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In the study of pre-fabricated single-fissured rock, the failuremode,mechanical

properties and propagation law of rock are affected by the length and

inclination angle of fissure. In this study, artificially prepared marble-like

rocks with different fissure characteristics were used as rock representatives,

using PFC2D software to establish a uniaxial compression model tests for rocks

with fissures. The effects of different fissure lengths and inclination angles on

the failure mode and crack initiation and propagation of rock-like structures

were systematically studied, revealing the mechanism of macroscopic

mechanical behavior of rocks containing single fissures in the process of

crack initiation, propagation, and failure at the micro-level. The results show

that: 1) Failure mode of the rock sample is mainly controlled by fissure

inclination angle and fragmentation degree is mainly controlled by fissure

length. 2) The initiation stress, damage stress, and peak stress of rock

samples during loading deformation increase with the increase of fissure

inclination angle, and decrease with the increase of fissure length. The crack

initiation angle decreases with the increase of the fissure inclination angle. 3)

Crack initiation characteristics: at a low fissure inclination angle (α< 45°), the

crack initiation position has a certain offset to the center of the prefabricated

fissure, or starts from the tip of the prefabricated fissure. At high fissure

inclination angles (α≥45°), the crack initiates from the tip of the prefabricated

fissure and forms a “dispersed” distribution. 4) The crack propagation law is

mainly shear cracks, at a low fissure inclination angle (α< 45°), the crack

propagation has obvious aggregation band formation. At high fissure

inclination angles (α≥45°), the crack aggregation zone gradually weakened

and expanded in the direction of dispersion.
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1 Introduction

Fissured rock is the most common geotechnical medium in related engineering fields,

such as civil water conservancy, mining, oil and gas extraction, and nuclear waste storage.

It is a product of the long and complex diagenetic process of rock formation and is also the

core subject of concern in the design, construction, and operation period of geotechnical
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engineering facilities. Engineering practices have highlighted that

the instability of fissured rock is usually affected by the initiation,

expansion, and spread of internal fissures in the rock, which

reduces the mechanical properties of the rock, causing safety

instability in rock structures and facilities. The inclination angle

of the fissure and the length of the fissure in the rock (Shu et al.,

2016) play a crucial role in the initiation and propagation of

cracks in the rock, which in turn affects their mechanical

behavior and mechanical properties. Therefore, studying the

characteristics of fissure initiation, propagation, penetration,

and failure in rocks, as well as their mechanical behavior,

provides a significant theoretical basis for revealing the

mechanism of rock damage and failure modes.

Recently, numerous scholars have conducted extensive

research on the mechanical properties, initiation, propagation,

and evolution of rocks with various fissures. A.V. Dyskin et al.

(2003) conducted uniaxial compression tests on samples with

single fissure of different shapes and sizes, and found that the

propagation of 3-D cracks was different from that of 2-D cracks

during compression. Unlike 2-D cracking, there were intrinsic

limits on 3-D growth of wing cracks produced by a single pre-

existing fissure. Wei et al. (2020) considered the effect of fluid

pressure on rock with single fissure, and found that with the

increase of fluid pressure, the propagation of wing cracks was

accelerated, the propagation of secondary cracks was inhibited,

the peak stress of the sample was reduced, and causes the

specimen to undergo tensile failure. Fu et al. (2013)

conducted uniaxial compression tests on elliptic three-

dimensional specimens with built-in single fissure, and found

that wrapped wing cracks and petal-shaped cracks appeared in

the process of crack propagation, and finally a vertical curved

tension crack was generated at the front of the petal-shaped crack

to split the specimen. Zhang and Wong (2012) used PFC to

establish uniaxial compression test of rock-like with single

fissure, systematically studied the influence of fissure

inclination angle on crack propagation, and found that with

the increase of fissure inclination angle, the tensile force

concentration zone shifted from the middle of the fissure

towards the fissure tip regions as fissure inclination angle

increased. Some scholars (Li and Li, 2013; Zhang et al., 2017)

conducted numerical simulations on the failure process of rock

samples with two parallel fissures and analyzed the influence of

the rock bridge inclination angle and fissure inclination angle on

the crack evolution characteristics of rock samples. A. BOBET

and H. H. EINSTEIN (1998) conducted uniaxial and biaxial

compression tests on rock-like materials with double fissures,

and found that the interaction distance between cracks could

reach 1.5 times of the fissure length during the crack growth

process. In addition, only when the fissures were close enough to

each other could they coalescence, and this distance decreased

with the increase of confining pressure. In addition, scholars

(Pan, 2017; Tian et al., 2017; Sarfarazi et al., 2018; Chen et al.,

2020; Wang Z. et al., 2020) have also performed numerical

simulations of uniaxial compression on two coplanar fissured

rocks and reported that the peak strength generally increased

with the inclination angle of the two coplanar fissures, and

revealed that the failure modes of the two coplanar fissured

rocks were primarily macroscopic shear failure modes and

macroscopic tension-shear composite failure modes. Lou et al.

