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ABSTRACT 
 

 

Cavity-like defects in coal-rock masses are highly likely to cause local or overall damage, and may 
even trigger dynamic disasters such as roadway collapse and rockburst. To gain a deeper 

understanding of how cavities affect the mechanical properties and failure behavior of coal, axial 

compression numerical experiments were conducted on coal samples with five different cavity 
radii and five different cavity shapes. The result shows that: 1) With the increase of cavity radius, 

the compressive strength, elastic modulus, pre-peak strain energy, impact energy index 

continuously decreases, with the deterioration degree of compressive strength being 0.6 %, 9.5 %, 
119.2 %, and 24.8 % respectively. 2) The cavity shape has little effect on the compressive strength, 

impact energy index. The triangular prism cavity has the greatest influence on elastic modulus, 

while the cylindrical cavity has the least influence on the elastic modulus. The pre-peak strain 
energy of cylindrical cavity coal sample is the largest, while the pre-peak strain energy of 

triangular prism cavity coal sample is the smallest. 3) As the cavity radius increases, the peak 

ringing count, the crack initiation stress and the cumulative ringing count gradually decrease. The 
cavity shape has little effect on the cumulative ringing count. 4) The larger the cavity radius, the 

greater the influence on the crack. As the cavity radius increases, the crack initiates gradually near 

the cavity and dominates the failure of the sample. 5) Based on the statistical distribution theory 
and the D-P strength criterion, the damage constitutive equation of the cavity coal sample is 

constructed and the rationality is verified. 6) The energy migration model of instability and failure 

of coal samples with cavities was constructed. The energy accumulation, migration and release of 
coal samples with cavities under loaded conditions were analyzed, and the instability mechanism 

of coal samples with cavities was clarified. The research has important theoretical guiding 

significance for roadway support design, mining engineering stability evaluation and coal-rock 
geological dynamic disaster prevention and control. 
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1. INTRODUCTION 

Nowadays , shallow easy–to-mine coal resources 

in our country have been exhausted, and coal resources 

development have gradually entered the deep mining 

stage (Qi et al., 2020; Pan et al., 2021; Yuan, 2021). 

As the depth of mining increases, the frequency and 

intensity of coal-rock dynamic disasters have 

increased significantly, posing a serious threat to the 

safe production of coal mines and the safety of 

personnel. 
The essence of coal-rock dynamic disaster is that 

a large amount of elastic energy accumulated in coal 

is released rapidly under the influence of disturbance, 

which leads to the instantaneous instability of coal-

rock system. As a natural material, coal is rich in 

a large number of internal cavities due to formation 

conditions, tectonic movements, weathering and 

stripping. The greater the mining depth, the more 

cavities there are in the coal body. Under the action of 

mine pressure, these cavities are squeezed and 

deformed to generate new cracks. The new cracks are 

connected with the original cracks in the coal body, 

resulting in the deterioration of the local or overall 

mechanical properties of the coal body, which in turn 

leads to the instability and failure of the coal-rock 

system, causing coal-rock dynamic disasters such as 

collapse and impact. 

The cavity has an important influence on the 

mechanical properties and failure mechanism of coal 

and rock. Many scholars have carried out a lot of 

research work and achieved fruitful results. Zhang et 

al. (2021) studied the mechanical properties of 

gypsum samples with cavities under different loading 

rates, the evolution characteristics of cracks around 

cavities, and revealed the mechanism of loading rate 

effect. Lai et al. (2021a, 2021b) studied the failure 

characteristics and energy evolution law of coal 

samples with different cavity radii from the 

perspective of borecavity pressure relief to prevent 

rock burst. Xiao et al. (2022) studied the influence of 

cavity radius on the mechanical properties, failure 

characteristics and energy migration of coal samples, 
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 and analyzed the changes of acoustic emission 

characteristics during loading. Wu et al. (2023) 

studied the dynamic characteristics and failure 

mechanism of vuggy sandstone in combination with 

the common roadway section shape in engineering. 

Wang et al. (2023) studied the effects of cavity radius 

on the strength, deformation, and energy of the 

specimens, as well as the characteristics of crack 

propagation by conducting Hopkinson bar impact tests 

on sandstone specimens containing cavities. Gong et 

al. (2023) analyzed the dynamic compressive strength, 

dynamic modulus of deformation, failure modes, and 

crack propagation behavior by conducting Hopkinson 

bar impact tests on limestone specimens containing 

double cavities and flaws. Li et al. (2015) investigated 

the mechanical failure characteristics and crack 

propagation characteristics of specimens under impact 

load by conducting Hopkinson bar impact tests on 

marble specimens containing cavities. Zhou et al. 

(2021) investigated the strain evolution laws and 

failure characteristics of rock with different numbers 

and arrangements of cavities by conducting drop-

weight impact tests on granite samples containing 

cavities. Yang et al. (2012) studied the strength, 

deformation, acoustic emission, and crack propagation 

characteristics of sandstone containing cavities and 

fractures by conducting uniaxial compression tests. 

Zhao et al. (2019) conducted uniaxial compression 

tests on red sandstone samples containing cavities to 

analyze the deformation and fracturing evolution of 

samples, as well as the impact of cavity shape on the 

mechanical properties and the evolution of fracturing 

and damage. Ge et al. (2022) and Wang et al. (2022) 

analyzed the influence of asymmetric load on the 

deformation and damage law of raw coal and briquette 

with central cavities, and established a damage 

constitutive model. Wang et al. (2024) studied the 

crack propagation, failure mode and fractal 

characteristics of composite rock (soft and hard rock) 

with prefabricated cracks and cavities under uniaxial 

compression by using RFPA2D simulation. Liu (2022) 

quantitatively studied the mechanical properties and 

fracture behavior of rock-like specimens with cavities 

and cracks. Huang et al. (2023) studied the peak 

strength, elastic modulus, acoustic emission 

characteristics and crack propagation characteristics 

of red sandstone samples with cavity-crack defects by 

using particle flow code PFC2D. Liu et al. (2024) 

revealed the influence of cavity shape on the 

mechanical properties and failure modes of layered 

rocks by using the finite element-discrete element 

coupled numerical simulation method (FDEM). Liu et 

al. (2023) studied the mechanical properties and 

acoustic emission characteristics under eccentric load 

by carrying out eccentric load tests on three-cavity 

sandstone with different morphologies. Pi et al. (2023) 

carried out a numerical simulation study on the 

fracture process of sandstone with D-shaped cavities 

under biaxial loading and unloading conditions, and 

studied its mechanical properties and crack 

propagation characteristics. Zhao et al. (2023) studied 

the mechanical properties and fracture characteristics 

of cylindrical cavity granite under one-dimensional 

dynamic and static combined loading. Li et al. (2022) 

carried out experimental research on the influence of 

stress wave disturbance on the ultra-low friction effect 

of sandstone block with cavities, and analyzed the 

corresponding energy variation characteristics of the 

working block under different working conditions.  

