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To analyze the effects of freeze-thaw cycles and confining pressure on the mechanical properties of red sandstone, through freeze-
thaw cycles and triaxial compression tests, full stress-strain curves of different freeze-thaw cycles and different confining pressures
were obtained. 0e degradation degree of red sandstone was quantitatively considered from different mechanical parameters of
ultimate stress, elastic modulus, and Poisson’s ratio. Based on summarizing the characteristics of rock under freeze-thaw and load,
the total damage variable of rock was determined by the reasonable measurement of freeze-thaw damage variable and load damage
variable, and a damage constitutive model under freeze-thaw and load was established. 0e research showed that the freeze-thaw
cycles aggravate the degree of rock damage deterioration, the rock stiffness and strength were reduced, and the characteristics of
plastic deformation and ductile failure were more obvious. 0e confining pressure inhibited red sandstone internal damage, and
with the increase of confining pressure, the stiffness and strength and the plastic characteristics were increased. In the overall
trend, the mechanical parameters had different sensitivity to the degradation effect of freeze-thaw cycles and confining pressure.
Regardless of the increase in the number of freeze-thaw cycles or confining pressure, the strain softening modulus tended to
decrease gradually, and red sandstone plastic damage became more obvious after the stress peak.0e total damage evolution path
of red sandstone reflected the nonlinear influence of freeze-thaw and load on the total damage propagation. 0e research results
provide theoretical support for the improvement of the technology of the effluent coal rock in Balasu Coal Mine.

1. Introduction

With the continuous development of economic globaliza-
tion, the number and scale of cold regions engineering
construction are gradually increasing. 0e freeze-thaw di-
saster will be the primary problem affecting cold regions
construction.0erefore, studying the damage characteristics
and failure mechanism of rock under freezing and thawing
has important theoretical and engineering significance to
guarantee the safety of construction projects.

In recent years, many scholars at home and abroad have
started to explore the rocks mechanical properties by dif-
ferent rocks types, setting different freeze-thaw temperatures
or freeze-thaw times, using different chemical solutions as
the freeze-thaw medium, systematically investigate the

effects of freeze-thaw on rock mechanical properties, and
made a lot of achievements. Ma et al. [1] used computational
fluid dynamics to quantitatively analyze the migration
characteristics of water-sand two-phase flow in fractured
rock mass. Khanlari and Abdilor [2] studied the effect of
freeze-thaw cycles on sandstone mechanical properties.
Demirdag et al. [3] studied the effects of freeze-thaw cycles
on saturated and unsaturated limestone physical and me-
chanical properties and compared the corresponding me-
chanical parameters. Ma et al. [4] conducted a series of
experiments to study the influence of erosion and seepage on
the hydraulic properties of broken red sandstone. Karaca
et al. [5] divided 10 rocks into different groups to measure
the amount of rock wear before and after freeze-thaw cycle.
Huseyin [6] and Bayram [7] measured the uniaxial
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compressive strength, wave velocity, and other mechanical
parameters of andesite under the action of freeze-thaw
environment. Momeni et al. [8], Li et al. [9] discussed the
effects of freeze-thaw cycles on the mechanical properties of
granite. Ghobadi and Babazadeh [10] explored the trends of
sandstone weight and other characteristics under different
freeze-thaw cycles. Khanlari et al. [11] selected five different
types of sandstones to explore the effects of freeze-thaw
cycles on the mechanical properties of rocks. Jihwan et al.
[12] discussed the mechanical properties of three kinds of
rocks, basalt, diorite, and tuff, in freeze-thaw environment.
Liu et al. [13], Zhou et al. [14], Wen et al. [15] used red
sandstone, granite porphyry, and limestone to conduct
freeze-thaw cycles experiments and systematically studied
the physical and mechanical properties of rocks. Luo et al.
[16] studied the failure characteristics of diabase under the
action of freeze-thaw cycles. Eslami et al. [17] conducted
freeze-thaw tests on five saturated rock samples under
natural conditions and monitored rocks weathering evo-
lution by measuring different physical parameters. Yu et al.
[18] and Yu et al. [19] studied the effects of freeze-thaw
cycles on sandstone mechanical properties under triaxial
compression conditions. Chen et al. [20] set the freeze-thaw
temperature at −18°C−0°C, and Tan et al. [21] set the freeze-
thaw temperature at −40°C−40°C, and they both studied the
rock mechanical properties under uniaxial compression.
Chen et al. [22] selected the freeze temperature at −20°C and
melting temperature at 65°C, 100°C, and 400°C, through the
uniaxial compression test, to study the damage degree in
granite. Wen et al. [23] analyzed the changes of physical
parameters of saturated granite in four temperature ranges
(−10°C∼20°C, −20°C∼20°C, −30°C∼20°C, and −40°C∼20°C).
Gao et al. [24], Ding et al. [25], Han et al. [26], Fang et al.
[27], and Ni et al. [28] considered the effects of rock erosion
and freeze-thaw damage on the rock and conducted me-
chanical tests on the number of different freeze-thaw cycles
in different chemical solutions. 0e damage characteristics
of rock under this condition were studied.

