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Abstract Practices show that the triaxial stress

change of mining-disturbed coal deeply affects its

failure and permeability characteristics and easily

cause the coal and rock dynamic disasters during deep

underground mining process. The combined

mechanic-damage-permeability experiments of gas-

bearing coal were carried out under the mechanical

paths of conventional triaxial compression (CTC),

fixing axial pressure and unloading confining pressure

(FAPUCP) and loading axial pressure and unloading

confining pressure (LAPUCP). Then the effects of the

deviatoric stress ratio (DSR) on the damage and

permeability characteristics of coal were analyzed.

The results proved that the distinguishing deformation

and strength characteristics of coal were showed due

to the different mechanical paths and the coal spec-

imens were converted from brittle deformation to

plastic deformation with the effect of higher confining

pressure. The coal specimens of the three mechanical

paths generated the main shear failure, tensile-shear

failure and ‘X’ conjugate shear failure, respectively,

and the fracture angles decreased in order. The

damage and permeability of coal specimens could be

more and more severe in the order of CTC, FAPUCP

and LAPUCP paths, which was due to the different

DSR. Thus, the deep mining-disturbed coal of lager

DSR is seriously prone to cause the coal and rock

dynamic disasters. The corresponding measures

should be taken to reduce the DSR of mining-

disturbed coal and then avoid the dynamic disasters.

Keywords Coal mining � Coal and rock dynamic

disaster � Deviatoric stress ratio � Coal failure �
Permeability

1 Introduction

China is the major coal producer and consumer in the

world (Li et al. 2015). The coal mining depth grows

larger at an average rate of 10 * 25 m per year with

the rapid economic development and large energy

demand in China (Kong et al. 2014). According to a

variety of figures, over 50 coal mines in China are of

the mining depth of greater than 1000 m to date, of

which the Suncun coal mine in Shandong Province,

Eastern China, is more than 1500 m in mining depth

(Xie et al. 2017).
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The deep coal and rock mass would suffer from the

process of repeatedly loading and unloading, com-

pared with the shallow. With the combined effects of

mining unloading and stress concentration, the actual

triaxial stress of the deep coal mass is quite different

from those of the shallow, showing that the horizontal

stress in the same direction with mining is relieved and

the vertical stress perpendicular to the mining direc-

tion increases sharply (Fig. 1) (Zhao et al. 2014). The

experiment results show that the strength, deformation

and seepage of coal are significantly sensitive to the

stress (Lu et al. 2016), and thus the deep coal with

strong mining disturbance is easy to undergo plastic

deformation, crack propagation and even damage

failure, which can deeply affect the permeability and

may lead to the serious coal and rock dynamic

disasters (Xue et al. 2015). Statistics show that the

number of the roof and gas dynamic accidents

accounts for 70% of the total number of accidents in

coal mines, which not only cause fatalities, but also

bring production losses and huge financial burdens for

mining companies (Cheng et al. 2012; Pan et al. 2014).

Part of the major coal and gas outburst accidents in

China in recent years are shown in Table 1. Therefore,

an understanding of the damage and permeability

evolution laws of the mining-disturbed coal mass is

significantly important to reveal the mechanism of

coal and rock dynamic disaster.

The laboratory experiment is the quite important

method for researching the damage and permeability

characteristics of the loading coal and rock mass (Cai

et al. 2014; Lu et al. 2019a, b). A lot of experiment

research has been performed under different experi-

mental conditions, e.g. coal specimen, mechanical

path, loading rate (Hashiba et al. 2006), temperature

(Yin et al. 2013), fluid media and pore pressure (Wang

et al. 2013; Zhang et al. 2017a, b), in the world. The

raw coal and reconstituted coal (Chen et al. 2013; Pan

et al. 2014), the intact coal and damaged coal (Li et al.

2016; Lu et al. 2017), the soft coal and hard coal (Lu

et al. 2019a, b), the coal and rock combination (Huang

and Liu 2013), were always used as the experimental

specimens. A serious of mechanical paths, such as

conventional triaxial compression (Medhurst and

Brown 1998; Xue et al. 2015), unloading confining

pressure (Xue et al. 2017), equal and unequal reduc-

tion of axial stress and confining pressure (Chen et al.

2014), tiered cyclic loading (Jiang et al. 2017) and so

on, were also set to the experimental conditions.

However, most of the literatures conducted the

experiments with the mechanical path of tri-axial

compression or unloading confining pressure with the

fixed axial pressure, while the path of loading axial

pressure and unloading confining pressure simultane-

ously in accord with the actual stress state of the

mining-disturbed coal was scarcely employed.

The related research shows that the damage and

seepage mutation of coal and rock mass are mainly

caused by the deviatoric stress (Zhang et al. 2017a, b).

The deviatoric stress formula and the plastic zone

radius of the circle roadway in nonuniform stress field

were obtained, based on the stress of a circle hole in

elastic–plastic mechanics and the deviatoric stress

theory in plastic mechanics (Ma et al. 2015). The peak

deviatoric stress of coal rock in the test of unloading

confining pressure—reloading axial stress is lower

than that in a conventional triaxial compression test,

and the peak deviatoric stress linearly relates the

degree of unloading confining pressure (Zhang et al.

2017a, b). As deviatoric stress and strain increase,

permeability first decreases as pre-existing cleats

close, and then increases as new vertical dilatant

microcracks are generated (Wang et al. 2013).