(2019) investigated the effect of the fissure inclination angle on

the energy evolution law of a rock mass through uniaxial cyclic

loading and unloading tests. Niu et al. (2016) adopted the

improved rigid-body spring element method to numerically

simulate the compressive failure process of fissured specimens

with different opening degrees and found that the peak strength

of the specimens first increased before decreasing with an

increase in the fissure opening degree, and finally remained

stable. Mi (2020) studied the crack-propagation law of single

and double fissures under hydraulic pressure. Many scholars

have also studied the rock mass containing multiple fissures.

Zhou et al. (2019a, 2019b), Wang et al. (2018) analyzed the

influence of brittleness of rock-like materials on crack initiation,

propagation, and coalescence behaviors in three fissure-

contained specimens through uniaxial compression test and

DIC, and found that crack initiation mode transforms from

the tensile mode to the shear mode with a decrease in the

brittleness index of rock-like materials. Zhou et al. (2013);

Zhou et al. (2021) conducted uniaxial compression tests on

rock-like materials with four fissures and revealed five types of

cracks, including wing cracks, quasi-coplanar secondary cracks,

oblique secondary cracks, out-of-plane tensile cracks and out-of-

plane shear cracks. Zhou et al. (2018) conducted uniaxial

compression tests on rock samples with nine prefabricated

fissures, and combined with DIC, revealed the failure

mechanism of brittle and ductile multi-fissured rock mass.

The results show that the crack initiation mode transforms

from shear crack to tensile crack as the brittleness index.

Wang Q et al. (2020) conducted uniaxial compression tests on

granite specimens with central holes and hole edge fissures, and

found that the mechanical properties of specimens such as

strength are greatly weakened by the central hole and hole

edge fissures compared with those of intact specimens, and

the weakening effect decreases gradually with the increase of

fissure inclination angle. In addition to the effect of the fissures

itself on the specimen, some scholars have considered the effect

of external factors on the mechanical properties and the law of

crack propagation of fissured rock mass. Zhao et al. (2019)

studied the rheological fracture behavior of rock by

establishing a simple and practical rheological fracture model

under the combined action of hydraulic pressure and far-field

stress, and found that both transient crack propagation and

subcritical crack propagation increased with an increase in the

hydraulic pressure. Zhao et al. (2020) studied the influence of

acid solution on fracture toughness and subcritical crack growth

of marble, lherzolite, and amphibolite. The results indicate that,

for all three studied rocks, the percentage of load drop during

Frontiers in Earth Science frontiersin.org02

Yuan et al. 10.3389/feart.2022.977054

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.977054


RLX increases and the fracture toughness decreases when the

environmental condition changes from air to distilled water and

to an acidic solution with higher acidity. Zhao et al. (2021)

proposed a dual-medium model, including equivalent

continuous and discrete fissure media to study the coupled

seepage-damage effect in fissured rock masses, and found that

in the process of water injection in coal seam, the damage zone

and major fracture apertures in the coal seam gradually increase

with increasing injection time. Some scholars have also used

particle flow code (PFC) to simulate various rock defect shapes

and found the PFC has a good simulation effect on revealing the

rock failure mode, microscopic mechanism of fissure

propagation, and the degradation behavior of mechanical

properties. Zeng et al. (2021) used PFC to simulate the

uniaxial compression of rocks with double-cavity and double-

fissure defect rock and analyzed the influence of the fissure

inclination angle and defect shape on rock mechanical

properties and the final failure mode. Li et al. (2020)

employed PFC to simulate the uniaxial compression of a

porous trigeminal fissure specimen and summarized the

influence of the fissure inclination angle, hole diameter, and

length of the fissure on the mechanical properties of the rock

mass. In terms of fracture geometry, Wang Y et al. (2020)

performed a uniaxial compression simulation test on

composite rock samples containing a single fissure. The

authors explored the effect of the fissure inclination angle and

length of the fissure on rock mechanical properties and failure

mode, and reported that the larger the fissure inclination angle or

fissure length, the smaller the fissure expansion range on the side

with relatively weak mechanical properties in the composite rock

sample, and the failure mode exhibited ‘X’ → ‘y’→ ‘>’ transition
change characteristics. Zhang et al. (2019) analyzed the influence

of the comprehensive effect of the fissure inclination angle, length

of the fissure, and position of the fissure on the strength and

failure characteristics of the rock, and they discovered that the

inclination angle of the fissure has a significant effect on the

initiation position and initiation time of the new crack; the length

of the fissure is related to the integrity and stability of the rock;

the fissure position can affect the scale of crack propagation and

failure form; and the degree of influence on peak strength from

high to low is length, inclination angle, and position. Xi et al.

