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.e effects of freezing-thawing cycles and persistency differences have a significant impact on the shear mechanical properties of
joints. In this paper, a series of joints direct shear tests were performed on freezing-thawing treated joints to investigate the effect
of freezing-thawing cycles and the persistency on the shear strength deterioration of joints. Shear strength and residual strength
decrease with the freezing-thawing cycle increase and joint persistency increase. Shear strength damage mainly generates in the
initial stage of the freezing-thawing cycle, and the shear strength decreases slightly in the late freezing-thawing cycle stage. .e
freeze-thaw cycle has a minimal effect on the shear strength of joints with low persistency, yet has a great effect on joints with high
persistency..e damage of joint roughness caused by freezing-thawing cycles increases with joint persistency increases. When the
joint persistency is constant, the shear strength parameter decreases with the freezing-thawing cycle at first and then tends to be
stable. Cohesion is the dominant factor that controls shear strength. When freezing-thawing cycles are constant, the friction angle
decreases slowly with persistency at first and then decreases rapidly, and the friction angle is the dominant factor that controls
shear strength.

1. Introduction

.e deterioration of rock mass mechanical properties caused
by the freezing-thawing cycle is one of the main causes of
geological disasters in cold regions [1–3]. Rock mass is a type
of heterogeneous material, which contains many non-
persistent joints [4–10]. When the diurnal temperature is
high, the water in joints will undergo periodic freezing-
thawing cycles..e periodic frost heaving force generated by
freezing-thawing cycles causes the joint cracks to expand
continuously, which will lead to be failure of the rock mass
[11–13]. Many scholars have conducted numerous theo-
retical explorations and experimental research on freezing-
thawing mechanical characteristics at present [14], which
can be categorized into two parts..e first part is the effect of
freezing-thawing cycles on the mechanical properties of rock.
For instance, Khanlari et al. [15] discussed the influence of the
freezing-thawing cycle on physical parameters, such as

uniaxial compressive strength, wave velocity, elastic modulus,
and porosity of rocks. Mart́ınez-Mart́ınez et al. [16] and
Ghobadi and Babazadeh [17] analyzed the relationship be-
tween rock characteristics, porosity, microfracture water
pressure, and freezing-thawing damage of rocks. Momeni
et al. [18] established the damage relationship between P wave
rate, tensile strength, and mechanical strength of freeze-thaw
rocks according to the law of rock mechanical property
deterioration under freezing-thawing cycles. Jin et al. [19]
studied the variation law of cohesion and the friction angle of
red sandstone with the freezing-thawing cycles based on the
red sandstone freeze-thaw cycle test. .e second part is the
mechanism of freezing-thawing damage and rock degrada-
tion process according to microscopic characteristics and
theoretical methods. For instance, Liu et al. [20] established
a rock freeze-thaw damage model based on different
mathematical models and verified the applicability of the
proposed model through freeze-thaw experiments of tuff,
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limestone, and granite. Lu et al. [21] developed a damage
constitutive model under freezing-thawing cycles by ex-
periment of single-fracture sandstone. Fang et al. [22]
proposed a damage statistical constitutive model on the
basis of numerous freezing-thawing cycle experiments and
provided the determination method of parameters.

.e above research studies mainly focus on the freezing-
thawing cycle mechanical properties of rocks. However, the
mechanical and safety characteristics of rock mass engi-
neering are more affected by joints [23–27]. .erefore, the
shear mechanical properties of joints are especially im-
portant [28–32]. In the freezing-thawing cycle environment,
joints are more susceptible to freezing-thawing cycle and
cause the shear strength of the rock mass to deteriorate, and
these factors will lead to rock mass failure. Many scholars
have conducted relevant investigations. Krautblatter et al.
[33] analyzed the influence of the ice-containing state on
slope stability after freezing in rock wall joints and explored
the influence of ice slag on shear resistance of slope joints.
Mu et al. [34] identified the variation law and damage model
of freezing-thawing cycle on the shear strength for three
types of jointed rocks by the shear tests of jointed rocks.
Davies et al. [35] indicated that the shear test curve of jointed
rock in the frozen state differs from the joint rock shear
curve in the natural state. .e above achievements primarily
involve the persistent joints. However, rock masses contain
nonpersistent joints with different persistency. .erefore,
the shear mechanical properties of joints with different
persistency under freezing-thawing cycles must be in-
vestigated. Consequently, low-temperature freeze-thaw
container was used to simulate the freezing-thawing cycle
environment, and joint specimens with different persistency
were tested for shear mechanical properties under freezing-
thawing cycles. .e effect of the freezing-thawing cycle on
shear strength and shear strength parameters of joints was
analyzed, which will provide a basis for the safety protection
and disaster control of rock mass in cold regions.

