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Abstract Based on the actual mining conditions and

the stress state of coal on-site, the damage–perme-

ability–acoustic emission (AE) experiments of gas-

bearing raw coals were carried out under the condi-

tions of conventional triaxial unloading (UCP) and

accelerated unloading confining pressure (AUCP)

with different gas pressures and confining pressures.

The effects of unloading speeds increasing during the

process of unloading confining pressure on the damage

and permeability of coals were analyzed. Meanwhile,

the intrinsic mechanism of the coal damage and

permeability evolution in front of the working face is

revealed. The results show that under the two unload-

ing paths, the failure mode is both the tension–shear

failure. The AE signals correspond well with the

stress–strain and permeability evolutions of the coal

samples. At the initial stage, the AE signal is relatively

less, and it rises sharply when the coal approaches

instability and failure, presenting the characteristics of

rapid damage as a whole. Compared with UCP, AUCP

has a greater impact on the damage and permeability

characteristics of raw coal. The acute damage of coal

is more severe and the time required for reaching

instability and failure is significantly shortened under

AUCP. The permeability increment under AUCP is

obviously higher than that under UCP. When the

sample is damaged, the unloading ratio of confining

pressure is smaller under AUCP, and the sample

shows more broken and more impact destructive

effect. With the increase of initial confining pressure
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or the decrease of gas pressure, the time required for

instability and failure increases, and the influence of

accelerated unloading path on coal is strengthened.

Therefore, the accelerated advancement of working

face is more likely to induce coal gas dynamic

disasters.

Keywords Gas-bearing coal � Accelerated

unloading � Damage � Permeability � Acoustic

emission

1 Introduction

Coal is an important energy source in the world, which

has an increasing demand. In recent years, the mining

depth in China increases gradually and the mining

depths even exceed 1000 m in some mines (Lama and

Bodziony 1998; Wold et al. 2008; Xie et al. 2017;

Wang and Du 2019a). As a result, the difficulty of gas

disasters control is further increased, and the risk of

coal gas dynamic disasters is enhanced (Du and Wang

2019; Fan et al. 2017). During the advancing process

of the working face, the coal body ahead is mainly

subjected to the mechanical action of unloading

confining pressure (Chen et al. 2013, 2014; Qian

et al. 2018; Yin et al. 2015). Meanwhile, the mechan-

ical and permeability characteristics of the coal body

will change significantly with the variation of stress

and time (Wierzbicki et al. 2014; Wang et al. 2017a).

Therefore, it is of great significance to study the

mechanism of deformation, failure and seepage evo-

lution of coal under accelerated unloading confining

pressure, which plays a key role in the prevention and

control of coal gas dynamic disasters.

There are a lot of researches focusing on the

mechanical behavior and permeability characteristics

of coals under unloading. Chen et al. (2013, 2014)

studied the damage and permeability characteristics of

gas-bearing coals under two different unloading paths

which makes a lot of sense in protective seam mining.

Yin et al. (2015), Zhang et al. (2018a) and Xue et al.

(2017) studied the impacts of the rates of unloading

confining pressure on the damage and seepage char-

acteristics of gas-bearing coals. They stated that the

higher unloading rates, the lower peak strength and the

greater permeability. Liu et al. (2017) conducted the

numerical assessment of the permeability evolutions

under the condition of geostress-relief corresponding

to the remote unloading mining. They stated that

unloading mining will lead to the increasement of coal

permeability and improve gas extraction amount.

Zhang et al. (2018b) investigated the seepage law of

gas-bearing raw coal under different stress conditions

and presented that the flow rate of gas in the coal

increases with the nonlinear unloading. Jiang et al.

(2017) carried out an experimental study on mechan-

ical and permeability characteristics of gas-bearing

coal with a certain ratio of axial loading speed to

confining pressure unloading speed. It was found that

the strength of coal increased logarithmically with the

increase of initial hydrostatic pressure and decreased

exponentially with the increase of loading/unloading

speed. Besides, other schloars (Pan and Connell 2011;

Wang and Du 2019b; Xie et al. 2012; Zhang et al.

