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A B S T R A C T

In this paper, the fractured rock samples with different dip angles of rock bridge are taken as the research object, 
and the freeze-thaw cycle test and uniaxial compression test are carried out successively. Combined with digital 
image correlation technology (DIC) and numerical simulation, the failure process of prefabricated fractured 
sandstone with different rock bridge dip angles was studied. The results show that the frost heaving force caused 
by freezing and thawing will cause irreversible damage to the rock sample. Especially at the tip of the pre
fabricated crack, macroscopic frost heaving cracks will occur. Frost heaving cracks can reduce the stress con
centration at the crack tip, which leads to a decrease in tensile cracks during loading. With the increase of the 
inclination angle of the rock bridge, both the modulus and the peak stress show an inverted “spoon-shaped” trend 
of increasing first and then decreasing. The tensile effect of the frost heave force generated by the freeze-thaw 
process leads to the early development and expansion of the prefabricated cracks. Under the action of 
external load, according to the law of crack development, the failure mode of rock bridge can be divided into 
shear failure (S type), tensile failure (T type) and tensile-shear composite failure (M type). The relative 
displacement evolution curve of the characteristic points on both sides of the fracture surface is basically 
consistent with the evolution characteristics of the strain field. According to whether the x-direction and y-di
rection displacement curves of the feature points deviate from each other, the type of driving force of fracture 
propagation can be judged.

1. Introduction

Rock mass instability caused by freeze-thaw damage is a common 
natural disaster in alpine regions [1,2]. The rock slope of Yulong Copper 
Mine in Xizang is often broken due to the influence of freeze-thaw action 
and excavation stress. Its stability evaluation and disaster prevention 
become urgent [3,4]. The initial damage structures such as pores, joints, 
cracks and discontinuous planes formed in the rock under the long 
geological and environmental effects cause the heterogeneity of the rock 
[5]. The inhomogeneity of rock has an important influence on its failure 
process, failure mode and macroscopic mechanical properties [6–8]. 
Especially in the low temperature environment, the freezing and thaw
ing alternate day and night in the cold region, and the microscopic 

damage inside the rock accelerates [9,10]. The rock bridge is defined as 
a complete region between two adjacent discontinuous joint tips. Under 
the action of external load, the mineral particles slip and dislocate, 
which promotes the continuous initiation and expansion of microcracks 
in the rock. The initial damage areas of the rock are connected to each 
other, resulting in the connection of the rock bridge area. The inter
mittent structural plane quickly develops into a connected slip surface, 
which eventually leads to the loss of bearing capacity of the rock and 
causes a series of engineering disasters [11–13]. The continuous 
freezing-thawing process leads to the gradual increase of fracture 
aperture, which causes the deterioration of rock micro-damage, frost 
heave fragmentation and failure instability, and then becomes the po
tential cause of geological disasters such as rockfall and landslide in cold 
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regions [12,14–16]. The pre-existing defects in the rock mass dominate 
the deformation and failure process, including the initiation, propaga
tion and merging of new cracks generated by the pre-existing defect tips. 
Therefore, it is of great significance for rock engineering in cold regions 
such as rock slopes, rock foundations and tunnels to understand the 
mechanical properties and cracking process of defective rocks under 
freeze-thaw cycles and loads.

In recent years, scholars have done a lot of research on the me
chanical properties of fractured rocks in cold regions under freeze-thaw 
action from different angles [17–20]. Based on the rock occurrence 
environment in cold region, the stress-strain curves of rock under 
freeze-thaw and confining pressure conditions are studied, and the 
relationship between rock mechanical parameters and confining pres
sure under freeze-thaw conditions is analyzed [21,22]. Based on the 
geometric parameters of cracks, the effects of freeze-thaw cycles, geo
metric parameters of cracks and confining pressure on mechanical 
properties were studied, and the failure modes of rock samples were 
summarized [23–25]. With the increase of rock engineering problems in 
cold regions, scholars have found that the instability and failure of rock 
engineering are closely related to crack propagation, and confirmed that 
in almost all rock engineering projects, the structures in or on the rock 
mass contain both cracks and rock bridges [26–29]. The existence of 
cracks and rock bridges is not only an important factor affecting the 
mechanical response of rock mass, but also the interaction between the 
two and the failure of rock bridges control the mechanical behavior of 
fractured rock mass and the stability of rock excavation [30,31]. The 
cracks and joints inside the rock mass interact with the stress field, 
resulting in new cracks [32,33]. With the continuous expansion of 
cracks, they begin to interact, overlap and penetrate with other cracks, 
making them unstable until the newly separated plane is destroyed. The 
destruction of the rock bridge causes the macroscopic failure of the rock 
mass, which ultimately threatens the stability and safety of the project 
construction [34,35]. From the above research, it can be seen that great 
progress has been made in the study of me-chanical properties and 
failure modes of fractured rock. Crack coalescence in rock bridges is 
usual-ly the cause of many rock structure failures. The macroscopic 
instability failure mode of fractured rock in cold region is a complex 
process. It is difficult to summarize the failure mechanism of frac-tured 
rock in cold region only considering the mechanical properties and 
failure mode. With the ap-plication of digital image correlation tech
nology in the field of rock mechanics, it can well monitor and record the 
failure process of fractured rock. Many scholars have carried out a lot of 
work from the aspects of crack initiation, propagation and evolution. 
Sharafisafa et al. [36] studied the mechanism of crack initiation, prop
agation and coalescence by using single and double defect specimens, 
and determined that tensile coalescence was the main behavior of 
double defect specimens under load, while shear coalescence was 
difficult to occur. Zhou et al. [37] studied the crack development 
mechanism of brittle and ductile specimens with multiple pre-existing 
defects under uniaxial compression tests. Shirole et al. [38] studied 
the heterogeneity of multi-scale strain field in rocks by DIC method. 
analyzed the progressive failure mechanism of rock tunnels with fault 
zones. Therefore, it is of great theoretical value and engineering sig
nificance to monitor and record the crack propagation law caused by the 
existence and arrangement of rock bridges with the help of digital image 
correlation technology to explore the failure behavior of fractured rock 
in cold re-gions.

