBM) is a type of 
BPM, which has been proven to be more suitable for 
reflecting the mechanical behavior of rock materials[31]. 

Figure 4(a) depicts the schematic diagram of PBM. 
When particles are in a bonded state, both linear and parallel 
bond elements work together to resist force and moment. 
When bond failure occurs and the system transitions to 
a debonded (failed) state, only the linear elements remain 
active, leading the PBM to degenerate into a linear model. 

The PBM strength envelope is illustrated in Fig. 4(b), 
with the stress expressions given by: 
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bn
M RF

A I
                           （1） 

s tF M R

A J
                           （2） 

where nF  is the normal parallel bond force, sF  is the 
tangential parallel bond force, tM  and bM  are the rotational 
torque and bending moment on the contact plane, R  is 
the particle radius, A  is the cross-sectional area,   is 
the moment contribution coefficient, and I  and J  are 
the moment of inertia and polar moment of inertia. When 

c ≥ , tensile failure occurs, leading to tensile cracks. 
When c ≥ , shear failure occurs, resulting in shear 
cracks. 

 

(a) Schematic diagram 

 

(b) Strength envelope 

Fig. 4  Parallel bond model (modified from PFC manual[32]) 

 

3.2 Freeze-thaw simulation 
The freeze-thaw failure of rock is usually caused by 

the volume changes resulting from the repeated liquid-ice 
phase transitions of pore water[33]. As shown in Fig. 5, 
during the freezing state, water turns into ice, leading to 
volume expansion and generating frost heave pressure. 
The mineral particles around the pores in the rock are 
compressed by the pressure, causing interparticle debonding 
and fracturing. In the subsequent thawing state, the ice 
turns back into water, which is reabsorbed into the pores, 
preparing for the next freezing stage. After repeated freeze- 
thaw cycles, irreversible freeze-thaw damage occurs inside 
the rock, resulting in a deterioration in its mechanical 
properties. 

 

Fig. 5  Meso-damage diagram of freeze-thawed rock 

 
Through the aforementioned analysis of the mesoscopic 

damage of rock caused by freeze-thaw, a method coupling 
water-ice particle phase transition and expansion is proposed 
based on the discrete element method. Utilizing the particle 
flow code, the cyclic freezing and thawing process of 
rock is simulated under the following assumptions: 

(1) The model of saturated sandstone sample is simplified 
to be composed of rock mineral particles and pore water 
particles. 

(2) The seepage of pore water inside the rock during 
the freeze-thaw process is disregarded. 

(3) The temperature of pore water particles vary synch- 
ronously with the ambient temperature during heating or 
cooling. 

In a single freeze-thaw cycle, the initial volume of 
an individual pore water particle can be represented by 
the following equation: 

3
0 0

4
=

3
V r                                 （3） 

where 0r  is the initial radius of the pore water particle, 
and the volume of a single pore water particle after freezing 
can be expressed by the following equation: 

3
F 0 v 0 w

4
( )

3
V r u V V                      （4） 

where 
2 2 3

w 0 v 0 v v= 4 ( 1/ 3 )V r u r u u     is the volume 
increment of pore water particles after freezing, vu  is 
the expansion of pore water particle radius. According 
to the research by Liu et al.[34] on the frost heave model 
of rock pores at low temperatures, vu  is calculated using 
the following equation: 

i m m
v 0

m

[1 2(1 2 ) ]
=

2(1 )

p v v n
u r

E n

  


               （5） 

i
m i

m i

0.029
=

1 1 2 (1 4 ) 1 2
+1.029

2(1 )

P
n n v v

E n E

   


      （6） 

where mE  and mv  are the elastic modulus and Poisson’s 
ratio of the rock matrix; iE  and iv  are the elastic modulus 
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and Poisson’s ratio of the pore ice, with values of 9 GPa 
and 0.35, respectively; n is the porosity of the rock; and 

ip  is the pore ice pressure in the rock. 
The relationship between particle volume and unfrozen 

water content during the freeze-thaw process of a single 
pore water particle can be expressed by the following 
equation: 

0 w u

0

(1 )       0

                              0

V V w T
V

V T

 

