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Abstract
To evaluate the deterioration degree of rock freeze–thaw damage in cold area engineering, it is necessary to establish an 
accurate freeze–thaw rock damage model and its uniaxial compression numerical simulation method. Therefore, indoor 
freeze–thaw cycle tests of saturated yellow sandstone were carried out. The porosity and P-wave velocity were measured, 
and uniaxial compression tests were conducted after different numbers of freeze–thaw cycles. The findings indicate that with 
an increasing number of freeze–thaw cycles, the elastic modulus, peak strength and wave velocity of the yellow sandstones 
gradually decrease, while the peak strain and the average porosity increase. The energy evolution law with different numbers 
of freeze–thaw cycles was analyzed, a freeze–thaw damage model was established according to the relative change in the 
dissipated energy ratio before and after freezing–thawing, and the accuracy of this damage model and five common damage 
models was evaluated by the uniaxial compressive strength and peak strain. The functional relationship between mesoscopic 
parameters and the number of freeze–thaw cycles was formulated to establish a numerical simulation method for saturated 
sandstones under uniaxial compression after freeze–thaw cycling. The reliability of the numerical method was verified by 
comparing the stress–strain curve, peak stress, peak strain and energy law with the experimental results.

Keywords Freeze–thaw cycle test · Energy analysis · Dissipated energy ratio damage model · Accuracy evaluation · 
Numerical simulation method

1 Introduction

Western China’s rapid development has led to an increasing 
number of resource mining operations and the construction 
of large-scale infrastructure projects in cold regions. How-
ever, freeze–thaw cycles have posed a great threat to the 
stability of rock mass engineering in cold regions (Liu et al. 
2019). Furthermore, numerous freeze–thaw cycles have the 
potential to cause a series of geological engineering prob-
lems, such as weathering and destabilization of rock slopes 
(Krautblatter et al. 2013; Pudasaini and Krautblatte 2014). 
Hence, the accurate representation of freeze–thaw damage 
on rocks and the establishment of a reliable uniaxial com-
pression numerical simulation method under freeze–thaw 

conditions have become key concerns in engineering pro-
jects in cold regions.

In recent years, scholars worldwide have made signifi-
cant strides in studying the damage models of quasi-brittle 
materials such as rocks, and these advancements can be sum-
marized by five damage models. (1) Static elastic modulus 
damage model: Many studies have shown that there is a 
certain relationship between the static elastic modulus and 
material damage (Kachanov 1958; Tan et al. 2011). Lemai-
tre (1984) introduced the strain equivalence assumption, 
which provides a theoretical framework for developing dam-
age models with the static elastic modulus as an evaluation 
index. Wang et al. (2020) used the static elastic modulus 
to present the damage evolution of rock under cyclic load-
ing. (2) Porosity damage model: The porosity test for rocks 
generally includes oven-drying and nuclear magnetic reso-
nance tests (Ke et al. 2017; Li et al. 2018). Jia et al. (2015) 
developed a fatigue damage model using sandstone porosity 
to thoroughly explore the coupling methods of high-cycle 
and low-cycle fatigue damage. Matsuoka (1990) repre-
sented the rock damage rate with the porosity. (3) P-wave 
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velocity damage model: Many scholars have measured the 
P-wave velocity of rocks and concrete at different numbers 
of freeze–thaw cycles to quantify the damage (Remy et al. 
1994; Takarli et al. 2008; Pan et al. 2019). Kawamoto et al. 
(1988) established a quantitative relationship between wave 
velocity and rock damage based on the isotropy assump-
tion. Inserra et al. (2013) represented the damage degree 
of the material with the wave velocity and temperature. (4) 
Dynamic-elastic modulus damage model: According to the 
Standard for Test Methods of Long-Term Performance and 
Durability of Ordinary Concrete (GB/T 50082-2009) in 
China, the antifreeze grade of concrete can be determined 
to be at its maximum number of freeze–thaw cycles when 
the relative dynamic elastic modulus drops to no less than 
60%. Hassanzadegan et al. (2014) established the relation-
ship between the dynamic elastic modulus and wave velocity 
and density. This study provides a basis for the development 
of damage models with a dynamic elastic modulus. Petersen 
et al. (2007) used the relative dynamic elastic modulus to 
quantitatively represent the freeze–thaw damage of concrete. 
(5) Energy damage model: The dissipated energy is usually 
used to evaluate the energy dissipation and damage accu-
mulation of rocks at each deformation stage (Khazaei et al. 
2015; Chen et al. 2016; Wang et al. 2017). Gao et al. (2020) 
established a freeze–thaw damage model with the energy 
dissipation ratio. Deng et al. (2019) studied the variation 
rule of elastic modulus, total strain energy, releasable elastic 
strain energy and dissipated energy of rocks with the num-
ber of freeze–thaw cycles through experiments and used the 
total energy to characterize freeze–thaw damage of rocks. In 
general, there are fewer systematic analyses on the accuracy 
of the damage models in current achievements.

In terms of numerical simulation methods, the phys-
icochemical and mechanical changes of materials dur-
ing freezing have been the focus of research. Zuber and 
Marchand (2004) established the relationship between 
pore water pressure and the icing volume during the 
freezing process with the finite element method. Duan 
et al. (2013) developed a coupled thermo-hydro-mechan-
ical (THM) model with COMSOL Multiphysics for the 
concrete freezing process and investigated the change 
in temperature distribution, unfrozen water volume 
and strain with freezing time. The deepening of these 
studies motivated scholars to begin material damage 
simulations of the freeze–thaw cycle process. Fan et al. 
(2013) investigated the effect of freeze–thaw cycles on 
stress with ANSYS to predict the cracking of concrete. 
Wang et al. (2016) analyzed the effects of freeze–thaw 
cycles on foundation settlement and slope stability using 
FLAC3D and represented the freeze–thaw damage with 
changes in the elastic modulus. Qiu et al. (2020) ana-
lyzed freeze–thaw damage by equating the ratio of plastic 
strain to inelastic strain in concrete under compression as 

a freeze–thaw damage factor with ABAQUS. Lin et al. 
(2020) performed several freeze–thaw simulations by 
equating the expansion coefficient to the freeze expan-
sion force with PFC and used the frost heaving force to 
represent the freeze–thaw damage of rocks. Notably, there 
are relatively few research results of numerical methods 
for simulating the freeze–thaw damage of rocks.

In this paper, the physical and mechanical properties of 
saturated yellow sandstones after a number of freeze–thaw 
cycles were tested. A freeze–thaw damage model was estab-
lished using the relative change in the dissipated energy ratio 
according to the energy analysis results. The accuracy of 
the damage model in this paper and other common models 
was evaluated by the peak strength and peak strain of the 
rock as evaluation parameters. The quantitative relationship 
between three mesoscopic parameters (parallel-bond nor-
mal strength, parallel-bond tangential strength, and stiffness 
ratio) and the number of freeze–thaw cycles was formulated 
through numerical tests, and then a numerical simulation 
method of uniaxial compression of saturated sandstones 
after freeze–thaw cycling was established. The reliability 
of the method was verified via comparison of the calculation 
results with the test results. This study can aid in analyz-
ing the mechanism involved in the freeze–thaw damage of 
rocks and serve as a reference for engineering designs in 
cold regions.