In engineering, the environment is diverse, the geometry is diverse, 
and the mechanical environment is complex and changeable. Numerical 
simulation has the characteristics of low cost, fast speed, and repeat
ability, making numerical simulation an indispensable analytical 
method for solving scientific problems. The failure process of rock is a 
process from micro-crack initiation to local failure and then to macro
scopic failure. During the loading process, the stress state and 
displacement mode of rock particles determine the crack type and 
propagation direction. The Discrete Element Method (DEM), which does 

not require complex constitutive relations, has advantages in charac
terizing the microstructure of rock. It is helpful to understand the crack 
propagation law and the micro evolution mechanism of crack. Ju et al. 
[39] The crack propagation behavior and its effect on the macro-crack 
resistance of jointed rock were evaluated by discrete element 
modeling (DEM). Zare et al. [40] studied the effects of contact area and 
number of rock bridges, normal load, angle, length and number of joints 
on the shear strength of non-persistent rock joints. Xu et al. [41] The 
effects of fracture length and fracture dip angle on rock cracking 
behavior were investigated by experiments and numerical simulations, 
and four failure modes were obtained in the rock bridge area. Wu and 
Huang [42] discussed the stress distribution at the crack tip and the local 
stress evolution around the crack based on two kinds of crack evolution 
behaviors.

In summary, it is found that most of the research results are based on 
single and double prefab-ricated cracks. The influence mechanism of 
crack length and dip angle on the mechanical proper-ties and failure 
characteristics of fractured rock mass under load is deeply analyzed, but 
it is ne-glected that rock bridge is the main factor controlling the me
chanical behavior of fractured rock mass and the stability of rock 
excavation. Therefore, it is necessary to study the fractured rock with 
different dip angles of rock bridge, explore the change law of its me
chanical properties, and reveal the failure and instability mechanism of 
rock bridge area. In view of this, this paper takes fractured rock samples 
with different rock bridge dip angles as the research object, and has 
carried out freeze-thaw cycle test and uniaxial compression test suc
cessively. The failure process of fractured rock was studied by digital 
image correlation (DIC). Finally, the freeze-thaw model of fractured 
rock is constructed by DEM, and the influence mechanism of freeze-thaw 
cycle on the deformation of fracture surface is discussed, and the bearing 
capacity of fractured rock with different rock bridge dip angles is eval
uated. The research results can provide a theoretical basis for the pre
vention and control of rock slope disasters in Yulong Open-pit Mine in 
Tibet.

2. Test scheme

2.1. Engineering background

This study takes the Yulong Copper Mine in Jiangda County, 
Changdu City, Xizang Autonomous Region, China as the research object, 
as shown in Fig. 1b. The altitude of the mining area is 4569–5118 m, the 
average daily minimum temperature of the coldest month is − 20 ◦C, and 
the freezing period in one year is more than 7 months. The stability of 
the mine rock slope is significantly affected by freeze-thaw cycle [43,
44]. The instability mode of stepped failure often occurs in rock slopes 
with joints and cracks, and its stability is mainly controlled by structural 
planes and rock bridges. Because the rock bridge is the shortest path of 
all potential sliding surfaces, the sliding surface is usually formed be
tween the cracks. In the process of open-pit slope excavation, the orig
inal stress equilibrium state is broken, and a large stress concentration 
occurs at the joint tip, which leads to the initiation, propagation and 
penetration of cracks around the rock bridge. Finally, the rock loses its 
bearing capacity and causes a series of engineering disasters. Therefore, 
it is of great theoretical guiding significance, academic value and social 
benefits for the safe and efficient exploitation of mineral resources in 
cold regions to explore the evolution characteristics of joint crack 
initiation, expansion and penetration.