2. Specimen Preparation

2.1. SpecimenMaterial andSpecimenPreparation. Due to the
difficulty and high cost of prefabricating joints on real
geotechnical materials [36–41], many scholars have chosen
the method of testing a similar material model to investigate
the effect of joints on the mechanical strength characteristics
of the rock. In this paper, the rock-like material cement
mortar was selected to produce the specimen. .e ratio used
for the mixture is 1 :1 : 0.4 of white cement : quartz sand :
distilled water. Quartz sand particles of size ≤0.5mm were
selected to ensure the specimen homogeneity and joint
smoothness. .e length, width, and height of the steel mold
are 100mm, 100mm, and 100mm, the length of the acrylic
sheet is 100mm, the thickness is 3mm, and the width is
20mm, 30mm, and 40mm. .ese tools and materials were
chosen to produce joint specimen (Figure 1). Furthermore,
joint persistency was set as 0% (intact specimen), 20%, 30%,
and 40% to investigate the effect of persistency on the shear
mechanical properties of joints under freezing-thawing
cycles. .e dimensions of prefabricated joints were

70mm× 20mm× 3mm, 70mm× 30mm× 3mm, and
70mm× 40mm× 3mm. And the cement mortar was pre-
pared according to the stated proportion and stirred evenly.
After being poured into the mold, the acrylic sheet was
inserted and fixed according to the joint size. .en, the
acrylic sheets were removed and the specimens were
demolded when the specimens were solidified completely.
At last, these specimens were placed in constant temperature
curing container for 28 days. Subsequently, the cube spec-
imens with different persistency joints were completed
(Figure 2).

2.2. Test Equipment and Scheme. .e number of freezing-
thawing cycles n and the joint persistency λ were selected as
test variables, and the effect test of the two factors was
performed..e number of freezing-thawing cycles was set to
0, 10, 20, 30, and 40 times..e TDS-300 type automatic low-
temperature freezing-thawing container was used in this
experiment (Figure 3). .e freezing-thawing experiment
process was divided into the following steps: (1) .e jointed
specimen was subjected to water saturation treatment, and
joints were filled with pure water. (2) .e saturated joint
specimen was placed in the freezing-thawing container in
sequence, and the freezing temperature was set to − 20°C for
4 hours, the melting temperature was set to 20°C for 4 hours,
and the total number of cycles was 40 times, (3) .e
specimens were divided into five groups for 0, 10, 20, 30, and
40 times. .e specimens were taken out when the freezing-
thawing cycles were completed..e preliminary preparation
test revealed that test specimen and water in joints were
completely frozen after freezing for 4 h at − 20°C, and the
joint specimen was completely thawed after being dissolved
for 4 h at 20°C, thereby indicating that choosing the freezing
and dissolved time of 4 h in this test is reasonable.

.e RYL-600 rock shear tester of the Changchun
Chaoyang Instrument Factory was used for the shear ex-
periment (Figure 4). In the direct shear process, the normal
pressure was set at five levels: 0.5, 1.0, 1.5, 2.0, and 2.5MPa.
At the beginning of the test, the normal load was first applied
to a predetermined level to maintain the normal force
constant, and then the shear load was applied. .e normal
load was controlled by force, and the shear load was con-
trolled by displacement. .e normal force loading rate was
0.1 kN/s, and the displacement loading rate in the shear
direction was 0.5mm/min. .e samples subjected to dif-
ferent numbers freezing-thawing cycles were placed on the
shearer until the target displacement was 10mm, and the
shear stress-displacement curve was recorded. Figure 5
shows the schematic of sample shearing.

