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ABSTRACT 
 

 

The differences in intensity, acoustic emission (AE), and seepage characteristics between raw coal 

and briquette coal were studied under a triaxial compression experiment. The two stress-strain 

curves of raw coal and briquette coal had similar trends and could be divided into five development 
stages in the triaxial compression experiment. The transverse and axial deformations of briquette 

coal were larger than those of raw coal, and the compressive strength and elastic modulus of 

briquette coal were smaller than those of raw coal. The cumulative AE count and energy of the 
whole compression process of raw coal were higher than that of briquette coal. The seepage 

velocities of gases increased with the deformation and failure of coal samples, and its variation 

trend corresponded to the failure stage of coal samples. Their permeability velocity was small at 
the initial stage of raw coal and briquette coal. However, the maximum permeability velocity of 

briquette coal was much higher than that of raw coal after the failure of coal samples. Both raw 

coal and briquette coal had strong stress sensitivity. The permeability of the two types of samples 
decreased exponentially with the increased effective stress. The seepage velocity of briquette coal 

was most sensitive to axial force and deformation, while that of raw coal was more sensitive to 

radial deformation. The research results provide references for the experimental study of using 
briquette coal instead of raw coal as well as for exploring coal and gas outburst mechanisms in 

coal seam. 
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1. INTRODUCTION 

Coal as important fossil energy ensures national 

energy security. As China's main energy source, its 

status will not change for a long period (Wei et al., 

2012; Fu et al., 2020). Coal mining has gradually 

turned to deep mining due to the large demand for coal 

resources in China and decreased shallow resources. 

Deep mining conditions are complex. The frequency 

and intensity of coal and gas outbursts increase, which 

seriously threatens the safety production of coal mines 

and the personal safety of staff (Mark et al., 2016; 

Peng et al., 2012; Liu et al., 2022). 

Considerable amounts of coal and gases may be 

violently ejected in the coal and gas outburst process 

(Wu et al., 2020). Methane is the main component of 

coal seam gases, and the greenhouse effect of methane 

is 28 times that of carbon dioxide (Zhang et al., 2023). 

A large amount of methane emitted in the coal and gas 

outburst aggravates the greenhouse effect (Wang et 

al., 2021). Therefore, the strength, seepage, and AE 

characteristics of coal are studied. It is of great 

significance to the monitoring and prevention of coal 

and gas outburst accidents and environmental 

protection. 

Raw coal and briquette coal are used as samples 

in the experimental research of coal and gas outbursts. 

Most coal seam in coal mines are relatively soft, so it 

is difficult to make standard experimental samples of 

raw coal. More and more experiments used briquette 

coal as research objects (Zhang et al., 2020; Ge et al., 

2022). The formation of briquette coal typically 

involves the blending of pulverized coal with water 

and subsequent compression using a specialized mold. 

This process facilitates convenient processing and 

shaping. However, compared with raw coal, briquette 

coal damaged the original coal structure. Its physical 

and mechanical properties change, which leads to the 

controversy on the feasibility of replacing raw coal 

with briquette coal in experiments (Zhou et al., 2022; 

Li et al., 2017; Cao et al., 2010). 

Researchers have studied the differences in 

strength and seepage characteristics of raw coal and 

briquette coal. Cao et al. (2010) used the self-

developed triaxial seepage device to test briquette coal 

and raw coal. The full stress-strain curves of the two 

types of coal samples can be divided into five stages, 

with a corresponding relationship between the seepage 

velocity and axial strain. Zhao et al. (2021) believed 
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 that the stress-strain curve of raw coal and briquette 

coal under the local loading has typical stage 

characteristics. The deformation of raw coal is greater 

than that of briquette coal at the compaction stage. 

Briquette coal mainly experiences tensile failure under 

uniaxial compression, while raw coal mainly 

experiences type-x shear failure. 

Yin et al. (2009) thought the deformation 

characteristics and compressive strength of briquette 

coal and raw coal have certain commonalities, but 

significant differences exist in their mechanical 

parameters. Briquette coal instead of raw coal is used 

to study the mechanical properties of coal samples 

containing gases; raw coal is used to get more realistic 

mechanical parameters of coal and rocks containing 

gases. Zhao et al. (2018) considered that the main 

differences between raw coal and briquette coal exist 

in the number, size, and complexity of the internal 

microstructure. Briquette coal instead of raw coal is 

feasible for mechanical tests; however, it is not 

suitable for the microscopic observation and analysis 

of crack evolution. Meng et al. (2020a; 2021b; 2021c) 

believed that briquette coal supplemented with 7 % of 

rosin or 20 % of cements is similar to the intensity, 

deformation, and AE characteristics of raw coal. 

