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1. Introduction 
 

The stability of rock mass structure is very important for 

the construction of rock mass engineering; however, the 

presence of cracks, holes, and other defects in the natural 

rock mass seriously weakens the strength of rock and 

dominates the rock failure and instability characteristics, 

thus seriously restricting the orderly development of rock 

mass engineering such as tunnels, reservoirs, and mines. 

The stability of rock mass structure has been carried out 

extensively. Previous studies mainly focused on rock mass 

with single crack and other defects, multi cracks and other 

combined defects, leading to fruitful results.  

In the study of rock masses with a single crack and other 

defects, Mondal et al. (2019) discussed the damage 

evolution and fracture propagation process of three-

dimensional pre-cracked sandstone specimens under 

uniaxial compression by numerical simulation. Gratchev et 

al. (2016) studied the effects of length and width of a flaw  
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on the strength of rock-like specimens. Shi et al. (2019) 

thought that the prefabricated cracks significantly weakened 

the rock and the weakening became more obvious with 

increasing total length of the prefabricated cracks. Through 

the indoor uniaxial compression test, Wong et al. (2006) 

found that the diameter of a single prefabricated hole has an 

obvious effect on the strength of samples, and the larger the 

diameter of the prefabricated hole is, the smaller the 

strength of the specimen is. Bastola et al. (2019) carried out 

uniaxial compression experiment and found that a 

combination of wing, anti-wing, shear, and secondary 

cracks were observed in the models with pre-existing planar 

cracks, but complex cracking mechanism was observed in 

the models with pre-existing nonplanar cracks. Through the 

indoor uniaxial compression tests, Du et al. (2016) found 

that the peak strength of samples decreased exponentially 

with increasing ratio of the long axis to the short axis. By 

means of uniaxial compression test, Zhu et al. (2019) found 

that hole defects of different shapes have different 

weakening effects on the strength of rock samples. Chen et 

al. (2020) studied the strength and failure characteristics of 

ten types of prefabricated hole defective rocks by numerical 

simulation. Xia et al. (2020) thought that the presence of 

inclusions can improve the mechanical properties of 

defective rock.  
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Abstract.  In this study, the strength and failure mechanism of red sandstones with combined defects were investigated by 

uniaxial compression tests on red sandstones with different crack angles using two-dimensional particle flow code numerical 

software, and their mechanical parameters and failure process were studied and analyzed. The results showed that the 

mechanical characteristics such as peak strength, peak strain, and elastic modulus of the samples with prefabricated combined 

defects were significantly inferior than those of the intact samples. With increasing crack angle from 15° to 60°, the weakening 

area of cracks increased, elastic modulus, peak strength, and peak strain gradually reduced, the total number of cracks increased, 

and more strain energy was released. In addition, the samples underwent initial brittle failure to plastic failure stage, and the 

failure form was more significant, leading to peeling phenomenon. However, with increasing crack angle from 75° to 90°, the 

crack–hole combination shared the stress concentration at the tip of the crack–crack combination, resulted in a gradual increase 

in elastic modulus, peak strain and peak strength, but a decrease in the number of total cracks, the release of strain energy 

reduced, the plastic failure state weakened, and the spalling phenomenon slowed down. On this basis, the samples with 30° and 

45° crack-crack combination were selected for further experimental investigation. Through comparative analysis between the 

experimental and simulation results, the failure strength and final failure mode with cracks propagation of samples were found to 

be relatively similar. 
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In the study of rock masses with multiple cracks or 

multiple holes and other combined defects, Lee et al. (2011) 

studied cracks propagation and coalescence of two non-

parallel prefabricated cracks and classified them by the 

characteristics of crack coalescence. Based on 
micromechanics, a compression dynamic failure model for 

brittle materials with circular defects is proposed and its 

accuracy was verified successfully by Katcoff et al. (2014). 