The rock from Yulong mining area is prepared as a cube with length, 
width and height of 50 * 50 * 100 mm. In this experiment, non- 
overlapping penetrating cracks are used, and the specific distribution 
form is shown in Fig. 1d (e). The length of the fissure is 2c, the width of 
the fissure is a, the dip angle of the fissure is α, the dip angle of the rock 
bridge is β, and the length of the rock bridge (the distance between the 
tip II in the two prefabricated fissures) is 2b. In order to simplify the 
study, 2c = 20 mm, 2b = 10 mm, α = 45◦, a = 2 mm and β = 30◦, 45◦, 
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60◦, 75◦, 90◦.

2.2. Experimental equipment and process

Reference ISRM specification and freeze-thaw cycle operating stan
dards, and based on the actual working conditions of the day and night 
temperature difference in the mining area, as well as other scholars 
experience in setting parameters for freeze-thaw cycle tests [46]. The 
freeze-thaw cycle test parameters are set as follows: the freezing tem
perature is − 20 ◦C, the dissolution temperature is 20 ◦C, and the first 
freeze-thaw cycle is 10 h, in which the freeze-thaw time is 5 h, the 
melting time is 5 h, and the freezing and melting speed are both 8 ◦C/h. 
The samples with different rock bridge dip angles were subjected to 80 
freeze-thaw cycle tests. Uniaxial compression test loading equipment 
using RMT rock mechanics testing machine. The uniaxial compression 
test was carried out on the fractured rock samples after freeze-thaw 
cycles, and the displacement loading control was adopted at a rate of 
0.02 mm/min.

The specific test process. 

(1) After removing the samples with uneven surface and large 
discreteness, a total of 10 rock samples were selected, as shown in 
Fig. 2a. The rock samples are divided into 5 groups according to 
the different dip angles of the rock bridge, and each group has 
two samples. As shown in Table 1.

As shown in Table 1, the sample number is R-30-1, R is expressed as a 
rock sample, 30 is expressed as a rock bridge dip angle β, and 1 is 
expressed as the first sample in each group. 

(2) The screened rock samples are placed in an oven and dried at 
110◦ for 48 h to constant weight, as shown in Fig. 2b;

(3) The dry rock sample was put into distilled water and saturated for 
48 h by vacuum pumping method, as shown in Fig. 2c;

(4) The surface of the saturated rock sample is wiped clean and 
wrapped with a preservative film, so that there is no water on the 
surface of the rock sample and in the prefabricated cracks, as 
shown in Fig. 2d;

(5) Put the rock samples into the high and low temperature (alter
nating) test chamber in turn, carry out 80 freeze-thaw cycles, and 
the temperature evolution curve is shown in Fig. 3. Freeze-thaw 
damage rock samples, as shown in Fig. 4;

(6) The static compression test of freeze-thaw damage rock samples 
was carried out by using RMT-150C rock mechanics test system. The 
axial deformation of rock can be measured by a displacement sensor 
with a range of 5 mm and a stroke sensor with a range of 50 mm in the 
rock mechanics test system. At the same time, DIC technology was used 
to monitor the evolution characteristics of the surface deformation field 
of the sample, as shown in Fig. 2 (f).

From Fig. 4 that when the dip angle of the rock bridge is β ≤ 45◦, only 
far-field cracks appear on the surface of the specimen. When the dip 
angle of the rock bridge is β > 45◦, the frost heave crack first starts from 
the crack tip, expands along the coplanar direction of the crack, and then 
extends to the side and back of the sample to form a penetrating frost 
heave crack. This results in different degrees of damage to rock samples 
with different rock bridge dip angles before uniaxial compression test.

Under the action of F-T cycle, the surface of the sample is more likely 
to be damaged (Fig. 4), and the rock samples with different rock bridge 
dip angles have different degrees of damage, which is basically consis
tent with the study of Zhu et al. [47]. With the increase of the inclination 

Fig. 1. Preparation of fractured rock samples with different dip angles of rock bridge. 
(a) Distribution of permafrost in Qinghai-Tibet Plateau [45] (b) Fractured rock mass affected by freeze-thaw (c) Potential hazards of rock mass caused by freezing and 
thawing, (d) Preparation of fractured rock mass, (e) Geometric distribution characteristics of cracks.

M. Yu et al.                                                                                                                                                                                                                                      Unconventional Resources 6 (2025) 100152 

3 



angle of the rock bridge, the damage of the sample surface is more 
obvious, especially in the rock bridge area. When the dip angle of the 
rock bridge is small (β ≤ 45◦), a small number of cracks appear on the 
surface of the sample and are far away from the rock bridge area. When 
the dip angle of the rock bridge is large (β > 45◦), the frost heave cracks 
first crack from the crack tip and propagate along the coplanar direction 
of the crack (Fig. 4c, d, and e). These freeze-thaw damage is mainly 
based on the weathering and spalling of the surface, with some micro 
cracks on the surface. Because the freezing effect starts from the surface 
of the rock sample, the surface of the rock sample is damaged first. The 
surface damage is greater than the internal damage.