From the above research, it can be seen that the 

research on the influence of cavities on the mechanical 

properties of rock mainly focuses on rock samples 

such as sandstone, limestone, marble, granite, red 

sandstone and gypsum samples, but there are few 

reports on coal samples. The reason is that it is 

particularly difficult to prepare coal samples with 

cavities due to the fact that coal is a soft rock material. 

In addition, the mechanical properties of the sample 

are easily affected by the preparation process like 

cutting or grinding. The development of numerical 

simulation technology effectively makes up for this 

defect, which can not only test the mechanical 

properties of coal samples with cavities, but also 

reproduce the evolution process of cracks well. It has 

become an important means to study the mechanical 

properties of rock. 

Based on this, the axial compression numerical 

tests were carried out on coal samples with different 

cavity radii and cavity shapes. The effects of cavity 

radius and cavity shape on mechanical properties, 

acoustic emission characteristics and impact effects 

were studied. The crack evolution characteristics of 

coal samples under the influence of cavity radius and 

cavity shape were analyzed. The instability model of 

coal containing cavities was constructed, and the 

internal energy migration law of coal containing 

cavities was analyzed. The damage constitutive 

equation was established and verified, and the 

instability and failure mechanism of energy migration 

of coal containing cavities was revealed, in order to 

provide a useful reference for roadway support design, 

stability evaluation of coal-rock system and 

prevention and control of coal-rock geological 

dynamic disasters. 
 

2. NUMERICAL TEST OF AXIAL COMPRESSION 

OF COAL SAMPLES WITH CAVITIES 

Based on the structure of coal-rock, numerical 

simulation-based mechanical testing of cavity-

containing coal bodies is the main research method 

employed in this paper. In the early stage of planning, 

we intended to prepare physical cavity-containing coal 

samples for mutual verification of theoretical and 

experimental results. However, this approach proved 

extremely challenging: the sample preparation process 

is highly susceptible to vibrations from coring 

machines, cutting machines, and grinding machines, 

which cause irreversible mechanical damage to the 

internal structure of the samples. Additionally, 

creating cavities in intact coal samples is even more 

difficult with an extremely low success rate. Even if 

porous coal samples are successfully prepared, their 

mechanical properties deviate significantly from 

actual engineering conditions due to multiple damages 
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during preparation, rendering the research results 

under such conditions of limited value. Considering 

the aforementioned preliminary research challenges 

and sample preparation constraints, we adopted the 

numerical simulation method to study the mechanical 

properties and instability mechanism of cavity-

containing coal samples. The mechanical parameters 

of coal samples in the numerical simulation are based 

on laboratory-measured mechanical data, ensuring 

that the simulation results align with actual 

engineering scenarios. 

 
2.1. CONSTRUCTION OF COAL SAMPLE MODEL 

WITH CAVITIES 

The axial compression test of coal samples with 

cavities was carried out by PFC numerical simulation 

software. The particles of the coal sample with cavities 

were in linear parallel bonding contact, and 

a cylindrical model with a radius of φ 50 mm×100 mm 

was generated in PFC, and then Balls with different 

radius radii were generated by using random seed 

10001 in this area. The minimum particle radius was 

0.06 mm and the maximum particle radius was 

0.08 mm. The density was set at 2000 kg/m3. The 

damping coefficient between the particles and the wall 

was set to 0.7. The values of the microscopic 

parameters of the model are shown in Table 1. 

In order to study the mechanical properties and 

crack evolution law of coal samples with different 

cavity radii and cavity shapes, 10 kinds of coal 

samples with cavities were designed: (1) Coal samples 

with different cavity radii: the radius of the cavity is 

5 mm, 7.5 mm, 10 mm, 12.5 mm, 15 mm, respectively, 

numbered S-1, S-2, S-3, S-4, S-5. Figure 1(a) is the 

vertical section along the center of the coal body. (2) 

Coal samples with different cavity shapes: cylinder, 

cube, cuboid, trapezoidal column, triangular prism, 

numbered P-1, P-2, P-3, P-4, P-5 in turn, which have 

the same volume in five kinds cavity. Figure 1(b) is 

the vertical section along the center of the coal body.  
 

2.2. TEST SCHEME AND TEST RESULTS 

In order to obtain the complete stress-strain curve 

of the sample, the static displacement loading method 

was selected to carry out the uniaxial compression test 

on the sample at a loading rate of 0.005 mm/s. 
The mechanical parameter data (Table 2) of the 

coal samples with cavities were obtained by the test. 
 

3. ANALYSIS OF MECHANICAL PROPERTIES 

OF COAL SAMPLES WITH CAVITIES 

According to the mechanical data in Table 2, the 

mechanical properties evolution curves of coal 

samples with different cavity radii and cavity shapes 

is shown in Figure 2. According to Figure 2, the 

compressive strength, elastic modulus, pre-peak strain 

energy and impact energy index are analyzed one by 

one. 
 

3.1. EFFECT OF CAVITIES ON COMPRESSIVE 

STRENGTH OF COAL SAMPLES 

It can be seen from Figure 2(a) that the cavity 

radius has a significant effect on the compressive 

strength of the samples. The compressive strength of 

S-1 coal sample is the largest, which is 17.09 MPa, and 

the compressive strength of S-5 coal sample is the 

smallest, which is 9.32 MPa. It can be seen that with 

the increase of cavity radius, the compressive strength 

of the sample decreases continuously. The 

deterioration degree is defined as the ratio of the 

reduction of a mechanical parameter (e.g., 

compressive strength) from its initial value to the 

initial value, expressed as a percentage. It serves as 

a quantitative indicator to characterize the extent to 

which a mechanical parameter decreases from its 

initial state, reflecting the attenuation degree of the 

Table 1 The values of the microscopic parameters.  

 
Parameter Value Parameter Value 

Model height/mm 100 Maximum particle radius / mm 0.8 

Model radius / mm 050 Particle friction factor 0.5 

Porosity 000.15 Particle density / kg·m-3 2000.0 

Minimum particle radius / mm 000.6 Tensile strength / MPa 7.0 

Internal friction angle / ° 030 Cohesion / MPa 4.0 

Stiffness ratio 001.5 Contact modulus / GPa 1.5 

 

Fig. 1 Cross section of numerical model of coal samples with cavities. 
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(a) different cavity radii (b) different cavity shapes 

 

Table 2 Numerical simulation results of different cavity radii. 