 

℃

℃

≤
           （7） 

where V is the volume of the pore water particle at arbitrary 
temperature; and uw  is the unfrozen water content, which 
can be calculated by the following equation[34]: 

u =w  

 
1/3 0.268

0.268
1 1 e

1 1 0.139 ln 1 e
2
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







 

                                        （8） 

where mT T T   , mT  is the freezing point of free 

water at atmospheric pressure, with a standard value of 

273.15 K, and T  is the temperature obtained currently. 

According to the assumptions for the numerical simu- 

lation, when the ambient temperature is cooled or heated 

to the specified temperature, all pore water particles in 

the sample reach the target temperature synchronously. 

Therefore, the ambient temperature is no longer kept 

constant after reaching the target temperature during the 

freeze-thaw cycle. Combining with the natural variation 

law of temperature over time in the environment[35], the 

relationship between temperature and time is expressed 

using a cosine function: 

= 20cos
30

t
T

 
 
 

                            （9） 

The above formulas describe the phase transition process 
of a single pore water particle during freezing and thawing, 
and the variation of pore water particle state is illustrated 
in Fig. 6(a). The entire freeze-thaw cycle of the sample 
is realized by Fish code, which controls the water-ice particle 
phase transition and expansion of pore water particles 
with temperature changes, and the calculation flow is 
shown in Fig. 6(b). Additionally, the volume of pore water 
particles at the start of each freeze-thaw cycle is set to 
be greater than the volume at the end of the previous 
freeze-thaw cycle to simulate the water supply during 
the experimental freeze-thaw process. 

 

(a) Variation of pore water particle state 

 
(b) Flowchart of Fish code 

Fig. 6  Numerical realization of freeze-thaw cycle 

 

3.3 Model construction and parameter calibration 
The numerical sample of saturated sandstone is depicted 

in Fig. 7, consisting of two mediums: rock particles and 
pore water particles. The dimensions of the numerical 
sample match those of the laboratory sandstone sample. 
To achieve an optimized model closer to reality, various 
attempts were made with different particle radii and volume 
ratios in constructing the model. The basic information 
of the particles in the calibrated model is shown in Table 1. 
It is noteworthy that, for the actual loading process in the 
laboratory experiment, the sample strength is provided 
by the sandstone skeleton. Hence, the pore water particles 
are removed from the numerical sample to ensure that 
the strength is provided by the rock particle skeleton in 
the numerical uniaxial compression test. 

 

Fig. 7  Numerical sample 
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To simplify the parameter calibration process, it is 
common to keep the particle modulus ( cE ) consistent 
with the parallel bond modulus ( cE ), and the particle 
stiffness ratio consistent with the parallel bond stiffness 
ratio[36]. Additionally, since actual freeze-thawed damage 
occurs between rock skeletons, the strengths of water- 
water particle bonds and rock-water particle bonds should 
be set large enough to avoid influencing the results. Based 
on the laboratory test results, a trial and error method was 

employed for the calibration of mesoscopic parameters, 
and the calibrated mesoscopic parameters are shown in 
Table 2. 
 
Table 1  Meso-parameters for numerical simulation 

Particle type 
Particle radius /mm Particle density 

/(kg·m−3) Minimum Rmin Maximum Rmax 

Rock particle 0.9 1.1 2.3 

Pore water particle 0.5 0.6 1.0 

 
Table 2  Meso-parameters for numerical simulation 

Bond type 
Contact modulus 
between particles 

Ec /GPa 

Particle 
stiffness ratio 

Frictional 
coefficient 

Parallel bond 
modulus 

cE /GPa 

Normal to tangential 
stiffness ratio of 

parallel bond n s/k k

Normal strength 
of parallel bond 

/MPa 

Tangential 
strength of 

parallel bond 
/MPa 

Friction angle of 
parallel bond /(º)

Rock-rock 
bond 

2.8 3.5 0.5 2.8 3.5 6.3 10.6 30 

Water-water 
bond 

2.8 0.5 ― 2.8 0.5 150.0 150.0  0 

Rock-water 
bond 

2.8 0.5 ― 2.8 0.5 150.0 150.0  0 

 
The results of the calibrated model are shown in Fig. 8. 