Although the above studies have obtained the 

differences in the intensity and seepage of raw coal 

and briquette coal, the sensitivity analysis of the stress 

and seepage is lacking. 

AE technology is often used to monitor the 

changes in coal-rock-mass internal fractures (Wang et 

al., 2019; Zhang et al., 2021). AE signals are generated 

in the laboratory during the mechanical testing of coal 

and rock mass (Sun et al., 2019). The amplitude, event 

number, energy, and other parameters of AE can 

reflect the number, size, orientation, rupture, 

expansion, and failure of coal and rock mass. Then the 

fracture mechanism and fracture of coal and rock mass 

are identified to predict the related dynamic disaster 

(Zhang et al., 2018; Zhang et al., 2021). Zhang et al. 

(2021) concluded that the changes in the AE of raw 

coal can be divided into a slow growth stage and an 

accelerated growth stage. Song et al. (2020) explored 

the microstructure-related AE anisotropy in raw coal. 

A larger fractal dimension in coal indicates the more 

uniform distribution of AE counts in the time series 

and less AE energy consumed during the loading 

process. Zhou et al. (2022) believed that dynamic-

disturbance load accelerates the deformation process 

of coal samples under the high static pressure. It 

results in a positive correlation between increased AE 

characteristic parameters (AE counts and energy) and 

increased disturbances. Jia et al. (2020) investigated 

the spatial and temporal evolution of failure in coal at 

different depths under triaxial compression. The 

initiation time of failure in coal is accelerated with 

increasing depth. The failure evolution process is more 

stable and orderly and ends with higher failure. Kong 

et al. (2019) selected coal samples in the original 

cracks for the uniaxial-compression load experiment. 

The greater initial failure, the lower the uniaxial 

compressive strength and elastic modulus of coal 

samples. Most of the above uniaxial AE monitoring 

tests for coal and rock mass are conducted using raw 

coal, and the comparative study of briquette coal is 

missing. Besides, there are few studies on whether the 

AE evolution law of briquette coal can be used to 

characterize coal samples under the same external 

conditions. 

Based on above research, the comprehensive 

comparative analysis is insufficient in the intensity, 

AE, and seepage characteristics of briquette coal and 

raw coal. However, the following issues should be 

discussed, including performance differences between 

briquette coal and raw coal during the failure process, 

the experimental results of which coal sample are 

more congruent with the actual situation, whether the 

mechanical characteristics of the two types of samples 

are the same under identical external mechanical 

conditions, and whether briquette coal accurately 

reflects the intensity, seepage, and AE characteristics 

of raw coal. 

The triaxial compression experiments of raw coal 

and briquette coal were performed to analyze their 

differences in strength, AE response, and seepage 

characteristics. Their stress sensitivity and gas-

permeability velocity sensitivity were further 

discussed. The results provide an experimental basis 

for further exploring coal and gas outbursts. 
 

2. MATERIALS AND METHODS 

2.1. EXPERIMENTAL MATERIALS 

Experimental coal samples were taken from the 

9# coal seam of Linhua Mine with high gas content and 

high pressure. Raw coal was cut, polished, and 

processed from original coal cores taken from the coal 

mine by coring equipment. The production of 

briquette coal was relatively straightforward, 

involving separate grinding processes for protruding 

and non-protruding coal. Certain specifications of 

pulverized coal particles (particle size of 40-60 

meshes) mixed uniformly by adding 2 % water in 

a certain proportion. The molding was formed at 

100 MPa using a rigidity tester with a capacity of 

2,000 kN. The processed coal sample size was ф 50 × 

100 mm, and the flatness of both ends was about 

0.05 mm. Certain differences existed in surface 

smoothness and texture among different specimens 

after the preparation of raw coal and briquette coal. 

Three samples with the similar density and crack 

characteristics were separately selected for the two 

types of coal samples at the beginning of the 

experiment. 
 