(2020) performed uniaxial compression tests on granite with a

pre-fabricated fissure and found that wing cracks expanded more

rapidly as the inclination angle of the fissure increased, and new

cracks were distributed clockwise. Li et al. (2012) also conducted

a simulation test on a rock with a pre-fabricated fissure and found

that the inclination angle of the fissure had a significant influence

on the crack initiation position, crack initiation angle, and crack

initiation sequence.

In summary, most of the research results are analyzed from a

macroscopic perspective, and the research focuses on the number

and shape of prefabricated fissures. Due to the experimental

limitations and the complexity of rock texture, details of the

cracking processes could not always be observed and assessed

comprehensively. Therefore, this paper analyzes the crack

propagation law of rock samples in the process of failure from

the perspective of combining macro and micro. In this study,

artificial marble-like rocks with different fissure sizes and

distribution characteristics were used as representative rock

samples and combined with uniaxial compression tests and

particle flow simulations to explore the failure characteristics

and crack propagation process of a single fissure rock. First, the

particle flow PFC2D software was employed to establish the model

sample and internal particles, fissure, and contact conditions.

Combined with the laboratory test parameters, the physical and

mechanical parameters of the model sample were established

using a trial-and-error method. Second, the ultimate failure mode

and peak stress of rock samples were obtained through an indoor

uniaxial compression test and PFC2D numerical simulation, and

the variations in the failure mode and peak stress with the fissure

inclination angle and fissure length were discussed. Finally, based

on the PFC2D numerical simulation method, the variation law

and internal relationship of the fissure initiation angle, initiation

stress, and damage stress with the fissure inclination angle and

fissure length were determined.

2 Uniaxial compression test of rock
with single fissure

2.1 Test setup

In the uniaxial compression test of fissured rock samples, a

large number of rock samples are required to study the

propagation process and evolution law of defects, such as

crack initiation, propagation, and failure. However, it is

difficult to obtain rock samples with the same or similar

fissure lengths and inclination angles in site sampling,

FIGURE 1
Configuration distribution of fissure.
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which makes it difficult to adhere to the needs of a large

number of engineering tests in practice. Therefore, it is

necessary to artificially prepare single-fissured samples with

different fissure scales and distribution characteristics as

representative rock samples to analyze the failure

characteristics and influencing factors of single-fractured

rock (Xiao et al., 2012). Taking the pre-fabricated marble-

like artificial rock samples as the research object, the mass ratio

is 425#ordinary Portland Cement: Silica fume: Quartz sand:

Iron powder: Superplasticizer: Water = 1:0.13:0.8:0.25:0.01:

0.4. According to the test method outlined by the International

Society for Rock Mechanics and Rock Engineering, the

rock sample was pre-fabricated into a cylinder with a

height of 100 mm and diameter of 50 mm, and fissures with

different lengths (L) and inclination angles (α) were pre-

fabricated in the rock sample. The fissure distribution is

shown in Figure 1 and the specific test settings are listed in

Table 1.

2.2 Establishment of PFC2D numerical
model

In contrast to the continuum mechanics method, the PFC

numerical simulation method is more suitable for analyzing the

mechanical properties and behavior of a medium containing

defects. The principle is that the sample is simulated by the

collection of round particles. Subsequently, the damage evolution

and macroscopic mechanical behavior of the material are

simulated by the movement and interaction of the particles.

The numerical test was divided into two steps: sample

preparation and loading. The PFC2D software was used to

produce uniformly distributed particles within a certain range

to simulate the sample. The size of the model sample was the

same as that of an actual rock sample. A fissure was generated

using the particle deletion method. The fissure length was 24 mm

and the fissure inclination angle was 60°, as depicted in Figure 2A.

The sample was locally enlarged to clarify the contact type

between particles more clearly, as shown in Figure 2C. Model

loading involves the application of concentrated loads of the

same size and opposite directions to the upper and lower walls

and simulates the loading process of the uniaxial compression

test at a certain loading speed. When the post-peak strength is

equal to 70% of the peak strength, the loading stops, and the

program records the data in real time during the entire process.