Due to the difficulty of reproducing the initial defects of 
natural rock samples in numerical models, there are some 
deviations in the simulated strain curve relative to the 
experimental curve. However, without considering the 
compaction stage[37], the peak strength f , elastic modulus 
E, and failure mode of the sample are in good agreement. 
The calibrated values are f  = 25.18 MPa and E = 4.38 GPa. 
In comparison, the values obtained from the laboratory 
test are f  = 25.16 MPa and E = 4.35 GPa, with relative 
errors for both parameters being less than 1%. Simultaneously, 
the numerical results also well reflect the post-peak stage 
of the curve, indicating the reasonable feasibility of the 
mesoscopic parameters in Table 2 for numerical tests. 

 

Fig. 8  Comparison of stress−strain curves and failure 
patterns 

4  Result and analysis 

4.1 Mesoscopic damage evolution analysis 
Under the freeze-thaw treatment, the mesoscopic damage 

evolution process of sandstone is illustrated in Fig. 9. 
Microcracks generated in the sample are represented in 
black. From the top view, it is observed that no microcracks 
are generated without freeze-thaw treatment. After 10 
freeze-thaw cycles, a small number of microcracks first 
appear on the outer side of the sample. As the number 
of freeze-thaw cycles continues to increase, by the 20th 
cycle, the density of microcracks on the periphery of the 
sample increases, and localized crack aggregation occurs. 
By the 30th cycle, more microcracks appear and extend 
towards the inner side of the sample, intensifying the 
damage. These phenomena are mainly attributed to two 
factors: 

(1) Compared to the center pore water particles, those 
near the periphery of the sample experience fewer constraints 
from the surrounding rock particles, making the surrounding 
rock particles easier to be fractured under the freezing- 
induced expansion. Hence, the density of microcracks on 
the periphery of the sample is higher compared to the 
center. 

(2) As the number of freeze-thaw cycles increases, 
the pore water particles undergo more significant expansion. 
Even with more rock particles enclosing them inside the 
sample, it is challenging to restrain the expansion of water 
particles, leading to fractures in the rock particles. Therefore, 
the phenomenon of microcracks evolving towards the 
inner side is observed. 

Furthermore, from the front view, it is observed that 
the density of surface microcracks continuously increases 
from 0 to 30 freeze-thaw cycles, exhibiting a local “cumu- 
lative effect”[38]. This leads to severe deterioration of 
the sample, consistent with laboratory observations (see 
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Fig. 12). This indicates that the development of freeze- 
thawed damage is an accumulative process, and when 
the local damage accumulates to a certain extent, it can 
result in a significant reduction in the load-bearing capacity 
of the rock and even lead to failure. 

In the overall perspective of the cyclic freeze-thaw 
process, the evolution of microcracks exhibits a “slow 
first and then fast” trend, indicating that the freeze-thawed 
damage increases sharply at the later stage. This is consistent 
with the CT observation reported by Tan et al.[39]. In summary, 
the simulation results provide an intuitive representation 
of the cumulative damage process within the rock under 
freeze-thaw conditions. 

 

Fig. 9  Evolution of microcracks in freeze-thawed sandstone  

 
To assess the evolution of microcracks under freeze- 

thaw conditions, the quantity and orientation of microcracks 
in the sample were statistically analyzed and depicted  

in Fig. 10. In this figure, the radial axis represents the 
number of cracks, while the circumferential axis indicates 
the crack orientation. 

From Fig. 10, it is evident that after 10, 20, and 30 
freeze-thaw cycles, tensile microcracks are significantly 
more prevalent than shear microcracks. This indicates 
that tensile microcracks dominate the freeze-thaw cycle 
process, consistent with Winkler’s findings[40] that rocks 
are prone to tensile failure under freeze-thaw conditions. 
Regarding tensile microcracks, as the cyclic freeze-thaw 
treatment proceeds, the quantity of microcracks gradually 
increases in all directions. This is mainly due to the volume 
expansion of pore water particles transforming into ice 
particles as the temperature decreases, exerting pressure 
on the surrounding rock particle skeleton. When the frost 
heave force exceeds the bonding strength between rock 
particles, the rock skeleton fractures, resulting in the 
formation of microcracks. In terms of shear microcracks, 
they exhibit a more disorderly pattern, with fewer in the 
early stages of the freeze-thaw process and a relatively 
faster increase in the later stages. This indicates that the 
damage and deterioration of the sample are more significant 
in the later stages of the freeze-thaw process. However, the 
evolution of microcracks mentioned above is not sufficient 
to fully reflect the impact of freeze-thaw action. 