2.2. EXPERIMENTAL SYSTEM AND 

EXPERIMENTAL PROCEDURE 

The experimental setup (Fig. 1) employed 

a thermos-fluid-structure coupled triaxial servo 

seepage system for gas-containing coal. It primarily 

consisted of a gas tank (for applying gas pressure), 

digital pressure control system (for applying axial and 

confining pressures), triaxial osmometer, flowmeter, 
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Fig. 1 Experimental facility (Xu et al., 2010). 

 
and computer. The axial pressure was applied by the 

axial indenter displacement until the sample was 

damaged. The triaxial compression experiments were 

performed under a displacement-controlling mode 

at a loading speed of 0.1 mm/min. Comparative 

experiments were designed at the gas pressures of 0.5, 

1, and 1.5 MPa to investigate the variation law of gas 

seepage characteristics of briquette coal and raw coal 

during the stress-strain process of gas-containing coal. 

The whole process of the seepage experiment was 

controlled by computers and a control program. 

The experiments were conducted using the DS-5 

type 8-channel acoustic emission monitoring system 

to synchronously capture the acoustic emission signals 

generated during the deformation and failure 

processes of coal. The acoustic emission monitoring 

system primarily consisted of acoustic emission 

sensors, signal amplifiers, and data acquisition hosts. 

The sampling frequency was 5 MHz, with a waveform 

threshold of 40 dB. The whole experiment was 

performed on the control and acquisition platform. All 

data were collected automatically and continuously by 

the computer. The gas seepage curves of two types of 

coal samples and their AE response characteristics in 

the whole stress-strain process can be obtained 

according to experimental data. 
 

3. DIFFERENCE ANALYSIS OF STRENGTH 

CHARACTERISTICS 

Figure 2 shows the total stress-strain curves of 

the two types of coal samples under triaxial 

compression. Two total stress-strain curves of raw 

coal and briquette coal have similar changing trends 

and can be divided into five development stages in the 

triaxial compression experiment. However, the 

deformation and failure of the two types of coal 

samples have obvious differences due to their different 

structural characteristics. It can be divided into five 

stages for raw coal: nonlinear compaction stage (stage 

I), linear elasticity stage (stage II), strain strengthening 

stage (stage III), stress drop stage (stage IV), and strain 

softening stage (stage V). The experimental curves of 

briquette coal can be divided into nonlinear 

compaction stage (stage I), linear elasticity stage 

(stage II), yield stage (stage III), strain softening stage 

(stage IV), and residual load stage (stage V). 

Figure 3 shows the changes in the elastic 

modulus, Poisson's ratio, and axial stress of the two 

coal samples under triaxial compression. The 

changing trend of the elastic moduli of raw coal and 

briquette coal with axial strain is different. The elastic 

modulus of raw coal shows a trend of a rapid increase, 

slow increase, and slow decrease with increased axial 

strain, while the elastic modulus of briquette coal 

rapidly increases and then remains unchanged. The 

changing trend of Poisson's ratios of raw coal and 

briquette coal is the same with increased axial strain–

decreasing slowly and then increasing slowly after 

reaching the minimum. 

Comparative analysis shows differences in 

strength characteristics between two types of coal 

samples. Firstly, the lateral and axial deformations of 

briquette coal are about 2-3 times those of raw coal, 

respectively. Secondly, the compressive strength and 

elastic modulus of briquette coal are smaller than those 

of raw coal, and its compressive strength is 66.4 % that 

of raw coal. The Poisson's ratios of raw coal are 0.62, 

0.64, and 0.58, and those of briquette coal are 0.65, 

0.85, and 0.85. 
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(a) Raw coal samples (b) Briquette coal samples 

Fig. 2 Complete stress-strain curves. 

 

(a) Raw coal samples (b) Briquette coal samples 

Fig. 3 Relationship among the elasticity modulus, Poisson's ratio, and axial strain variation. 

 
The deformation failure stages of the two types 

of coal samples are different after the peak. Raw coal 

has stress drops, and the large and rapid change of the 

axial pressure is consistent with the instant-

aneous/rapid occurrence characteristics of coal and 

gas outbursts in the field. Briquette coal mainly 

reflects strain softening after the peak, with gently 

decreased axial pressure. 

 
4. DIFFERENTIAL ANALYSIS OF AE 

CHARACTERISTICS 

The AE characterization parameters were 

analyzed during the fracture of raw coal and briquette 

coal. Figure 4 shows the eigenvalues and time 

relationship curves of AE counts and cumulative AE 

counts in the uniaxial-compression instability and 

failure of raw coal and briquette coal. Figure 5 

presents the curves of the relationship among the AE 

energy rate, cumulative AE energy, and time. 