The test adopted the built-in flat joint model (FJM), in which

the number of particles in the model sample was 12,952 in total,

and there were 32,379 contact points between particles.

According to the existing research results on the loading rate

(Huang et al., 2012; Chen, 2018), the loading of the test was

TABLE 1 Marble samples setting with prefabricated fissured.

α/° 0 15 30 45 60 75 90

L/mm

6 A-1 A-2 A-3 A-4 A-5 A-6 A-7

12 B-1 B-2 B-3 B-4 B-5 B-6 B-7

18 C-1 C-2 C-3 C-4 C-5 C-6 C-7

24 D-1 D-2 D-3 D-4 D-5 D-6 D-7

FIGURE 2
Fissured rock PFC2D model. (A) Model sample, (B) local amplification and (C) particle contact type.
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simulated at a loading rate of 0.04 m/s. Based on the indoor test

parameters, the trial-and-error method was adopted to adjust the

mesoscopic parameters of the model so that the stress-strain

curve of the numerical simulation was consistent with the

laboratory test curve, as depicted in Figure 3. The physical

and mechanical parameters of the model sample determined

in this study are listed in Table 2.

2.3 Numerical simulation and laboratory
test failure analysis of rock with a single
fissure

2.3.1 Peak stress comparative analysis
According to the numerical model parameters listed in

Table 2, the final failure mode of the fissured rock sample in

the indoor uniaxial compression test was compared with the final

failure mode diagram simulated by PFC2D. The failure modes of

rock samples change with the fissure inclination angle under the

same fissure. Thus, the lengths are different, and the failure

modes with the change in fissure length under the same fissure

inclination angle are the same. Therefore, two groups of pre-

fabricated samples with fissure lengths of 12 and 18 mm were

selected for the failure modes at different fissure inclination

angles. The peak stress of the rock samples was obtained from

an indoor uniaxial compression test and PFC numerical

simulation test, as shown in Figure 4.

From Figure 4, it can be observed that the peak stress of the

PFC numerical simulation is consistent with the numerical value

measured by the indoor uniaxial compression test, indicating

that the PFC simulations of the fissured rock uniaxial failure test

are consistent with each other, indicating the feasibility of the

method. When the fissure length is constant, the peak stress of

the rock sample is close when α≤30°, indicating that when the

fissure inclination angle is low, the rock strength is less affected

by the change in the inclination angle. When α≥30°, the peak

stress of the specimen increases with an increase in the

inclination angle, and when α is close to 90°, the peak stress

growth rate will slow down. In the meantime, comparing the

fissure lengths of 12 mm and 18 mm, it was revealed that with the

increase in fissure length, the peak stress will be significantly

reduced, particularly at a low fissure inclination angle; that is, at

α≤45°, the peak stress of the 18 mm specimen will decrease to

60% of the peak stress of the 12 mm sample, indicating that the

fissure length has a significant influence on the strength of the

rock sample. When α > 60°, the difference between the peak

stresses of the two groups of specimens decreased, and when α >
90°, the peak stresses were close.

2.3.2 Comparative analysis of failure modes
The final failure modes of the specimens obtained from the

indoor uniaxial compression test and PFC numerical

simulation were compared and analyzed, as illustrated in

Figure 5. The failure mode diagram uses different colored

lines to distinguish the propagation of cracks in different ways;

more specifically, the thick red line represents the location of

the pre-fabricated crack, the green line represents the crack

extending from the tip of the pre-fabricated fissure to the

upper and lower ends of the sample, the orange lines represent

the cracks that expanded from the middle of the pre-fabricated

crack to the upper and lower ends of the sample, and the blue

FIGURE 3
Comparison of stress-strain curves between laboratory test
and numerical simulation.

TABLE 2 Parameters for model setting.

FJM mesoscopic
parameters

Number of
contact
surface
units

Radius
multiplier

Stiffness
ratio

Cohesion
(MPa)

Friction
coefficient

Young’s
modulus
(GPa)

Tensile
strength (MPa)

2 1 1.5 55 0.5 7 5.03

Particle mesoscopic
parameters

Density (g/cm3) Minimum
diameter (mm)

Particle size
ratio

Young’s
modulus (GPa)

Stiffness ratio friction coefficient

2700 0.5 1.66 7 1.5 0.5

Frontiers in Earth Science frontiersin.org05

Yuan et al. 10.3389/feart.2022.977054

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.977054


lines represent the cracks that expanded from the upper or

lower ends of the sample.