In addition, some scholars study the effects of freeze-
thaw cycles on rock failure characteristics through functions
or damage constitutive relations. Fatih [29] determined the
uniaxial compressive strength function of limestone under
freeze-thaw conditions. Cheng et al. [30] established a
damage evolution and prediction model based on reliability
and damage theory to better analyze the internal degradation
of materials. Tan et al. [31] studied the freeze-thaw resistance
of the material by using the complex master curve of the
established generalized sigmoidal model. Yuan et al. [32]
determined the constitutive model of frozen-thawed rock
based on the mesoscopic damage model of intact rock. Based
on elastoplastic theory and fatigue damage mechanics, Liu
et al. [33] proposed a model for describing compressive
strength under freeze-thaw. Zhang and Yang [34], Zhou
et al. [35], and Huang et al. [36] used static elastic modulus
method to characterize rock freeze-thaw damage and as-
sumed that the microelement strength satisfies the Weibull
distribution, and the loading damage is obtained by sta-
tistical theory. On this basis, statistical constitutive equations
under freeze-thaw and load were determined.

Although there have been many studies on cold region
rocks, most of them were directed to the mechanical
properties of rocks, and there were few studies on the in-
fluence of freezing–thawing and confining pressure on the
rock through quantitative analyzing the change trend of
mechanical parameters. 0e studies of cold region rocks
were dominated by uniaxial conditions, and the researches
under confining pressure were relatively scarce, but the
complete destruction of rocks still had the bearing char-
acteristics, which cannot be reflected by uniaxial tests.
Furthermore, the related aspect’s theoretical research
of frozen–thawed rock damage constitutive relationship was
particularly lacking. In this paper, Shaanxi red sandstone
was selected for the study of freeze-thaw cycles and con-
ventional triaxial compression test. 0e deterioration degree
and the softening modulus were further obtained by the
mechanical parameters. 0e stress–strain curves were ob-
tained from the test data. 0e effects of freeze-thaw cycles
and confining pressure on the damage characteristics of red
sandstone were analyzed by the established constitutive
relation.

2. Test and Result Analysis

2.1. Freeze-+aw Cycle and Triaxial Compression Test.
0e experimental process and methodology are provided in
a schematic flowchart, as shown in Figure 1.

0e design test steps were as follows.

(1) We selected fresh and unbroken red sandstone from
the project site, and the red sandstone was machined
into cylindrical standard specimens with a diameter
of 50mm and a height of 100mm.

(2) To reduce the discreteness of the test results, the
specimens with obvious defects on the surface were
removed, and then, the specimens with similar
longitudinal wave velocities were selected by the
acoustic velocity meter to ensure the similarity of the
internal structure of rock.