3. Test result analysis

3.1. Stress-strain curve

The stress-strain curves of fractured rock samples under different dip 
angles of rock bridge are shown in Fig. 5. Through the analysis of the 
stress-strain curve, it is found that the stress-stress curve of the fractured 
rock sample shows a similar trend under different rock bridge dip angles. 
At the initial stage of loading, the original open structural plane or 
micro-fissure in the rock gradually closed, and the rock was in the 
compaction stage. Elastic deformation stage: the stress-strain curve is 

Fig. 2. Different rock bridge sample test process.

Table 1 
Sample grouping.

Sample 
number

rock 
bridge 
dip 
angle/◦

rock 
bridge 
length/ 
mm

fracture 
dip 
angle/◦

fracture 
width/ 
mm

fissure 
length/ 
mm

freeze- 
thaw 
cycles

R-30-1 30 10 45 2 20 80
R-30-2 30 10 45 2 20 80
R-45-1 45 10 45 2 20 80
R-45-2 45 10 45 2 20 80
R-60-1 60 10 45 2 20 80
R-60-2 60 10 45 2 20 80
R-75-1 75 10 45 2 20 80
R-75-2 75 10 45 2 20 80
R-90-1 90 10 45 2 20 80
R-90-2 90 10 45 2 20 80

Fig. 3. Temperature evolution curve.
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Fig. 4. Samples with different dip angles of rock bridge under the same number of freeze-thaw cycles.
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approximately linear. The stable development stage of crack: the slope 
of the stress-strain curve decreases with the increase of stress, and the 
microcracks begin to initiate, but the microcracks are controlled by the 
applied load. The unstable propagation stage of cracks: the stress-strain 
curve is convex, and the cracks continue to develop until the sample is 
completely destroyed.

From Fig. 5 that the rock samples with different rock bridge dip 
angles have different degrees of nonlinear deformation in the initial 
stage of loading, which is mainly caused by the gradual closure of the 
initial pores or cracks of the rock samples. Since then, the elastic 
deformation began to dominate the stress-strain curve, and the stress 
and strain were approximately linear. However, when cracks begin to 
initiate near the tip of the prefabricated crack or the rock bridge area, a 
significant stress drop can be observed on the curve. After several times 
of stress drop, the specimen will quickly reach the peak strength, and 
unstable failure will occur with the increase of axial deformation.

3.2. Effect of dip angle of rock bridge on deformation and strength 
parameters

The initial modulus reflects the number of micro cracks in the rock, 
the secant modulus reflects the overall deformation characteristics of the 
rock, and the elastic modulus reflects the ability of the rock to resist 
elastic deformation and the degree of deformation. As shown in Fig. 6.

The initial modulus: the slope of the stress-strain curve at the origin 

tangent, as shown in Eq. (1): 

E0 =
dσ0

dε0

⃒
⃒
⃒
⃒

ε=0
(1) 

where E0 is the initial modulus of the specimen, GPa; σ0 is the stress at 
the origin of the stress-strain curve, MPa; ε0 is the strain value at the 
origin of the stress-strain curve.

The secant modulus: The slope of the secant at point M corre
sponding to 50 % of the ultimate strength in the stress-strain curve, 
shown in Eq. (2): 

Es =
σm − σ0

εm − ε0
(2) 

where Es is the secant modulus of the sample, GPa; σm is the stress value 
of M point, MPa; εm is the axial strain value corresponding to σm.

Elastic modulus: the slope of the line connecting the starting point of 
the elastic line stage to the end point of the elastic line stage in the stress- 
strain curve, as shown in Eq. (3): 

Ee =
σb − σa

εb − εa
(3) 

Where Ee is the elastic modulus of the sample, GPa; σa is the stress value 
at the starting point of the elastic line segment, MPa; σb is the stress 
value at the end of the elastic segment, MPa; εa and εb are the corre
sponding axial strain values when the axial stress is σa and σb 
respectively.

Through Eqs. (1) and (3), the initial modulus, secant modulus and 
elastic modulus and peak strength, as shown in Table 2. The average 
value of the modulus and the average value of the peak strength change 
with the inclination of the rock bridge, as shown in Fig. 7.

From Fig. 7a, it can be seen that the evolution of the three with the 
change of the dip angle of the rock bridge shows an inverted “spoon- 
shaped” evolution law of rising first and then falling. When β > 45◦, the 
three modulus values decrease with the increase of the dip angle of the 
rock bridge. When β ≤ 45◦, the three modulus values increase with the 
increase of dip angle of rock bridge. When β = 45◦, the three modulus 
values are the largest. When the dip angle of rock bridge is the same, the 
size of three kinds of modulus is shown as elastic modulus > secant 
modulus > initial modulus. From Fig. 7b that the peak stress also ex
hibits the same evolution law as the modulus.

3.3. The influence of rock bridge dip angle on the evolution law of rock 
failure

Rock is a non-homogeneous material. When the load is large, stress 
concentration will occur in the local area. When the load exceeds the 
maximum compressive strength of the rock, new cracks (such as wing 
crack, coplanar crack, quasi-coplanar crack and secondary inclined 
crack) will be initiated here, and expand with the increase of load until 
the sample is unstable and destroyed [48]. In order to deeply analyze the 
law of crack development, one rock sample from each group was 
selected for analysis, as shown in Figs. 8–12.