It can be observed from Figure 5A that under the same fissure

length when α= 0°, the cracks at the tip of the pre-fabricated

fissure propagated to the top and bottom of the end, respectively.

The propagation of the right crack leads to spalling of the right

side of the specimen, and the development of the crack in the

middle intensifies the crushing degree of the specimen and

divides the lower part of the pre-fabricated fissure into

fragments, which is in good agreement with the simulation

results. When α= 30° and 45°, the wing cracks at both ends of

the pre-fabricated fissure were dominant, and a small number of

cracks propagated in the middle of the pre-fabricated fissure, the

damage was also caused by the development of wing cracks at

both ends of the sample. When α> 60°, the main failure surface of

the specimen was formed by the main crack through the pre-

fabricated fissure, which was accompanied by the spalling of the

specimen side, and the cracks developed in the middle part of the

pre-fabricated fissure and the formation of local far-field cracks.

With an increase in the fissure angle, the cracks in the middle of

the fissure gradually developed to both ends and then

disappeared, which is similar to the failure of the intact rock

samples.

As shown in Figure 5B, with an increase in the fissure

initiation angle, the failure mode of the specimen is consistent

with the crack propagation in Figure 5A. However, Figures

5A,B exhibit the most significant difference, namely, the

fissure length is a12 mm sample in addition to the pre-

fabricated fissure tip crack propagation, there are more

macroscopic cracks from the top and bottom end of the

sample extension, destroying the sample surface rendering

impellers, macro with large cracks, which is the result of the

fissure length effect on the compressive strength of the

samples, which also indicates that the failure mode is the

result of the joint action of the fissure inclination angle and

strength.

It can be observed from Figure 5 that the final failure mode

simulated by PFC2D is very close to the final failure mode in the

indoor uniaxial compression test, which represents the failure

process of the indoor test. It also indicates that it is feasible to use

the PFC to simulate rock failure. However, the most obvious

difference is between Figures 5A,B. In other words, in the

specimen with a fissure length of 12 mm, in addition to the

crack propagation at the tip of the pre-fabricated fissure, many

other macrocracks propagated from the upper and lower ends of

the specimen. The surface of the damaged specimen presented

the accompanying phenomenon of multiple falling blocks and

multiple macrocracks. This phenomenon is the result of the

influence of fissure length on the compressive strength of the

specimen, which also demonstrates that the failure mode of the

specimen is the result of the joint action of the fissure inclination

angle and strength.

3Crack initiation and propagation law
of rock with a single fissure

In the process of rock deformation and failure, the cracks

experienced four stages: compaction, crack initiation, expansion,

and penetration (Gao et al., 2016). Each stage division

corresponds to a specific stress threshold; that is, the

characteristic stresses related to crack initiation, propagation,

and transfixion are the crack initiation stress, damage stress, and

peak stress (introduced). The propagation of cracks in rock

samples is affected by the mechanical properties of the rock,

the length of the prefabricated fissure, and the fissure inclination

angle, and in turn, these factors also determine the crack

initiation angle, initiation stress, and damage stress. In the

following, under the condition of setting the fissure length

and inclination angle, we focus on exploring the crack

initiation angle, crack initiation stress, and damage stress with

the fissure inclination angle and length as well as the internal

relationship.

3.1 Crack initiation angle, initiation stress,
and damage stress

3.1.1 Crack-initiation angle
The crack initiation angle (θ) denotes the angle between the

first crack and pre-fabricated fissure in the rock with a fissure

during the loading process, as illustrated in Figure 6A. In the

crack initiation stage, the PFC2D software can be employed to

record the relationship between the pre-fabricated fissure

inclination angle (α) and the new crack initiation angle (θ)
in real time to study the influence of the length and inclination

angle of the pre-fabricated fissure on the crack initiation angle.

FIGURE 4
Comparison of peak stress between numerical and
laboratory tests with different fissure lengths.
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The PFC model test provides statistics on the crack initiation

angle of rock samples with pre-fabricated fissure lengths of

6 mm, 12 mm, 18 mm, and 24 mm, and the results are depicted

in Figure 6B.