3. Test Results and Analysis

3.1. Effect of the Freezing-4awing Cycles on the Shear Stress-
Shear Displacement Relationship. .e joints shear surface
before and after freezing-thawing cycles of the specimens are
shown in Figure 6. .e shear stress-shear displacement
relationship of joint specimens for freezing-thawing cycles 0,
10, 20, 30, and 40 times at the joint persistency of 30% is
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displayed in Figure 7. .e regularity of variation in the shear
stress on the specimen with the increasing shear displace-
ment can be summarized into three stages. .e first stage is
characterized by an increasing shear stress. At this stage, the
shear stress on the shearing surface of each specimen slightly
increases as the shear displacement increases. Subsequently,
the slope of the curve begins to build, and the shear stress
increases to the peak shear strength at a faster rate..e shear
resistance on the joint is not fully functional when the shear
displacement is relatively slight, and the curve ascends

slowly. As the shear displacement increases, the cohesion
and the friction angle of the joint begin to play their roles,
and the shear stress starts to rise steadily until the peak
strength..e second stage is the stress decrease phase.When
the shear strength reaches the peak, the specimen undergoes
shear failure, and the shear strength on the joint decreases
rapidly, with a stress drop on the curve. As the shear dis-
placement continues to increase, the specimen is completely
sheared. .e third stage is the residual stress section. At this
stage, the shear strength of the joint tends to be stable with

(a) (b)

Figure 1: Specimen and test equipment. (a) Specimen diagram and (b) acrylic sheet.

(a) (b)

(c) (d)

Figure 2: Joint specimens with different persistency. (a) Intact specimens, (b) λ� 30%, (c) λ� 30%, and (d) λ� 40%.
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only the residual shear strength remaining, and the residual
shear strength of the specimen slowly decreases with the
increase in shear displacement. As the shearing advances, the
shearing surface becomes smoother under friction, and the
residual shear strength decreases.

.e effect of different numbers of freezing-thawing
cycles on shear mechanical behavior is compared (Figure 8).
.e shear strength of the unfrozen-thawed specimens was
significantly greater than that after the freezing-thawing
process. .e structure of the unfrozen-thawed specimen is
relatively complete with fewer internal cracks, whereas the
frozen-thawed specimen gradually produces macroscopic
crack under the frost heaving force. Such cracking leads to
damage of the sample and causes a decrease in strength.
However, the peak shear strength after 10, 20, 30, and 40
freezing-thawing cycles showed little difference. .us, the
joint shear strength damage mainly generates in the initial
stage of the freezing-thawing cycle, and the freezing-thawing
damage changes from the macrolevel to the microlevel due
to the gradual migration loss of water in the late stage.
Consequently, the decreasing range of shear strength in the
late stage is small. When the normal stress is 0.5 and 1MPa,
the peak shear displacement of the unfrozen-thawed spec-
imens is larger, and when the normal stress is 2 and 2.5MPa,
the peak shear displacement of the unfrozen-thawed samples
is close to that of the frozen-thawed specimens. When the
normal stress is small, the crack generated by the specimen
under the action of frost heaving after being frozen-thawed
is not completely closed, and shear damage is more likely to
generate under the shearing force. However, when the
normal stress is large, the joint fissure and cracks are

substantially closed..erefore, the displacement of the shear
failure of the specimen before and after being frozen-thawed
is similar. .e residual strength also decreases with the
freezing-thawing cycle increase. In addition, the residual
strength is provided by the mechanical interaction and
friction resistance of the failure surface. .erefore, freezing-
thawing cycles will cause deterioration of the friction co-
efficient of the joint.

3.2. Effect of Joint Persistency on the Shear Stress-Shear Dis-
placement Relationship. .e normal stress of 1.0MPa was
set as an example to explore the effect of different joint
persistency values on the direct shear mechanical properties
of freezing-thawing specimens. .e corresponding shear
stress and displacement curves were compared (Figure 9).
Shear strength increases with joint persistency decrease.
Rock bridge places a constraint on shear displacement. .e
shear strength of the intact specimen and the joint specimen
is similar under unfrozen-thawed cycles. Meanwhile, the
shear strength of the intact specimen is significantly larger
than that of the joint specimen after being frozen-thawed. At

Figure 3: TDS-300 type automatic low-temperature freezing-
thawing container.