 
Number 

Compressive 

strength /MPa 

Peak strain 

/MPa 

Elastic module 

/MPa 

Pre-peak elastic 

strain energy/kJ 

Impact energy 

index KE 

S-1 17.09 0.51 3725.9 0.0492 7.45 

S-2 16.95 0.48 3643.6 0.0428 6.90 

S-3 15.35 0.41 3551.2 0.0313 3.96 

S-4 12.40 0.34 3399.2 0.0197 2.05 

S-5   9.32 0.32 2681.2 0.0145 2.01 

P-1 16.73 0.53 3527.5 0.0473 4.60 

P-2 16.48 0.53 3438.9 0.0422 4.40 

P-3 16.33 0.54 3399.1 0.0351 4.11 

P-4 16.27 0.52 3285.4 0.0284 3.90 

P-5 16.10 0.53 3015.8 0.0167 3.51 

 
mechanical parameter under the influence of certain 

factors. The deterioration degree of compressive 

strength was calculated to be 0.8 %, 10.2 %, 27.4 % 

and 45.5 %, respectively. It shows that the influence 

of cavity radius on compressive strength is non-

uniform. The relationship between cavity radius and 

compressive strength conforms to 𝑦 = 15.03 +
0.85𝑥 − 0.08𝑥2, and the goodness of fit is 0.99. When 

the cavity radius is 0 ~ 7.5 mm, the compressive 

strength decreases slightly and the deterioration is 

slow, which is the slow decrease area of compressive 

strength. When the cavity radius is 7.5 ~ 15 mm, the 

compressive strength decreases greatly and the 

deterioration is fast, which is the sharp drop area of 

compressive strength. 
It can be seen from Figure 2(b) that the cavity 

shape has a certain influence on the compressive 

strength of the sample. The compressive strength of 

P- 1 coal sample is the largest, which is 16.73 MPa, and 

the compressive strength of P-5 coal sample is the 

smallest, which is 16.10 MPa. In addition, the 

compressive strength of P-5 coal sample is small. The 

reason is that the cavity shape of P-5 coal sample is 

triangular prism. The upper side of triangular prism 

has a small stress area when loading, which is more 

likely easy to form stress concentration and damage. 

The deterioration degrees of compressive strength 

under the influence of cavity shape were 3.6 %, 4.4 %, 

4.8 % and 5.8 %, respectively. It shows that the 

compressive strength of coal samples under the 

influence of cavity shape is reduced, but the decline is 

relatively small. 
 

3.2. EFFECT OF CAVITIES ON ELASTIC MODULES 

OF COAL SAMPLES 

It can be seen from Figure 2(a) that the cavity 

radius has a significant effect on the elastic modulus 

of the sample. The elastic modulus of S-1 coal sample 

is the largest, which is 3725.9 MPa, and the elastic 

modulus of S-5 coal sample is the smallest, which is 

2681.2 MPa. It can be seen that with the increase of 

cavity radii, the elastic modulus of the sample 

decreases continuously. The relationship between 

cavity radius and elastic modulus conforms to 𝑦 =
𝑒𝑥𝑝( 3698.44, −1.15, −2.21), and the goodness of fit 

is 0.98. When the cavity radius is 5 ~ 12.5 mm, the 

elastic modulus decreases slightly and the 

deterioration is slow, which is the slow drop area of 

elastic modulus. When the cavity radius is 12.5 ~ 

15 mm, the elastic modulus greatly decreases with 

a deterioration degree of 21.12 %, which is a sharp 

drop area of elastic modulus. 
It can be seen from Figure 2(b) that the influence 

of cavity shape on the elastic modulus of the sample is 

obvious. The elastic modulus of P-1 coal sample is the 

largest, which is 3527.5 MPa, and the compressive 

strength of P-5 coal sample is the smallest, which is 

3015.8 MPa. The elastic modulus of the samples from 

large to small is P-1, P-2, P-3, P-4, P-5. The triangular 

prism shaped cavity has the greatest influence on the 

coal sample, and the cylindrical cavity has the least 

influence on the coal sample. The deterioration degree 

of elastic modulus under the influence of cavity shape 

is calculated, and the deterioration degree of elastic 

modulus is 4.1 %, 6.5 %, 10.5 % and 29.4 % 

respectively. It shows that the elastic modulus of coal 

samples decreases greatly under the influence of 

cavity shape. 

 
3.3. EFFECT OF CAVITIES ON PRE-PEAK STRAIN 

ENERGY OF COAL SAMPLES 

It can be seen from Figure 2(a) that the cavity 

radius has a significant effect on the pre-peak strain 

energy of the sample. The pre-peak strain energy of 

S- 1 coal sample is the most, which is 0.0492 kJ, and 

the pre-peak strain energy of S-5 coal sample is the 

least, which is 0.0145 kJ. It can be seen that with the 

increase of cavity radius, the pre-peak strain energy of 

the sample decreases continuously. The cavity radius 

has a linear relationship with the pre-peak strain 

energy, and the relationship between the cavity radius 

and the pre-peak strain energy conforms to 

𝑦 =  0.0685 − 0.0037𝑥 , and the goodness of fit is 

0.98. 
It can be seen from Figure 2(b) that the cavity 

shape also has a certain influence on the pre-peak 

strain energy of the sample. The pre-peak strain energy 

of P-1 coal sample is the most, which is 0.0473 kJ, and 

the pre-peak strain energy of P-5 coal sample is the 

least, which is 0.0167 kJ. In addition, the pre-peak 

strain energy of P-5 coal sample is small. The reason 

is that the cavity shape of P-5 coal sample is triangular 

prism. The stress area on the upper side of the 

triangular prism is small under the load condition, 
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Fig. 2 Evolution law of mechanical properties of coal samples with cavities. 

 
which is easy to form stress concentration and damage, 

and not easy to accumulate energy.  
 

3.4. EFFECT OF CAVITIES ON IMPACT ENERGY 

INDEX OF COAL SAMPLES 

The impact tendency of coal is a core indicator 

for assessing the risk of rock burst disasters, 

characterizing the inherent property of coal to 

accumulate deformation energy and undergo burst 

failure under mining-induced stress. The impact 

energy index KE is one of the key indicators for 

evaluating the impact tendency of coal, reflecting the 

capacity of coal to release burst energy during failure. 

A higher value of KE indicates a stronger impact 

tendency of the coal. The impact energy index is 

commonly used to assess the impact tendency of coal 

and rock, which is classified into three grades: none, 

weak, and strong. Specifically, the impact energy 

index refers to the ratio of the deformation energy 

accumulated before the peak of the stress-strain curve 

of a coal sample under uniaxial compression to the 

deformation energy consumed after the peak. This 

index can intuitively and comprehensively reflect the 

entire process of energy accumulation and 

consumption, revealing the physical essence of impact 

tendency. The classification criteria are as follows: 

0 ＜ KE ＜ 1.5 indicates no impact tendency; 

1.5  ≤  KE ＜  5.0 indicates a weak impact tendency; 

and KE≥5.0 indicates a strong impact tendency. It can 

be seen from Figure 3 that the impact energy index of 

coal samples is more significantly affected by the 

cavity radius. As the cavity radius increases, the 

impact energy index of coal samples gradually 

decreases. The impact energy index of coal samples 

with five cavity radii ranges from 2.01 to 7.45, which 

varies greatly. The impact energy indexes of S-1 coal 

sample with cavity radius of 5 mm and S-2 coal 

sample with cavity radius of 7.5 mm are 7.45 and 6.9, 

respectively, both of which are strong impact 

tendency. The impact energy index of S-3, S-4 and S- 5 

samples are 3.96, 2.05 and 2.01, respectively, all of 

which are weak impact tendency. In addition, it is 

found that the cavity shape has little effect on the 

impact energy index of coal samples. The impact 

energy index of the five cavity-shaped coal samples 

ranges from 4.60 to 3.51, all of which are weak impact 

proneness. 