It can be observed from Figure 6 that, overall, the crack

initiation angle gradually decreases with an increase in the pre-

fabricated fissure inclination angle, which is similar to the

influence of the fissure inclination angle on the pre-fabricated

granite studied by Guo et al. (2019). As the inclination angle of

the pre-fabricated fissure increases, the inclination angle of the

originally initiated crack gradually approaches the direction of

the pre-fabricated fissure. When the inclination angle of the

fissure increased from 60° to 90°, the crack initiation angle

abruptly decreased significantly, which is similar to the

macroscopic integrity of the oblique shear, which is

comparable to the oblique shear failure direction of the

macroscopic intact sample. This variation was controlled by

the variation in the particle displacement caused by the

inclination angle and length of the pre-fabricated fissure, and

the initial crack initiation direction may be one of the directions

of the failure surface of the specimen.

3.1.2 Initiation and damage stress
Liu et al. (2017) predicted rock crack initiation stress (σci)

and damage stress (σcd) based on Griffith’s strength theory.

The specific method uses the lateral strain response method

(LSR) (Nicksiar, M., and Martin, C. D., 2012), that is, to

determine the maximum point and zero value point of the

FIGURE 5
Rock samples failure modes of test and numerical simulation with different fissure lengths and inclination angles.(A) L=12 mm (B) L=18 mm.
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lateral strain difference through simple calculation to obtain

the rock crack initiation stress and damage stress. In this

study, the axial stress, axial strain curve, lateral strain curve,

and volumetric strain relationship curve were obtained

through the PFC model test, following the processing of

data, the crack initiation stress and damage stress of rock

samples with fissure lengths of 12 mm and 18 mm under

different fissure inclination angle, as well as the variation

law of their values with the fissure inclination angle, were

obtained, as depicted in Figure 7. And under the condition of

the same fissure inclination angle, α was set at 30° for analysis

to obtain the variation law of fissure initiation stress and

damage stress with an increase in the pre-fabricated fissure

length, as depicted in Figure 8.

It can be observed from Figure 7 that the crack initiation

stress and damage stress of the fissured rock sample increases

with an increase in the fissure inclination angle, indicating that

an increase in the fissure inclination angle strengthens the

strength characteristics of the sample. In the process of

increasing the inclination angle of the fissure, the

mechanical properties of the specimens with fissures

gradually approached the strength properties of the intact

specimens. It can be observed from Figure 8 that the crack

initiation stress and damage stress decrease with an increase in

FIGURE 6
Relationship between the crack initiation angle and pre-existing fissure inclination angle. (A) Diagram of θ and α (B) θ vs. α

FIGURE 7
Relationship of crack initiation stress and damage stress with
the fissure inclination angle.

FIGURE 8
Relationship of crack initiation stress and damage stress with
fissure length.
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the pre-fabricated fissure length, indicating that with an

increase in the fissure length, the effective area of the cross-

sectional area of the sample with fissure will be reduced, and

the strength variation characteristics of the sample are

comparable to the principle of equivalent stress in damage

mechanics.

It can be observed from Figure 7 that when α< 45°, the

crack initiation stress and damage stress exhibit a relatively

stable and slow increase with the change in the fissure

inclination angle. When α≥45°, the crack initiation stress

and damage stress exhibit an obvious increasing trend with

the increase in fissure inclination angle. When comparing the

test results of the 12 mm and 18 mm fissure lengths, it is

evident that with an increase in the fissure length, the crack

initiation stress and damage stress both decrease significantly,

indicating that the increase in the pre-fabricated fissure length

induces new cracks to initiate earlier under the same loading

conditions.

FIGURE 9
Initiation characteristics of cracks near prefabricated fissure(A)L=12 mm,α =15° (B) L=12 mm,α =30°(C) L=12 mm,α =45° (D)L=12 mm α =60°(E)
L=12 mm,α =75°.
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3.2 Crack initiation characteristics

The PFC software was employed to simulate the initial stage

of crack initiation to discuss the initiation of cracks near the

prefabricated cracks. They found that the initiation of cracks was

primarily affected by the inclination angle of the fissure.

Therefore, a model sample with a pre-fabricated fissure length

of 12 mm was used as an example to discuss the law of crack

initiation and development near the pre-fabricated fissure. When

the total number of cracks in the simulation test was less than

100, the crack initiation and development process of the sample

was monitored using the PFC software, and the initial crack

initiation and development of the sample under uniaxial

compression were obtained, as shown in Figure 9.