Figures 4 and 5 show similarities and differences 

in the AE phenomena between raw coal and briquette 

coal during triaxial compression. Similarities are as 

follows: (1) An obvious correspondence exists 

between AE activity and the stress-strain curve in the 

instability failure process of triaxial-compression coal 

samples. It can be roughly divided into five stages as 

mentioned above. (2) The number of AE events and 

energy of raw coal and briquette coal is relatively 

small at stages Ⅰ and Ⅱ. When coal samples reach the 

limit load, they enter stages Ⅲ and Ⅳ. AE counts and 

AE energy reach the maximum, indicating the 

precursor of coal-sample failure; (3) AE counts and 

AE energy gradually decrease during the stress drop 

process at stage Ⅴ in AE events. 

Differences are mainly manifested in the 

following aspects: (1) The average AE peak count of 

raw coal is 62.23 times that of briquette coal, and 

average AE peak energy is 43.46 times that of 
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(a) Raw coal samples 

(b) Briquette coal samples 

Fig. 4 Relationship between AE counts and time variation. 

 

(a) Raw coal  

(b) Briquette coal  

Fig. 5 Relationship between AE energy and time variation. 

 
briquette coal. The cumulative peak count and energy 

of raw coal during the whole compression process are 

higher than those of briquette coal. (2) Original cracks 

and cavities in raw coal gradually close under the 

pressure, and almost no new cracks are generated at 

stages Ⅰ and Ⅱ. There are fewer AE events, and the AE 

source can be considered as the friction between rough 

contact surfaces in the process of crack closure. Since 

briquette coal is made of pulverized coal particles and 

its structure is looser than that of raw coal, the AE 

event source includes mutual occlusion between 

particles at stages Ⅰ and Ⅱ. Compared with raw coal, 

the AE-event activity of briquette coal is relatively 

active. (3) AE events become active at stages Ⅲ and 
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Ⅳ, and AE sources are generated by new fine cracks 

appearing in coal samples under the high pressure. 

Large pulverized coal particles break and the internal 

particles of briquette coal rub and rearrange slowly. 

The outer walls of coal samples fall off at the initial 

instability failure stage of briquette coal, which 

reduces the axial pressure. Raw coal produces a small 

number of AE events at the early stage. The AE events 

of raw coal and briquette coal gradually become active 

at the late plasticity stage, and counts and energy 

increase greatly. (4) When raw coal reaches its 

ultimate load, the stress shows a cliff-style drop and 

AE events decrease rapidly at stage Ⅴ. The stress 

decreases after briquette coal reaches its ultimate load, 

with the residual stress. However, when the stress 

decreases zigzag, AE events decrease slowly because 

the outer walls of samples fall off. 

 
5. DIFFERENCE ANALYSIS OF SEEPAGE 

CHARACTERISTICS 

5.1. RELATIONSHIP BETWEEN THE SEEPAGE 

VELOCITY AND STRESS 

Pores and fractures mainly determine the seepage 

velocities of gases in coal seam. Some original micro 

pores and micro-cracks exist in raw coal and briquette 

coal, which is called initial damage. The initial 

seepage velocity of briquette coal is larger than that of 

raw coal, indicating that the initial failure of raw coal 

is much smaller than that of briquette coal. However, 

initial failure develops and finally connects as the 

applied load continues to increase, which changes the 

seepage velocities of gases. 

The permeability of briquette coal is 9-70 times 

that of raw coal under the same experimental 

conditions. The internal pore volume of briquette coal 

is much larger than that of raw coal, and the 

connectivity of pores and fractures is better in 

briquette coal. While raw coal contains numerous 

inherent fractures and pore structures, its poor 

connectivity results in fewer effective gas-flow 

pathways and lower permeability compared to 

briquette coal. In contrast, briquette coal is made from 

coal powder particles with a specific size. Although it 

has fewer internal fracture structures compared to raw 

coal, its internal pore structure has better connectivity 

than raw coal. This results in a larger gas permeation 

space and higher permeability.  

Figure 6 shows the relationship between the 

seepage velocity and axial stress of two types of coal 

samples. The variation trend of the seepage velocity of 

raw coal and briquette coal is the same before the axial 

stress is less than the yield stress. The velocity 

decreases with the increased axial pressure and 

reaches the minimum at the yield-stress point. The 

difference is that the flow velocity of raw coal and 

briquette coal decreases by 4.4 and 69.5 % compared 

with the initial seepage velocity, respectively. 