Li et al. (2013) studied crack coalescence law of rock 

samples with a pair of parallel prefabricated cracks by 

numerical simulation software, and 11 typical coalescence 

modes were summarized. Through laboratory tests, Morgan 

et al. (2017) found that the position relationship between 

the bedding plane and the maximum loading force 

determined the direction of cracks propagation. Based on 

uniaxial compression tests of sandstone with three 

prefabricated cracks, Yang et al. (2012) established the 

relationship between the real-time coalescence process of 

cracks and the axial stress-strain, which could accurately 

evaluate the deformation characteristics of rocks with 

prefabricated cracks. Hadi et al. (2015) studied the crack 

propagation mechanism of rock-like materials with 

rectangular holes by laboratory tests and numerical 

simulation. Asadizadeh et al. (2018) conducted a study 

using square rock-like blocks containing two parallel 

preexisting rough non-persistent cracks and found that the 

uniaxial compressive strength and elastic modulus increase 

with increasing joint roughness coefficient, bridge length 

and bridge angle. By studying the fracture behavior and 

coalescence process of two non-parallel overlapping 

defects, Afolagboye et al. (2017) found that the coalescence 

tensile crack and tensile wing cracks were the first cracks to 

develop from the preexisting flaws. Huang et al. (2019) 

investigated the effect of the geometry of pre-existing holes 

on the strength and fracture behaviors of rock and rock-like 

samples with prefabricated cracks-hole combination by 

uniaxial compression tests. Liu et al. (2017) found that the 

strength and elastic modulus of samples increased with 

increasing defect inclination angle. Sarfarazi et al. (2018) 

found that the tensile strength of the rock decreases with 

increasing number of prefabricated holes. Vahab et al. 

(2018) studied the crack initiation and failure behavior of an 

array pattern and random pattern with different hole spacing 

distributions by physical test. Wong et al. (2015) studied the  

 

 

crack propagation and stress changes in heterogeneous 

rocks with multiple holes by a numerical simulation 

software RFPA3D. 

Based on the joint efforts of various scholars in this and 

related fields (Bratov et al. 2019, Aharonov et al. 2019, 

Saadati et al. 2016, Zaitsev et al. 1981, Liu et al. 2019, Xu 

et al. 2020, Zhao et al. 2020), the problems in rock mass 

engineering such as tunnels, reservoirs, and mines have 

been satisfactorily solved, ensuring the life safety of 

construction personnel. However, because of the 

widespread existence of cracks, holes, and other defects in 

natural rock mass, and their forms are complex, and the 

combination of cracks and holes and other defects not only 

exist in a single form, but also in the form of combination. 

When the distance between the defects group is relatively 

close, the interaction between them will seriously affect the 

stability of rock mass structure and pose a great threat to 

engineering excavation. This problem has not been given 

enough attention. Therefore, on the basis of previous 

studies, in this study, red sandstone was selected as the 

research object, and the interaction between crack–crack 

combination and crack-hole combination was used as an 

example using two-dimensional particle flow code (PFC2D) 

numerical simulation software to simulate the rock with 

different angle defects combination, and the effect of rocks 

with different angle combination defects on the mechanical 

parameters, failure characteristics, and cracks propagation 

law was investigated. At the same time, the indoor uniaxial 

compression tests of rocks with two types of angle defective 

combination were carried out, and the results were 

compared with the results of numerical simulation. This 

study has a certain guiding significance for the construction 

in the field of underground engineering. 

 

 

2. Numerical simulation experiment 
 

2.1 Particle flow code 
 

Cundall and Strack (2008) established the particle flow 

theory of the particle flow code. The basic components of 

the PFC2D program are particles and bond. Discrete 

particles are rigid particles with normal and tangential 

stiffness, and the contact bond (CB) and parallel bond (PB)  

 

Fig. 1 Cohesive model and its micro-mechanical behavior schematic diagram (a) CB model and (b) PB model 
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are the two bond modes (Cho et al. 2007, Lisjak and 

Grasselli 2014), as shown in Fig. 1. PB can transfer forces 

and moment between particles, while CB can only transfer 

forces acting on the contact points, but cannot transfer 

moment. Parallel bond model (PBM) was found more 

suitable for simulating rock materials. Therefore, in this 

study, uniaxial compression model of rock specimen was 

modeled by PBM. 