2  Test Methods and Results

2.1  Processing and Screening of Rock Samples

In this study, yellow sandstones were taken as test samples. 
The sandstones were processed into cylindrical standard 
samples with a diameter of 50 ± 0.3 mm and a height of 
100 ± 0.3 mm in accordance with the Rock Test Procedure 
for Water Resources and Hydropower Engineering (SL264-
2001). The end surface of each sample was perpendicular 
to its axis, with the deviation controlled within 0.25°, and 
the unevenness of the end surface was within 0.05 mm. The 
porosity, permeability, density and P-wave velocity of the 
samples were measured. Last, a group of samples that fea-
tured good uniformity, as shown in Fig. 1, was selected for 
freeze–thaw cycle testing. Table 1 lists the average param-
eters of the selected samples.

2.2  Composition Test of Rock Sample

XRD and SEM tests were carried out on the selected rock 
samples. Figure 2 shows the rock X-ray diffraction pattern. 
The test results show that the proportions of α-quartz, stisho-
vite, α-tridymite, β-tridymite and kaolinite are 83.8, 1.3, 2.3, 
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3.9 and 8.7%, respectively. The 2000×  and 30,000×  meso 
scanning results of the rock samples are shown in Fig. 3. The 
rock has a layered structure and is relatively dense overall.

2.3  Test Instruments

The test instruments mainly included (1) a high- and low-
temperature test chamber (as shown in Fig. 4a) from Shang-
hai Linpin Instrument Stock Co., Ltd., with a temperature 
range from −40 °C to 150 °C and a temperature rise rate of 
1–3 °C/min; (2) a TAW-1000 micro electrohydraulic servo-
controlled rock triaxial pressure tester (as shown in Fig. 4b) 
with an axial displacement range of 30 mm and an axial 
pressure of 2000 kN; (3) a 5058PR high-voltage ultrasonic 
pulse generator/receiver (as shown in Fig. 4c); and (4) a gas 
porosity tester (as shown in Fig. 4d), with an error of ± 0.5% 
and a porosity measurement range of 0.01–40%.

2.4  Parameters of the Freeze–Thaw Cycle Tests

1. The test simulated the temperatures in Xinjiang, China. 
According to data from the China Meteorological 
Administration, July is the hottest month, with the aver-
age highest temperature reaching 30 °C. The tempera-
tures in January and December are the lowest, with an 
average monthly minimum temperature of −20 °C and a 
historical minimum temperature of −30 °C in Xinjiang. 
Therefore, the temperature for this freeze–thaw cycle 
test was determined to be −30 to 30 °C.

2. By testing the temperature at the center of each sample, 
it was found that the freezing and thawing of the sam-
ples required 4 h. The heating and cooling process of 
the instrument took 30 min. Therefore, it was concluded 
that the time for each freeze–thaw cycle was 9 h. The 
freeze–thaw time–temperature curve is shown in Fig. 5.

2.5  Test Steps

The specific test steps are shown as follows:

1. The samples were saturated at −0.1 MPa for 6 h, then 
soaked at atmospheric pressure for 18 h, and finally 
wiped dry after being taken out.

2. To avoid the subsequent mechanical test results being 
affected by the process of drying and then saturation 
during the porosity test, the specimens were divided into 
two groups (C and K). Group C was used for the P-wave 
velocity test and uniaxial compression test, and group 
K was used for the pore test; the details are provided in 
Table 2.

3. Group K was placed into the high- and low-tempera-
ture test chamber for 0, 20, 40, 60 and 100 freeze–thaw 
cycles. Then, the samples were placed into a drying oven 
with the drying temperature set at 108 °C, and the poros-
ity of the samples was measure.

4. Group C was placed into the high- and low-tempera-
ture test chamber for 0, 20, 40, 60 and 100 freeze–thaw 

Fig. 1  Selected samples

Table 1  Average parameters of rock samples

Parameter Average 
density (g/
cm3)

Porosity/% Permeabil-
ity/mD

Average 
P-wave speed/
(m/s)

Mean 2.34 9.80 2.40 2970

Fig. 2  X-ray diffraction pattern
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Fig. 3  SEM results

Fig. 4  Main test instruments: a 
high- and low-temperature alter-
nating damp heat test chamber; 
b rock triaxial pressure tester; 
c ultrasonic pulse generator/
receiver; d gas porosity tester
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cycles. When the freeze–thaw cycle number reached 0, 
20, 40 and 60 cycles, C1-C3 were removed to test the 
P-wave velocity. Due to subsequent supplementary tests, 
when the freeze–thaw cycle reached 100 cycles, the rock 
samples tested for wave velocity were C13-C15.

5. Uniaxial compression tests were conducted on group C 
in displacement loading mode (with a loading rate of 
0.1 mm/min) until the samples were damaged.

2.6  Test Results

2.6.1  Failure Mode

The failure modes of rocks after different numbers of 
freeze–thaw cycles under uniaxial compression are shown 
in Fig. 6.

According to the failure modes of rocks shown in 
Fig. 6, the following can be seen: (1) The rock samples 

show splitting failure modes under different numbers 
of freeze–thaw cycles, indicating that the number of 
freeze–thaw cycles has no obvious influence on rock fail-
ure modes; and (2) With the increase in the number of 
freeze–thaw cycles, the crack opening of the rock samples 
decreases, indicating that freeze–thaw cycling reduces the 
elastic strain energy stored in the rock sample at the time 
of failure and the degree of failure, which is consistent 
with conclusions in the literature (Deng et al. 2019).

2.6.2  Stress–Strain Curve

The stress–strain curves of yellow sandstones after differ-
ent numbers of freeze–thaw cycles are shown in Fig. 7. 
The test results show that, after 0, 20, 40, 60 and 100 
freeze–thaw cycles, the uniaxial compressive strength 
of saturated sandstones gradually decreases. The peak 
strain gradually increases and the elastic moduli gradu-
ally decrease (Table 3 for specific data). The above data 
indicate obvious freeze–thaw damage to sandstones and 
highlight that reasonable quantization of freeze–thaw dam-
age holds great significance for evaluating the stability of 
engineering projects in cold regions.