2017) also systematic studied the mechanical or

permeability properties of coals under unloading

confining pressure through triaxial compression tests.

It can be seen from the above literatures that little

attention has been paid to the influence of the changing

unloading speed’s changing during the process of

unloading confining pressure on the damage and

permeability of gas-bearing coal. In the actual coal

mining face advancing, the mining speed is not fixed.

Sometimes, the face will be accelerated to improve the

production efficiency. However, the typical coal and

rock dynamic disasters such as coal–gas outburst and

rockburst are likely to occur when the speed is faster

awhile or slower awhile. Especially in recent years,

many deep mines often have coal and gas dynamic

phenomena under the action of high ground stress,

high gas pressure, mining disturbance and other

factors. At present, the relationship between acceler-

ated advance of working face and induced dynamic

disaster is still unclear, so it is necessary to study the

damage and permeability law of gas-bearing coal

under accelerated unloading confining pressure.

In this work, the change of stress field in front of

coal body under accelerated advancing of working

face was simplified. The damage–permeability exper-

iments of gas-bearing raw coal were conducted by

conventional triaxial unloading (UCP) and accelerated

unloading confining pressure (AUCP) under different

gas pressures and confining pressures. The effects of

increasing unloading speeds increasing during the

process of unloading confining pressure on the damage

and permeability of coals were analyzed. Meanwhile,

123

562 Geotech Geol Eng (2020) 38:561–572



the intrinsic mechanism of the influence of accelerated

advance of working face on the damage and perme-

ability of coals is revealed. The research has a certain

theoretical significance for the prevention and control

of coal and gas dynamic disasters and provides some

references for the safety production in the field.

2 Experimental Procedures

2.1 Sample Preparation

There are many differences in mechanical properties

between raw coal and coal briquette. In this work the

raw coal samples were used in order to better represent

the original characteristics of coals and conform to the

actual field situation (Cao et al. 2010; Zhang et al.

2014). Raw coal samples were made from chunks of

coal collected in Xinjing coal mine which is located in

Yangquan mining area, Shanxi Province, China. The

coal seam with an average thickness of 6.51 m is

buried 540 m and the gas content is 8–11 m3/t.

Chunks of coal were drilled, cut and polished to form

cylindrical coal samples in accordance with ISRM

standards (Fairhurst and Hudson 1999). The physical

dimension of the coal samples is u50 9 100 mm.

2.2 Experimental Apparatuses

In this work, the RLW-500G triaxial creep–seepage

experimental system and PCI-2 AE test and analysis

system are used to carry out the experiments. The

experimental apparatuses are mainly composed of

loading module, seepage module, temperature control

module, and the safety protection module. The PCI-2

AE test and analysis system consists of sensors,

amplifiers and multichannel acoustic emission system.

Each experimental apparatus has been introduced in

detail in previous papers, and will not be described in

this paper (Wang et al. 2017b; Du et al. 2018). When

mechanical tests are conducted under different stress

paths, the permeability of the coal samples is mea-

sured synchronously, and the AE signal is monitored

and collected in real-time.

2.3 Experimental Program

According to the change of the actual stress state of

coal and rock during the advancement of the working

face, two mechanical paths, the conventional unload-

ing confining pressure (UCP) and the accelerated

unloading confining pressure (AUCP), are designed

with some appropriate simplification. Due to the

laboratory regulations, CO2 is used instead of CH4 in

present work. Previous studies have shown that CO2

and CH4 have many similar properties and it will not

affect the experimental analysis (Day et al. 2012;

Busch and Gensterblum 2011; Gensterblum et al.

2013; Wang et al. 2017c). The two stress paths are

shown in Fig. 1.