Furthermore, the displacement contours for the sample 
under different freeze-thaw cycles are depicted in Fig. 11. 
From the figure, it can be observed that in the early stages 
of the freeze-thaw process (see Fig. 11(a)), only partial 
positions in the sample experienced displacement, with 

 

                               N = 10                              N = 20                              N = 30 

(a) Tensile microcracks 

 

                               N = 10                              N = 20                              N = 30 

(b) Shear microcracks 

Fig. 10  Rose diagrams of sample crack under different numbers of freeze-thaw cycles 
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                      (a) N = 10                           (b) N = 20                          (c) N = 30 

Fig. 11  Displacement contours and x-z section displacement states of samples under different numbers of freeze-thaw cycles 
 

a maximum value of 2.89×10−5 m, mainly concentrated 
at the periphery. From the x-z cross-section view, there 
is almost no displacement inside the sample. As the cyclic 
freeze-thaw treatment proceeds, the displacement at the 
periphery of the sample increases further (see Fig. 11(b)), 
with a maximum displacement of 3.35×10−5 m, representing 
an increment of 0.46×10−5 m. The x-z cross-section shows 
that the displacement at the central region is still very 
small, while the particles at local areas near the periphery 
of the sample experience relatively large displacement. 
By the 30th freeze-thaw cycle (see Fig. 11(c)), the dis- 
placement at the upper and lower ends of the sample 
increases significantly, and surface particle displacement 
becomes more pronounced, with a maximum displacement 
of 6.88×10−5 m, and the displacement increment reaches 
up to 3.53×10−5 m, indicating severe rock damage. 

In summary, the displacement of rock particles is more 
pronounced at the periphery of the sample compared to 
the interior, resulting in more severe deterioration at the 
periphery. This is consistent with the observations from 
laboratory experiments (see Fig. 12), where after cyclic 
freeze-thaw treatment, noticeable “spalling” of mineral 
particles on the surface of the sandstone can be observed. 
This is primarily attributed to the fact that rock particles 
near the center of the sample strongly constrained by sur- 
rounding particles, leading to relatively small displacements. 
In contrast, the rock particles near the sample surface 
are less constrained. As a result, the displacement of 

peripheral particles is the largest and microcracks appear 
first. This is similar to the conclusion obtained by Huang 
et al[41]. 

 

Fig. 12  Deterioration degree of sandstone after 30 
freeze-thaw treatments in the laboratory 

 
4.2 Characterization of frost heave evaluation index 

To further reveal the underlying reasons for the damage 
and deterioration of the sample subjected to cyclic freeze- 
thaw treatment, Fig. 13 illustrates the volume changes 
of pore water particles after each freezing/thawing in 
the simulation. 

From Fig. 13, it can be observed that in the early stage 
of the freeze-thaw process, the freezing-induced volume 
expansion of pore water particles is relatively small. 
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Fig. 13  Volume change of pore water/ice particles during 

freeze-thawing process 

 

However, the volume expansion becomes more pronounced 
in the middle and later stages. This is primarily due to 
the fact that the internal pore water in the rock undergoes 
volume expansion in the frozen state, generating frost 
heave pressure and causing pore expansion. With an 
increasing number of freeze-thaw cycles, the pore volume 
gradually increases, allowing more water to enter. Con- 
sequently, the pore water volume expands further in the 
next freezing stage. It means that in the middle and later 
stages of the freeze-thaw process, the volume expansion 
of pore water particles gradually becomes more noticeable. 
Additionally, with each subsequent freeze-thaw cycle, 
the volume of pore water particles increases, reflecting 
the replenishment of water in simulating the freeze-thaw 
process. 