Figure 4: RYL-600 rock shear tester.
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Figure 5: λ� 40% specimen shear diagram. (a) Joint specimen
stereogram and (b) joint specimen plan.
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the initial loading stage, the shear displacement was small
and the linear segments were obvious. Subsequently, the
joint surface begins to slide after the yield phase is reached.
.e larger the area of the rock bridge, the more the failure
mode tends to cause intact specimen shear failure, and the
more obvious the brittle failure feature. In addition, the
failure surface of the joint is smooth, and the failure surface
of the rock bridge is rough. .erefore, the lower joint
persistency leads to a larger residual strength of the specimen
under the same normal load.

.e normal stress of 1.0MPa was set as an example to
explore the effect of freezing-thawing cycles on the direct
shear mechanical properties of different persistency speci-
mens. .e corresponding shear stress and displacement
curves were compared (Figure 10). .e decrease of shear
strength from the increase of the intact sample with freezing-
thawing cycles is small. When joint persistency is 20%, 30%,
and 40%, the joint shear strength decreases sharply with the
freezing-thawing cycle increase, thereby indicating that
freeze-thaw cycles have less effect on the shear strength of
joint specimens with low persistency. However, it has a

greater effect on joint specimens with large persistency. .e
peak shear displacement of the joint specimens after being
frozen-thawed is less than that before being frozen-thawed.
Moreover, the peak displacement difference before and after
being frozen-thawed increases with the joint persistency
increase. .erefore, it will have smaller shear displacement
corresponding to the peak shear strength of the joint
specimen with the freezing-thawing cycle increase. When
the joint persistency is 0 and 20%, the shear residual strength
of the specimens with different frozen-thawed cycles is close,
but when the joint persistency is 30% and 40%, the residual
strength before being frozen-thawed is greater than that after
being frozen-thawed. At the same time, the residual strength
after being frozen-thawed is relatively constant. .erefore,
the residual strength difference before and after being fro-
zen-thawed generally increases with the joint persistency
increase, thereby indicating that the freezing-thawing cycle
has a significant effect on the roughness of joints. .e
specific effect is that the freezing-thawing cycle will promote
roughness deterioration when the joint persistency
increases.

0 times
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30 times 40 times

(a)

0 times

10 times 20 times

30 times 40 times

(b)

0 times

10 times 20 times

30 times 40 times

(c)
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Figure 6: .e shear specimens after different freezing-thawing cycles. (a) λ� 0% shear specimen after freezing-thawing cycles, (b) λ� 20%
shear specimen after freezing-thawing cycles, (c) λ� 30% shear specimen after freezing-thawing cycles, and (d) λ� 40% shear specimen after
freezing-thawing cycles.
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Figure 7: Relationship between shear stress and shear displacement of λ� 30% specimen with different normal stresses. Freeze-thaw cycles
(a) 0 times, (b) 10 times, (c) 20 times, (d) 30 times, and (e) 40 times.
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.e effects of persistency and the freezing-thawing cycle
on normal stress joints at all levels were analyzed (Figure 11).
.e shear strength of intact samples increases linearly with
the normal stress increase under the freezing-thawing cycle.
However, the difference in peak shear strength before and
after being frozen-thawed under normal stress at all levels is
large when the joint persistency is 20%, 30%, and 40%.
.erefore, the joint will change the regularity of the effect of
freezing-thawing cycle on the peak shear strength. .e
specific effect accelerates deterioration of the peak shear
strength. When the joint persistency is 20%, the peak shear
strength of freezing-thawing cycles of 10 and 20 times is
almost the same, and the peak shear strength has the same