(3) 0e selected specimens were placed in an oven at a
temperature of 105°C to 110°C for high-temperature
baking until the specimens quality did not change
(the quality of the specimens did not exceed 0.1%).

(4) 0e dry specimens were placed in a vacuum vessel,
and the vessel was evacuated by a pressure of
−0.1MPa. After continuously extracting air in the
vessel for two hours, a certain amount of distilled
water was added to the vessel. 0en, drawing air was
continued for four hours until there were no more
bubbles in the water. Finally, the specimens were
soaked in water for more than 24 hours to saturation.

(5) 0e freeze-thaw test instrument was American
XTM605 rapid freeze-thaw test machine. 0e tem-
perature was controlled by a thermistor sensor, and
the temperature control precision was ±0.2°C. 0e
vacuum saturated specimens were placed in a rapid
freeze-thaw test machine, and the freeze-thaw cycle
test was performed 0 times, 5 times, 10 times, 20
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times, and 40 times, respectively. 0e temperature of
the freeze-thaw tester was −20°C∼+20°C, which was
essentially a temperature drop from +20°C to −20°C
and then rise to +20°C as a freeze-thaw cycle, and
each freeze-thaw cycle was controlled for 12 hours.

(6) After the specimens’ freeze-thaw cycle, the MTS815
electrohydraulic triaxial servo tester was used to
perform the triaxial compression test with confining
pressures of 0MPa, 2MPa, 4MPa, and 6MPa,
respectively.

2.2. Stress–Strain Characteristic Analysis. 0rough freeze-
thaw cycle and triaxial compression tests, the full stress-
strain test curves of red sandstone triaxial compression test
under different freeze-thaw cycles were obtained, as shown
in Figure 2. It can be seen that as the number of freeze-
thaw cycles increases, the deformation modulus of red
sandstone decreased, the stress–strain compressibility was
increased, and the peak point of stress–strain curve de-
creased. However, the strain corresponding to the peak
point increased, while the softening stage after the peak
tended to be gentle, and the residual strength after
complete failure decreased, indicating that freeze-thaw
cycles exacerbated sandstone damage. With the increase of
confining pressure, the deformation modulus of sandstone
increased, the stress-strain compressibility decreased, the
peak point of the stress–strain curve, and the strain cor-
responding to the peak point increased, the postpeak
softening stage tended to be gentle, and the residual
strength after complete failure increased, indicating that
the confining pressure caused the internal damage of red
sandstone to be suppressed.

3. Analysis of Red Sandstone
Mechanical Parameters

3.1. Effect of Freeze-+aw Cycles onMechanical Parameters of
Red Sandstone. In order to better analyze the influence of
freezing-thawing on sandstone, the reduction of physical
parameters under the action of freezing-thawing cycles and
confining pressure was defined as deterioration degree.
0en, when the confining pressure was constant, for each
freeze-thaw cycle, the total deterioration degree Cwn can be
expressed as

Cwn �
Zw0 − Zwn

Zw0
× 100%, (1)

where Zw0 was the value of mechanical parameters when
confining pressure w MPa (w � 0, 2, 4, 6) and freeze-thaw
cycles equaled 0 times; Zwn was the value of mechanical
parameters when confining pressure w MPa and freeze-thaw
cycles equaled n times (n� 0, 5, 10, 20, 40).

According to test data and (1), the deterioration degree
of red sandstone under different freeze-thaw cycles by
mechanical parameters can be obtained, and the results are
shown in Table 1.