 
4. ACOUSTIC CHARACTERISTICS ANALYSIS 

OF COAL SAMPLES WITH CAVITIES 

Acoustic emission can directly reflect the 

evolution law of internal damage of rock. The ringing 

count refers to the number of oscillations of the 

acoustic emission signal crossing the threshold 

voltage, which reflects the acoustic emission signal 

intensity and frequency of coal-rock mass. It is widely 

used for the evaluation of acoustic emission activities 

and the quantitative evaluation of coal and rock 

damage. In numerical simulation, every time a particle 

bond is broken, it is regarded as one ringing. 

 

Fig. 3 Impact energy index of coal samples with 

cavities. 

 



G. Chen et al. 

 

518 

 

 4.1. ACOUSTIC EMISSION ANALYSIS OF COAL 

SAMPLES WITH DIFFERENT CAVITY RADII 

Figure 4 is the stress-strain-impact number curve 

of coal samples with different cavity radii. From 

Figure 5, it can be seen that:  
 Peak ringing count. There is a significant 

difference in the peak ringing counts of coal samples 

with different cavity radii. The peak ringing count of 

S-1 coal sample, S-2 coal sample, S-3 coal sample, 

S- 4 coal sample, S-5 coal sample are 10109 times, 

14061 times, 8407 times, 4658 times, 2293 times, 

respectively. The order of peak ringing count is: S-2 

coal sample > S-1 coal sample > S-3 coal sample > 

S- 4 coal sample > S-5 coal sample. It shows that with 

the increase of cavity radius, the peak ringing count 

shows a downward trend, and the larger the cavity 

radius, the more obvious the decline.  

 Initiation stress. There is a difference in the 

initiation stress of coal samples with different cavity 

radii as well. The S-1 coal sample and the S-2 coal 

sample both began to develop cracks at a strain 

around of 0.3 %, with similar initiation stress, which 

are approximately 10 MPa and 9.89 MPa, 

respectively. S-3 coal sample began to develop cracks 

at a strain of 0.21 %, with the initiation stress of 

6.56 MPa. The coal sample of S-4 began to develop 

cracks at a strain of 0.18 %, with the initiation stress 

of 5.67 MPa. The S-5 coal sample began to develop 

cracks at a strain of 0.14 %, with the initiation stress 

of 3.99 MPa. It can be seen that as the radius of the 

cavity increases, the initiation stress gradually 

decreases. 

 Cumulative ringing count. Cumulative 

ringing count. The S-2 coal sample with a cavity 

radius of 7.5 mm has the highest cumulative ringing 

count, which is 2,261,404 times. The cumulative 

ringing counts of S-1, S-3, S-4, and S-5 coal samples 

are 2,228,714 times, 1,724,403 times, 1,344,562 

times, and 950,130 times respectively. It can be seen 

that with the cavity radius increases, the cumulative 

ringing count gradually decreases, which is 

negatively correlated with the cavity radius. The 

cumulative ringing counts are shown in Figure 5. The 

cumulative ringing count of S-1 coal sample with 

a cavity radius of 5 mm and S-2 coal sample with 

a cavity radius of 7.5 mm are not much different, and 

the degree of cracks in the two specimens is similar. 

The cumulative ringing count decreased from 7.5 mm 

to 10 mm, and the deterioration degree was 23.7 %. 

The cumulative ringing count decreased from 10 mm 

to 12.5 mm, and the deterioration degree was 22 %. 

The cumulative ringing count decreased from 

12.5 mm to 15 mm with the deterioration degree of 

29.3 %, which had the highest deterioration degree of 

this stage. When the cavity radius is more than 

7.5 mm, the damage degree of the specimen has 

changed obviously. What’s more, when the cavity 

radius is more than 12.5 mm, the coal sample is 

seriously damaged.  

 

 

4.2. ACOUSTIC EMISSION ANALYSIS OF COAL 

SAMPLES WITH DIFFERENT CAVITY SHAPES 

Figure 6 is the stress-strain-impact times curve of 

coal samples with different cavity shapes. From 

Figure 6, it can be seen that: 
 Peak ringing count. There is a significant 

difference in the peak ringing count among coal 

samples with different cavity shapes. The peak ringing 

count for the P-1 coal sample, P-2 coal sample, P-3 

coal sample, P-4 coal sample, P-5 coal sample are 

11,282 times, 11,124 times, 14,447 times, 12,503 

times, 16,178 times, respectively. The ranking of peak 

ringing count is: P-5 sample > P-3 sample > P-4 

sample > P-1 sample > P-2 sample. 

 Initiation stress. There are differences in the 

initiation stress among coal samples with different 

cavity shapes. The P-1 coal sample with cylindrical 

cavity began to develop cracks at a strain of 0.26 %, 

and the initiation stress was 8.34 MPa. The P- 2 coal 

sample of the cube cavity began to develop cracks at 

a strain of 0.25 %, and the initiation stress was 

8.36 MPa. The P-3 coal sample of the cuboid cavity 

began to develop cracks at a strain of 0.26 %, and the 

initiation stress was 8.52 MPa. The P-4 coal sample 

of the trapezoidal column cavity began to develop 

cracks at a strain of 0.22 %, and the crack initiation 

stress was 7.05 MPa. The P-5 coal sample of the 

triangular prism cavity began to develop cracks at 

a strain of 0.21 % with the crack initiation stress of 

6.81 MPa, which had the smallest initiation stress of 

the coal sample. And the initiation strain of the 

remaining coal samples is roughly distributed near 

0.26 %. 

 Cumulative ringing count. There is no 

obvious law in the cumulative ringing count of the 

five coal samples. The triangular prism cavity P-5 

coal sample has the highest cumulative ringing count 

at 2,274,840 times, while the cylindrical cavity P-1 

coal sample has the lowest impact count at 2,164,493 

times, with a difference of only 4.8 % between the 

two. This shows that the internal damage degree of 

the five coal samples is roughly the same. 

Additionally, the compressive strengths of the five 

coal samples do not differ significantly, which also 

corroborates the law of cumulative acoustic emission 

impact times. 
 

5. CRACK EVOLUTION LAW OF COAL 

SAMPLES WITH CAVITIES 

5.1. CRACK EVOLUTION LAW OF COAL SAMPLES 

WITH DIFFERENT CAVITY RADII 

In the numerical model, when the contact force 

between particles is greater than the set bond strength, 

the bond between particles will break, resulting in the 

generation of cracks. The left part of Figure 7 shows 

the crack propagation process in coal samples with 

different cavity radii, and the right part shows the 

evolution of bond breakage in the profile of coal 

samples with different cavity radii. 