Through the above analysis, it can be concluded that 
the fundamental reason for the deterioration during the 
freeze-thaw cycles is the volume expansion of internal 
pore water induced by the low-temperature. This expansion 
leads to the enlargement of the pore structure, requiring 
more water to replenish, ultimately resulting in the damage 
of the rock skeleton after repeated freeze-thaw actions. 
To quantify the frost heave degree of internal pore water 
particles during the freeze-thaw cycles, the frost heave 
evaluation index v  is defined as 

1
v F T= i iV V                               （10） 

where F
iV  represents the volume after the freezing process 

of the i-th freeze-thaw cycle for pore water particles, and 
1

T
iV   denotes the volume after the thawing process of 

the (i−1)-th freeze-thaw cycle for pore water particles.  
The frost heave evaluation index ( v ) of internal pore 

water particles is calculated with Eq. (10) every 5 freeze- 
thaw cycles, and the relationship between v  and the 
number of freeze-thaw cycles (N) can be described by 
an exponential function: 

0.061 1 2
v 0.597 9e 1.5615   ( = 0.984 9)N R     （11） 

As shown in Fig. 14, with the increase in the number 
of freeze-thaw cycles ( N ), the frost heave evaluation 
index ( v ) exhibits an upward convex exponential change. 
Specifically, after 5, 10, 15, 20, 25, and 30 freeze-thaw 
cycles, v  increases by 14.12%, 22.50%, 35.29%, 41.25%, 
44.29%, and 45.44%, respectively, compared to the condition 
without freeze-thaw treatment. Therefore, v  can serve 
as an evaluation index reflecting the frost heave degree 
of pore water particles during the freeze-thaw process. 

 

Fig. 14  Variation between frost heave index and number of 
freeze-thaw cycles 

 
4.3 Loading-induced fracture evolution  

The freeze-thaw process leads to interior deterioration 
of the rock, subsequently influencing the fracture charac- 
teristics under loading. Therefore, in this section, the 
relationship between the microcracks and the stress− 
strain curve in the simulation of freeze-thawed sandstone 
under uniaxial compression is analyzed. Meanwhile, the 
spatiotemporal fracture evolution of the sample is evaluated.  
4.3.1 Stress−strain and microcrack evolution 

The stress−strain curve is closely related to the microcrack 
evolution[43]. Fig. 15 shows the curve of microcrack quantity 
varies with stress−strain. From Fig. 15(a), it can be seen 
that in the case without freeze-thaw treatment, the majority 
of microcracks are tensile cracks, with shear microcracks 
increasing in the later stages of loading but in a much 
smaller quantity. This indicates that tensile microcracks 
play a primary role in the failure of the sample with zero 
freeze-thaw cycles. According to Figs. 15(b) to 15(d), 
with an increase in the number of freeze-thaw cycles, 
the type of microcracks begins to transform under loading. 
After 10 and 20 freeze-thaw cycles, although the number 
of tensile microcracks is still higher than that of shear 
microcracks, a closer examination of the locally enlarged 
portion of the microcrack curve indicates that shear micro- 
cracks appear earlier and gradually increase compared to 
the condition with zero freeze-thaw cycles. After 30 
freeze-thaw cycles, the number of shear microcracks 
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exceeds that of tensile microcracks, indicating that shear microcracks dominate the failure of the sample. 

     
                        (a) Zero freeze-thaw cycles                                     (b) 10 freeze-thaw cycles 

     

                          (c) 20 freeze-thaw cycles                                     (d) 30 freeze-thaw cycles 

Fig. 15  Stress−strain curves and microcrack evolution of freeze-thawed sandstone 
 

In summary, the overall evolution of microcracks 
follows a “slow−steady−rapid” development trend, and 
roughly can be categorized into five stages: no cracks 
(Ⅰ), crack initiation(Ⅱ), stable crack propagation (Ⅲ), 
accelerated crack propagation (Ⅳ), and later-stage crack 
propagation (Ⅴ). 