It can be seen from Table 1 that, under the action of
freeze-thaw cycles, the difference in deterioration degree
obtained by different mechanical parameters was relatively
large. When the confining pressure was constant, as the
freeze-thaw cycles increase, the deterioration degrees ob-
tained by the extreme stress and elastic modulus were
gradually increased. As the freeze-thaw cycles increase, the
rock damage was intensified, and the deformation was also
increased, resulting in an increase in Poisson’s ratio.
0erefore, the deterioration degree obtained by Poisson’s

Specimens preparation

Drilling to produce cylinders
50mm in diameter and

100mm in height

Specimens in an oven for
high temperature drying

Fresh red sandstone
specimens

Specimens were saturated
by vacuum pumping Freeze–thaw results

Frozen rock Melting rock

Rapid
Freeze–thaw
test machine

Freeze–thaw cycle test Conventional triaxial compression test

MTS815
rock mechanics
testing machine

Compression test results

Figure 1: 0e freeze-thaw and conventional triaxial compression test process in a schematic flowchart.
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Figure 2: Full stress–strain curves of red sandstone triaxial compression test under different freeze-thaw cycles. (a) σ3 � 0MPa.
(b) σ3 � 2MPa. (c) σ3 � 4MPa. (d) σ3 � 6MPa.

Table 1: Deterioration degree of red sandstone mechanical parameters under different freeze-thaw cycles.

Confining pressure Freeze-thaw cycles times
Deterioration degree Cn (%)

Extreme stress (MPa) Elastic modulus (GPa) Poisson’s ratio

0

0 0 0 0
5 4.96 31.19 −3.07
10 10.17 39.60 −4.23
20 11.37 58.33 −7.31
40 21.96 59.13 −7.69

2

0 0 0 0
5 10.09 6.63 −0.39
10 10.34 21.43 −1.55
20 14.28 35.83 −3.88
40 21.42 48.81 −7.36
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ratio was negative. 0e deterioration degree obtained by
different mechanical parameters further indicated that the
increase of freeze-thaw cycles leaded to the rock damage
aggravated. However, the deterioration degree obtained by
the elastic modulus was faster, the extreme stress was second,
and the Poisson’s ratio was the slowest. It can be seen that the
sensitivity of sandstone mechanical parameters to the freeze-
thaw cycle degradation effect is as follows: elastic mod-
ulus> extreme stress>Poisson’s ratio.

3.2. Effect of Confining Pressure on Mechanical Parameters of
Red Sandstone. In order to better analyze the influence of
confining pressure on sandstone, the reduction of physical
parameters under the action of confining pressure was
defined as the deterioration degree. 0en, when freeze-thaw
cycle was constant, for each confining pressure, total de-
terioration degree Cwn can be expressed as

Cwn �
Z0n − Zwn

Z0n

× 100%, (2)

where Z0n was the value of mechanical parameters when
confining pressure 0MPa and freeze-thaw cycles equaled n
times (n� 0, 5, 10, 20, 40).

According to test data and (2), the deterioration degree
of red sandstone under different confining pressure by
mechanical parameters can be obtained, and the results are
shown in Table 2.

It can be seen from Table 2 that since the confining
pressure suppressed the lateral deformation and the damage
inside the sandstone, the mechanical properties were im-
proved, so the sandstone compressive strength and elastic
modulus increase with the increase of the confining pres-
sure, resulting in the deterioration degree obtained, thereby
having a negative growth trend. Poisson’s ratio obtained by
longitudinal deformation and lateral deformation gradually
reduced, resulting in the deterioration degree obtained,
thereby having a growth trend. Under the same freeze-thaw
times, the deterioration degree absolute value obtained by
different mechanical parameters gradually increases with the
increase of confining pressure, but the overall increase
slowed down, indicating that the the influence magnitude of
confining pressure on the mechanical properties of sand-
stone gradually decreased with the increase of confining

pressure. 0e deterioration degree obtained by the extreme
stress was faster, the elastic modulus was second, and
Poisson’s ratio was the slowest. It can be seen that the
sensitivity of sandstone mechanical parameters to the
confining pressure degradation effect is as follows: extreme
stress> elastic modulus>Poisson’s ratio.