trend with normal stress increase. Meanwhile, the peak shear
strengths of freezing-thawing cycles of 30 and 40 times show
the same trend. Results indicate that the strength de-
terioration of the joint by the freezing-thawing cycle is small
at the stages with 10 to 20 cycles and 30 to 40 cycles.
Furthermore, when the joint persistency is 40%, the peak
shear strength difference is large at the initial stage. And the
peak shear strength decreases slightly in 10 times (excluding
10 times) to 40 times stage, indicating that freezing-thawing
cycles deteriorate shear strength significantly at the initial
stage, and the damage to joints by the freezing-thawing
process is relatively small when the freezing-thawing cycles
are more than 10 times.
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Figure 10: Relationship between shear stress and shear displacement of different freezing-thawing cycles under different persistency. (a)
λ� 0, (b) λ� 20%, (c) λ� 30%, and (d) λ� 40%.
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3.3. Effect of Freezing-4awing Cycles and Joint Persistency on
the Shear Mechanical Parameters. .e shear stress-dis-
placement curve was recorded. In addition, the relationship
between shear stress and normal stress is plotted by the least
squares method, as shown in Figure 11. Subsequently, the
Mohr–Coulomb criterionwas employed to calculate the shear
strength parameters of joint specimens. And the cohesion c
and the friction angle φ of joints with different persistency
and numbers of freeze-thaw cycles are shown in Table 1.

.e variation of shear strength parameters with
freezing-thawing cycles was analyzed (Figure 12), and the
cohesion and friction angle showed similar variation trend
with the freezing-thawing cycle increase. .e cohesion
and friction angle of the intact sample decreased linearly
with the freezing-thawing cycle increase. However, the
shear strength parameters of joint specimens decrease
exponentially with the freezing-thawing cycle increase.
For instance, compared with the 0 time of freezing-
thawing cycle, in λ� 40% specimens, the joint cohesion of
10, 20, 30, and 40 cycles decreased by 48.17%, 52.65%,
60.67%, 66.47%, and the friction angle decreased by
27.40%, 31.23%, 32.65%, and 33.80%. Furthermore, the
similar variation law was exhibited by other joint per-
sistency specimens. .erefore, shear strength parameter
has the largest decrease by freezing-thawing cycle at the
initial stage, and then the shear strength parameters slowly
decrease and gradually stabilize in the later stage. In
addition, the cohesion variation is larger than the friction
angle with the freezing-thawing cycle increase, and such

variation is more sensitive to freezing-thawing cycles.
.erefore, the variation of cohesion is significant under
freezing-thawing cycle when the persistency is constant,
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Table 1: Shear strength parameters of joint specimens before and
after freezing-thawing cycles.

λ (%) Freeze-thaw cycles (n)
Shear strength
parameters

c (MPa) φ (°)

0

0 3.20 58.5
10 3.16 57.1
20 3.11 56.7
30 3.10 56.1
40 3.06 55.3

20

0 3.12 55.6
10 2.01 50.6
20 1.93 49.1
30 1.68 46.9
40 1.66 46.3

30

0 3.04 52.2
10 1.84 49.3
20 1.73 46.8
30 1.61 44.2
40 1.60 43.9

40

0 3.01 50.2
10 1.56 36.5
20 1.49 35.1
30 1.37 34.6
40 1.29 34.2

10 Advances in Materials Science and Engineering



and cohesion is the dominant factor that controls shear
strength.

.e variation of shear strength parameters with joint
persistency was analyzed (Figures 13 and 14). .e cohesion
and friction angle of the intact sample decreased linearly
with joint persistency increase, and the decrease of the

friction angle is more significant. However, the shear
strength parameters of the four groups of specimens after
being frozen-thawed show different exponential decreasing
trends with the freezing-thawing cycle increase. For speci-
mens with 40 freezing-thawing cycles, compared with the
intact specimen, the joint cohesion with persistency of 20%,
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Figure 12: .e relationship between peak shear stress and normal stress under different freezing-thawing cycles. (a) λ� 0% specimen, (b)
λ� 20% specimen, (c) λ� 30% specimen, and (d) λ� 40% specimen.
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Figure 13: Variation law of shear strength parameters of joint specimens with freezing-thawing cycles: (a) variation law of cohesive and (b)
variation law of friction angle.
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Figure 14: Variation law of shear strength parameters of joint specimens with persistency: (a) variation law of cohesive and (b) variation law
of friction angle.
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30%, and 40% decreased by 47.75%, 52.52%, and 69.54%,
and the friction angles decreased by 16.27%, 21.93%, and
43.84%. Moreover, the similar regularity of variation was
also shown by specimens with other freezing-thawing cycles.
.erefore, cohesion decreases sharply for joint persistency
from 0 to 20% under freezing-thawing cycles. In addition,
cohesion decreased slowly as the persistency increases.
However, the friction angle decreases slightly and then
decreases sharply with joint persistency increase, and fric-
tion angle decreases more significantly with persistency
variation. Consequently, friction angle is the dominant
factor that controls shear strength when the number of
freezing-thawing cycles is constant.