For the S-1 coal sample with a cavity radius of 

5 mm, cracks first appeared around the cavity. As the 

loading continues, fine cracks began to appear below 



MECHANICAL BEHAVIOR AND CONSTITUTIVE MODEL OF LOADED COAL WITH CAVITIES 

 

519 

 

 

0

2000

4000

6000

8000

10000

10MPa

 撞
击

次
数

(次
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

2

4

6

8

10

12

14

16

18
 撞击次数
 应力

轴向应变(%)

轴
向

应
力

(M
P

a
)

0.30 0.32 0.34 0.36 0.38 0.40
0

10

20

30

40

50

Strain (%)

Impact

Stress

S
tr

es
s 

(M
P

a)

Im
p
ac

t 
(T

im
es

)

       

 

0

2000

4000

6000

8000

10000

12000

14000

16000

 撞
击

次
数

(次
)

9.89MPa

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

2

4

6

8

10

12

14

16

18
 撞击次数
 应力

轴向应变(%)

轴
向

应
力

(M
P

a
)

0.30 0.32 0.34 0.36 0.38 0.40
0

10

20

30

40

50

Strain (%)

Impact

Stress

S
tr

es
s 

(M
P

a)

Im
p
ac

t 
(T

im
es

)

 

a) cavity radius 5 mm                                                    (b) cavity radius 7.5 mm 
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(c) cavity radius 10 mm                              (d) cavity radius 12.5 mm 
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Fig. 4 Images of stress-strain-impact times of coal samples with different cavity radii. 

 

Fig. 5 Image of cavity radius and cumulative ringing count. 
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(a) cylindrical cavity                                                                    (b) cube cavity 
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(c) cuboid cavity                                                       (d) trapezoidal column cavity 
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                                                                           (e) triangular prism cavity 

 

Fig. 6 Stress-strain-impact times curves of coal samples with different cavity shapes. 

 
the cavity. The failure mainly occurs at the lower end 

surface of the specimen, and the influence of the cavity 

on the failure mode of the specimen is not obvious. 

For the S-2 coal sample with a cavity radius of 

7.5 mm, there are many cracks in the lower part of the 

specimen. Cracks first germinated at the lower left of 

the cavity. As the loading continues, cracks also 

appeared at the upper right of the cavity. Eventually, 

a shear band that runs from the lower left to the upper 

right was formed. Meanwhile, a similar parallel shear 

band and diffuse cracks were generated below this 

shear band. In general, the failure of the sample is 

mainly concentrated in the lower half of the sample, 

and the cavity has a relatively small impact on the 

failure of the specimen. 

For the S-3 coal sample with a cavity radius of 

10 mm, the cavity has a certain influence on the failure 

of the specimen. Cracks were generated 

simultaneously at the lower left and upper right of the 

cavity. The width of the shear band was greater than 

that of the shear bands of S-1 and S-2 coal samples. 

And a group of cracks were also generated in the upper 

and lower directions of the cavity. These two groups 

of cracks developed in one group horizontally and one 

group vertically. The horizontally developed cracks 

were more significant and played a major role in the 

failure of the sample. 

For the S-4 coal sample with a cavity radius of 

12.5 mm, an obvious stress concentration area was 

formed around the cavity during the compression 
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(e) S-5 coal sample (cavity radius 15 mm) 

 

 

Fig. 7 Crack evolution law of coal samples with different cavity radii (Unit: Time step). 
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 process of the specimen due to the large cavity, and 

more cracks were generated. The cracks of the entire 

specimen developed from around the cavity and 

expanded downward until the specimen lost stability 

and fails. There were only 1 to 2 cracks generated 

above the cavity, which was not the main factor for the 

failure of the sample. 

For the S-5 coal sample with a cavity radius of 

15 mm, cracks first germinated at the lower left of the 

cavity. As the loading continues, the crack area at the 

lower left continued to expand. At the same time, 

cracks began to germinate at the upper right of the 

cavity. Under the action of these two kinds of cracks, 

the cavity was damaged, driving the overall failure of 

the sample. In other words, the overall failure of the 

sample is the failure of the cavity. 

 
5.2. CRACK EVOLUTION LAW OF COAL SAMPLES 

WITH DIFFERENT CAVITY SHAPES 

Figure 8 shows the micro-crack evolution 

process of five different coal samples with cavity 

shapes. The left part of the figure represents the crack 

evolution process of different coal samples with cavity 

shapes, and the right part represents the bond fracture 

process of different coal samples with cavity shapes. 

For the P-1 coal sample with a cylindrical cavity, 

cracks first appeared around the cylindrical cavity. At 

this time, the damage developed simultaneously at the 

upper end face, around the cavity, and the lower end 

face of the specimen. As the loading continues, many 

cracks quickly appeared in the lower half of the 

specimen and around the cavity. Eventually, the entire 

specimen was completely destroyed. From 

a macroscopic perspective, the cracks were mainly 

concentrated in the lower half of the specimen. As can 

be evidenced by the section shear band picture, stress 

concentration first occurred around the cavity, then 

more bonding bonds break in the lower half, and 

finally a shear band developed from the lower left to 

the upper right. 

For the P-2 coal sample with a cubic cavity, the 

macroscopic evolution characteristics of cracks were 

roughly the same as those of the P-1 coal sample. 

Compared with the P-1 sample, the cracks of the 

specimen developed more evenly and the formed 

failure zone was more complete. From the sectional 

view, the lower left corner, upper right corner of the 

specimen and the upper right part of the cavity were 

stress concentration areas. The shear band first 

developed from the lower left corner until it was 

connected with the lower broken zone. At the same 

time, the fracture zone at the upper right corner of the 

specimen developed and expanded to the lower left. 

Eventually, it developed and penetrated downward, 

and the specimen was completely destroyed. 

For the P-3 coal sample with a cuboid cavity, 

there is a big difference in the crack evolution law 

between the rectangular cavity specimen and the 

cuboid cavity specimen. Cracks first developed 

around the cavity and gradually expanded in all 

directions of the cavity, and finally were distributed 

throughout the entire specimen. Judging from the 

shear band around the cavity, stress concentration 

occurred at all four corners of the rectangular cavity. 

The shear band first extended outward from the four 

corners. A shear band was quickly formed around the 

rectangular cavity until the specimen was completely 

destroyed. 

For the P-4 coal sample with a trapezoidal 

column cavity, the crack evolution law was similar to 

that of the P-3 specimen when the central cavity is 

trapezoidal. However, the stress concentration degree 

at the lower left corner of the trapezoid was stronger, 

and the shear band was more obvious. Meanwhile, the 

shear band range in the upper left part was larger. 

For the P-5 coal sample with a triangular prism 

cavity, microcracks first developed around the 

triangular prism cavity. Then microcracks also began 

to develop on the lower end face of the specimen. At 

the same time, the cracks expanded and penetrated, 

forming a fracture zone on the lower left side of the 

specimen. From the sectional view, the shear band first 

developed from the tips of the lower two corners of the 

triangle and developed simultaneously downward to 

the bottom of the specimen. Then the cracks at the tip 

of the upper corner of the triangle began to develop 

and extended to the middle and upper part of the 

specimen and end. Eventually, an inverted ‘V’-shaped 

fracture zone was formed. 