3.3. Effects of Freeze-+awandConfiningPressure onPostpeak
Softening Characteristics of Red Sandstone. When the
number of freeze-thaw cycles was constant, the rate of curve
decline after stress–strain peak was gradually slowing down
with the increase of confining pressure. When confining
pressure was constant, the curve after stress–strain peak
gradually became gentle with the increase of freeze-thaw
cycles. In order to quantitatively consider strain softening
degree after sandstone peak under different confining
pressures and different freeze-thaw cycles, the strain soft-
ening modulus was defined as

R �
σsc − σr

εr − εsc

, (3)

where σsc and εsc were extreme stress and extreme strain; σr

and εr were residual stress and the corresponding strain
when the residual stress was just reached; R was the strain
softening modulus. 0e larger the R, the steeper the curve
after peak, and the more pronounced the strain softening,
that is, the more brittle the damage after stress peak. When
εu⟶ εsc, R⟶∞, rock was completely brittle failure.

0e crack points were different when the rock reached
residual strength under different confining pressures and
freeze-thaw cycles. 0rough the test curves of Figure 2 and
(3), the strain softening curve after stress–strain peak under
different confining pressures and freeze and thaw cycles can
be obtained, as shown in Figures 3 and 4.

It can be seen from Figures 3 and 4 that, in the general
trend, since the confining pressure had the effect of
inhibiting rock damage, with the increase of confining
pressure, the strain softening modulus was decreased, and
the plastic damage of rock became more and more obvious.
With the increase of freeze-thaw cycles, the strain softening
modulus was decreased with the increase of freeze-thaw
damage variable. It can be seen that the freeze-thaw cycles
aggravate rock damage and lead to enhancing its plastic.

Table 1: Continued.

Confining pressure Freeze-thaw cycles times
Deterioration degree Cn (%)

Extreme stress (MPa) Elastic modulus (GPa) Poisson’s ratio

4

0 0 0 0
5 2.65 10.81 −0.78
10 3.78 20.82 −1.96
20 7.89 34.52 −3.53
40 12.87 43.76 −7.06

6

0 0 0 0
5 2.09 5.09 −0.39
10 5.42 19.65 −1.97
20 7.50 24.80 −2.36
40 11.25 43.48 −5.91
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4. Determination of Damage Constitutive
Relations and Parameters

4.1. Establishment of Damage Constitutive Relation of Rock
under Freeze-+aw and Load. Due to the effect of freeze-
thaw cycle and load, random distribution in rock internal
microcracks and pores will continue to expand, showing the
deterioration of rock macroscopic mechanical properties.
When the change reaches a certain level, the material was
destroyed.0erefore, the damage constitutive relation under

the freeze-thaw and load must be established to explore the
microstructural damage and reveal the mechanical nature of
rock damage.

0e existing rock damage models consider less freeze-
thaw effect and have a greater limitation on its application in
cold region. 0erefore, in this paper, the total number of
micromembers in the cold region was divided into three
parts: freeze-thaw damage microelements, load damage
microelements, and nondamage microelements. 0e rock
was subjected to nominal stress σi, and the corresponding
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Figure 3: Effect of confining pressure on strain softening modulus.

Table 2: Deterioration degree of sandstone mechanical parameters under different confining pressures.

Freeze-thaw cycles times Confining pressure
Deterioration degree Cn (%)

Extreme stress (MPa) Elastic modulus (GPa) Poisson’s ratio

0

0 0 0 0
2 −244.49 −10.08 0.77
4 −364.59 −30.00 1.92
6 −487.85 −30.87 2.30

5

0 0 0 0
2 −225.90 −49.37 3.36
4 −275.92 −67.47 4.10
6 −505.65 −80.51 4.85

10

0 0 0 0
2 −234.24 −51.91 3.32
4 −397.63 −69.38 4.06
6 −518.92 −74.11 4.43

20

0 0 0 0
2 −202.91 −68.24 3.94
4 −382.80 −101.51 5.38
6 −510.91 −134.40 6.81

40

0 0 0 0
2 −220.21 −37.86 1.07
4 −418.66 −78.06 2.86
6 −544.47 −80.97 3.93
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microelements were rock total microelements N, rock
nondamage part subjected to effective stress σi

′, corre-
sponding rock nondamage microelements N1, and rock
damage part subjected to residual stress σr. 0e corre-
sponding microelements were rock damage microelements,
including the number of freeze-thaw damage microelements
Nn and the number of loaded damage microelements Nd.