Fig. 8 shows the cracking process of R-30-2 (β = 30◦) specimen. From 
Fig. 8, it can be seen that when the loading is up to 157 s, the wing crack 
T-1 and T-2 begin to initiate from the outer tip I of fissure ① and ②, 
respectively, and expand along the loading direction. When loaded to 
173 s, the wing crack T-3 initiates from the inside tip II of fissure ①. 
When loaded to 215 s, the wing crack T-4 starts to initiate from the 
inside tip II of fissure ②. The propagation directions of T-3 and T-4 wing 
cracks are perpendicular to the prefabricated fissure. At this time, the 
wing cracks T-1 and T-2 have penetrated the sample, and the rock bridge 
area is penetrated by the secondary inclined crack S-1. The final spec
imen failed, and the wing crack T-5 and the secondary inclined crack S-1 
lapped, and the spalling phenomenon occurred in the rock bridge area.

Fig. 9 shows the cracking process of the specimen numbered R-45-2 

Fig. 5. Stress-strain curves of specimens with different rock bridge dip angles.

Fig. 6. Deformation characteristics of rock.
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Table 2 
Strength and modulus of specimens under different rock bridge dip angles.

Sample number Rock bridge dip angles/◦ Initial modulus/GPa Secant modulus/GPa Elastic modulus/GPa Peak stress/GPa

Test value Mean value Test value Mean value Test value Mean value Test value Mean value

R-30-1 30 2.81 2.77 3.49 3.33 4.41 4.19 28.30 25.32
R-30-2 2.72 3.16 3.96 22.33
R-45-1 45 3.74 3.55 4.84 4.49 5.99 6.12 29.40 30.63
R-45-2 3.35 4.13 6.25 31.86
R-60-1 60 1.39 1.35 1.89 2.11 2.94 2.91 19.91 19.36
R-60-2 1.30 2.32 2.87 18.80
R-75-1 75 0.47 0.51 0.79 0.84 1.22 1.25 9.74 9.68
R-75-2 0.54 0.88 1.27 9.62
R-90-1 90 0.29 0.36 0.52 0.55 0.62 0.66 6.42 6.13
R-90-2 0.42 0.58 0.69 5.84

Fig. 7. Relationship between deformation parameters and dip angle of rock bridge.

Fig. 8. Cracking process of rock bridge dip angle β = 30◦ specimen.
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(β = 45◦). From Fig. 9, it can be seen that when the loading is up to 190 s, 
the wing crack T-1 starts from the outer tip I of fissure ② and expands 
along the loading direction. Until 255 s, the wing crack T-1 extends 
through the sample, and no other cracks appear. With the continuous 
increase of axial stress, the secondary crack S-1 and the wing crack T-2 
appear almost at the same time, which penetrate the rock bridge area 
and the specimen respectively, causing the instability failure of the 
specimen.

Fig. 10 shows the cracking process of the specimen numbered R-60-2 
(β = 60◦). It can be seen from Fig. 10 that when loaded to 181 s, the wing 
crack T-1 first initiates from the outer tip I of fissure ① and propagates 
along the loading direction. When loading to 263 s, the wing crack T-2 
starts to initiate from the outer tip I of the fissure ①, and its propagation 
direction is perpendicular to the prefabricated crack. When loaded to 
278 s, quasi-coplanar crack S-1 and coplanar crack S-2 appear almost 

simultaneously. Finally, the quasi-coplanar crack S-1 penetrates the 
specimen, and the coplanar crack S-2 directly penetrates the rock bridge 
area.

Fig. 11 is the cracking process of the specimen numbered R-75-2 (β =
75◦). It can be seen from Fig. 11 that when loaded to 204 s, wing cracks 
T-1, T-2 and secondary inclined cracks S-1 almost appear on the surface 
of the sample. Wing crack T-1 and wing crack T-2 initiate from the outer 
tip I of fissure ① and fissure ② respectively, and their propagation di
rections are perpendicular to the prefabricated crack. The secondary 
inclined crack S-1 is extended from the inside tip II of fissure ① to the 
inside tip II of fissure ② along the direction of the rock bridge, so that the 
rock bridge area is penetrated. When loaded to 288 s, the secondary 
inclined crack S-2 initiates from the outer tip I of fissure ①, and rapidly 
expands and penetrates the specimen. At the moment of specimen fail
ure, the propagation direction of wing crack T-2 is deflected, forming 

Fig. 9. Cracking process of rock bridge dip angle β = 45◦ specimen.

Fig. 10. Cracking process of rock bridge dip angle β = 60◦ specimen.
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wing crack T-3.
Fig. 12 shows the cracking process of the specimen numbered R-90-2 

(β = 90◦). It can be seen from Fig. 12 that when loaded to 173 s, wing 
cracks T-1, T-2 and secondary inclined cracks S-1 almost appear on the 
surface of the sample. The wing crack T-1 initiates from the outer tip I of 
fissure ② and propagates along the loading direction. Although both 
wing crack T-2 and secondary inclined crack S-1 start from the outer tip I 
of fissure ①, their propagation directions are very different. The prop
agation direction of wing crack T-2 is perpendicular to the prefabricated 
crack, while the secondary inclined crack S-1 propagates along the 
loading direction. Before the instability failure of the sample, no other 
cracks appeared, while T-1, T-2 and S-1 continued to develop and 
expand, and finally the secondary crack S-2 penetrated the rock bridge 
area.