The detailed experimental schemes are as follows:

Path � (UCP): Firstly, the axial stress and confining

stress are simultaneously applied to 4, 7 and

10 MPa, respectively. After reaching the hydro-

static pressure state, the gas is injected into the

samples. It is important to note that the gas pressures

are different. When the hydrostatic pressure is

4 MPa, gas pressure is 1, 1.5, 2 MPa respectively.

When the hydrostatic pressure is 7 and 10 MPa, the

gas pressure is 2 MPa. Secondly, when the gas

adsorption reaches equilibrium state, the confining

stresses are kept invariant, and the axial stresses are

applied to 62% of the peak strength of conventional

triaxial compression at the rate of 50 N/s by force-

controlled method. Meanwhile, the permeability

and AE signal data are recorded simultaneously.

The peak strength of conventional triaxial compres-

sion under the same condition is obtained through

conventional triaxial compression tests. At last, the

axial stress is kept fixed and the confining stress is

unloaded at the rate of 20 N/s by force-controlled

method. When the samples come to failure, the

unloading rate is controlled by displacement-con-

trolled method until the residual strength is stable. It

is worth noting that the displacement-controlled

method is only a method of controlling rate.

Path ` (AUCP): The first two stages are the same as

those under UCP. Then, the axial stress is kept fixed

and the confining stress is unloaded to 90% of the

initial confining stress at the rate of 20 N/s by force-

controlled method, then the rate is changed to 80 N/

s. When the samples come to failure, the rate is

controlled by displacement-controlled method until

the residual strength is stable.
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3 Results

Based on the designed experimental scheme, the

damage–permeability experiments of gas-bearing raw

coal under accelerated unloading confining pressure

condition were carried out, and the strength, damage,

failure, seepage and time-dependent (Xu et al. 2018)

characteristics of gas-bearing raw coal under different

paths were analyzed.

3.1 Strength Characteristics of the Gas-Bearing

Coals

The stress–strain curves of gas-bearing coals under

different initial conditions and different stress paths

are shown in Fig. 2. It can be found that the

compaction stage of stress–strain curve under each

path is unobvious. The stress–strain curve mainly

consists of elastic deformation, plastic deformation,

yield failure and residual stress stage. Under different

initial conditions and stress paths, the strength char-

acteristics of the samples present significant differ-

ences. The main experimental results are shown in

Table 1. In Table 1, r3 and P represent the initial

confining stress and gas pressure, respectively. r1 is

axial loading stress when the confining pressure begins

to unload. V denotes the rate of unloading confining

stress. r3
0 and r represent the confining stress at failure

and unloaded confining stress amount, respectively.

N is the ratio of unloaded confining stress amount to

the initial confining stress.

It can be concluded from Table 1 that with the same

initial confining stress under UCP/AUCP paths, as the

gas pressure increases, the confining stress at failure

increases. Meanwhile, the unloaded confining stress

and the ratio of unloaded confining stress to the initial

confining stress decrease. Under the constant gas

pressure, as the initial confining stress increases, the

confining stress at failure increases, and the unloaded

confining stress and the ratio of unloaded confining

stress to the initial confining stress increase. Under the

same initial conditions, compared with UCP path, the

confining stress at failure increases under AUCP path,

the unloaded confining stress and the ratio of unloaded

confining stress to the initial confining stress decrease

under AUCP path. Apparently, the sample is more

susceptible to failure under AUCP path. Accelerated

unloading confining stress makes the effective con-

fining stress fall down more quickly and the mechan-

ical and non-mechanical effects of gas (Viete and

Ranjith 2007; Wang et al. 2017b, c; Masoudian et al.

2014) perform more rapidly. It is obvious that the

samples respond faster to these effects. Under AUCP

path, the stress state of sample is accelerated from

triaxial stress state toward uniaxial stress state. The

rapid reduction of effective confining stress causes the

stored energy of the sample to be released in the radial

direction, and the sample is accelerated to yield and

failure under the combined actions of tension and

shearing.