 

2.2 Determination of microscopic parameters 
 

Microscopic physico-mechanical parameters of the 

particles and the bond properties are required for running 

the simulation tests using the particle flow theory. The 

macroscopic mechanical properties of the rock should be 

reproduced by the generated microscopic parameters. 

Therefore, the determination of microscopic parameters is 

crucial. Based on the experimental study, a large number of 

numerical simulation similar to the laboratory experiment 

was performed, and the numerical simulation results were 

compared to the experimental results. The microscopic 

parameters were adjusted repeatedly by “trial and error” 

method until they satisfied the requirement of simulation 

analysis (Xu et al. 2020). Fig. 2 shows the comparison 

between the final calibration results of the experimental and 

the numerical simulation results, indicating that the stress–

strain curve shape and failure mode are relatively similar. 

Therefore, the final microscopic parameters were 

determined, as listed in Table 1. 

 

2.3 Establishment of the numerical model with 
different crack angle combined defects 

 

In order to study the failure characteristics and  

 

 

 

Fig. 3 Schematic diagram of the model 

 

 

mechanical properties of rock with different crack angle 

combination defects, the numerical model of rock with 

different crack angle defects was established. The angle 

between two cracks on the upper right side was defined as 

the crack angle. In this experiment, the height of model was 

100 mm, and the width was 50 mm. Seven models with 

crack angles α of 15°, 30°, 45°, 60°, 75°, and 90° were 

established. The vertical crack on the upper right side of the 

model was 5 mm from the right boundary, the intersection 

of the two cracks was 20 mm from the upper boundary, and 

the distance between the center of the hole and the bottom 

and the left was 30 mm and 15 mm, respectively. The 

geometry of the cracks and circular holes is defined by four 

geometric parameters: (i) the upper right cracks length (L), 

(ii) the angle between two cracks (α), (iii) the diameter of 

circular hole (d), and (iv) the cracks (a) connected to the 

circular hole, and as shown in Fig. 3. In order to study the  
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Fig. 2 Comparison of calibration numerical results and experimental results 

Table 1 Physical and mechanical parameters of sandstone model 

Parameter Value Parameter Value 

Minimum particle diameter (mm) 0.3 Porosity 0.1 

Particle diameter ratio 1.5 Parallel bond friction angle (°) 37 

Density (kg/m3) 2480 Parallel bond tensile strength (MPa) 23.8 

Contact modulus of the particle (GPa) 4.35 Normal critical damping ratio 0.5 

Contact bond gap (mm) 0.05 Parallel bond cohesive force (MPa) 33.8 
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effect of geometry of different prefabricated cracks on the 

strength, deformation, and failure behavior of sandstone 

under uniaxial compression, the angle between two cracks α 

(the angle between the upper right two cracks in Fig. 5) was 

changed, while the other three parameters were kept 

unchanged (L = 20 mm, a = 5 mm, d = 10 mm). Table 2 

shows the description of sandstone samples with different 

crack angle defect geometry. First, a complete rock model 

was established according to the parameters listed in Table 

1, and then the particles in the complete rock model were 

deleted according to the location and size of defect crack 

combination (circle holes and cracks) shown in Fig. 3, thus 

forming a rock numerical model with different fracture 

angles, as shown in Fig. 4. (In the Figure, the upper right 

side defect was called the crack-crack defect combination, 

and the left lower side defect was called the crack-hole 

defect combination, and both of them were collectively 

called as the crack and defect combination.) 

 

2.4 Analysis of numerical experimental results 

 

 

 

2.4.1 Influence of cracks angle on strength and 
deformation parameters of sandstone 

Fig. 5 shows the curve of the relationship between 

stress, cracks number, and strain in the numerical model of 

rock with different cracks angle. The stress-strain curve of 

each angle in the figure was consistent with the 
corresponding cracks-strain curve, indicating that the stress-

strain curve and the change rule of the number of cracks in 

rock with different angle defects were roughly the same. 

Because the particles in the PFC2D model were rigid and 

could not simulate the elastic stage of real rock, the 
compaction closure stage of the real rock was not 
reproduced in the numerical model, but the plastic 
deformation and failure stage can be well reproduced in the 

numerical model. This characteristic of PFC2D solved the 

problem of rock discreteness and was helpful to study the 

effect of crack defects on the rock mechanical properties 

and cracks failure characteristics (Damaskinskaya et al. 