In summary, it can be seen that the wing cracks initiated at the tip of 

the prefabricated crack cause the tensile penetration of the sample and 
the secondary crack penetration of the rock bridge area, which even
tually causes the overall failure of the rock sample. The tension pene
tration of the specimen is caused by the wing crack, which causes the 
stress concentration in the rock bridge area, but the specimen still has 
the bearing capacity at this time. The rock bridge is the shortest path of 
all potential sliding surfaces. When the rock bridge area is penetrated, 
the specimen will fail.

3.4. The failure mode of rock bridge penetration

Through the analysis of the above rock failure evolution law, it can 
be seen that the rock bridge penetration is the main reason for the rock 
instability failure. The rock bridge penetration is closely related to the 
development of the prefabricated crack tip. In order to deeply analyze 

Fig. 11. Cracking process of rock bridge dip angle β = 75◦ specimen.

Fig. 12. Cracking process of rock bridge dip angle β = 90◦ specimen.
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the failure mechanism of fractured rock. This section summarizes the 
failure characteristics of the rock bridge through the rock sample, as 
shown in Table 3. The shear crack slides along the crack direction, and 
the propagation direction is parallel to the prefabricated crack. The wing 
crack initiation direction forms a certain angle with the crack surface. 
From Table 3, two main types of cracks can be identified in the rock 
bridge area of the sample: Wing crack (tensile crack), secondary crack 
(shear crack). Based on the two types of cracks and their combinations, 

three types of rock bridge penetration modes (S-type, T-type, M-type) 
are summarized, as shown in Fig. 13.

When the shear cracks in the rock bridge area play a leading role and 
connect with each other through the whole rock bridge, it can be judged 
as S-type failure mode. When the tensile crack in the rock bridge area 
plays a leading role and expands through the rock bridge in the rock 
bridge ar-ea, it can be judged as a T-type failure mode. When there are 
wing cracks (tensile cracks) and secondary cracks (shear) in the rock 

Table 3 
Failure charanteristics and mechanism of rock samples.

Sample 
number

Rock bridge dip 
angles/◦

Crack propagation 
morphology

Characteristics of rock bridge penetration failure characteristics

R-30-2 30◦ Secondary shear cracks appear in the overlap of wing cracks, which penetrate the 
whole rock bridge area.

Less pull-more shear 
mixed failure

R-45-2 45◦ High shear stress promotes the propagation of secondary shear cracks through the 
whole rock bridge area.

Direct shear failure

R-60-2 60◦ The wing crack extends to part of the rock bridge and is connected with the 
secondary shear crack, which penetrates the whole rock bridge area.

More pull less shear 
mixed failure

R-75-2 75◦ The wing crack extends to part of the rock bridge and is connected with the 
secondary shear crack, which penetrates the whole rock bridge area.

More pull less shear 
mixed failure

R-90-2 90◦ During loading, the tensile stress causes the two wing cracks to merge and penetrate 
the rock bridge area.

Indirect tensile failure
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bridge area, and the interaction between the two leads to the penetra
tion of the rock bridge, it belongs to the M-type rock bridge penetration 
mode.

From Fig. 13, it can be seen that the secondary cracks initiate and 
propagate in the rock bridge area, which makes the rock bridge cut 
through. After a certain distance of wing crack propagation, high shear 
stress concentration occurs in the rock bridge area, so that the shear 
action dominates between the cracks. However, previous studies have 
shown that tensile failure is the main failure mode of rock samples with 
double cracks under uniaxial compression [49]. It can be seen that the 
freeze-thaw cycle process may change the failure mode of the rock 
sample. Combined with Fig. 4 and Tables 3 and it can be seen that there 
are a lot of damage on the surface of rock samples after freeze-thaw cycle 
treatment, especially the rock samples with rock bridge dip angles of 60◦

(Fig. 4c), 75◦ (Fig. 4d) and 90◦ (Fig. 4e). In the process of freezing and 
thawing, there is a large amount of water in the cracks of rock samples. 
Under the action of freezing, water becomes ice and frost heave occurs. 
The frost heaving force acting on the tip of the prefabricated crack shows 
stress concentration [50]. In the repeated freeze-thaw cycles, the 
micro-cracks in the rock sample will gradually increase, and the frost 
heaving force will gradually increase. As a result, tensile cracks appear 
at the crack tip, which is particularly significant in Fig. 4c, d and e. 
Under the action of external load, the stress concentration effect at the 
crack tip is weakened. During the failure process, the number of tensile 
cracks generated at the crack tip gradually decreases, and the degree of 
development gradually decreases.