Furthermore, the stress corresponding to the first 
appearance of microcracks is defined as the stress threshold 
of crack initiation[44], and the tensile microcrack initiation 
stress 

t
i , the shear microcrack initiation stress 

s
i , and 

the peak stress f  are summarized in Table 3. From the 
table, it can be observed that as the number of freeze-thaw 
cycles increases from 0 to 10, 20, and 30, t

i  decreases 
by 15.57%, 37.25%, and 59.56%, respectively, while 

s
i  

decreases by 41.74%, 56.17%, and 71.27%, respectively. 
This indicates that the cohesion of the rock skeleton is  
 
Table 3  Microcrack initiation stress and peak stress of sample 
under uniaxial compression after freeze-thaw treatments 

Number of 
freeze-thaw 

cycles N 

Tensile microcrack 
initiation stress 

t
i  /MPa 

Shear microcrack 
initiation stress 

s
i  /MPa 

Peak stress

f  /MPa

 0 10.98 22.52 25.18 

10 9.27 13.12 20.79 

20 6.89 9.87 16.65 

30 4.44 6.47 12.80 

weakened by the repeated freeze-thaw treatments, allowing 
microcracks to initiate at lower stress and leading to a 
reduction in bearing capacity. 

Additionally, Fig. 16 also shows the proportion of 
tensile and shear microcracks after loading. Specifically, 
as N increases to 10, 20, and 30 cycles, the proportion of 
tensile microcracks decreases by 17.4%, 25.6%, and 67.5%, 
respectively, compared to zero freeze-thaw cycles. Conversely, 

 

Fig. 16  Proportion of loading-induced tensile-shear 
microcrack quantity in samples under different numbers of 

freeze-thaw cycles 
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the proportion of shear microcracks increases by 17.4%, 
25.6%, and 67.5%, respectively. Simultaneously, the ratio 
of tensile to shear microcracks after loading gradually 
decreases with increasing N, indicating that under the 
influence of freeze-thaw cycles, the dominant type of 
microcracks transforms after loading, thereby controlling 
the fracture mode. 

To validate the reliability of the numerical results, the 
simulated results of freeze-thawed sandstone are compared 
with the laboratory test results (see Fig. 17). It is evident 
that the simulated peak strengths are relatively close to 
the experimental values, while there is some deviation in 
the peak strain. This is mainly attributed to the fact that 
laboratory samples are taken from natural rock masses 
and possess initial defects such as microcracks. Besides 
the influence of freeze-thaw cycles, the stress-strain curve 
of the sample has an inherent compaction stage under 
loading. Since the natural initial defects are difficult to be 
replicated by the numerical sample, there is some deviation 
in the simulated peak strains relative to the experimental 
results[45]. Overall, the numerical results align well with 
the laboratory test results. 

 

Fig. 17  Comparison between experimental and numerical 
results of freeze-thawed sandstone 

 
4.3.2 Fracture evolution under loading 

This section analyzes the asymptotic fracture process 
of freeze-thawed sandstone under loading using two samples 
subjected to 0 and 30 freeze-thaw treatments as examples. 
Figs. 18(a) and 18(b) illustrate the simulated fracture 
evolution for these samples, depicting the displacement 
field, force chain field, and microcrack distribution. The 
analysis of the fracture process is correlated with the loading 
stages marked as A, B, C, and D in Figs. 15(a) and 15(d). 

Stage before point A (Ⅰ): There is no crack observed 
in both the samples under 0 and 30 freeze-thaw cycles 
before point A. The microcrack initiation stress (corr- 
esponding to point A) of the sample freeze-thawed 30 
cycles is lower than that with 0 cycles, indicating that 

the freeze-thaw cycles are prone to reduce the microcrack 
initiation stress, resulting in a reduced load-bearing capacity. 
From the displacement field, it is evident that both the 
samples freeze-thawed with 0 and 30 cycles are significantly 
compressed. From the force chain field, the direction of 
force transmission is predominantly vertical. (the force 
chains in the figure represent the transmission paths of 
external loads between particles, with thickness indicating 
force chain magnitude), is vertical. 