 
6. DAMAGE CONSTITUTIVE EQUATION AND 

VERIFICATION OF COAL SAMPLES WITH 

CAVITIES 

6.1. ESTABLISHMENT OF DAMAGE 

CONSTITUTIVE EQUATION 

Rock strength is a random variable affected by 

a combination of multiple factors. Loading damage is 

mainly caused by the damage of microelements inside 

coal during loading. These different factors are 

independent of each other and have a certain statistical 

law. Therefore, rock strength can be described by 

statistical distribution laws. 

The microelement failure also satisfies the 

strength criterion and can be expressed as: 
 

                                            (1) 

where, S、 *( )f  ―the function of effective stress;  

   K0―coal sample strength.  

When the effective stress exceeds the strength of the 

coal sample, the coal sample will undergo unstable 

failure. 

Coal-rock is a heterogeneous material. The 

damaged micro-units are randomly distributed within 

the loading interval. The accumulated failed units are 

the integral of the random distribution function, that 

is: 

𝑁𝑑 = ∫ 𝑁𝑡𝑃(𝑥)𝑑𝑥
𝑆

0
= 𝑁𝑡 ∫ 𝑃(𝑥)𝑑𝑥

𝑆

0
                            (2) 

 

where, x―distribution variable; P(x) is a probability 

density function.  

Therefore, the damage variable D during the 

loading process can be expressed as:  
 

0 0( ) 0f K S K  − = − =
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(d) P-4 coal sample (trapezoidal column cavity) 
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(e) P-5 coal sample (triangular prism cavity) 

 

Fig. 8 Crack evolution law of coal samples with different cavity shapes. 
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 𝐷 =
𝑁𝑑

𝑁𝑡
= ∫ 𝑃(𝑥)𝑑𝑥

𝑆

0                                              (3) 

where, Nd―The number of microelements damage 

during the compression process;  

Nt ― The total number of microelements 

destroyed.  

Assuming that the probability of strength failure 

of coal during compression satisfies the Weibull 

distribution function, P(x) is expressed as: 
 

                                (4) 

where, m、S0―The two parameters in the Weibull 

distribution function represent the density and strength 

of damaged microelements.  

Combining Equation (3) and Equation (4), the 

relationship of loading damage variable D can be 

obtained: 
 

                                            (5) 

 

In the above formula, the microelement strength 

distribution variable S can be determined by the 

strength criterion. In the strength criterion, the D-P 

strength criterion can better describe the distribution 

variable of coal and rock materials, and then obtain the 

two parameters m and S0. 

The coal sample failure experiment under 

uniaxial loading mode is adopted in this paper. The 

expression of D-P criterion under uniaxial loading 

condition is: 
 

                                   (6) 

Under uniaxial compression condition, through 

the strain equivalence hypothesis, the following 

constitutive relationship can be obtained: 
 

                                                           (7) 

1  and 1  are axial stress and axial strain. The 

following relationship can be obtained: 
 

                                                          (8) 

 

According to Equation (8), by substituting the 

micro-element strength distribution variable S, the 

coal damage variable and damage equation under axial 

load can be obtained: 
 

                              (9) 
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According to the stress-strain curve, the 

derivative at the peak point 
c c( , )   is 0. By taking 

the derivative of the coal damage equation:  
 

 (10) 

 

The micro-element distribution variable Sc at the 

peak point can be expressed as: 
 

                                            (11) 

 

The stress-strain relationship at the peak point 

can be expressed as: 
 

                                       (12) 

 

Substituting Equation (12) into Equation (10), 

the values of m and S0 can be obtained as: 
 

                                                        (13) 

 

6.2. RATIONALITY VERIFICATION 

6.2.1. RATIONALITY VERIFICATION OF DAMAGE 

CONSTITUTIVE EQUATION FOR COAL SAMPLES 

WITH DIFFERENT CAVITY RADII.  

The elastic modulus E of intact coal samples, the 

compressive strength and peak strain of coal samples 

with different cavity radii were brought into Equation 

(13). The values of m and S0 of coal sample with 

different cavity radii based on Weibull distribution 

during the damage process are shown in Table 3. 

The calculated values were brought into 

Equation (10) to obtain the estimated values of the 

peak compressive strength of coal samples with 

different cavity radii, and were compared with the 

numerical simulation test values, as shown in Table 4. 

According to the data in Table 4, Figure 9 was plotted. 

As can be seen from the Figure 9, the errors between 

the estimated values calculated according to the 

damage evolution model and the test values at 

different cavity radii and different stages were all 

between 1.1 % and 9.6 %. Thus, it can be known that 

the constructed damage evolution equation can 

accurately reflect the stress-strain relationship of coal 

samples with different cavity radii. 
 

6.2.2. VERIFICATION OF DAMAGE MODELS OF COAL 

SAMPLES WITH DIFFERENT CAVITY SHAPES. 

The elastic modulus E of the intact coal sample, 

the peak compressive strength and peak strain of the 

specimens with different cavity radii were brought 

into Equation (13). The values of m and S0 based on 

Weibull distribution of coal bodies with different 

cavity radii during the damage process are shown in 

Table 5 below. 

1

1
0 1

2 0 0

d 1
exp 1

d 3

m
mS mS

E a E
S S






−     
 = − − +    

      

0

1

3
c cS E 

 
= + 
 

0

exp

m

C
c c

S
E

S
 

  
 = − 
   

1

0

1

ln C

C

m
c

m
E

S S m






=  

  
  



=



MECHANICAL BEHAVIOR AND CONSTITUTIVE MODEL OF LOADED COAL WITH CAVITIES 

 

525 

 

 

 

0

2

4

6

8

10

12

14

7.2

9.3
8.9

4.0

V
al

u
e 

/ 
%

4.0

4 6 8 10 12 14 16
1

2

3

4

5
Test value

Estimated value   

 Value

Cavity radius / mm

S
tr

ee
s 

/ 
M

P
a

    

0

2

4

6

8

5.1

2.9

0.9

4.1

V
al

u
e 

/ 
%

1.1

4 6 8 10 12 14 16
4

5

6

7

8

9
Test value

Estimated value   

 Value

Cavity radius / mm
S

tr
ee

s 
/ 

M
P

a

 
(a) σc corresponding to 25% εc                                        (b) σc corresponding to 50% εc 

0

2

4

6

8

10

1.9

7.0

6.0

3.0

V
al

u
e 

/ 
%

2.3

4 6 8 10 12 14 16
6

7

8

9

10

11

12

13

14
Test value

Estimated value   

 Value

Cavity radius / mm

S
tr

ee
s 

/ 
M

P
a

     

0

2

4

6

8

10

12

9.6

5.6

2.02.0

V
al

u
e 

/ 
%

3.0

4 6 8 10 12 14 16
8

10

12

14

16

18

20

Test value

Estimated value   

 Value

Cavity radius / mm

S
tr

ee
s 

/ 
M

P
a

 
(c) σc corresponding to 75% εc                                        (d) σc corresponding to 100% εc 

 

Table 3 Values of m and S0 for coal samples with different cavity radii. 