Assuming that the rock microelement area was ∆A, by
analyzing the microscopic forces and geometric conditions
of various parts of rock, the following can be obtained:

σiNΔA � σi
′N1ΔA + σr NnΔA + NdΔA( . (4)

Starting from the aspect of rock microelement, the
definition of freeze-thaw damage variable Dn as the ratio of
freeze-thaw damage microelements to total microelement of
rock is as follows:

Dn �
Nn

N
. (5)

0e final rock damage was composed of freeze-thaw
damage and load damage. At this time, total damage variable
D can be defined as

D �
Nn + Nd

N
. (6)

Using (4)–(6), the following can be obtained:

σi �
σi
′N1 + σr Nn + Nd( 

N
� σi
′(1 − D) + σrD. (7)

It was assumed that the nondamage part of rock obeyed
the generalized Hooke’s law, and damage occurred only in
the direction of the σ1 principal stress, and the other two
principal stress directions did not consider damage; that is,
σ2 � σ2′ and σ3 � σ3′. According to the significance of
Poisson’s ratio of the petrophysical parameters and the
deformation coordination relationship of various parts of

rock, the following can be obtained under equal confining
pressure conditions:

σ1′ � Enε1′ + 2μn
′σ3 � Enε1 + 2μnσ3, (8)

where ε1′ and μn
′ were rock undamaged part effective strain

and effective Poisson’s ratio; En, ε1, and μn were rock elastic
modulus, strain, and Poisson’s ratio after n times of freeze-
thaw cycles.

Substituting (8) into (7), one can obtain the damage
constitutive model about the σ1 principal stress direction,
expressed as follows:

σ1 � Enε1 + 2μnσ3( (1 − D) + σrD. (9)

0erock had been subjected to freeze-thaw cycles, resulting
in a certain amount of pores and cracks inside the rock, which
had a certain amount of damage and cannot be ignored. After
that, under the action of load, nondamage microelements
continued to be transformed into damage microelements. Due
to the heterogeneity of rock in the mesostructure, the distri-
bution of the mechanical properties of internal microelements
was random. 0erefore, it was assumed that the probability
density function of load microelement damage is P [F]. So, the
total damage variable can be expressed as

D �
DnN + 

F

0 N − Nn( P[x]dx

N
� Dn + 1 − Dn(  

F

0
P[x]dx,

(10)

where F was a random distribution variable of rock mi-
croelement strength.

Assuming that the rock microelement strength strength
F obeyed Weibull distribution, its probability density
function can be expressed as

P(F) �
m

F0

F

F0
 

m− 1

exp −
F

F0
 

m

 , (11)

where F0 and m were the model parameters.
Substituting (11) into (10), one can obtain the total

damage variable of rock under the freeze-thaw and load,
expressed as follows:

D � 1 − 1 − Dn( exp −
F

F0
 

m

 . (12)

Substituting (12) into (9), the following can be obtained:

σ1 � 1 − Dn(  Enε1 + 2μnσ3 − σr( exp −
F

F0
 

m

  + σr.

(13)

Equation (14) was the expression of rock damage con-
stitutive model under freeze-thaw and load established in
this paper. It can be seen from (14) that when Dn � 0, (14)
became the damage constitutive model at normal
temperature.