Under the action of external load, the crack will first extend along the 
frost heave crack and show the shape of the shear crack, as shown in 
Fig. 12a–c, and d. At the same time, it is found that when the two pre
fabricated cracks are collinear, the rock bridge area is more likely to 
have an S-shaped penetration mode (Fig. 8), Shen et al. [51] also 
mentioned a similar phenomenon in their related research papers. The 
T-type coalescence is only formed by the two wing cracks initiated at the 
tip II of the crack. M-type penetration, shear cracks first initiate and 
penetrate part of the rock bridge area, and then wing cracks appear to 
connect its tip, and finally penetrate the rock bridge area. Admittedly, 
the test results show a significant effect of shear stress. However, in fact, 
this is due to the effect of frost heaving force [52]. When the dip angle of 
rock bridge is 60◦ (M-type), the real-time evolution process of strain 
field and relative displacement curve is shown in Fig. 13. The relative 
displacement evolution characteristics of the feature points (a,b) on both 
sides of the fracture surface can quantitatively determine the fracture 
type: If the relative displacement shows a trend of separation and 
opening, it is a tensile crack; if there is a trend of shear dislocation, it is a 
shear fracture [53].

From Fig. 14, the horizontal longitudinal displacement of the char
acteristic points a and b along the y axis is positive on one side of the 
fracture surface and negative on the other side, indicating that the 
fracture is open. The trend shows that the fracture is open, and the 
opening degree gradually increases with the increase of loading time 
(Fig. 14b). The evolution curves of x-direction displacement on both 

sides of the fracture are basically consistent, that is, under the action of 
compressive stress, the trend of synergistic decline is presented, and the 
shear dislocation is very small (Fig. 14a). According to the evolution 
characteristics of the relative displacement curves of the feature points a 
and b, it can be seen that the crack has not yet initiated before the 
protruding point A (184s), and the relative displacements in the x and y 
directions are basically the same. Subsequently, the cracks began to 
initiate and expand steadily. In this process, the relative displacement in 
the x di-rection remained basically unchanged, while the relative 
displacement in the y direction showed an open trend, which indicated 
that the expansion of the prefabricated cracks was dominated by tensile 
stress, and the rock had tensile failure. At 263 s, the relative displace
ment in the y direction in-creases rapidly, and the relative displacement 
in the x direction also increases slowly, which indi-cates that the crack 
begins to enter the unstable development stage. Until 278 s, the crack 
was un-stable and expanded, and at 300 s, the sample completely failed.

It can be seen that the freeze-thaw cycle will have a certain impact on 
the failure mode of rock bridge. Under the action of compressive stress, 
the crack will first extend along the frost heave crack. Although it ex
hibits the shape of a shear crack in appearance, the driving force of crack 
propagation is actually tensile stress.

4. Discussions

Through the analysis of the mechanical properties and failure modes 
of the samples with different dip angles of the rock bridge, it is found 
that with the increase of the dip angle of the rock bridge, the peak 
strength of the rock sample shows an inverted “spoon-shaped” trend of 
increasing first and then decreasing. The peak strength of rock bridge 
dip angle β = 45◦ is the maximum, and it is also the turning point. The 
dynamic disturbance caused by open-pit mining in cold regions makes 
the mechanical properties of rock mass, the mechanism of catastrophic 
expansion of structural plane and the bearing capacity complicated. In 
order to ensure the safety of open-pit mine slope mining and improve 
economic benefits, it is necessary to discuss the above inverted “spoon- 
shaped” trend and turning point, so as to avoid the threat to safety and 
economic benefits caused by landslides caused by misestimating the 
bearing capacity of rock mass.

4.1. Numerical model establishment and analysis

Based on the effective and accurate discrete element method, the 
numerical models of different rock bridge dip angles are established. The 
effects of crack initiation and propagation on specimens with different 
rock bridge dip angles under compression are analyzed in detail. In 
order to compare, the loading rate (0.02 mm/min), sample size (50 mm 
* 100 mm) and crack size are used in the numerical simulation. The 
numerical model is established, as shown in Fig. 15.

Through the above laboratory tests, it can be seen that the peak 
strength increases when the rock bridge dip angle β is 30◦–45◦, and the 
peak strength decreases when the rock bridge dip angle β is 45◦–60◦. 

Fig. 13. Five different patterns of crack coalescence observed in our experiments.
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When the rock bridge dip angle β = 45◦, the peak strength is the largest. 
The rock bridge inclination angle β is set to 30◦, 35◦, 40◦, 45◦, 50◦, 55◦

and 60◦ to verify whether the peak strength is still increasing first and 
then decreasing.

The freeze-thaw cycle simulation of rock samples with different rock 
bridge inclination angles is carried out. Under 80 freeze-thaw cycles, the 
stress field distribution of fractured rock samples with different rock 
bridge dip angles is shown in Fig. 16 (For example, β = 45◦, 60◦). The 

stress-strain curves of specimens with different rock bridge inclination 
angles under uniaxial compression are shown in Fig. 16.