 
Parameter 

Cavity radius / mm 

5 7.5 10 12.5 15 

m 7.96 13.68 68.4 24.4 3.76 

S0 18.54 16.28 12.21 10.85 12.75 

 

The calculated values were brought into 

Equation (10) to obtain the estimated values of the 

peak compressive strength of coal samples with 

different cavity shapes, and were compared with the 

experimental values as shown in Table 6. According 

to the data in Table 6, Figure 10 was plotted. As can 

be seen from the figure, the error between the 

estimated value calculated according to the damage 

evolution model and the experimental value at 

different cavity shapes and different stages was 

between 1.0 % and 9.5 %. Thus, it can be known that 

the constructed damage evolution equation can 

accurately reflect the stress-strain relationship of coal 

samples with different cavity shapes. 

7. ENERGY MIGRATION MODEL AND 

MECHANISM OF COAL SAMPLES WITH 

CAVITIES 

A large amount of energy is accumulated inside 

the coal sample under the loading condition. From 

loading to destruction, the energy accumulated inside 

the coal sample not only exchanges with the outside 

world, but also migrates inside the coal sample (Chen 

et al., 2020; Chen et al., 2022; Chen et al., 2023a). The 

migration, accumulation and release of energy are the 

fundamental reasons for the instability and failure of 

coal samples. 

To investigate the energy migration mechanism 

of coal samples with cavities under uniaxial 

Fig. 9 Test values, estimated values and errors of axial stress of coal samples with different cavity radii at 

different strain stages. 
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Table 4 Test values and estimated values of axial stress of coal samples with different cavity radii at different 

strain stages. 

 

Parameter Cavity shape 

Cylinder Cube Cuboid Trapezoidal 

column 

Triangle 

m 5.39 4.99 4.77 5.15 4.47 

S0 20.29 20.49 20.99 20.02 20.75 

 
Table 6 Test values and estimated values of axial stress of coal samples with different cavity shapes at different 

strain stages. 

 

Cavity 

shape 

σc corresponding to 25 % 

εc/MPa 

σc corresponding to 50 % 

εc/MPa 

σc corresponding to 75 % 

εc/MPa 

σc corresponding to 100 % 

εc/MPa 

Test 

value 
Estimated 

value 

Error 

% 

Test 

value 
Estimated 

value 

Error 

% 

Test 

value 

Estimated 

value 

Error 

% 
Test 

value 

Estimated 

value 

Error 

% 
Circular 4.33 4.42 2.1 8.64 9.16 6.0 12.9 14.1 9.3 16.7 16.19 3.1 

Square 4.29 3.99 7.0 8.55 8.2 4.1 12.8 14.02 9.5 16.5 15.67 5.0 

Rectangular 4.20 4.53 7.9 8.39 7.65 8.8 12.6 13.23 5.0 16.2 16.03 1.0 

Trapezoidal 4.21 3.83 9.0 8.41 8.74 3.9 12.6 12.47 1.0 16.2 14.86 8.3 

Triangle 4.16 3.95 5.0 8.32 8.65 4.0 12.4 12.12 2.3 16.0 16.16 1.0 

 

Cavity 

radius 

/ mm 

σc corresponding to 25 % 

εc / MPa 

σc corresponding to 5 0% 

εc / MPa 

σc corresponding to 75 % 

εc / MPa 

σc corresponding to 100 % 

εc / MPa 

Test 

value 
Estimated 

value 

Error 

% 

Test 

value 
Estimated 

value 

Error 

% 

Test 

value 
Estimated 

value 

Error 

% 

Test 

value 
Estimated 

value 

Error 

% 

5 4.25 4.42 4.0  8.31 8.22 1.1  12.8 13.1 2.3 17.09 16.57 3.0 

7.5 3.96 4.12 4.0  7.88 7.56 4.1 11.9 11.54 3.0 16.95 16.61 2.0 

10 3.26 2.97 8.9  6.37 6.43 0.9 9.85 10.44 6.0 15.35 15.65 2.0 

12.5 2.59 2.35 9.3 5.14 5.29 2.9 7.75 8.29 7.0 12.40 13.10 5.6 

15 2.23 2.07 7.2  4.35 4.57 5.1 6.69 6.82 1.9 9.32 10.16 9.0 

 
Table 5 Values of m and S0 for coal samples with different cavity shapes. 

 

compression, an energy migration model from loading 

to failure was constructed, as shown in Figure 11. At 

the outset, a small amount of energy of coal sample 

with cavities accumulated inside the specimen under 

the initial loading conditions, and the energy 

distribution was relatively uniform, as shown in 

Figure 11(a). Subsequently, as the testing machine 

continues to load, the energy accumulated inside the 

specimen gradually increases, and a large amount of 

energy moved to the vicinity of the cavities, 

accumulating near the cavities and forming stress 

concentration areas, as shown in Figure 11(b). 

Afterwards, with the continuous loading of the testing 

machine, the stress concentration areas near the 

cavities continued to accumulate energy, and when the 

accumulated energy reaches a certain level, new 

cracks and fissures were initiated inside the specimen, 

and the cavities also underwent deformation at the 

same time. The accumulated energy was dissipated in 

the form of internal deformation and micro-damage, 

as shown in Figure 11(c). Later on, As the testing 

machine continues to load, these deformations and 

micro-damages became more pronounced, the 

deformation of the cavities became more severe, and 

the number of fissures increased, as shown in 

Figure 11(d). Ultimately, under the loading of the 

testing machine, these cracks and fissures 

interconnect, forming large macroscopic cracks and 

fissures (Chen et al., 2023b; Lai et al., 2024; Si et al., 

2024; Chen et al., 2024). Additionally, as energy 

continuously accumulates to reach the energy storage 

limit of the specimen, the coal sample suddenly failed, 

and many fragments were ejected by the energy. 

Meanwhile, the energy accumulated within the coal 

sample was released instantaneously in the form of 

kinetic energy of the broken fragments, causing 

overall instability and destruction of the specimen.  

To compare the energy transfer mechanisms 

between coal samples with cavities and those without, 

an energy transfer model for cavity-free coal samples 

was established, as illustrated in Figure 12. The cavity-

free coal sample undergoes five stages from initial 

loading to final failure. In the early loading stage, the 

sample is mainly characterized by the closure of 

primary microcracks. Energy accumulates in an even 

and scattered manner, distributing uniformly 

throughout the sample (Fig. 12(a)). With continued 

loading, small cracks initiate within the sample, and 

energy begins to concentrate near the tips of these 

small cracks, while only a small amount of energy 

accumulates in crack-free regions (Fig. 12(b)). As the 

testing machine applies further loading, the sample 

continues to accumulate energy. Once the energy 

storage limit at the crack tips is reached, the cracks 

start to propagate along the tips, forming new large 

cracks, and energy re-concentrates at the tips of these 
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Fig. 10 Test values, estimated values and errors of axial stress of coal bodies with different cavity shapes at 

different strain stages. 