Fig. 5  Freeze–thaw temperature–time curve

Table 2  Test grouping of different rock samples

Number Number of F–T cycles N Drying treatment Physical test Mechanical test

K1 ~ K3 0 Drying at 108 °C Porosity test –
K4 ~ K6 20
K7 ~ K9 40
K10 ~ K12 60
K13 ~ K14 100

C13 ~ C15 100 – P-wave velocity test Uniaxial compression test
C1 ~ C3 60
C4 ~ C6 40
C7 ~ C9 20 –
C10 ~ C12 0

Fig. 6  Failure modes of frozen–thawed rocks under uniaxial compres-
sion
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2.6.3  Porosity

The porosities of sandstones after different numbers of 
freeze–thaw cycles are shown in Table 4. The test results 

indicate that, after 0, 20, 40, 60 and 100 freeze–thaw cycles, 
the average porosity of saturated sandstones gradually 
increases to 9.8, 10.20, 10.51, 11.00 and 12.08%, respec-
tively. For the number of freeze–thaw cycles specified in the 
test, the porosity increments of saturated sandstone were 0.4, 
0.31, 0.49 and 1.08%.

2.6.4  P‑Wave Velocity

The P-wave velocities of sandstones after a certain number 
of freeze–thaw cycles are shown in Table 5. The test results 
demonstrate that, after 0, 20, 40, 60 and 100 freeze–thaw 
cycles, the average P-wave velocity of saturated sandstones 
gradually decreases, and the attenuation rate of the wave 
velocity gradually increases.

3  Establishment of Freeze–Thaw Damage 
Models

The law of energy evolution is often applied to analyze the 
deformation and failure of rocks in mechanics tests. Com-
pared with the traditional stress and strain analysis methods, 
this method analyzes the failure process of rock from the 
perspective of energy accumulation and dissipation, which 
is more aligned with the nature of rock failure. Therefore, 
the progressive law of rock damage can be better revealed 
by establishing a damage factor from energy.

3.1  Energy Calculation

Throughout the test, the deformation of the rock mass can be 
divided into two parts: reversible deformation and irrevers-
ible deformation. In reversible deformation, the energy is 
mainly transformed into elastic strain energy in the samples. 
When irreversible deformation occurs, some portion of the 
energy is mainly dissipated in the forms of plastic deforma-
tion, damage, friction and thermal radiation, which is called 
dissipated energy (Bai 2015). According to the first law of 
thermodynamics, if the heat exchange with the external envi-
ronment in the process is ignored, then the total energy input 
by the testing machine in the process of rock deformation is 
converted only into the elastic strain energy and dissipated 
energy inside the rock (Xie et al. 2005):

where U is the total energy input from the outside (in kJ/
m3); Ue is the elastic strain energy (in kJ/m3); and Ud is the 
dissipated energy (in kJ/m3). The distribution of U, Ue and 
Ud in the stress–strain curve is shown in Fig. 8.

(1)U = Ue + Ud

Fig. 7  Stress–strain curve of sandstones under different numbers of 
freeze–thaw cycles

Table 3  Effect of the number of freeze–thaw cycles on uniaxial com-
pressive strength, peak strain and elastic modulus of sandstones

Number 0 20 40 60 100

Peak intensity/MPa 52.49 47.40 44.45 39.21 29.21
Peak strain/% 0.702% 0.728% 0.738% 0.798% 0.796
Elastic modulus/GPa 10.51 8.98 8.29 6.57 4.85

Table 4  Effect of the number of freeze–thaw cycles on the porosity of 
sandstones

Number of 
freeze–thaw 
cycles

Sample no Porosity/% Average 
porosity/%

Porosity 
incre-
ment/%

0 K1 10.00 9.80 0
K2 9.90
K3 9.50

20 K4 10.50 10.20 0.4
K5 10.19
K6 9.9

40 K7 10.78 10.51 0.71
K8 10.45
K9 10.30

60 K10 11.20 11.00 1.2
K11 10.70
K12 11.10

100 K13 12.02 12.08 2.28
K14 12.13
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The total energy absorbed by the rock samples during 
the test is:

According to the theory of elasticity, the elastic strain 
energy stored in the rock samples can be expressed as:

(2)U =

�1

∫
0

� d�

(3)Ue =
�2
1

2Eu

In Eq. (2) and Eq. (3), �1 and �1 are the axial stress and 
the axial strain, respectively. Eu is the unloading modulus, 
which is generally approximated by the elastic modulus E.

3.2  Energy Evolution Law for Sandstones 
after Freeze–Thaw cycles

3.2.1  Process of Energy Evolution

Based on the results shown in Table 3, the uniaxial compres-
sive strength, peak strain and elastic modulus of sandstones 
after different numbers of freeze–thaw cycles are substituted 
into Eqs. (1)–(3) to calculate the total energy, elastic strain 
energy and dissipated energy during uniaxial compression, 
respectively. Figure 9 shows the evolution of stress and vari-
ous energy indices with strain under different numbers of 
freeze–thaw cycles.

Combining the characteristics of rock stress–strain 
curves, the energy evolution process of sandstone after 
freeze–thaw cycling can be divided into four stages:

1. Section OA is the initial compression stage of the stress–
strain curve, during which a part of the energy imposed 
on the rock sample by the testing machine is converted 
into elastic strain energy, and the remaining energy is 
dissipated due to the closure of primary cracks in the 
rock sample. In this stage, the elastic strain energy is 
basically equal to the dissipated energy as the strain 
increases.

2. Section AB is the elastic stage of the stress–strain curve, 
during which, with increasing strain, the elastic strain 
energy grows much larger than the dissipated energy. 

Table 5  Effect of the number of 
freeze–thaw cycles on the wave 
velocity

Number of freeze–
thaw cycles

Sample No P-wave velocity/
(m/s)

Average P-wave veloc-
ity/(m/s)

Attenuation rate 
of wave veloc-
ity%

0 C1 2744 2724 0
C2 2727
C3 2701

20 C1 2661 2647 2.83
C2 2654
C3 2630

40 C1 2594 2598 4.62
C2 2580
C3 2570

60 C1 2475 2440 10.43
C2 2425
C3 2420

100 C13 2060 2065 24.22
C14 2068
C15 2068

Fig. 8  Relationship between releasable elastic strain energy and dis-
sipated energy in the stress–strain curve
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Fig. 9  Evolution of stress and energy in sandstones after different numbers of freeze–thaw cycles
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The total energy and the elastic strain energy gradu-
ally increase at similar growth rates, and the dissipated 
energy curve is approximately horizontal. These changes 
suggest that the total energy is mostly converted into 
elastic strain energy and that the dissipated energy has 
basically remained constant.

3. Section BC is the hardening stage of the stress–strain 
curve. In this stage, as the load continues to increase, 
the sandstone exhibits obvious plastic deformation. With 
increasing axial strain, the elastic strain energy increases 
at a slowing rate, and the dissipated energy increases 
at a substantial rate. The elastic strain energy reaches 
its maximum value in the vicinity of the peak strength, 
which indicates that the accumulated energy of the rock 
sample has reached its limit.

4. Section CD is the strain softening stage of the stress–
strain curve. As the strain increases, the elastic strain 
energy curve decreases sharply, while the dissipated 
energy conversely increases. The reason is that the 
cracks in the sandstone extend through after the peak 
point, and the elastic strain energy stored in the rock 
sample is rapidly released in the forms of kinetic energy, 
friction energy, and heat energy of the rock mass, which 
ultimately leads to loss of the load-bearing capacity (Xie 
et al. 2005).