As shown in Figure 9, the cracks near the pre-fabricated

fissure of the sample had a priority of initiation, indicating

that obvious stress concentration regions were generated near

the pre-fabricated fissure. It can be observed from Figures

9A,B that when α < 45°, the crack initiation does not begin

from the tip of the pre-fabricated fissure, instead, it shifts to

the center of the crack to a certain extent, and the initiated

cracks all expand significantly. It can be observed from

Figure 9C,E, when α≥45°, the crack initiation commenced

from the tip of the pre-fabricated fissure and does not expand

significantly, and many new cracks were generated near the

pre-fabricated fissure. As the number of cracks (stress)

increases, the development of later cracks was not limited

to the vicinity of pre-fabricated cracks, indicating that pre-

fabricated cracks were not the cause of new crack propagation,

and new cracks tend to be “dispersion type” and filled with the

entire surface of the specimen, which is also explained by the

fissure inclination angle increase, and the strength

characteristics of samples containing fissures are closer to

those of intact samples. The 45° fissure inclination angle is a

special angle, so that the projected length of the fissure in the

direction perpendicular to the principal stress is equal to that

in the direction parallel to the principal stress. From the

perspective of fracture mechanics, the vertical stress acting

on the fissure is close to the horizontal stress at this time,

causing the cracks to expand in the vertical and horizontal

directions with equal probability. This is also the reason why

the crack initiation characteristics of the fissure change when

the inclination angle of the fissure is 45°, and this phenomenon

also occurs in the crack propagation characteristics

hereinafter.

3.3 Crack propagation characteristics

The generation of microcracks in PFC is caused by the

fracture of particle-particle contact. Tension cracks are

formed when the contact between particles is damaged by

tensile stress, and shear cracks are formed when they are

damaged by shear stress. The relationship between the three

dependent variables of axial stress, number of shear cracks,

number of tensile cracks, and axial strain during the loading

FIGURE 10
Crack propagation process of fissured samples with different inclination angles when L = 12mm. (A) L 12mm, α= 0 (B) L= 12mm, α= 30 (C) L =
12 mm, α = 75.
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process of the specimen were simulated and discussed using

PFC software, as well as the crack propagation law at three

specific stress threshold points σci (initiation stress), σcd
(damage stress) and σpeak (peak stress). Figure 10 illustrates

the crack propagation process of the rock sample when

L=12mm, α=0°, 30°, and 75°; Figures 11, 12 are α = 30°,

L=18 mm, and α = 30°and 24 mm, respectively rock crack

propagation process.

It can be observed from Figure 10 that 1) there were no

tension cracks in the sample at the initial loading stage. With

an increase in the load, the tension crack was the primary

crack before the crack initiation stress, whereas a shear crack

occurred after the crack initiation stress, and the number of

cracks was very small. In the steady crack growth stage, the

tension crack increased steadily, and the rate of increase was

significantly higher than that of the shear crack. 2) With an

increase in the fissure inclination angle, the appearance time of

the tension crack was hardly affected by the fissure inclination

angle. When α≤30°, the appearance time of the shear crack was

barely affected by the fissure inclination angle. When α>30°, the
occurrence time of shear cracks is delayed, and the number of

cracks increases steadily. 3) When the fissure penetrates the

sample, the integrity of the sample is not completely lost, the

rock still has a certain bearing capacity, and the sample has a

shearing effect in the later stage of severe failure. Therefore, the

failure mode reflects the tension-shear hybrid type damage,

which is consistent with the experimental phenomenon.

Simultaneously, in the uniaxial compression test of the

sample with fissures, the number of meso-shear cracks was

far less than that of tension cracks, and the physical test also

showed that the macroscopic failure surface of the sample was

caused by the expansion of the macroscopic cracks with tensile

properties. Tensile failure was dominant, and the shear crack

was only the result of the internal friction of the material. With

an increase in load, the stress decreases rapidly, and the number

of cracks is positively correlated with the fissure inclination

angle.

It can be observed from Figure 10 that 1) when the pre-

fabricated fissure inclination angle is small, the fissure inclination

angles in Figures 10A,B are 0° and 30°, respectively. The crack

distribution of the specimen after propagation had an obvious crack

aggregation zone, and a dense crack aggregation zone appeared in

the vicinity of the pre-fabricated fissure, indicating that the pre-

FIGURE 11
Micro-crack propagation process of a fissured specimen
when L=18mm, α = 30°.