 

Fig. 11 Energy migration model of coal samples with cavities. 
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Fig. 12 Energy transfer model of cavity-free coal samples.  

 

new cracks. Meanwhile, additional microcracks 

initiate at this stage, with a small portion of energy 

accumulating at their tips (Fig. 12(c)). Under sustained 

loading from the testing machine, two or more 

adjacent cracks interconnect, forming one or more 

damage zones inside the sample. Energy is mainly 

concentrated in these damage zones, with minimal free 

energy present (Fig. 12(d)). When the loading reaches 

the sample’s energy storage limit, the larger damage 

zone (or a combination of several damage zones) 

dominates the sample’s failure. Cracks within the 

damage zones fully develop and interconnect, leading 

to fragment detachment and macroscopic unstable 

failure of the sample. The development and 

interconnection of cracks in the damage zones, as well 

as the movement of fragments, consume a substantial 

amount of energy, resulting in almost no energy 

accumulation inside the sample at this stage 

(Fig. 12(e)).  

In summary, the energy transfer paths and 

mechanisms of coal samples with cavities are entirely 

different from those of cavity-free samples. This is 

attributed to the presence of internal cavities: as a type 

of defect, cavities create weak zones in their vicinity, 

where energy tends to concentrate under loading. In 

contrast, cavity-free coal samples have no obvious 

inherent defects; defects only emerge under external 

loading, and these defect zones then become the main 

regions for energy accumulation.  

 
8. DISCUSSION 

8.1. DISCUSSION ON SAMPLE SELECTION 

Coal is a kind of porous medium material 

containing various defects and is softer than rock 

(Song et al., 2023). These defects in coal greatly 

weaken the mechanical properties of the coal mass, 

making it prone to deformation and destruction. The 

coal mass exhibits extreme instability, which severely 

affects the safety and stability of underground coal-

rock systems. Considering the internal structure of the 

coal mass, studying the mechanical properties and 

instability mechanisms of defective coal masses is of 

great theoretical significance for maintaining the 

safety and stability of coal-rock systems. Therefore, 

mechanical numerical experiments were conducted on 

coal samples with different cavity radii and different 

shapes, and analyzed their compressive strength, 

elastic modulus, and other mechanical properties. The 

study also investigated the acoustic characteristics 

during the loading process, and explored the evolution 

of cracks to reveal the instability and destruction 

mechanisms. The damage constitutive model of coal 

sample with cavities was constructed as well. This 

research has achieved certain results. 

However, the types of cavities are not only the 

five types studied in this paper, but also more irregular 

shapes. In addition, the cavities are not only in the 

center of the coal body, but also irregularly distributed 

in the coal body. Besides, apart from cavities, the coal 

mass also contains fractures as a type of defect., there 

are also cracks in the coal body, which is also a factor 

affecting the mechanical properties of the coal body. 

The above situations are the focus of our next research. 

At present, the two doctoral students under the 

guidance of the author are carrying out corresponding 

research. Due to space limitations, these research 

results will be presented in another article. 

It is worth affirming that the research on the 

mechanical response and instability mechanism of 

coal samples with cavities carried out by the author has 

good reference value and theoretical significance for 

maintaining the safety and stability of coal-rock 

system. 

 
8.2. DISCUSSION ON DAMAGE CONSTITUTIVE 

EQUATION 

Based on the statistical distribution theory and 

the D-P strength criterion, the damage constitutive 

equation of the coal sample with cavities is 

constructed. The acquisition of m and S0 parameters is 

based on the test in this paper. What’s more, the 

verification results show that the damage constitutive 

equation has good rationality and scientificity, which 

provides a theoretical reference for exploring stress, 

strain and correlation. This is also one of the 

innovations of this paper. 
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However, in engineering practice, the defects 

inside the coal body are not ideal circular defects or 

other shape defects, mostly the combination of 

irregular defects and large and small cracks. The 

rationality of the constitutive equation under this 

condition needs to be further verified. In addition, the 

research object of this paper is coal, and the question 

of whether the rock material is established needs to be 

further verified. 

It is worth affirming that the ideas and methods 

of constructing the damage constitutive equation are 

accurate and reasonable, and have high reference 

value for the construction of the damage constitutive 

equation under other defect conditions, such as the 

number of cavities, location, crack and other damage 

constitutive equations. 

 
9. CONCLUSION 

 The cavity radius has a great influence on the 

mechanical properties of coal samples. With the 

increase of cavity radius, the compressive strength, 

elastic modulus, pre-peak strain energy and impact 

energy index of coal samples decrease continuously. 

Triangular cavities have the greatest influence on the 

mechanical properties of coal samples, and cylindrical 

cavities have the least influence on coal samples. 

 As the cavity radius increases, the peak 

ringing count gradually decreases, the initiation stress 

gradually reduces, and the cumulative ringing count 

gradually decreases. The coal sample with a triangular 

prism cavity has the highest peak ringing count and the 

lowest initiation stress. 

 The crack evolution law under the influence 

of different cavity radii and different cavity shapes 

was analyzed. The larger the cavity radius, the greater 

the influence on the crack. In addition, with the 

increase of the cavity radius, the crack gradually 

initiates near the cavity and dominates the failure of 

the sample. 

 Based on the statistical distribution theory 

and the D-P strength criterion, the damage constitutive 

equation of the coal sample with cavities is 

constructed and the rationality is verified. The 

verification error of the rationality of the damage 

constitutive equation of coal samples with different 

cavity radii is 1.1 % ~ 9.6 %, and the verification error 

of the damage model of coal with different cavity 

shapes is 1.0 % ~ 9.5 %. The accuracy of the 

calculation of the damage constitutive equation is 

more than 90 %, which can accurately reflect the 

stress-strain relationship of the coal sample with 

cavities. 

 The energy migration model of instability 

and failure of coal samples with cavities is 

constructed. The energy migration, accumulation and 

release of coal samples with cavities under loading 

conditions are analyzed, and the instability mechanism 

of coal samples with cavities is clarified. Under the 

initial loading condition of the coal samples with 

cavities, a small amount of energy accumulates inside 

the sample, and the energy distribution is more 

uniform. With the continuous loading of the testing 

machine, the energy accumulated inside the sample 

gradually increases, and a large amount of energy 

migrates to the cavity attachment, resulting in forming 

a stress concentration area near the cavity. When the 

accumulated energy reaches a certain degree, the 

cavity deforms, and new cracks and fissures are 

initiated inside the sample. These cracks and fissures 

gradually penetrate each other, and large cracks and 

fissures are formed macroscopically, resulting in the 

overall instability and failure of the sample.  
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