It can also be seen from Table 1 that with the same

initial confining stress under AUCP path, as the gas

pressure increases, the reduction magnitude of

Fig. 1 Stress paths: a UCP,

b AUCP
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Fig. 2 Stress–strain curves with different unloading paths: a UCP (with different gas pressure), b UCP (with different initial confining

stress), c AUCP (with different gas pressure), d AUCP (with different initial confining stress)

Table 1 Experimental results with different unloading paths

Paths Sample number r3 (MPa) P (MPa) r1 (MPa) V (N s-1) r3
0 (MPa) r (MPa) N (%)

UCP 1-1 4 1 20.4 20 1.34 2.66 66.50

1-2 4 1.5 17.5 20 1.85 2.15 53.75

1-3 4 2 14.9 20 2.97 1.03 25.75

1-4 7 2 23.1 20 4.42 2.58 36.86

1-5 10 2 28.4 20 5.65 4.35 43.50

AUCP 2-1 4 1 20.4 20/80 1.51 2.49 62.25

2-2 4 1.5 17.5 20/80 1.91 2.09 52.25

2-3 4 2 14.9 20/80 3.02 0.98 24.50

2-4 7 2 23.1 20/80 4.63 2.37 33.86

2-5 10 2 28.4 20/80 5.99 4.01 40.10

123

Geotech Geol Eng (2020) 38:561–572 565



confining pressure unloading ratio decreases from

4.25 to 1.25% when the sample is destroyed. Under the

constant gas pressure, as the initial confining stress

increases, the reduction magnitude of the ratio

increases from 1.25 to 3.4%. It presents that under

the constant initial confining stress, the effect of

AUCP path on the samples is weakened as the gas

pressure increases. On the other hand, under the same

gas pressure, the greater the initial confining stress, the

stronger the effect of AUCP path on the mechanical

behavior of coal samples. Under these circumstances,

the release of accumulated energy in the sample is

more rapid and violent, and the sample is more

susceptible to failure. Therefore, accelerated unload-

ing confining stress has a significant controlling effect

on the instability and failure of coal.

3.2 Results of Stress–AE–Seepage Experiments

The experimental results of stress–AE–seepage under

the two paths are shown in Figs. 3 and 4. There are

several parameters used to characterize the damage

degree of samples and the intensity of the AE events.

In this study, AE count and AE energy are selected to

reflect the damage evolution. It is important to note

that the AE energy is a relative energy and it reflects

the intensity of AE events. The unit of AE energy is

mV*ls.

As time goes by, the samples undergo a process

from hydrostatic pressure state to failure state under

the two paths, as shown in Figs. 3 and 4. Due to the

different rates between axial loading and radial

unloading, the deviatoric stress curve changes signif-

icantly. Meanwhile, under the action of the deviatoric

stress, the axial strain gradually increases and the

permeability undergoes four stages: rapid decrease,

slow decrease, slow increase and sharp increase. The

AE count and AE energy present four periods: slow

change, rapid rise, sharp rise and stability. In the initial

stage, the AE signal of the sample is low. When the

sample is closing to the failure, the AE signal rises

sharply, characterized by sharp damage as a whole. At

the beginning of the whole process, as deviatoric stress

increases, the coal sample is in the stages of

compaction and elasticity. No significant damage

appears in this stage. However, there are original pore

and fracture structure in the coal, and the dislocation

friction in the coal particles makes the AE count and

AE energy change slowly. Then the coal sample is

plastically deformed, and the damage and crack in the

coal are gradually developed. Therefore, the AE count

and AE energy rise rapidly. When approaching and

entering the stage of yield failure, the damage of the

coal samples is further intensified until the entire

failure with a through-crack forming, and the AE

count and AE energy rise sharply. Afterwards, the AE

signal gradually becomes stable. As pointed out by Xu

et al. (2018), there is a lagging relationship between

AE signal and stress–strain curve of the coal as a

whole. However, it can be found from the figures that

the axial strain, deviatoric stress and permeability

have a good correspondence with AE signals. At the

peak of the deviatoric stress, both the permeability and

the AE signal increase sharply to the maximum.