2018, Chen et al. 2020, Lv et al. 2020, Xue et al. 2020). As 

shown from the cracks number curve in the figure, during  

Table 2 Parameters of sandstone samples with cracks and defects combination under uniaxial compression 

Sample W/ (mm) H/ (mm) α (°) L (mm) a (mm) d (mm) 

① 50 100 15 20 5 10 

② 50 100 30 20 5 10 

③ 50 100 45 20 5 10 

④ 50 100 60 20 5 10 

⑤ 50 100 75 20 5 10 

⑥ 50 100 90 20 5 10 

Note: W=Width; H=Height 

    
(a) (b) (c) (d) 

  
(e) (f) 

Fig. 4 Numerical model samples of different angle crack and defect combination (α = 15°, 30°, 45°, 60°, 75°, and 90°) 
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the initial loading stage, the cumulative number of cracks 

was zero, and this was inconsistent with the experimental 

results of real rock, because the particles in PFC2D were 

rigid bodies, and the PB did not break during the initial 

loading stage. With increasing axial strain, the number of 

micro-cracks increased, but the growth rate was slow. When 

the axial strain was greater than 0.025, the growth rate of 

cracks was faster, and the total cracks number increased 

first and then decreased with increasing crack angle. When 

crack angle was 60°, 75°, and 90°, the number of cracks 

was larger than that when the crack angle was 15°and 30°. 

At the same time, the strain needed to reach the peak 

strength was smaller. When cracks angle was 15° and 30°, 

the number of cracks in the slow crack growth stage was the 

least, while that in the rapid growth stage increased rapidly,  

and the strain required to reach the peak strength was larger.  

 

 

 

When crack angle was 45°, the cracks propagation was 

between the two. The early slow growth stage was similar 

to that when the crack angle was 60°, 75°, and 90° and 

tended to be smooth in the middle stage, and then became 

similar to 15°and 30° cracks propagation. However, with 

increasing crack angle, the stress–strain characteristics were 

relatively discrete, and the plastic stage of the stress-strain 

curve gradually tended to smooth, and there were several 

peaks after the peak value, showing a sawtooth shape. 

Fig. 6 shows the effect of crack angle on the strength, 

deformation parameters, and the number of microcracks in 

defective sandstone, indicating that the peak strength of 

crack angles at 15°, 30°, 45°, 60°, 75°, and 90° were 33, 

27.5, 22.9, 19, 17.1, and 18.2 MPa, respectively. With the 

change in angle from 15° to 75°, the peak strength 

decreased gradually, but increased slightly when crack 

 

Fig. 5 Stress-strain curve and strain-cracks curve of rock with different cracks angle defects 

  

  

Fig. 6 Effect of cracks angle on strength, deformation parameters, and microcracks number of defective siltstone samples 
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angle was 90°. This may be due to the fact that one of the 

cracks was perpendicular to the axial stress, and the vertical 

stress acted uniformly on the upper part of the crack. At the 

same time, the cracks-holes combination shared the stress at 

the tip of the cracks-cracks tip and weakened the stress 

concentration. Fig. 2 shows that the peak strength of the 

complete sample was approximately 73.6 MPa, which was 

significantly higher than the peak strength of rock with 

cracks and defects, indicating that the combination of 

cracks and defects has a greater impact on the rock strength. 

With increasing crack angle, the elastic modulus of 

samples decreased gradually. The difference in the elastic 

modulus between 15° and 30° was small. The elastic 

modulus between 45° and 60° was basically the same, and 

also the same between 75° and 90°. The ratio in the 

difference in the elastic moduli between groups was about 

4.1%, 1.66%, and 0.7%. The histogram of the number of 

microcracks in Fig. 6 further illustrates the effect of crack 

angle on the number of microcracks in crack composite 

samples under uniaxial compression, indicating that the 

number of tensile microcracks was much higher than the 

number of shear microcracks, and the number of 

microcracks depended on the crack angle. With increasing 

crack angle, the number of microcracks increased first and 

then decreased. 