Whether damage constitutive model can better reflect
the deformation characteristics of rock or not, the key point
was the reasonable measurement of the rock microelement
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Figure 4: Effect of freeze-thaw cycle on strain softening modulus.
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strength. 0erefore, if the rock microdestruction was as-
sumed to obey the D-P criterion, the random distribution
variable F can be expressed as

F � αI1′ +
��

J2′


− K1, (14)

where α � sin ϕn/
����������

9 + 3 sin2ϕn



, K1 �
�
3

√
· cn cos ϕn/���������

3 + sin2ϕn



, cn was the cohesion of rock under freeze-thaw,
ϕn was the internal friction angle of rock under freeze-thaw,
and I1′ and J2′ were effective stress tensor first invariant and
effective stress bias second invariant, expressed as

I1′ � σ1′ + 2σ3′, (15)

��

J2′


�
1
�
3

√ σ1′ − σ3′( . (16)

According to the direction of σ2 and σ3, the principal
stress did not cause damage. Substituting (8) into (15) and
(16), respectively, the following can be obtained:

I1′ � Enε1 + 2μnσ3 + 2σ3, (17)

��

J2′


�
1
�
3

√ Enε1 + 2μnσ3 − σ3( . (18)

Using (14), (17), and (18), F can be expressed as

F �

�
3

√

3
+ α Enε1 + 2

�
3

√

3
+ α μn + 2α −

�
3

√

3
  σ3 − K1.

(19)

4.2. Determination of Parameters. From the total damage
variable expression of (12) and the damage constitutive
model of (14), it can be seen that the determination of model
parameters m and F0 was one of the key problems in model
establishment. According to the geometric relationship at
the peak point in the stress–strain curve of rock, the peak
stress σsc and the corresponding strain εsc satisfy the fol-
lowing geometric conditions:

(a) ε1 � εsc, σ1 � σsc

(b) ε1 � εsc, (dσ1/dε1) � 0

Substituting condition (a) into (13), the relationship
between parameters m and F0 can be expressed as

exp −
Fsc

F0
 

m

  �
σsc − σr

1 − Dn(  Enεsc + 2μnσ3 − σr( 
, (20)

where Fsc was the value of F in (19) when ε1 � εsc.
Using (13) to obtain the partial differential and then

using condition (b), another relation about m and F0 can be
expressed as

1 −

�
3

√

3
+ α 

m Enεsc + 2μnσ3 − σr( 

Fsc

Fsc

F0
 

m

� 0. (21)

0rough (20) and (21), model parameters m and F0 can
be expressed as

m �
Fsc

((
�
3

√
/3) + α) Enεsc + 2μnσ3 − σr( ln 1 − Dn(  Enεsc + 2μnσ3 − σr( /σsc − σr( 

, (22)

F0 �
Fsc

ln 1 − Dn(  Enεsc + 2μnσ3 − σr( /σsc − σr( ( 
1/m. (23)

5. Damage Characteristic Analysis and
Constitutive Model Verification

5.1. Analysis of Damage Characteristic. Under the action of
freeze-thaw, water-ice phase transformation and the uneven
swelling of mineral cause the deterioration of the mechanical
properties of rock, and macroscopic physical quantities were
responses. 0e degree of rock damage can be measured by
the change of elastic modulus; that is, the deterioration
degree obtained by elastic modulus in this paper was used to
represent freeze-thaw damage variable. Using the test data in
Figure 2 and Table 1, the sandstone damage evolution curves
under various confining pressures and freeze-thaw cycles
were obtained according to (12), (19), (22), and (23), as
shown in Figure 5.