3.2.2  Relationship Between the Pre‑peak Energy 
and the Number of Freeze–Thaw Cycles

The results calculated from Eqs. (1)-(3) are shown in 
Table 6.

The change curves of pre-peak total energy, elastic 
strain energy and dissipated energy with the number of 
freeze–thaw cycles are shown in Fig. 10.

Mutlutürk et al. (2004) developed a first-order model for 
the freeze–thaw damage prediction of rocks, as shown in 
Eq. (4). Altindag et al. (2004) used such a prediction model 
for fitting analysis of the uniaxial compressive strength, 
uniaxial tensile strength, point load strength, and P-wave 
velocity of ignimbrite after 0 to 55 freeze–thaw cycles. This 
approach resulted in goodness of fit values of 0.97, 0.97, 

0.92 and 0.96, which indicates the reliability of such a first-
order model for the prediction of freeze–thaw damage.

where N is the number of freeze–thaw cycles; e−�N is the 
attenuation factor, indicating the proportion of remaining 
integrity at the Nth freeze–thaw cycle; I0 and IN are the integ-
rity indices of the rocks before and after the freeze–thaw 
cycle, respectively; and is the attenuation constant. The pre-
peak total energy, elastic strain energy and dissipated energy 
were fitted based on the above model, and the results were 
as follows:

where N is the number of freeze–thaw cycles.
The results show that the pre-peak total energy gradually 

decreases as the number of freeze–thaw cycles increases. 
This finding indicates that freeze–thaw cycling intensifies 
the deterioration of the rock, resulting in a decrease in the 
energy that needs to be absorbed from outside to destroy 
the rock sample. The proportion of elastic strain energy 
increases gradually, while the proportion of dissipated 
energy decreases gradually, indicating that freeze–thaw 
cycling increases the proportion of energy used for defor-
mation and reduces the severity of failure. This assessment 
is consistent with the analysis results based on rock failure 
photographs.

(4)IN = I0e
−�N

(5)U = 175.86e−0.00477N , (R2 = 0.92)

(6)Ue = 134.63e−0.00353N , (R2 = 0.85)

(7)Ud = 41.79e−0.01008N , (R2 = 0.98)

Table 6  Elastic modulus and energy values of rock samples under 
different number of freeze–thaw cycles

Number of 
freeze–thaw 
cycles

E
0
/GPa U/( kJ/m3) U

e/(kJ/  m3) U
d(kJ/  m3)

0 10.51 171.77 131.09 40.68
20 8.98 160.26 125.10 35.16
40 8.29 147.54 119.22 28.32
60 6.57 141.14 117.01 24.13
100 4.85 101.35 88.03 13.32

Fig. 10  Change in peak energy with the number of freeze–thaw 
cycles
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3.3  Damage Model Based on the Dissipated Energy 
Ratio

To facilitate the analysis of the energy mechanism of 
freeze–thaw damage to rocks, the dissipated energy ratio 
after different numbers of freeze–thaw cycles is defined as 
�N : the ratio of peak dissipated energy to the total energy 
after different freeze–thaw cycles (i.e., Eq. 8).

where UN and Ud
N
 are the total energy and dissipated energy 

after N freeze–thaw cycles, respectively.
Substituting Eqs. (5) and (7) into Eq. (8) yields:

Its change law is shown in Fig. 11.
From the perspective of thermodynamics, energy dissipa-

tion is unidirectional and irreversible and is mainly applied 
for the plastic deformation and crack extension of rocks. 
Hence, freeze–thaw damage factors can be established based 
on the relative change in the dissipated energy ratio of rocks 
before and after freeze–thaw cycles. However, the change 
law of the dissipated energy ratio is uncertain due to the 
decrease in peak strength, the increase in peak strain and 
the decrease in elastic modulus after freezing–thawing. A 
freeze–thaw damage model is established as follows based 
on the above analysis:

(8)�N =
Ud

N

UN

(9)�N = 0.24e−0.00531N

(10)D =
||�N − �0

||
�0

Substituting Eq. (9) into Eq. (10) yields the evolution 
equation of freeze–thaw damage in sandstones:

According to the Code for Design of Railway Tunnels 
(TB10003-2016), the designed service life of the retain-
ing wall and lining should be 100 years, while that of the 
side elevation slope should be 60 years. The Standard for 
Design of Concrete Structure Durability (GB/T50476-
2019) specifies that, the design reference period of cement 
concrete for a freeze–thaw environment should be 30, 50 
or 100 years. According to this regulation, different pro-
jects in cold regions have different service lives, and the 
longest time is 100 years. Therefore, the maximum num-
ber of freeze–thaw cycles in this test is set to 100. The 
change in the damage factors established based on the dis-
sipated energy ratio with the number of freeze–thaw cycles 
is shown in Fig. 12. When N = 30, 50, 60 and 100, the 
freeze–thaw damage factors of sandstone are 0.15, 0.24, 
0.28 and 0.42, respectively.

4  Model Accuracy Evaluation

In engineering practice, the accurate estimation of rock 
deterioration based on established damage factors signifi-
cantly impacts the stability of engineering projects in cold 
regions.

(11)D = 1 − e−0.00531N

Fig. 11  Relationship curve of the energy dissipation rate and number 
of freeze–thaw cycles Fig. 12  Damage evolution curve based on the dissipation energy rate
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4.1  Freeze–Thaw Damage Factors Calculated Based 
on Other Models

According to the test results, the freeze–thaw damage fac-
tors are generally calculated based on the static elastic 
modulus damage model, porosity damage model, P-wave 
velocity damage model, dynamic elastic modulus damage 
model and total energy.

1. Damage factors established based on the static elastic 
modulus.

  According to the test results in Table 3, the number 
of freeze–thaw cycles was fitted with the static elastic 
modulus according to Eq. (4), and the results are shown 
in Fig. 13. The fitting eqution is shown as follows:

  Based on the strain equivalence assumption (Lemaiter, 
1984), the freeze–thaw damage can be expressed with 
the static elastic modulus as follows:

where D is the damage factor of freeze–thaw cycles, 
ranging from 0 to 1. When D = 0, the sample is intact; 
however, when D = 1, the sample is completely dam-
aged. E0 and EN are the static elastic modulus of sand-
stones at the 0th freeze–thaw cycle and at the Nth 
freeze–thaw cycle, respectively.

  Substituting Eq. (12) into Eq. (13) yields the evolution 
equation of freeze–thaw damage in sandstones:

(12)EN = 10.59e−0.00757N , (R2 = 0.98)

(13)D = 1 −
EN

E0

(14)D = 1 − 1.008e−0.00757N

2. Damage factors established based on porosity.
  The porosity test results (Table 4) reveal the change in 

the average porosity of sandstones after different num-
bers of freeze–thaw cycles as shown in Fig. 14. The rela-
tionship between the average porosity and the number 
of freeze–thaw cycles can be expressed by regression 
fitting as:

where pN is the porosity of sandstones at the Nth freeze–
thaw cycle, %.