From Fig. 16, during the freeze-thaw cycle, stress concentration oc
curs at both the inner and outer tips of the crack. With the increase of the 
inclination angle of the rock bridge, the stress grad-ually increases and 
the stress concentration is more significant. This is because during the 
freezing process, water is converted into ice and frost heave occurs. The 
frost heaving force in the crack causes the stress concentration at the 

Fig. 14. Relative displacement evolution curve and strain field evolution characteristics of feature points on both sides of fracture surface.
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crack tip, which makes the particles around the crack produce a certain 
tensile force on the crack, and then causes the local damage at the crack 
tip.

From Fig. 15, when the rock bridge dip angle β is 30◦, 35◦, 40◦, 45◦, 
the peak strength keeps rising. When the dip angle of rock bridge is 45◦, 
50◦, 55 ◦and 60◦, the compressive strength keeps decreasing. When the 
dip angle of rock bridge is 45◦, the compressive strength is the largest.

In summary, we have conducted a more detailed study of the peak 
stress trend of the inverted spoon type shown in the test results, through 
numerical simulation, as shown in Fig. 17c. After the mutual demon
stration of test and numerical simulation, the trend of peak stress still 
shows an inverted “spoon-shaped”. For the cause of this inverted ’ spoon 
’ trend, the research results of previous scholars provide some refer
ences, that is, the change of the dip angle of the rock bridge will affect 
the strength of the rock by affecting the failure mode of the fractured 
rock [54,55]. Therefore, it can be inferred that the rock bridge 

penetration mode is the main reason for the ’ inverted spoon ’ of the 
peak stress trend. However, its mechanism of action needs further study.

5. Conclusion

In this paper, the fractured rock samples with different dip angles of 
rock bridge are taken as the research object, and the influence of 
different dip angles of rock bridge on rock mechanical properties, crack 
propagation and fracture mechanism is analyzed The mechanism of 
three failure modes of rock bridge penetration is revealed, and the 
causes of the inverted ’ spoon-shaped ’ rock strength trend are discussed. 
The following conclusions are obtained. 

(1) Under the action of freeze-thaw cycle, the internal pores and 
cracks of rock samples gradually develop, which makes the stress- 
strain curve appear obvious nonlinear compaction section. The 

Fig. 15. Numerical model establishment process.

Fig. 16. Multi-field distribution of fractured rock surface during freeze-thaw process.
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development and propagation of cracks will lead to a significant 
stress drop in the stress-strain curve. When the crack propagates 
and penetrates, the curve will drop to a certain extent. When the 
rock bridge area is damaged and penetrated, the sample is 
unstable.

(2) The frost heaving force caused by freezing and thawing will cause 
irreversible damage to rock samples. Especially at the tip of the 
prefabricated crack, macroscopic frost heave cracks will occur. 
Frost heaving cracks can reduce the stress concentration at the 
crack tip, which leads to a decrease in tensile cracks during 
loading.

(3) With the increase of the dip angle β of the rock bridge, the three 
kinds of modulus (initial modulus, secant modulus, elastic 
modulus) and the peak value show an inverted “spoon-shaped” 
evolution law, which increases first and then decreases. When β 
= 45◦, the values and peak strength of the three modulus are the 
largest. When the dip angle of rock bridge is the same, the size of 
the three kinds of modulus is shown as elastic modulus > secant 
modulus > initial modulus.

(4) The freeze-thaw cycle has a significant effect on the failure mode 
of the sample. The tensile effect of the frost heave force generated 
by the freeze-thaw process leads to the early development and 
expansion of the prefabricated cracks. Under the action of 
external load, according to the law of crack development, the 
failure mode of rock bridge can be divided into shear failure (S 
type), tensile failure (T type) and tensile-shear composite failure 
(M type).

(5) In the initial deformation stage of rock, the relative displacement 
evolution curves of feature points on both sides of the fracture are 
consistent. With the continuous deformation, the relative 
displacement evolution curves of feature points deviate from 
each other. The y-direction displacement curve deviates, the 
crack propagation is dominated by tensile stress, the x-direction 
displacement curve deviates, and the crack propagation is 
dominated by shear stress. For tensile-shear composite failure (M- 
type), the occurrence of shear cracks is due to the action of frost 
heaving force, so it shows a shear failure mode, and the internal 
force is tension.

(6) The peak stress of rock shows inverted “spoon-shaped”, and its 
formation mechanism is quite complex, which is affected by the 
interaction of many factors. In the future research, it is necessary 
to construct a multi-factor coupling model, which needs to 
consider the non-uniformity of the internal fracture distribution 

of the rock bridge, the mode of action of the external load and the 
freeze-thaw cycle. Through this model, the transfer law of freeze- 
thaw erosion in the stress concentration area inside the rock 
during the process of rock bridge penetration, and the initiation 
and propagation of cracks under the combined action of freeze- 
thaw and external force are explored. At the same time, the 
stress singularity at the crack tip and the interaction force be
tween the cracks should be analyzed in detail when the rock 
bridge is connected, especially how the freeze-thaw cycle par
ticipates in and affects these processes, and the problems related 
to engineering safety may be caused.
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