In defect composite samples with the cracks angle in the 

range 15°-75°, the peak strength, elastic modulus, and peak 

strain decreased with increasing crack angles, and increased 

slightly when cracks angle was 90°. The number of 

microcracks increased gradually when the crack angle was 

between 15° and 60°, but decreased after 60°. 

      

2.4.2 Cracks evolution characteristics of rock with 
different angle defects 

Fig. 7 shows the crack evolution process of rock 

samples with different cracks angle defects. The 

propagation of initial cracks form of rock with different 

crack angles in Fig. 8 clearly shows that with increasing 

crack angle, cracks appeared at the upper and lower tips of 

crack–hole combination and crack-crack combination. 

When the simulation test was carried out to step 2.9/104, 

there were obvious differences in the propagation of cracks 

of rock with different cracks angle. When cracks angle was 

15° and 30°, no new cracks appeared, and the original 

cracks were extended. When crack angle was 45°, many 

cracks appeared at the left end of cracks-hole combination. 

When crack angle was 60°, several cracks also appeared at 

the left end of the crack-hole combination, and a main crack 

extending downward intersected with the crack at the lower 

end of the cracks-hole combination. When the crack angle 

was 75°and 90°, the same rule appeared as that at 60°, but 

with increasing crack angle, the extension length of cracks 

increased. When the simulation test was carried out to step 

3.6/104, and the crack angle was 15° and 30°, multiple 

cracks began to appear at the left end of the crack-hole 

combination and gradually extended to the bottom of the 

samples. When crack angle was 45°, an upward crack 

appeared at the left end of the crack-hole combination. At 

the same time, the spalling phenomenon occurred in the 

downward direction at the left end of the crack-hole 

combination. When the crack angle was 45°, with 

increasing crack angle, the spalling phenomenon in the 

downward direction of the left end of the cracks–hole 

combination became more and more obvious. When the 

simulation test was carried out to step 4/104, the whole 

instability and failure progress occurred in the defective 

rock mass with the crack angles of 15°, 30°, 45°, and 60°. 

However, with increasing cracks angle, the right end of the 

crack-crack combination of samples gradually showed 

peeling phenomenon, and the samples underwent extreme 

failure and instability. When the simulation test was carried 

out to step 5.1/104, the whole failure progress occurred in 

the defective rock masses with the crack angles of 75° and 

90°, accompanied by spalling phenomenon. 

With increasing crack angle from 15° to 60°, the overall 

failure shape of the sample became more obvious, and the 

local spalling phenomenon gradually appeared, because 

with increasing crack angle, the weakening range of crack 

of rock samples increased, doubling the stress concentration 

at the tip and near the cracks, further breaking the rock 

samples. However, when the crack angle increased from 

75° and 90°, the crack-hole combination shared part of 

stress near the crack-crack combination, reduced the stress 

concentration, and then delayed the failure process of 

samples. 

          

2.4.3 Influence of defective rock with different cracks 
angle on acoustic emission characteristics 

Fig. 9 shows the relationship curve of axial stress, count, 

and strain of rock samples with different cracks angle 

defects, indicating that the evolution characteristics of 

acoustic emission were closely related to the stress-strain 

curve. When cracks angle was 15°, at the initial stage of 

loading, the acoustic emission event was not active and the 

acoustic emission count was less. The acoustic emission 

behavior at this stage has nothing to do with the crack angle 

of defective rock. With the progress of loading test, the rock 

samples began to enter the elastic stage, and the acoustic 

emission count increased, but there was no sudden increase. 