  From the perspective of damage mechanics and based 
on the concept of effective reduction in loading zones, 
Zhang et al. (2020) defined sandstone porosity damage 
variables in a freeze–thaw environment as:

where D is the freeze–thaw damage factor, v0 is the pore 
volume of sandstones at the 0th freeze–thaw cycle, vN 
is the pore volume of sandstones at the Nth freeze–thaw 
cycle, and vr is the volume of sandstones.

  The rock porosity can be expressed as:

where vs is the volume of the rock skeleton.
  Substituting Eq. (17) into Eq. (16) yields:

where p0 is the porosity of sandstones at the 0th freeze–
thaw cycle.

(15)pN = 9.719 + 0.0227N , (R2 = 0.98)

(16)D =
vN − v0

vN + vr − v0

(17)p = 1 −
vS

vr

(18)D = 1 −
1

1 + pN − p0

Fig. 13  Change in static elastic modulus with the number of freeze–
thaw cycles

Fig. 14  Change in average porosity with the number of freeze–thaw 
cycles
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  Substituting Eq. (15) into Eq. (18) yields the evolution 
equation of freeze–thaw damage in sandstones:

3.  Damage factors established based on P-wave velocity.
  The results of the P-wave velocity tests shown in 

Table 5 reveal the change curve of the average P-wave 
velocity of sandstones with different numbers of freeze–
thaw cycles, as shown in Fig. 15. The number of freeze–
thaw cycles is fitted to the average P-wave velocity 
according to the model shown in Eq. (4) to obtain:

where VpN is the P-wave velocity of the sandstone at the 
Nth freeze–thaw cycle.

  Kawamoto et al. (1988) assumed a rock to be an iso-
tropic body composed of parent materials and microc-
racks and thus defined the freeze–thaw damage variable 
of sandstones according to the P-wave velocity as:

where Vp0 is the average P-wave velocity of the sand-
stone at the 0th freeze–thaw cycle.

  Substituting Eq. (20) into Eq. (21) yields the evolution 
equation for freeze–thaw damage in sandstones:

4. Damage factors established based on the dynamic elastic 
modulus.

(19)D = 1 −
1

0.99919 + 0.000227N

(20)VpN = 2790.42e−0.00264N , (R2 = 0.89)

(21)D = 1 −
V2
pN

V2
p0

(22)D = 1 − 1.02e−0.00264N

  Based on the damage mechanics theory, the damage 
variable is defined with the dynamic elastic modulus of 
the rock as:

where D is the freeze–thaw damage factor of the rock 
and Ed0 and EdN are the dynamic elastic modulus of 
sandstone at the 0th freeze–thaw cycle, and at the Nth 
freeze–thaw cycle, respectively.

  Based on elasticity theory, the dynamic elastic modu-
lus can be expressed as:

 where ρ is the rock density and λ is the rock Poisson’s 
ratio.

  Without regard to the changes in the rock Poisson’s 
ratio before and after freeze–thaw cycles, substituting 
Eq. (24) into Eq. (23) yields:

where �0 and �N are the density of the rock at the 0th 
freeze–thaw cycle, and at the Nth freeze–thaw cycle, 
respectively. v0 and vN are the unit mass volumes of the 
sandstones at the 0th freeze–thaw cycle, and at the Nth 
freeze–thaw cycle, respectively.

  Liu et al. (2015) expressed the unit mass volume 
changes of the sandstone at the 0th freeze–thaw cycle 
and at the Nth freeze–thaw cycle, without considering 
the change in the matrix:

where vs and va are the volume of the matrix and pore 
of the unit mass rock before freeze–thaw cycles, respec-
tively; Δva is the pore volume change of the rock mass 
before freeze–thaw cycles.

  The porosity of sandstones at the 0th freeze–thaw 
cycle can be expressed as

  The porosity of sandstones at the Nth freeze–thaw 
cycle can be expressed as

(23)D = 1 −
EdN

Ed0

(24)Ed =
�V2

pN
(1 + �)(1 − 2�)

1 − �

(25)D = 1 −
�NV

2
pN

�0V
2
p0

= 1 −
v0V

2
pN

vNV
2
p0

(26)
v0

vN
=

vs + va

vs + va + Δva

(27)p0 =
va

vs + va

(28)pN =
va + Δva

vs + va + Δva
Fig. 15  Change in average P-wave velocity with the number of 
freeze–thaw cycles
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  Substituting Eqs. (26)–(28) into Eq. (25) derives the 
freeze–thaw damage variable of sandstones as:

  Substituting Eq.  (15) and Eq.  (20) into Eq.  (29) 
derives the freeze–thaw damage evolution equation of 
sandstones as:

5. Damage factors established based on total energy.
  As the number of freeze–thaw cycles increases, 

sandstone samples require less input energy; therefore, 
many scholars have established a damage model to cal-
culate the freeze–thaw damage factors based on the total 
energy change (Wang et al. 2017; Deng et al. 2019).

  Substituting Eq. (4) into Eq. (31) derives the freeze–
thaw damage evolution equation of sandstones as:

4.2  Damage Evolution Law

Figure 16 shows the variation in the damage factor estab-
lished based on the dissipative energy ratio and the other 
five damage factors with the number of freeze–thaw cycles 
N. The curves show that the damage factor established by 
porosity is the lowest, while that established by the static 

(29)D = 1 −

(
1 − pN

1 − p0

)V2
pN

V2
p0

(30)
D = 1 −

(
1.0009 − 2.517 × 10−4N

)
× (1.05e−0.00528N)

(31)D = 1 −
UN

U0

(32)D = 1 − 1.024e−0.00477N

elastic modulus is the highest. The evolution curves of the 
damage factors established by the dynamic elastic modulus, 
dissipation energy ratio and total energy are very close. The 
damage evolution curve represented by P-wave velocity is 
between those characterized by total energy and porosity. 
The damage evolution curve represented by the dissipative 
energy ratio is between those characterized by the static elas-
tic modulus and dynamic elastic modulus.

4.3  Accuracy Evaluation of Damage Factors

According to the experimental data from Deng et al. (2019), 
the damage evolution curve of the dissipated energy ratio 
model in this paper and the total energy model adopted in the 
literature are compared, and the results are shown in Fig. 17. 
As seen from the shape of the curves, the two damage curves 
generally increase with the number of freeze–thaw cycles, 
but the curves are slightly different due to the different fitting 
equations used by the two methods.

To better evaluate the errors of different damage models 
and take into account the important influence of uniaxial 
compression strength and peak strain on the stability of engi-
neering, these two parameters are calculated as the target 
parameters for accuracy analysis of damage models.