It could be also found from the figures that the

results of stress–AE–seepage experiments also have

some significant differences between the two paths.

Under the same conditions, compared with the UCP

path, the time required for reaching failure under the

AUCP path is significantly shorter, indicating that coal

responds faster to the AUCP path and the coal sample

is more susceptible to damage and failure under the

AUCP path. The AE characteristics under the two

paths are not exactly the same. Before the AE signal

surges to the maximum, the AE count and AE energy

under UCP are generally greater than that under

AUCP under the constant conditions, and the surge

magnitude of the AE signal under UCP is smaller than

that under AUCP. It shows that under the same

conditions, the sharp damage of coal under the AUCP

path is more intense, and it is more violent when it is

damaged. Under AUCP, the unloading of confining

stress is accelerated, and there is no enough time for

the crack developing in the coal. The sample is

suddenly damaged when reaching its peak strength

and the energy release is more violent and more

powerful.

Under the AUCP path, provided that the initial

confining stresses are the same, the time for failure is

significantly shorten with the increase of gas pressure

and the peak of AE count and AE energy are reduced.

It further proves the mechanical and non-mechanical

effects of gas on the coal. Under the fixed gas pressure,

the time required for failure gradually increases with

the increasing initial confining stress, and the peak of

AE count and AE energy also have an increasing

trend. When the initial confining stress is 10 MPa, the

AE count and AE energy are low. It may be due to the
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differences in the original structure of the coal or the

damage caused in sample preparation.

Under the AUCP path, the increase of permeability

is significantly higher than that under the UCP path.

This is mainly due to the fact that the release of energy

is more violent and the impact is stronger, resulting in

that the coal sample is damaged more severely under

the AUCP path. Figure 5 shows the variation of coal

permeability with different initial conditions under the

AUCP path. Under the fixed initial confining stress, as

the gas pressure increases, the axial strain decreases

when the permeability surges. Moreover, the magni-

tude of the surge increases. Under the fixed gas

pressure, as the initial confining stress increases, the

axial strain increases when the permeability surges.

Moreover, the magnitude of the surge also increases.

3.3 Failure Characteristics

The failure forms of gas-bearing raw coals under UCP

and AUCP are shown in Figs. 6 and 7, respectively.

Herein, 4–1 indicates that the initial confining stress is

4 MPa and the gas pressure is 1 MPa.

It can be concluded from above two figures that the

failure forms of the raw coal samples under the

different stress paths are similar. Under the two paths,

due to the unloading effect, the stress state of the

samples is gradually changed from the triaxial stress

state to the uniaxial stress state. The reduction of the

effective confining pressure causes the energy stored

in the samples to be released in the radial direction.

The compression–shearing effect is gradually trans-

formed into tension–shearing effect, and the failure

form of the sample is finally a tension–shearing

failure. Under AUCP, the accelerated unloading of the

confining stress rapidly reduces the effective confining

stress. The release of radial energy is more severe.

After failure, the samples presented more cracks and

the degree of fragmentation is higher, which is

consistent with the above analysis.

4 Discussion and Evaluation

Coal gas dynamic disasters have been threatening the

safe and efficient production of coal mines. Their

occurrence is related to the changes of ground stress,

permeability and coal properties and so on. In the

engineering construction, it is very important to

improve work efficiency and cycle progress. However,

the acceleration of the working face advancement is

mainly manifested in the accelerated axial loading of

the coal and rock or the accelerated radial unloading of

the coal and rock in front of the working face, which

has a significant impact on the mechanical response of

coal and rock and the gas migration evolution.