Stage A to B (II): Microcracks develop slowly during 
this stage. When loaded to point B, the microcrack patterns 
in the samples with 0 and 30 freeze-thaw cycles are com- 
pletely different, and the locations of crack initiation also 
differ. Additionally, from the displacement and force chain 
fields of the sample with 0 cycles, it is observed that the 
maximum displacements of the upper and lower ends 
range from 1.6×10−4 to 2.4×10−4 m, with the maximum 
force chain value being 1.83×102 N. From the displacement 
and force chain fields of the sample with 30 cycles, the 
maximum displacements of the upper and lower ends 
range from 2.0×10−4 to 2.5×10−4 m, with a maximum 
force chain value of 81.8 N, indicating that the sample 
freeze-thawed 30 cycles is more prone to deforming under 
low loads. 

Stage B to C (Ⅲ): Microcracks develop steadily, and 
their growth rate is faster than that in the initiation stage 
(Ⅱ). For the sample with 0 freeze-thaw cycles, when the 
axial stress reaches 22.52 MPa, clusters of tensile mic- 
rocracks occur in the upper part of the sample. For the 
sample with 30 cycles, when loaded from point B to point 
C, shear microcracks grow significantly faster than tensile 
microcracks. When the stress reaches 11.74 MPa, shear 
microcracks mostly gather in the bottom and upper-right 
regions of the sample, serving as precursors to failure 
identification. Meanwhile, the force chain field indicates 
a significantly lower load-bearing capacity than that of 
the sample with 0 cycles. 

Stage C to D (Ⅳ): Microcracks grow rapidly. For the 
sample with 0 freeze-thaw cycles, the tensile microcracks 
quickly develop and gather when approaching the peak 
stress. When reaching the peak stress of 25.18 MPa, 
significant microcrack clustering is observed at the top 
end, leading to fracture. The force chain field also indicates 
that the load-bearing capacity has reached its limit. For 
the sample with 30 cycles, there is a noticeable difference 
from the sample with 0 cycles. When loaded to the peak 
strength of 12.80 MPa, the microcracks at the upper-right 
and bottom parts of the sample undergo “clustering- 
propagation-coalescence”, forming an obvious fracture 
zone. In the fracture zone, tensile and shear microcracks  
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Note: the microcracks in blue represent tensile microcracks and the microcracks in red represent shear microcracks 

 

 
           Point A:                Point B:                 Point C:                Point D:                 Point E: 
    = 10.98 MPa            = 18.5 MPa             = 22.52 MPa            = 25.18 MPa            = 12.54 MPa 

(a) 0 freeze-thaw cycles 

 
Note: the microcracks in blue represent tensile microcracks and the microcracks in red represent shear microcracks 

 

 
         Point A:                 Point B:                 Point C:                  Point D:                  Point E: 
 = 4.44 MPa              = 7.21 MPa             = 11.74 MPa             = 12.80 MPa              = 7.58 MPa 

(b) 30 freeze-thaw cycles 

Fig. 18  Evolution of loading-induced fracture in samples 
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grow simultaneously and intersect each other. When app- 
roaching the peak stress ( f ), both the samples with 0 and 
30 cycles exhibit abnormal signals in internal microcrack 
distribution, displacement field, and force chain field, 
and the displacement and microcrack quantity are more 
than twice those of 0.9 f , with a precursor of fracture 
occurring locally in the sample. 

Stage D to E (V): At the post-peak stage, both the 
samples with 0 and 30 freeze-thaw cycles exhibit a sharp 
increase in microcracks. Specifically, when loaded to 
point E, there are multiple crack bands appearing along 
the axial direction of the sample with 0 cycles, with numerous 
microcracks gathering at the fracture location, forming a 
macroscopic fracture band. The displacement field shows 
a downward conical movement. From the force chain 
field, it is evident that the non-zero local force chains 
indicate a slight residual strength of the sample in the 
post-peak stage. For the sample with 30 cycles, when 
loaded to point E, macroscopic fracture features are more 
prominent, with secondary cracks propagating near the 
fracture band. The displacement field shifts upward and 
deviates toward the fracture location, and the post-peak 
force chain field is highlighted in the fracture region. 
These characteristics indicate that the sample has failed. 