Briquette coal is soft, with a lot of voids in the middle 

and a large compressible space. Although there are 

primary cracks in raw coal, their original permeability 

is small and the change is not obvious after 

compression. When the axial stress is greater than the 

yield stress, the seepage velocities of the two types of 

coal samples increase; however, the changing trend is 

different. The seepage velocity of briquette coal 

increases smoothly at stage III, while the seepage of 

fractures occurs in raw coal due to the development of 

original fractures and the generation of new fractures. 

Its seepage velocity shows a sudden increase process. 

The peak stress point indicates that the samples 

have reached their maximum bearing capacity. Cracks 

accumulate before the peak reaches a critical value. 

Samples are approaching the critical point of complete 

failure, and the seepage velocity exhibits a distinct 

inflection point. Stages IV and V reflect seepage 

velocities after reaching the peak value. The stress 

decreases rapidly and the seepage velocity increases 

sharply after reaching the peak stress of raw coal. The 

main crack of raw coal suddenly generates and 

expands, with sudden failure. The gas pressure 

(a) Raw coal samples (b) Briquette coal samples 

Fig. 6 Changing curves of the seepage velocity and axial stress. 
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(a) Raw coal samples (b) Briquette coal samples 

Fig. 7 Curves of the seepage velocity and radial strain. 

 

(a) Raw coal samples (b) Briquette coal samples 

Fig. 8 Curves of the seepage velocity and axial strain. 

 

gradient increases rapidly after coal is damaged, which 

increases the risk of coal and gas outbursts. The 

parameters of briquette coal do not have the 

suddenness of raw coal (Fig. 6). That is, there are 

essential differences between briquette coal and raw 

coal in terms of failure forms and seepage 

characteristics. 

 
5.2. RELATIONSHIP BETWEEN THE SEEPAGE 

VELOCITY AND STRAIN 

Figueres 7 and 8 show the relationships between 

the seepage velocity and radial/axial strain of two 

types of coal samples, respectively. Great differences 

exist in the variation of gases’ seepage velocities. 

The stiffness of the two coal samples gradually 

increases with increased axial compression at stage I 

of deformation failure. The curve bends upward and 

the initial defect gradually closes, which corresponds 

to the nonlinear compaction stage. Meanwhile, the 

channel for gas flow becomes narrower due to 

decreased porosity in samples. Then the seepage 

velocities of raw coal and briquette coal decrease by 

7.12 and 7.45 %, respectively. 

There is no failure evolution inside raw coal at 

stage II, and all the original defects only undergo the 

elastic deformation. Original micropores and 

microcracks are further closed, but the deformation 

can be restored after unloading. It corresponds to the 

linear elastic stage. The seepage velocity of gases 

decreases by 13.24 % due to the small initial seepage 

velocity. Pulverized coal particles squeeze and move 

under the external load of briquette coal. Cohesion 

decreases and the deformation cannot be recovered 

after unloading, which corresponds to the linear 

deformation stage. The original gap between 

pulverized coal particles is filled, and the seepage 

velocity of gases drops by 48.45 % rapidly. 
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 The seepage velocities of the two types of coal 

samples increase at stage III. Shear movement 

between briquette coal particles induces the expansion 

of stable cracks under increased strain, which bends 

the seepage velocity-strain curve. Stiffness decreases, 

and briquette coal enters the yield deformation stage. 

Continuous distributed failure occurs inside raw coal, 

and more and more microcracks develop stably, which 

results in the plastic deformation. It enters the strain-

strengthening stage. The original cracks of raw coal 

are further developed and new cracks are generated, 

which increases the seepage velocity of gases by 

189.65%. Pulverized coal particles are extruded and 

undergo shear movement, which results in their 

separation from samples. New cracks are blocked, so 

the seepage velocity only increases by 8.45 %. 

The largest difference exists in deformation 

failure between raw coal and briquette coal at stage IV, 

which reflects the irreplaceability of raw coal. The 

failure of raw coal progresses from continuous failure 

to localized failure during the stress drop stage. It 

results in a sudden reduction of the stress and causes 

the elastic unloading deformation of original cracks. 

Inelastic strain borne by the original crack is gradually 

concentrated into a few cracks produced by localized 

damage. The rapid release of raw coal’s elastic 

potential energy causes the rapid and violent outburst 

of coal and gases.  