.erefore, the freezing-thawing cycles and the joint
persistency have significant effects on the degradation of
joint shear strength parameters, yet the variation laws are
quite different. .e increase of the joint persistency
causes the freezing-thawing cycle to promote de-
terioration of the joint strength. Furthermore, the
freezing-thawing cycle accelerates the expansion of the
joint, resulting in significant decrease in the joint shear
strength.

4. Conclusions

(1) .e damage of shear strength mainly generates in the
initial stage of the freezing-thawing cycle, while the
shear strength decreases slightly in the late stage.
Freezing-thawing cycles have less effect on the shear
strength of joint specimens with low persistency.
However, it has a greater effect on joint specimens
with large persistency. Moreover, the freezing-
thawing cycle will promote roughness deterioration
when the joint persistency increases.

(2) .e peak shear strength of the intact specimen
decreases linearly with the freezing-thawing cycle
increase, and the decrease is small before and after
the freezing-thawing cycles. .e joint specimen
decreases nonlinearly with the increase of freez-
ing-thawing cycles, and shear strength decreased
significantly before and after freezing-thawing
cycles.

(3) Both the freezing-thawing cycles and the joint
persistency have significant effects on the degra-
dation of the joint shear strength parameters, yet
the variation laws of the two factors on joint co-
hesion and friction angle are quite different. .e
increase of the joint persistency causes the freezing-
thawing cycle to promote the deterioration of the
joint strength. Furthermore, the freezing-thawing
cycle accelerates the expansion of the joint,
resulting in a significant decrease in joint shear
strength.
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decay of building stones during freeze-thaw weathering
processes,” Construction and Building Materials, vol. 38, no. 1,
pp. 443–454, 2013.

[17] M. H. Ghobadi and R. Babazadeh, “Experimental studies on
the effects of cyclic freezing-thawing, salt crystallization, and
thermal shock on the physical and mechanical characteristics
of selected sandstones,” Rock Mechanics and Rock Engi-
neering, vol. 48, no. 3, pp. 1001–1016, 2015.

[18] A. Momeni, Y. Abdilor, G. R. Khanlari, M. Heidari, and
A. A. Sepahi, “.e effect of freeze-thaw cycles on physical and
mechanical properties of granitoid hard rocks,” Bulletin of
Engineering Geology and the Environment, vol. 75, no. 4,
pp. 1649–1656, 2016.

[19] Y. Jin, C. Xu, L. Hong, J. W. Zhou, and Y. Y. Cai, “Effect of
freeze-thaw cycles on mechanical properties and permeability
of red sandstone under triaxial compression,” Journal of
Mountain Science, vol. 12, no. 1, pp. 218–231, 2015.

[20] Q. Liu, S. Huang, Y. Kang, and X. Hunag, “Fatigue damage
model and evaluation index for rock mass under freezing-
thawing cycles,” Chinese Journal of Rock Mechanics and
Engineering, vol. 34, no. 6, pp. 1116–1127, 2015.

[21] Y. Lu, X. Li, and A. Chan, “Damage constitutive model of
single flaw sandstone under freeze-thaw and load,” Cold
Regions Science and Technology, vol. 159, pp. 20–28, 2019.

[22] W. Fang, N. Jiang, and X. Luo, “Establishment of damage
statistical constitutive model of loaded rock and method for
determining its parameters under freeze-thaw condition,”
Cold Regions Science and Technology, vol. 160, pp. 31–38, 2019.

[23] Y. Wang, H. Lin, Y. Zhao, X. Li, P. Guo, and Y. Liu, “Analysis
of fracturing characteristics of unconfined rock plate under
edge-on impact loading,” European Journal of Environmental
and Civil Engineering, vol. 23, pp. 1–16, 2019.

[24] H. Lin, S. Xie, R. Yong, Y. Chen, and S. Du, “An empirical
statistical constitutive relationship for rock joint shearing
considering scale effect,” Comptes Rendus Mécanique,
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