In summary, the loading-induced fracture processes 
of the samples significantly differ before and after cyclic 
freeze-thaw treatment. Comparing the results of 0 and 
30 freeze-thaw cycles, it is apparent that the tensile fracture 
of the sample is primarily due to the extensive aggregation 
of tensile microcracks, and the shear fracture results from 
a fracture band composed of numerous shear and tensile 
microcracks. This suggests that under the influence of 
cyclic freeze-thaw treatment, the fracture mode transitions 
from being dominated by tensile microcracks to a mixed 
mode of tensile-shear microcracks, consistent with the 
results obtained by Zhang et al.[46] using DIC technology. 
Additionally, when the sample fractures under loading 
after freeze-thawing, the spatial distribution of internal 
microcracks becomes more complex, and many secondary 
fractures are generated near the main fracture band. This 
observation highlights the significant impact of freeze-thaw 
cycles on the spatial distribution of microcracks, thereby 
exerting control over the macroscopic fracture pattern. 

Table 4 presents the final failure modes of the samples 
with 0 and 30 freeze-thaw cycles. Through comparison, 
it can be found that the sample with 0 cycles mainly 
undergoes axial splitting failure, while the sample with 
30 cycles exhibits an inclined (inclination angle is about 
75º) shear fracture band extending across the entire sample 
from the top right end, with the bottom fractured severely. 
The numerical results align well with the fracture patterns 

obtained by the laboratory tests, further validating the 
rationality of the loading-induced fracture process described 
above. 
 
Table 4  Sample failure patterns without and with 30 freeze- 
thaw treatments 

Number of freeze-thaw 
cycles N 

Laboratory sample Numerical sample 

0 

 

30 

 

5  Conclusion 

In this paper, combining the laboratory experiments, 
the mesoscopic damage and fracture process of freeze- 
thawed sandstone is investigated by the particle flow program. 
Based on the proposed method coupling water-ice particle 
phase transition and expansion, the cyclic freeze-thaw 
process of rocks is effectively simulated, the cumulative 
development of mesoscopic damage in rocks under freeze- 
thaw action is revealed, and the evolutionary behavior 
of loading-induced fracture in freeze-thawed rocks is 
analyzed thoroughly. The main conclusions are drawn 
as follows: 

(1) During the freeze-thaw process, the microcracks 
in the sample are mainly dominated by tensile cracks, 
with higher crack density at the periphery than that in the 
interior. The number of microcracks shows an “initially 
slow, then fast” evolution trend, with more significant 
displacement of rock particles on the periphery than those 
in the interior. The volumetric expansion of pore water 
in the rock and continuous water replenishment are the 
essential causes of rock damage under freeze-thaw treatment. 
Additionally, with the increase in freeze-thaw cycles (N), 

v  exhibits a concave exponential variation and meets 
the relationship 

0.061 1
v = 0.597 9e 1.5615N   , which 

can serve as an evaluation index for frost heave degree. 
(2) The evolution of microcracks during the loading 

process follows a “slow→gradual→rapid” growth trend. 
The number of freeze-thaw cycles (N) is positively correlated 
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with the number of loading-induced microcracks but 
negatively correlated with the tensile-shear microcrack 
initiation stress. As N increases, the ratio of tensile to shear 
microcracks after loading decreases. 

(3) When the load approaches the peak stress ( f ), 
abnormal signals are observed in the microcrack distribution, 
displacement field, and force chain field, and microcrack 
quantity are more than twice those of 0.9 f . Moreover, 
the cyclic freeze-thaw process leads to a more complex 
spatial distribution of microcracks inside the sample, 
resulting in a transition from a fracture mode dominated 
by tensile microcracks to a mixed mode of tensile-shear 
microcracks. 

(4) The sample with 0 cycles mainly undergoes axial 
fracture dominated by the tensile microcracks, while the 
sample with 30 cycles exhibits an inclined (inclination 
angle is about 75º) shear fracture band extending across 
the entire sample from the top right end. The shear fracture 
band is dominated by tensile and shear microcracks, with 
secondary fractures appearing near the main fracture band. 
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