The stress drop is the transition from continuous 

damage and uniform strain to damage localization and 

strain localization due to the unstable propagation of 

cracks. The huge fissure produced by the unstable 

expansion enables gases to pass through smoothly, and 

the seepage velocity increases by 90.23 % at the steep-

rise stage. Briquette coal is only developed based on 

the shear failure and the bearing capacity declines, 

which corresponds to the strain-softening stage. Its 

internal structure determines that stress drop does not 

occur suddenly. Therefore, the seepage velocity of 

briquette coal increases by 31.44 % steadily. 

The axial stress of briquette coal remains 

unchanged at stage V. However, its axial strain 

gradually increases and coal samples creep, which 

corresponds to the residual load stage. Although the 

axial stress is unchanged and samples are compressed 

axially, the transverse deformation is expanding. The 

seepage velocity increases by 14.32 %, but the growth 

trend slows down obviously. Obvious cracks are 

generated after the failure of raw coal, which results in 

the stress drop and reduced strength at the strain-

softening stage. Some micro-cracks still expand, 

which raises the seepage velocity of coal samples. The 

increased rate of the seepage velocity (9.24 %) tends 

to be gentle. 

The analysis of the evolution characteristics of 

permeability reveals a close relationship between the 

deformation of coal-rock mass and permeability 

changes. The relationship between the strain and 

permeability change of coal exhibits a V-shaped 

curve, with a decrease in permeability at the high 

deformation stage and an increase during the low 

deformation stage. Pores and cracks are compressed at 

the high deformation stage. The seepage channel is 

reduced, which blocks gas flow and decreases 

permeability. 

When the pore pressure increases, the 

compressive deformation of coal samples gradually 

decreases and the decreasing trend diminishes under 

the same confining pressure. There is a positive 

correlation between the coal deformation and 

permeability at the lower confining pressure. 

However, when the confining pressure is high, the 

correlation is not apparent. Despite significant 

differences in the coal deformation, permeability 

changes little at the lower confining pressure. In 

contrast, the opposite is observed at the low 

deformation stage. 

The relationship between strain and permeability 

follows an exponential equation under the same pore 

pressure. The strain-permeability changing curve 

exhibits a critical range. Permeability changes little 

with variable strain, and the former is highly sensitive 

to the latter. The coal deformation affects changes in 

permeability through two main mechanisms: direct 

action of the confining pressure and pore pressure on 

the coal deformation and the adsorption-induced 

deformation due to gas adsorption. 
 

6. DISCUSSION 

6.1. STRESS SENSITIVITY ANALYSIS 

Permeability damage rate and dimensionless 

permeability are selected to evaluate the stress 

sensitivity of coal, and dimensionless permeability 

Ki/K0 is defined as the ratio of gas permeability Ki to 

initial permeability K0 of samples (Geng et al., 2015). 

The permeability damage rate reflects the percentage 

of permeability damage of coal samples under the 

effective stress, and permeability damage rate D due 

to stress sensitivity is calculated according to Eq. 1 

(Geng et al., 2017; Yan, et al., 2019). 
 

𝐷 =
𝐾𝑛−𝐾𝑛+1

𝐾𝑛
× 100 %                                                (1) 

where D is the causeless permeability damage rate 

generated when the stress increases to the highest 

point; Kn is the dimensionless permeability of coal 

samples corresponding to the nth stress point; Kn+1 is 

dimensionless permeability at the end of the stage. 

Figure 9 shows the experimental results of 6 

samples (3 raw coal samples and 3 briquette coal 

samples). The permeability of raw coal and briquette 

coal decreases with the increased axial stress 

according to the negative exponential function. The 

characteristics are as follows. 

(1) The initial permeability of raw coal and 

briquette coal is different, with an average of 

0.029×10-3 μm2 for raw coal and 215.4×10-3 μm2 for 

briquette coal. However, the variation trend of non-

dimensional permeability Ki/K0 is the same with the 

increased effective stress (Fig. 9 (a)). 

(2) According to the various characteristics of the 

permeability damage rate with the axial stress in 
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(a) Dimensionless permeability (b) Permeability damage rate 

Fig. 9 Variation law of the dimensionless permeability, permeability damage rate, and stress of raw coal and 

briquette coal. 