This was mainly due to the development of some 

microcracks in rock sample and the release of some strain 

energy. With further increase in loading, the acoustic 

emission energy was stable; however, when the axial strain 

reached 4×10-3, the acoustic emission energy increased 

rapidly mainly due to the nucleation of a large number of 

microcracks and the appearance of macroscopic cracks. As 

the loading continued, the acoustic emission energy 

remained high until the stress-strain curve dropped sharply 

because after the occurrence of macroscopic cracks, 

multiple macroscopic cracks developed rapidly and 

penetrated each other, resulting in the overall instability and 

failure of sample. When the crack angle was 30°, the stress-

strain curve had two peaks. At the initial stage of 

experimental loading, the acoustic emission characteristics 

were the same as that at the crack angle of 15°. When the 

test reached the first peak, the acoustic emission energy 

value increased sharply, mainly because the local 

macroscopic cracks penetrated each other, leading to the 

local spalling of sample, the strain energy was released, 

leading to the sudden increase in the strain energy. After the 
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Fig. 7 Crack evolution process of rock with different angle defects 
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first peak, a large amount of strain energy released, and the 

acoustic emission energy dropped sharply. As the loading 

test continued, the acoustic emission energy suddenly 

increased again, because the macroscopic cracks penetrated 

each other, causing overall instability and failure of sample. 

When cracks angle was 45°, the axial strain reached 2.1×10-

3, the acoustic emission count increased rapidly and kept  

 

 
 

high. This indicated that macroscopic cracks of sample 

appeared and continued to develop. With the progress of the 

loading test, the macroscopic cracks of sample penetrated 

each other, the stress-strain curve reached the peak, the 

number of acoustic emission counts increased sharply 

again, and instability and failure of sample occurred. 

Compared to the previous groups of tests with different  

 

Fig. 7 Continued 

  
(a) Crack angle α = 15° (b) Crack angle α = 30° 

  
(c) Crack angle α = 45° (d) Crack angle α = 60° 

  
(e) Crack angle α = 75° (f) Crack angle α = 90° 

Fig. 8 Relationship between the axial stress, acoustic emission count, and strain of rock samples with different crack angle 

defects 
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cracks angle, the stress-strain curve showed obvious plastic 
failure characteristics when the crack angle is 60°, and the 
acoustic emission count remained high for a longer time, 
corresponding to the more serious failure of sample when 
cracks angle was 60°. When the crack angle of sample is 
75° and 90°, the stress-strain curve also showed the 
characteristics of plastic failure, but the acoustic emission 
energy released obviously weakened, because with 
increasing cracks angle, the weakening range of cracks 
increased, thus decreasing the energy when the sample was 
damaged. 

The peak value of acoustic emission count decreased 
with increasing crack angle, corresponding to the 
decreasing stress with increasing crack angle, but the 
concentration range of acoustic emission count increased at 
first and then decreased with increasing crack angle. This 
phenomenon occurred mainly because with increasing crack 
angle from 15° to 60°, the weakening area increased, 
leading to the decrease in the overall strain energy, but the 
increase of the weakening range doubled the stress 
concentration in the local region, releasing the concentrated 
strain energy in this area. Therefore, the concentration range 
of acoustic emission increased. However, with increasing 
crack angle from 75° to 90°, the crack-hole combination 
shared part of stress at the crack-crack combination tip, 
decreasing the concentration range of acoustic emission. 
 
 

3. Physical experiment verification 
 

3.1 Preparation of test materials 
 

Processing cracks defects in a real rock sample was  

 

 

 

difficult, because of many cracks in in the defect, making 

preparation of rock samples more difficult. Therefore, two 

groups of real rock samples with the cracks angle of 30° 

and 45° were selected for rock mechanics experiments. The 

physical experimental results were compared to the 

numerical simulation results. Red sandstone taken from a 

stope in Linyi City, Shandong Province was selected as the 

test material. In order to ensure the integrity and uniformity 

of sandstone, the sandstone was cut into plate-shaped 

samples from the same rock. In order to minimize the 

impact of end friction on the test results, the ratio of the 

height to width of samples was 2 (Jessu et al. 2019, 

Germanou et al. 2018, Yin et al. 2021, Ma et al. 2021). The 

sample size was 100 mm in height, 50 mm in width, and 20 

mm in thickness. The high-pressure water jet cutting 

machine was used to cut samples, and the geometric 

parameters of cracks and circular holes were consistent with 

the numerical model. The sandstone samples are shown in 

Fig. 9. 