1.  Uniaxial compressive strength.
  The mechanical strength of sandstone after freeze–

thaw cycles is related to the initial strength and the 
degree of freeze–thaw damage of the rock. Based on 
the effects of the initial strength of the rock and dam-
age variables, a nonlinear prediction equation for the 
uniaxial compressive strength of the rock is established 
based on Eq. (4) as:

Fig. 16  Evolution curves of damage factors with the number of 
freeze–thaw cycles in different models Fig. 17  Comparison of damage curves based on Deng et al. (2019)
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where �N is the strength of sandstone after N freeze–
thaw cycles, and �0 is the strength of sandstone that has 
not been frozen or thawed.

  The uniaxial compressive strength of sandstones (see 
Table 7) after different numbers of freeze–thaw cycles 
in six models was calculated with the nonlinear predic-
tion equation of uniaxial compressive strength (Eq. 33). 
The strength of sandstones obtained from the tests was 
compared with the results calculated by the prediction 
models, as shown in Fig. 18. Overall, the peak strength 
calculated based on the damage model of the dissipated 
energy ratio shows the greatest accuracy when compared 
with the test results.

2. Peak strain.
  Based on the change curve of peak strain versus the 

number of freeze–thaw cycles, Gao et al. (2020) defined 
the relative strain variables as:

where �0 is the peak strain of sandstones at the 0th 
freeze–thaw cycle; �N is the peak strain of sandstones 
at the Nth freeze–thaw cycle; and kN is the freeze–thaw 
influence coefficient of sandstones at the Nth freeze–
thaw cycle. Substituting the test data into Eq. (34) yields 
that k20 , k40 , k60 and k100 are 0.3816, 0.3348, 0.5405 and 
0.2899, respectively.

  Based on Eq. (34), the peak strains calculated with the 
six models for different numbers of freeze–thaw cycles 
were compared with the test results, as shown in Table 8 
and Fig. 19. As seen in the results, the values of peak 

(33)�N = �0(1 − D)

(34)
�N − �0

�0
=kND

strains predicted based on the energy damage models 
of dissipated energy ratio have minimum error and are 
stable when compared with the test results.

5  Numerical Simulation Method for Uniaxial 
Compression of Rocks Damaged 
in Freeze–Thaw Cycles

5.1  Preparation of Samples for the Numerical 
Simulation

Currently, PFC is often used to simulate stress–strain curves, 
strength and other macro-mechanical properties of sandstone 
samples. However, the PFC3D simulation method requires 
substantial time for calculation and has difficulty controlling 
boundary conditions (Yang et al. 2014; Huang et al. 2017). 
PFC2D, on the other hand, can provide accurate results and 
requires a lower calculation cost for models with simple 

Table 7  Test and calculated 
values of uniaxial compressive 
strength after different numbers 
of freeze–thaw cycles

Number of freeze–thaw cycles 20 40 60 100
Test value/(MPa) 47.4 44.45 39.21 29.21
Dissipated energy ratio model Calculated value/(MPa) 47.20 42.44 38.17 30.86

Error/(%) -0.42 -4.51 -2.66 5.67
Total energy model Calculated value/(MPa) 48.86 44.41 40.37 33.36

Error/(%) 3.08 − 0.08 2.96 14.21
Static elastic modulus model Calculated value/(MPa) 45.48 39.09 33.60 24.82

Error/(%) − 4.06 − 12.07 − 14.32 − 15.03
Porosity model Calculated value/(MPa) 52.29 52.06 51.83 51.37

Error/(%) 10.33 17.12 32.18 75.85
Wave velocity model Calculated value/(MPa) 50.79 48.17 45.70 41.12

Error/(%) 7.14 8.38 16.54 40.76
Dynamic-elastic modulus model Calculated value/(MPa) 49.39 44.21 39.58 31.72

Error/(%) 4.19 − 0.54 0.94 8.58

Fig. 18  Comparison diagram of the measured and calculated uniaxial 
compressive strength



201Study on a Damage Model and Uniaxial Compression Simulation Method of Frozen–Thawed Rock  

1 3

forces. Therefore, in this paper, PFC2D was used for numeri-
cal tests, with the test size of the particle flow model consist-
ent with the indoor test size and the 2D planar model length 
and width being 100 and 50 mm, respectively. According 
to the recommendations (Potyondy and Cundall 2004) (Jin 
et al. 2017) for calibrating the mesoscopic parameters in 
the literature, (1) the particles were uniformly distributed 
within a radius of 0.4–0.6 mm, resulting in 5639 particles 
(as shown in Fig. 20), and the inter-particle parallel-bond 
model (Fig. 21) was used to simulate the elastic and plas-
tic deformation processes of sandstones; (2) the effective 
modulus E of particles was equal to the parallel-bond effec-
tive modulus E*, and the particle stiffness ratio k was equal 
to the parallel-bond stiffness ratio k*; and (3) the friction 
coefficient μ (μ = 0.5) mainly affected the post-peak strength 
properties. The macroscopic parameters of unfrozen–thawed 
sandstones are shown in Table 9.

Table 8  Test and calculated 
values of peak strains after 
different numbers of freeze–
thaw cycles

Number of freeze–thaw cycles 20 40 60 100
Test value/(%) 0.728 0.738 0.798 0.796
Dissipated energy ratio model Calculated value/(%) 0.7296 0.748 0.808 0.786

Error/(%) 0.22 1.36 1.25 − 1.25
Total energy model Calculated value/(%) 0.720 0.732 0.773 0.776

Error/(%) − 1.99 − 0.81 − 3.13 − 2.51
Static elastic modulus model Calculated value/(%) 0.741 0.7516 0.8442 0.809

Error/(%) 1.79 1.84 5.79 1.63
Porosity model Calculated value/(%) 0.7031 0.7037 0.7065 0.706

Error/(%) − 3.42 − 4.65 − 1.47 − 11.3
Wave velocity model Calculated value/(%) 0.7169 0.7235 0.777 0.746

Error/(%) − 1.52 − 1.96 − 2.63 − 6.28
Dynamic-elastic modulus model Calculated value/(%) 0.718 0.7251 0.781 0.783

Error/(%) − 1.37 − 1.75 − 2.13 − 1.63

Fig. 19  Comparison diagram of the measured and calculated peak 
strain values

Fig. 20  Numerical model of samples

Fig. 21  Parallel-bond model



202 Q. Feng et al.

1 3

5.2  Results Comparison for Unfrozen–Thawed 
Sandstones

Based on the mesoscopic parameters in Table  9, the 
numerical simulation test results and indoor test results 
for uniaxial compression were compared, as shown in 
Fig. 22. The uniaxial compressive strength and peak strain 
obtained from the numerical simulation experiment are 
51.50 MPa and 0.71%, respectively, and when compared 
with the indoor test results listed in Table 3, the numerical 
simulation test results fit better. However, according to the 
stress–strain curve pattern, the curve obtained from the 
numerical simulation is acceptable to the test curve, which 
is a skewed line with three points of intersection with the 
test curve; the curve begins to fall after exceeding the peak 
strength, with smaller error in this section mainly because 
particle shape deformation is not applied before genera-
tion of the plastic strain according to Newton's second law 
and force–displacement law. In general, the peak strength, 
peak strain, curve of the elastic stage, and curve of the 
plastic stage of the stress–strain curve obtained from the 
numerical simulation test are satisfactorily similar to the 
test results, demonstrating that the selected mesoscopic 
parameters are applicable to unfrozen–thawed sandstones.