 
Figure 9 (b), the dimensionless permeability and 

permeability damage rate of coal samples change 

significantly with the increased axial stress in the 

failure process of gas-containing coal. The non-

dimensional permeability of raw coal ranges from 0.22 

to 1.18; the damage rate ranges from 0 to 82.12 %, 

with an average of 40.35 %. The non-dimensional 

permeability of briquette coal is 0.48-1.37; the damage 

rate is 0-77.86 %, with an average of 40.54 %. The 

irreversible permeability of raw coal is slightly higher 

than that of briquette coal because briquette coal is 

made of compacted coal particles with no skeleton 

structure. The seepage channel of briquette coal is 

mainly a crack in contact with particles. However, 

microcracks in raw coal are compacted and closed to 

produce the irreversible plastic deformation. It results 

in a higher irreversible damage rate after the pressure 

reduction compared with briquette coal. 

(3) The regression analysis of the experimental 

results shows a negative exponential relationship 

between the dimensionless permeability of raw coal 

and briquette coal and the axial stress (Eq. 2).  

𝐾𝑖/𝐾0 = 𝑎𝑒−𝑏𝛥𝑝                                                        (2) 

where K0 is permeability under an initial stress of 

3.5 Pa, 10-3 μm2; Ki is permeability under the given 

stress, 10-3 μm2; a is the fitting parameter; b is the 

permeability stress-sensitivity factor, MPa-1; Δp is the 

change in axial stress from the initial condition to 

a certain stress condition, MPa. Larger b indicates that 

the sample is more sensitive to the change in axial 

stress, i.e., the greater change in samples’ permeability 

under the changes of the same magnitude in the axial 

stress. 

Table 1 shows the experimental results of the 

stress sensitivity of raw coal and briquette coal. The 

stress sensitivity coefficient of raw coal is 

0.11- 0.12 MPa-1, with an average of 0.1133 MPa-1. 

The stress sensitivity coefficient of briquette coal is 

0.10-0.13 MPa-1, with an average of 0.1167 MPa-1. 

They reflect the strong stress sensitivity of gas-

containing coal. Besides, the correlation coefficients 

of raw coal and briquette are 0.967-0.984 and 

0.972- 0.987, respectively. The correlation coefficient 

of briquette coal is larger than that of raw coal. The 

curve shows that the permeability of each test point of 

briquette coal is closer to its fitting curve, while the 

test point of raw coal deviates greatly from its fitting 

curve. It is due to the uniform structure of briquette 

coal as well as the uneven distribution of pores and 

cracks and the strong heterogeneity of raw coal. 

Table 2 shows the stress-sensitivity evaluation 

parameters of raw coal and briquette coal. The average 

damage coefficient of raw-coal samples 1-3’ 

Table 1 Statistical results of stress sensitivity of raw coal and briquette coal. 

 
Sample Number Coefficient a Coefficient b Correlation coefficient R2 

Raw coal samples 

1 1.342 0.11 0.975 

2 1.275 0.12 0.984 

3 1.294 0.11 0.967 

Briquette coal samples 

4 1.312 0.10 0.987 

5 1.324 0.12 0.975 

6 1.304 0.13 0.972 

Average of raw coal samples 1.3037 0.1133 0.9753 

Average of briquette coal samples 1.3133 0.1167 0.9780 
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Table 2 Evaluation parameters of stress sensitivity of raw coal and briquette coal. 

 
Number η1/% η2/% S/ MPa-1 

η/% 

Minimum Maximum Average 

1 70.24 77.56 0.12 0.034 0.175 0.104 

2 68.75 73.48 0.11 0.042 0.167 0.112 

3 72.68 78.54 0.13 0.051 0.141 0.101 

4 58.46 64.38 0.09 0.048 0.124 0.098 

5 64.52 69.17 0.10 0.052 0.113 0.097 

6 66.98 70.24 0.12 0.049 0.124 0.110 

Average of raw coal 70.56 76.53 0.12 0.042 0.161 0.105 

Average of briquette coal 63.32 67.93 0.103 0.049 0.12 0.102 

 

(a) Raw coal samples (b) Briquette coal samples 

Fig. 10 Change curves of external conditions and change rates of two types of coal samples. 

permeability is 0.042-0.161 MPa-1, with an average of 

0.105 MPa-1. The average permeability damage 

coefficient of briquette coal samples 4-6 is 0.049-

0.12 MPa-1, and the average is 0.102 MPa-1. The 

average stress sensitivity coefficients of raw coal and 

briquette coal are 0.12 and 0.103 MPa-1, respectively. 

Their average damage rates are 76.53 and 67.93 % 

under the maximum axial stress, respectively. These 

evaluation parameters reflect that both raw coal and 

briquette coal have strong stress sensitivity, and the 

permeability damage rate is above 60 % when the axial 

stress reaches the maximum. 