 

3.2 Test procedure and rock strength and 
deformation behavior 

 

The uniaxial compression test was carried out using an 

AG-X250 Shimadzu compression machine. Sandstone 

samples were tested by uniaxial compression at a constant 

displacement rate of 0.01 mm/s and sampling frequency of 

50 Hz. The AE events in this test were monitored using an 

MISTRAS series PCI acoustic emission system (American 

Physical Acoustic Company). The system adopts a PCI-2 

board with a high monitoring accuracy, low noise, low  

 

Fig. 9 Geometry of cracks defects combination in sandstone samples 

  
(a) α = 30° (b) α = 45° 

Fig. 10 Axial stress-strain curve, acoustic emission frequency, and time relationship of combined defects 
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power consumption, and complex background noise. The 

monitoring effect is good, and the feature parameter 

extraction and waveform processing can be realized 

simultaneously. The sampling frequency was also 50 Hz. In 

the process of testing, the load, deformation, and AE signals 

of the samples were recorded synchronously and 

continuously. 

The stress-strain curve and failure mode of intact 

sandstone under uniaxial compression in Fig. 2 shows that 

the axial stress suddenly decreased to zero after the peak 

strength, indicating that the tested sample was brittle, 

therefore easy to break. The samples showed a nonlinear 

deformation relationship at the initial loading stage, mainly 

attributed to the closure of the original defects of samples. 

With increasing loading, the relationship between the axial 

stress and axial strain was approximately linear, and the 

sandstone sample showed elastic deformation. With further 

increase in loading, the sample entered the plastic stage and 

suddenly reached the peak strength. After the peak strength, 

macroscopic cracks of intact sample appeared rapidly, and 

the post-peak behavior of the stress-strain curve decreased 

rapidly and rock underwent failure. The uniaxial 

compressive strength, axial strain, and elastic modulus of 

sandstone were 73.6 MPa, 0.0091, and 4.89 GPa, 

respectively. 
 

3.3 Cracks propagation and acoustic emission 
characteristics at cracks angle of 30° and 45° 

 

When crack-crack combination was 30°, the whole 

 

 
 

loading process could be divided into two stages: the 

macroscopic cracks initiation and the overall instability, as 

shown in Fig. 10(a). In the early stage of macroscopic crack 

initiation, the microcracks inside the sample develop 

continuously with increasing loading. With further increase 

in loading, the internal microcracks rapidly connected and 

nucleated, and the macroscopic cracks begin to appear. 

Three macroscopic tensile cracks, a-1, a-2, and a-3 

appeared from the crack-hole combination and crack-crack 

combination and further expanded to the bottom and upper 

end of the sample, resulting in instant increase in the AE 

signals to approximately 14,000. After entering the overall 

instability stage, two macroscopic tensile cracks b-1 and b-2 

appeared at the intersection of the crack-crack combination 

and the bottom of the crack-hole combination, respectively. 

In the late stage of overall instability, the further connection 

of the new cracks b-3 and b-4 leads to the sample failure 

and is accompanied by the release of a large number of AE 

signals. 

When the crack angle was 45°, the whole loading 

process of sample could be divided into three stages: the 

macroscopic cracks initiation, the macroscopic crack stable 

propagation, and the overall instability, as shown in Fig. 

10(b). Similarly, an A-1 tensile crack was produced from 

the crack-hole combination and developed toward the 

bottom of sample, and an A-2 tensile crack was produced 

from the crack-crack combination toward the bottom of 

sample, respectively, and the AE signal instantly rises to 

approximately 1300. In the macroscopic crack stable  

 

Fig. 11 Comparison of the experimental and numerical axial stress-strain curves 

  
(a) α = 30° (b) α = 45° 

Fig. 12 Comparison between the experimental and numerical failure when cracks angle was 30° and 45 
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propagation stage, four macroscopic tensile cracks, B-1, B-
2, B-3, and B-4 appeared from the crack–hole combination 
and crack-crack combination, and obviously more AE 
signals appeared in this process. After entering the overall 
instability stage, a C-1 tensile crack was formed at the 
intersection of the two prefabricated cracks and developed 
to the upper end of the sample, and a tensile crack C-2 was 
generated at the tip of the inclined prefabricated crack and 
developed downward and penetrated with the crack B-4, 
and the AE signals instantly increased to approximately 
6900, destroying the sample. 