5.3  Determination of Mesoscopic Parameters 
of Frozen–Thawed Sandstone

The relationship between macroscopic and mesoscopic 
parameters was investigated using the controlled variable 
method, and according to the influence of the mesoscopic 
parameters on the macro-parameters, the change in meso-
mechanical parameters was used as an equivalent substitute 
for freeze–thaw actions. This simulation method has been 
applied in freeze–thaw cycle tests (Lin et al. 2020; Xing 
et al. 2020; Zhou et al. 2019). According to the literature 
(Guo et al. 2013; Zou and Lin, 2017), the uniaxial compres-
sive strength of rocks is mainly influenced by parallel-bond 
tangential strength and parallel-bond normal strength; the 
Poisson’s ratio of rocks is mainly influenced by the stiffness 
ratio. Therefore, the main mesoscopic parameters chosen for 
this study were the parallel-bond normal strength, parallel-
bond tangential strength and stiffness ratio.

5.3.1  Parallel‑Bond Normal Strength

The parallel-bond strength is divided into parallel-bond 
normal strength σ* (σ* > 0) and parallel-bond tangential 
strength τ*. When the parallel-bond normal strength is 
greater than the tensile strength of the model, micro-crack-
ing occurs in the model. Sensitivity analysis was performed 
by controlling a single variable, with other parameters in 
Table 9 unchanged. Only the parallel-bond normal strength 
was changed; i.e., the parallel-bond normal strength was set 
to 22, 25, 28, and 31 MPa to carry out the uniaxial compres-
sion simulation of sandstones in four different cases with 
different parameters to obtain different stress–strain curves, 
as shown in Fig. 23, and to include the parallel-bond normal 
strength and uniaxial compressive peak strength and peak 
strain of sandstones in Table 10; Figs. 24 and 25 show the 
fitting results of parallel-bond normal strength along with 
peak strength and strain, respectively.

5.3.2  Parallel‑Bond Tangential Strength

The parallel-bond tangential strength τ* acts the same 
as the parallel-bond normal strength σ*, but the direc-
tion of action is different. Similarly, the initial val-
ues of other parameters in Table 9 were kept constant. 
The stress–strain curves of sandstones under uniaxial 

Table 9  Meso-mechanical parameters of the model

Particle density /
(kg/m3)

Particle stiffness 
ratio

Parallel-bond 
stiffness ratio

Parallel-bond 
normal strength/
(MPa)

Parallel-bond 
tangential 
strength/(MPa)

Effective modu-
lus of particles/
(GPa)

Parallel-bond 
effective modu-
lus/(GPa)

Friction 
coefficient

2500 0.65 0.65 22 27 3.2 3.2 0.5

Fig. 22  Comparison of indoor test values and numerical simulation 
test values for uniaxial compression of sandstones
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compression numerical simulation are obtained when the 
tangential strength of the parallel bond is 18, 21, 24 and 
27 MPa, as shown in Fig. 26.

The simulation results under different parallel-bond 
tangential strengths were further analyzed as shown in 
Table 11. Figures 27 and 28 show that: the uniaxial com-
pressive strength and peak strain of sandstones showed a 
linear increasing relationship with the parallel-bond tan-
gential strength. The linear equations of parallel-bond tan-
gential strength and uniaxial compressive strength and peak 
strain were obtained by linear fitting to provide a foundation 
for calibrating the mesoscopic parameters of freeze–thaw 
actions.

Fig. 23  Effect of parallel-bond normal strength on uniaxial compres-
sive stress–strain curves

Table 10  Mechanical test parameters for different parallel-bond nor-
mal strengths

Parallel-bond normal 
strength/MPa

Peak strength/MPa Peak strain/%

19 50.80 0.71
22 51.50 0.71
25 53.25 0.75
28 54.68 0.78
31 57.10 0.83
34 57.50 0.84

Fig. 24  Relationship between parallel-bond normal strength and peak 
strength

Fig. 25  Relationship between parallel-bond normal strength and peak 
strain

Fig. 26  Effect of parallel-bond tangential strength on uniaxial com-
pressive stress–strain curves
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5.3.3  Stiffness Ratio

The stiffness ratio is the ratio of the normal stiffness to the 
tangential stiffness. The initial values of the other parameters 
in Table 9 were kept constant, and the stiffness ratios were 
set to 0.7, 1, 1.3 and 1.6. The stiffness ratios used in this 
model include the particle stiffness ratio k and the parallel-
bond stiffness ratio k*, which are equal in magnitude. The 
effect of stiffness ratios on the mechanical properties of 
sandstones in uniaxial compression was studied to obtain 
the stress–strain curves of numerical tests with different stiff-
ness ratios (as shown in Fig. 29).

The peak strength and peak strain at different stiffness 
ratios are shown in Table 12. The fitting analysis results of 
the peak strength and peak strain versus stiffness ratio are 
shown in Fig. 30 and Fig. 31.

The selected mesoscopic parameters of sandstones experi-
encing different numbers of freeze–thaw cycles, determined 
by repeated numerical tests, are shown in Table 13. Figure 32 
shows a comparison of the strain–stress curves of sandstones 
experiencing different numbers of freeze–thaw cycles derived 

Table 11  Mechanical test parameters for different parallel-bond tan-
gential strengths

Parallel-bond tangential 
strength /MPa

Peak strength/MPa Peak strain/%

15 32.18 46.25
18 38.50 0.558
21 43.20 0.610
24 47.47 0.664
27 51.50 0.710
30 56.41 0.788

Fig. 27  Relationship between parallel-bond tangential strength and 
peak strength

Fig. 28  Relationship between parallel-bond tangential strength and 
peak strain

Fig. 29  Effect of stiffness ratio on uniaxial compressive stress–strain 
curves

Table 12  Mechanical test parameters for different parallel-bond stiff-
ness ratios

Stiffness ratio Peak strength/MPa Peak strain/%

0.1 40.32 0.454
0.3 45.17 0.558
0.5 45.84 0.632
0.7 49.81 0.707
0.9 53.50 0.789
1.1 59.69 0.930
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from the numerical simulation model and indoor test curve. 
The curve derived from the numerical simulation is in good 
agreement with that derived from the indoor test, indicating 
that the parameters determined in Table 13 are valid.

The other parameters in Table 9 were kept constant to 
establish the relationship between the number of freeze–thaw 
cycles and parallel-bond normal strength, parallel-bond shear 
strength, and parallel-bond effective modulus, as shown in 
Fig. 33.