The above analysis shows that the stress-

sensitivity evaluation results of raw coal and briquette 

coal in the 9# coal seam of Linhua Coal Mine are the 

same. Both have strong stress sensitivity, and their 

permeability decreases exponentially with the 

increased axial stress. Therefore, briquette coal can be 

used as substitutes to study the stress sensitivity of coal 

reservoirs in the research area where it is difficult to 

make cylindrical samples.  

High-rank coal from a mine in Shanxi has strong 

stress sensitivity. Therefore, the drainage rate and 

pressure changes should be strictly controlled in the 

process of coal-bed gas discharge and mining in this 

area. Damage to the permeability of coal reservoirs 

caused by stress sensitivity should be suppressed to 

avoid stress sensitivity affecting the gas production 

volume and rate of coal seam. 
 

6.2. SENSITIVITY ANALYSIS OF THE SEEPAGE 

VELOCITIES OF GASES 

External variables, e.g., the axial pressure, 

confining pressure, axial deformation, radial 

deformation, and invariant gas pressure in the 

experiment, affect the seepage velocity of coal 

samples. 

The sensitivity of the seepage velocity of coal 

samples to the external conditions is analyzed by 

normalizing the change process of external conditions. 

The axial deformation and radial deformation are the 

quantities of increased absolute values, and the 

maximum value is directly regarded as 1 for 

normalization. Axial compression and seepage 

velocity have different change trends in the whole 

process, and the absolute values of their changes at 

each stage are summed as 1 for normalization. 

Figure 10 shows the changing-rate curves of external 

conditions and the seepage velocities of two types of 

coal samples. 

The changing rate of the seepage velocity has the 

same change trend as that of external variables for coal 
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 briquette. Especially, it is consistent with the change 

law of the axial pressure and axial deformation. The 

changing rates of the seepage velocity, axial pressure, 

and axial deformation are the largest at the second 

stage (55, 63, and 73%, respectively); however, those 

are relatively small at the other stages. The axial stress 

and deformation of briquette coal have the most 

obvious influence on the seepage velocity under 

triaxial compression, that is, the seepage velocity of 

briquette coal is the most sensitive to axial force and 

deformation. 

Compared with briquette coal, the variation 

regularity of raw coal variables is less consistent. The 

variation law of the radial deformation is generally 

consistent with that of the seepage velocity. The 

variation range is large at stages III and IV. The radial 

deformation is the external condition determining the 

seepage velocity of raw coal, that is, the seepage 

velocity of raw coal is sensitive to the radial 

deformation. 

 
7. CONCLUSIONS 

The main conclusions are drawn as follows 

through the comparative study of the deformation, the 

failure-seepage process of raw coal and briquette coal 

in the 9# outburst coal seam of Linhua Mine, and the 

analysis of their AE response characteristics. 

(1) The two full stress-strain curves of raw coal 

and briquette coal had similar trends in the three-axis 

compression experiment, and they were divided into 5 

development stages. The transverse deformation and 

axial deformation of briquette coal were greater than 

those of raw coal, and the compressive strength and 

elastic modulus of briquette coal were less than those 

of raw coal. The axial stress of raw coal dropped 

rapidly at the deformation and failure stage, while that 

of briquette coal decreased slowly. 

(2) When coal samples were deformed and 

damaged, energy reflected by elastic wave signals and 

accumulated energy increased continuously. 

However, the AE response characteristics of raw coal 

and briquette coal were different in the experimental 

process. The AE event concentration area of raw coal 

occurred before and after the stress peak of coal-

sample failure. The AE response of briquette coal 

during failure and instability had no obvious 

characteristics. 

(3) The seepage velocity of gases increased with 

the deformation and failure of coal samples, and its 

variation trend corresponded to the failure stage of 

coal samples. The permeability rate of the two was 

small at the initial stage because of the different cracks 

and pores in raw coal and briquette coal. However, the 

maximum permeability velocity of briquette coal was 

much higher than that of raw coal after coal samples 

were damaged. 

(4) The axial stress and deformation of briquette 

coal had the most obvious influence on the seepage 

velocity under triaxial compression. That is, the 

seepage velocity of briquette coal was the most 

sensitive to axial force and deformation. The radial 

deformation was the external condition determining 

the seepage velocity of raw coal, and the seepage 

velocity of raw coal was sensitive to the radial 

deformation. 
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