The numerical model of the rock samples with the 
angles of 30° and 45° of crack combination defects were 
established and compared to the experimental test. The 
stress–strain curve and the failure mode were found to be 
similar, as shown in Fig. 11. Although the differences were 
observed in the peak strain, this parameter variable was 
acceptable. 

Fig. 12 shows the failure diagram of the laboratory 

experiment and numerical model when crack angle was 30° 

and 45°, indicating that in the process of laboratory 

experiment and numerical experiment, cracks appeared 

from the cracks tip, and then continued to develop along the 

tip of the cracks. The crack–crack combination at the upper 

right side of sample and the crack–hole combination at the 

lower left side penetrated each other until the sample was 

damaged. Fig. 12 shows that the macroscopic failure 

characteristics of the real rock samples were similar to those 

of the numerical simulations when the crack angles were 

30° and 45°.  

Table 3 shows the comparison of strength and 
deformation parameters of sandstone samples obtained by 

experiment and numerical simulation, indicating that the 

peak strength of the real rock with the cracks angle of 30° 

and 45° was 25.11 MPa and 22.18 MPa, respectively. The 

peak strength achieved by the numerical experiment was 

27.5 MPa and 22.9 MPa. The difference between the peak 

strength of the numerical experiment and the real rock was 

approximately 6.5% and 3.2%, respectively. The elastic 

modulus of the real rock was 3.37 and 2.92. The elastic 

modulus of the numerical experiment was 3.28 and 3.0. The 

difference between the numerical experiment and the real 

rock was approximately 2.67% and 2.74%, respectively. 

The peak strain of the real rock was 0.0039 and 0.0049. The 

difference between the numerical experiment and the real 

rock was approximately 8.97% and 9.96%, indicating that 

the peak strain of the numerical experiment was relatively 

different from that of the real rock sample, but they were all 

within a reasonable range of effect, indicating that the 

strength and deformation parameters of the numerical  

experiment and real rock samples were in good agreement  

 

 

with each other reflecting the strength and deformation 

characteristics of rock.  
 

 

4. Conclusions 
 

In conclusion, based on the discrete element program of 
particle flow, the mechanical properties, cracks 
development, and deformation and failure characteristics of 
cracks sand defects combination in rock were studied by 
numerical simulation, and the results of real rock 
experiment and numerical experiment were compared and 
analyzed, leading to the following conclusions. 

• Different prefabricated cracks angle had a significant 

effect on the mechanical parameters of rock samples under 

uniaxial compression, deteriorating the mechanical 

properties of rock. The peak strength, peak strain, and 

elastic modulus of rock decreased with increasing crack 

angle, but increased when crack angle was 90°. The stress-

strain curve gradually flattened during the plastic stage, and 

multiple peaks appeared after the peak, showing a jagged 

shape. 

• Defective red sandstones with different cracks angle 

began to crack at the upper and lower ends of the cracks-

hole combination and the crack-crack combination. With 

increasing crack angle from 15° to 60°, the sample 

underwent overall failure, the total number of cracks 

increased, and the spalling phenomenon gradually appeared. 

However, with increasing crack angle from 75° to 90°, the 

total number of cracks decreased and the spalling 

phenomenon slowed down. 
• The evolution characteristics of acoustic emission 

were closely related to the stress–strain curve. With 
increasing crack angle, the peak value of acoustic emission 
count decreased gradually, while the concentration range of 
acoustic emission count increased at first and then 
decreased with increasing cracks angle. 

• A comparison between the laboratory test and 
simulation test indicated that the failure strength and the 
final cracks propagation shape of the samples were in good 
agreement, verifying the accuracy of simulation test. 
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Table 3 Strength and deformation parameters of the sandstone samples in the experimental and numerical simulation 

experiments 

Strength and deformation parameters Angle 30° Angle 45° 

 Experiment Simulation Experiment Simulation 

Peak strength 25.81 27.5 22.18 22.9 

Elastic modulus 3.37 3.28 2.92 3.0 

Peak strain 0.0039 0.00425 0.0049 0.0039 
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