It is evident that as the number of freeze–thaw cycles 
increases, the parallel-bond normal strength tends to increase 
exponentially, the parallel-bond tangential strength tends to 
decrease linearly, and the stiffness ratio tends to increase lin-
early. Their fitting equations are as follows:

According to Eqs. (35)–(37), the meso-parameter values of 
freeze–thaw cycling for 10, 20, 30, 50, 70, 80 and 90 cycles 
were calculated, as shown in Table 14, and the simulated 
stress–strain curve is shown in Fig. 34.

The comparative analysis of the peak stress obtained from 
the test and numerical simulation is shown in Fig. 35, and the 
comparative analysis of the peak strain is shown in Fig. 36.

It can be seen from the change in the fitting curve that the 
error between the test and simulation gradually increases with 
an increasing number of freeze–thaw cycles; however, within 
100 iterations, the errors are relatively small, only 8 and 3%, 
respectively, indicating that the numerical simulation method 
is effective.

5.4  Analysis of Energy Results from Numerical 
Simulation

Through accuracy analysis of the above freeze–thaw damage 
factors, it was concluded that the dissipated energy ratio dam-
age model has the highest accuracy. In the PFC model, the 
boundary energy is the action on the samples by the upper 
and lower loading plates. The dissipated energy consists of 
the energy dissipated by local damping, kinetic energy, energy 
dissipated by contact damping and frictional energy generated 
by the sliding of particles. The parallel-bond strain energy Ek 
and particle bond strain energy Ek form the total strain energy:

(35)�∗ = 0.36e0.056N + 21.54 , (R2 = 0.99)

(36)�∗ = 27.0 − 0.21N , (R2 = 0.99)

(37)k∗ = 0.649 + 0.0169N , (R2 = 0.99)

(38)Ue = Ek + Ek

Fig. 30  Relationship between the stiffness ratio and peak strength

Fig. 31  Relationship between the stiffness ratio and peak strain

Table 13  Mesoscopic parameters of frozen–thawed sandstone

Number of 
freeze–thaw 
cycles

Parallel-bond 
normal strength /
(MPa)

Parallel-bond 
shear strength /
(MPa)

Stiffness ratio

0 22 27 0.65
20 22.5 22.5 1
40 25 19 1.3
60 32 15 1.65
100 120 5.5 2.35
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Fig. 32  Stress–strain curve of frozen–thawed sandstones after different number of freeze–thaw cycles
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where Fn and Fs are the normal and tangential bond forces, 
respectively; kn and ks are the normal parallel-bond stiff-
ness and tangential bond stiffness, respectively; A is the 
area of the parallel-bond cross section; Mb and Mt are the 
parallel-bond moment and torque, respectively; J is the polar 

(39)Ek =
1

2
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Fig. 33  a Relationship between the number of freeze–thaw cycles and parallel-bond normal strength; b relationship between the number of 
freeze–thaw cycles and parallel-bond tangential strength; c relationship between the number of freeze–thaw cycles and stiffness ratio

Table 14  Mesoscopic parameters under different freeze–thaw times

Number of 
freeze–thaw 
cycles

Parallel-bond 
normal strength /
(MPa)

Parallel-bond 
shear strength /
(MPa)

Stiffness ratio

10 22.17 24.9 0.82
30 23.47 20.70 1.16
50 27.46 16.5 1.49
70 39.68 11 1.83
80 52 8.5 2
90 77 6.5 2.3
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moment of inertia of the parallel-bond cross section; I is 
the moment of inertia of the parallel-bond cross section; Fn 
and Fs are the contact forces of the normal and tangential 
particles, respectively; and kn and ks are the contact stiffness 
of normal and tangential particles, respectively.

Figure 37 shows the comparison of the energies derived 
from the test methods and numerical simulation methods. 
From the results, the following can be seen: The develop-
ment trends of total energy, strain energy and dissipated 
energy are consistent, which are basically consistent with 
the changes in the four stages in the energy evolution law 
stated in Sect. 3.2.1. The pore compaction and original 
crack closure at the initial stage of the simulation test 

failed to be simulated by the numerical simulation, leading 
to a slight deviation between its results and the test results. 
Overall, the developed numerical simulation method can 
simulate the mechanical laws and behaviors of the uniaxial 
compression of rocks during freeze–thaw cycles with a 
greater degree of accuracy.

6  Conclusion

Indoor tests were performed to measure the physical and 
mechanical properties of saturated sandstones after different 
numbers of freeze–thaw cycles. Freeze–thaw damage mod-
els were established based on the dissipated energy ratio, 
and the accuracy of these models was evaluated through 
comparative analysis. Eventually, a numerical simulation 
method for freeze–thaw damage of rocks in uniaxial com-
pression was developed with PFC. The main research results 
are summarized as follows:

1. The test results of the physical and mechanical prop-
erties of saturated sandstones after freeze–thaw cycles 
show that the elastic modulus for every 10 freeze–thaw 
cycles within 100 freeze–thaw cycles decreased by 
5.39%, the peak strength decreased by 4.44%, the peak 
strain increased by 1.34%, the P-wave velocity decreased 
by 2.42% and the porosity increased by 2.33%.

2. The energy evolution law of sandstones in uniaxial com-
pression with different numbers of freeze–thaw cycles 
was analyzed, and a freeze–thaw damage model was 
established according to the relative change in the dis-
sipated energy ratio; Peak strength and peak strain were 
selected as indices, and the average error of predicted 
value for 20, 40, 60 and 100 freeze–thaw cycles were 

Fig. 34  Stress–strain curves under different numbers of freeze–thaw 
cycles

Fig. 35  Comparative analysis of peak stress

Fig. 36  Comparative analysis of peak stress
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Fig. 37  Comparison of energies derived from test methods and numerical simulation methods
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1.92 and 1.58%, respectively, which were the small-
est errors among all models. The accuracy of those six 
models was analyzed and followed the order of dissi-
pated energy ratio model > the dynamic elastic modulus 
model > the total energy model > the static elastic mod-
ulus model > the P-wave velocity model > the porosity 
model.

3. According to the experimental and computational results 
from the numerical simulation, the parallel-bond normal 
strength and the number of freeze–thaw cycles have an 
exponential relationship, the parallel-bond tangential 
strength and the number of freeze–thaw cycles have a 
linear decreasing relationship, and the stiffness ratio and 
the number of freeze–thaw cycles have a linear increas-
ing relationship. The deterioration effect of freeze–thaw 
cycles on saturated sandstone is reflected by the change 
in these three parameters. The simulated stress–strain 
curve was compared with the test curve to verify that 
the established numerical simulation method of uniaxial 
compression for rock damaged by freezing–thawing is 
highly reliable.

4. The numerical method was used to calculate the total 
energy, elastic strain energy and dissipated energy of 
sandstones in uniaxial compression under different num-
bers of freeze–thaw cycles and was verified with the 
test results. Such a simulation method can simulate the 
mechanical laws and behaviors of uniaxial compression 
of rocks during freeze–thaw cycles with a greater degree 
of accuracy. Therefore, this study may prove useful for 
analyzing of the mechanism of the freeze–thaw damage 
of rocks and could guide engineering designs for cold 
weather regions.
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