FIGURE 12
Micro-crack propagation process of fissured samples when
L=24 mm, α = 30°.
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fabricated fissure tip of the specimen was relatively broken,

indicating that the pre-fabricated fissure tip will produce a stress

concentration zone, which is also the priority area for crack initiation

and propagation. 2)When the inclination angle of a fissure gradually

increased from 0°, the aggregation zone of such cracks gradually

weakened, which was the result of the change in the particle

movement path caused by the change in the fissure inclination

angle. The specific performance is as follows: when α≤ 30°, the crack

distribution forms under the corresponding damage stress are

similar, mainly manifested as the crack aggregation at the fissure

tip; when α> 30°, as shown in Figure 10C, the cracks cover the entire

surface of the sample, and the lower the degree of aggregation of

cracks in this fissure inclination angle range, the higher the damage

stress. 3) The more obvious the crack aggregation, the lower is the

strength. With the increase of the fissure inclination angle, the stress

at the three stages also increases gradually, indicating that the

strength of the sample increases gradually when it expands in the

direction of “dispersion”.

It can be observed from Figure 10B and Figures 11, 12 that

under the same fissure inclination angle, with an increase in fissure

length, the sample crack distribution presents obvious crack

aggregation zones, the number of cracks decreases significantly,

and there is a large number of blank regions without crack

propagation. However, as the fissure length increased, the three

specific stress threshold points σ ci, σcd, and σpeak decreased during

the process of specimen expansion. From amicroscopic perspective,

it can be observed that with an increase in the fissure length, the

crack initiation stress and crack propagation diagram corresponding

to the damage stress time are similar, indicating that the crack

propagation time decreases gradually, and the specimen is destroyed

more rapidly. The crack propagation is primarily because the crack

at the tip of the pre-fabricated fissure first expands to a certain extent

to both ends, and then expands at the left and right ends of the entire

sample away from the fissure, forming an “X-shaped” crack

propagation mode. When comparing Figures 5A,B, it can be

found that the crack growth and aggregation to a certain extent

will form macroscopic cracks.

4 Conclusion

(1) Through a comparative analysis of the PFC2D numerical

simulation of single-fissure rock and the deformation and

failure of the indoor test, the simulation results were in

good agreement with the test results, indicating that it is

feasible to use PFC2D to simulate rock failure.

(2) In the process of crack propagation, the characteristic variables,

such as peak stress, crack initiation angle, crack initiation stress,

and damage stress vary law with the change of fissure inclination

angle and fissure length. The outcome indicates that the peak

stress increases with the increase of fissure inclination angle and

decreases with the increase of fissure length. Moreover, the crack

initiation angle decreases with the increase of fissure inclination

angle. Additionally, the crack initiation stress increases with the

increase of fissure inclination angle and decreases with the

increase of fissure length. Furthermore, the damage stress

increases with the increase of fissure inclination angle and

decreases with the increase of fissure length.

(3) Failure characteristics of fractured rock: Failure mode of the

rock sample is mainly controlled by fissure inclination angle

and fragmentation degree is mainly controlled by fissure

length. when α≤ 45°, the failure mode of rock samples was

dominated by the development of wing cracks at both ends

of the pre-fabricated fissure, and accompanied by a small

number of cracks in the middle of the pre-fabricated fissure

developed up and down to the end of the sample, which led

to the fusion and penetration of cracks, resulting in sample

damage. When α>45°, the main failure surface of the sample

was formed by the main crack running through the pre-

fabricated fissure, accompanied by the spalling of the side of

the sample, the crack developed in the middle of the pre-

fabricated fissure, and the formation of local far-field cracks.

With an increase in the fissure inclination angle, the crack in

the middle of the fissure gradually developed to both ends

and subsequently disappeared.

(4) Crack initiation characteristics of fissured rock: The cracks near

the pre-fabricated fissure is preferentially initiated, and the

specific performance is as follows: when α <45°, the crack

initiation position has a certain offset to the center of the

prefabricated fissure, or starts from the tip of the

prefabricated fissure, and the initiated crack has obvious

propagation. When α ≥45°, the cracks are initiated from the

tip of the pre-fabricated fissure. With an increase in the number

of cracks (stress), the new cracks tended to be “dispersion-type”

and began to cover the entire surface of the sample.

(5) Crack propagation law of fractured rock: In the process of crack

propagation, new cracks were primarily generated by tension

cracks, and shear cracks appear after the crack initiation stress;

the number is very small. When the fissure length is constant,

α ≤30°, and the crack distribution of the sample after the

expansion has an obvious crack aggregation zone, and a

dense crack aggregation zone all appears near the pre-

fabricated fissure. When α>30°, the aggregation zone of

cracks gradually weakens with the increase of fissure

inclination angle, and the crack expands in the direction of

“dispersion”. When the fissure inclination angle was constant,

and with an increase in fissure length, the phenomenon of crack

aggregation was more obvious. Overall, the number of cracks

decreased, and the overall strength of the rock decreased.
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