According to the law of stress redistribution in coal

mining, during the process of advancing the working

face, the stress-form of the roof rock presents period-

icity. The acceleration of the advancing rate of the

working face mainly leads to the accelerated unload-

ing of the radial stress. In actual production activities,

rockbursts and other dynamic phenomena often occur

in underground engineering construction such as

tunnel excavation. Coal and gas outburst accidents

often occur in coal-uncovering through stone doors in

mine roadway engineering. These projects are mainly

based on the unloading of radial stress. The existed

studies have shown that the unloading of radial stress

has a greater impact on mechanical and seepage

characteristics of coal than the loading of axial stress.

Therefore, it is of great practical significance to study

the damage and seepage characteristics of gas-bearing

raw coal under accelerated unloading confining pres-

sure. It could be seen in this work, under the

accelerated unloading confining pressure path, the

cracks in coal are not fully developed. Therefore, the

elastic energy stored in coal is larger. Accordingly, the

energy release during the failure is more intense and

more violent, and the increase of permeability is also

larger. After failure, the coal shows more broken

characteristics. In the actual production, when the

stress status of coal and rock are controlled by the

combined effects of the accelerated loading of axial

stress and the accelerated unloading of radial stress,

the influence of the conclusion of this study will be

further enhanced, and the risk of coal and rock

dynamic disasters will be further increased.

The occurrence of coal and rock dynamic disasters

is the result of a combination of various factors and the

consequences are often extremely destructive. Under

bFig. 3 Results of stress–AE–seepage experiments under UCP:

a 4–1, b 4–1.5, c 4–2, d 7–2, e 10–2
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the influence of mining disturbance, the stress con-

centration leads to the increasement of the elastic

energy in the coal and further reduction of the

permeability. When the stress in a certain direction

is unloaded, the coal becomes unstable under the

combined effects of the deviatoric stress and the gas

pressure. Meanwhile, the energy is instantaneously

released. The coal becomes broken due to the violent

impact. In this work, we found that the acceleration of

unloading rate makes this impact more intense and the

release of energy more violent. Therefore, in order to

avoid the concentration of stress and the aggravation

of energy accumulation and to make the internal crack

of coal better developed, it is very necessary to control

the reasonable rate of working face advancement.

5 Conclusions

1. Under two unloading paths, the sample presents

the characteristics of rapid damage as a whole.

The acoustic emission signals correspond well

with the stress–strain and permeability changes of

the coal samples. At the peak stress, the perme-

ability and acoustic emission signal increase

sharply to the maximum. The failure mode is

tension–shearing failure. The unloading value of

confining pressure and the unloading ratio when

the coal is damaged decrease with the increase of

gas pressure or with the decrease of confining

pressure.

bFig. 4 Results of stress–AE–seepage experiments under

AUCP: a 4–1, b 4–1.5, c 4–2, d 7–2, e 10–2

Fig. 5 Variation of strain

and permeability with

different initial condition

under AUCP:

a r3 = 4 MPa, b p = 2 MPa

Fig. 6 Failure forms of samples under UCP: a 4–1, b 4–1.5, c 4–2, d 7–2, e 10–2
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2. Compared with conventional triaxial unloading

(UCP), the degree of rapid damage of coal body

under AUCP is more significant. The time

required for instability failure of coal body is

obviously shortened and the permeability incre-

ment is obviously higher. When the sample is

damaged, the unloading value and ratio of

confining pressure is smaller in AUCP, and the

sample shows more fragmentation and more

impact destructive effect.

3. Under AUCP, with the increase of gas pressure,

the axial strain decreases when the permeability

increases sharply. Moreover, the increase magni-

tude of the permeability shows an upward trend.

The time of coal damage is significantly short-

ened, and the influence of accelerated unloading

mode on coal is weakened. With the increase of

initial confining pressure, the axial strain increases

when the permeability increases sharply. More-

over, the increase magnitude of the permeability

shows an upward trend. The time required for

instability and failure of coal body increases

gradually, and the influence of accelerated unload-

ing mode on coal is strengthened.
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