It can be seen that the total damage evolution curves
obtained in this paper showed a consistently increasing
trend and always changed within the interval [0, 1].
Compared with Figure 2, it can be seen that, within a
certain range, with the increase of strain, the total damage
evolution curve tended to be horizontal and did not
change. 0e reason for this was that red sandstone did not
show new damage at this stage, corresponding to
stress–strain curve compaction and elastic deformation
stage of Figure 2. With the further increase of strain, the
red sandstone had new damage, and the damage evolution
curve showed an increasing trend, and the slope of curve
first increased and then decreased, corresponding to
stress–strain curve plastic deformation stage and strain
softening stage shown in Figure 2. When the strain reached
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a certain value, the red sandstone was completely
destroyed, the total damage evolution curve developed
horizontally, and the total damage variable was equal to 1,
corresponding to stress–strain curve residual stage shown
in Figure 2. 0e law of red sandstone damage propagation
was revealed by the trend of total damage evolution curves,
which further indicated that the macroscopic mechanical
properties predicted in this paper are consistent with the
test results.

5.2.VerificationofModel. Using the test data in Figure 2 and
Table 1, and taking the confining pressure equal to 0 as an
example, through formulas (13), (19), (22), and (23), the
theoretical stress–strain curves under different freeze-thaw
cycles were obtained, as shown in Figure 6. It can be seen
that the theoretical curves of model were in good agreement
with the test curves, which can better reflect the mechanical
behavior of rock under various freeze-thaw cycles, thus
verifying the rationality of the constitutive model.

n = 0 time
n = 5 times
n = 10 times

n = 20 times
n = 40 times

To
ta

l d
am

ag
e v

ar
ia

bl
e

0
0 5 10 15 20

0.2

0.4

0.6

0.8

1.0

Strain ε1 (%)

(a)

n = 0 time
n = 5 times
n = 10 times

n = 20 times
n = 40 times

To
ta

l d
am

ag
e v

ar
ia

bl
e

0
0 10 20 30 40

0.2

0.4

0.6

0.8

1.0

Strain ε1 (%)

(b)

n = 0 time
n = 5 times
n = 10 times

n = 20 times
n = 40 times

To
ta

l d
am

ag
e v

ar
ia

bl
e

0
0 10 20 30 40

0.2

0.4

0.6

0.8

1.0

Strain ε1 (%)

(c)

n = 0 time
n = 5 times
n = 10 times

n = 20 times
n = 40 times

To
ta

l d
am

ag
e v

ar
ia

bl
e

0
0 10 20 30 40

0.2

0.4

0.6

0.8

Strain ε1 (%)

1.0

(d)

Figure 5: Total damage evolved curves on different confining pressures and freeze-thaw cycles of red sandstone. (a) σ3 � 0MPa.
(b) σ3 � 2MPa. (c) σ3 � 4MPa. (d) σ3 � 6MPa.
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Figure 6: Continued.
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6. Conclusion

(1) 0rough the freeze-thaw cycle and triaxial com-
pression tests of red sandstone performed in this
paper, the following can be known.With the increase
of freeze-thaw cycles, the uneven shrinkage of red
sandstone particles caused by freeze-thaw cycles and
water–ice phase change intensified the damage de-
terioration, and this macroscopically showed the
decrease of red sandstone stiffness and strength.
With the increase of confining pressure, the growth
rate of red sandstone damage gradually slowed
down, and the plasticity characteristics increased in
turn, and this macroscopically showed the increase
of red sandstone stiffness and strength.

(2) By defining the reduction value of the mechanical
parameters as deterioration degree, it is better to
analyze the influence degree of freeze-thaw cycle and
confining pressure on red sandstone. Under the ac-
tion of freeze-thaw cycle and confining pressure, the
difference in deterioration degree obtained by dif-
ferent mechanical parameters is relatively large. By
defining the strain softening modulus, the strain
softening degree under different confining pressures
and different confining pressures is quantitatively
considered. It can be seen that the increase of freeze-
thaw cycles and the increase of confining pressure will
lead to the enhancement of red sandstone plasticity.

(3) 0e comparison between the total damage evolution
curve and the stress–strain curve obtained from the
constitutive relationship established in this paper
shows that the law of red sandstone damage prop-
agation is revealed by the trend of the total damage
evolution curve, and the damage evolution path of

red sandstone reflects the mesomechanical response
consistent with the macrodeformation and failure
process.
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