Permeability of sandstone under increasing deviatoric

stress both in short-term and creep compression

condition are measured with pulse transient technique

and a linear relationship between the crack volumetric

strain and permeability is concluded (Xu and Yang

2016). However, the above literatures focus only on

the effects of the deviatoric stress on coal mass but

neglect the role of confining pressure which also

influence the damage degree and permeability change

of coal and rock mass actually.

Based on the above, the deviatoric stress ratio

(DSR) that represents the ratio of deviatoric stress toFig.1 Triaxial stress change of the mining-disturbed coal mass
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hydrostatic stress was put forward and the combined

mechanic-damage-permeability experiments of gas-

bearing coal were carried out under the mechanical

paths set according to the actual triaxial stress of deep

mining-disturbed coal. Then the effects of DSR on the

damage and permeability characteristics of coal were

analyzed and the mechanism of failure and perme-

ability characteristics of mining-disturbed coal was

revealed. The results would have important signifi-

cance on the preventions of coal and rock dynamic

disasters and safe mining of the deep underground

coal.

2 Experimental Setup

2.1 Preparation of Coal Specimens

The underground coal appears in a broken structure

with low strength and it is difficult to obtain a raw coal

specimen due to the tectonic stress. Moreover, the

repeatability of experiments and the ability to compare

experimental results are poor even if the raw coal

specimen can be produced (Jasinge et al. 2009). At the

same time, the reconstituted coal specimens and raw

coal specimens have good consistency on the defor-

mation law. Therefore, the reconstituted coal speci-

mens are chosen for the related study in this paper.

The raw materials for producing the reconstituted

coal specimens were collected from the No.10 coal

seam of Yangliu coal mine, Huaibei mining area,

Eastern China, of which the burial depth is 610 m. The

production process for the reconstituted coal speci-

mens is as follows (Fig. 2): The raw coal materials

were crushed and screened for 60 * 80 coal particles

and then evenly mixed with a small amount of water;

the coal particles were packed into the special mold

with the inner diameter of 50 mm and applied the

pressure of 100 MPa from the stiffness compressor for

3 h; the specimens were placed in a 60 �C vacuum

oven for 24 h; standard specimens with an approxi-

mate height of 100 mm were obtained using a cutting

machine.

2.2 Experimental Test

The experiments were carried out in the test system for

coal adsorption-seepage-mechanic coupling proper-

ties, which includes the loading module, acoustic

emission (AE) module and seepage module (Fig. 3)

(Chen et al. 2013). The permeability of coal is

measured via the pressure transient method and the

AE signal is real-time monitored by CTA-1 AE

acquisition system during the coal loading and

unloading.

2.3 Experimental Procedure

Three mechanical paths, conventional triaxial com-

pression (CTC), fixing axial pressure and unloading

confining pressure (FAPUCP) and loading axial

pressure and unloading confining pressure (LAPUCP),

were proposed based on the actual triaxial stress of

deep mining-disturbed coal. The stress–strain rela-

tionships of the reconstituted coal with different

hydrostatic pressure were measured before designing

the experimental procedure. It’s found that the com-

pressive strength and residual strength increase grad-

ually with the increase of the effective confining

pressure. The compressive strength was about 24 MPa

when the effective confining pressure was 6 MPa. The

reconstituted coal would generate plastic flow rather

than breakage when its stress reached the peak

strength if the effective confining pressure was over

6 MPa. So the detailed experimental program was

followed.

Table 1 Part of the major

coal and gas outburst

accidents in China in recent

years

Date Coal mine Fatalities

October 20, 2004 Daping coal mine in Henan Province 148

October 16, 2010 Pingyu No.4 coal mine in Henan Province 37

October 27, 2011 Jiulishan coal mine in Henan Province 18

March 12, 2013 Machang coal mine in Guizhou Province 25

September 1, 2014 Bailongshan coal mine in Yunnan Province 9

March 6, 2016 Songshuzhen coal mine in Jilin Province 11

January 4, 2017 Xingyu coal mine in Henan Province 12

123

Geotech Geol Eng (2020) 38:6093–6105 6095



Fig.2 Production process of reconstituted coal specimens

Fig.3 Schematic diagram of the experimental test system
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2.3.1 CTC

The hydrostatic pressure was loaded to 7 MPa while

the gas pressure was fixed 1 MPa; the axial pressure

(equal to deviatoric stress) was loaded with the force

control rate of 80 N/s until the failure of the coal

specimen and continuously loaded with the displace-

ment control rate of 0.1 mm/min until the residual

strength remained stable; the confining pressure

remained 7 MPa during the whole loading process.

2.3.2 FAPUCP

The hydrostatic pressure was loaded to 7 MPa while

the gas pressure was fixed 1 MPa; the axial pressure

was loaded to 12 MPa with the force control rate of

80 N/s and then remained constant; the confining

pressure was unloaded with the force control rate of

10 N/s until the failure of the coal specimen and

continuously loaded with the displacement control

rate of 0.02 mm/min until the residual strength

remained stable.

2.3.3 LAPUCP

The hydrostatic pressure was loaded to 7 MPa while

the gas pressure was fixed 1 MPa; the axial pressure

was loaded with the force control rate of 80 N/s

continuously and then the confining pressure started to

be unloaded with the force control rate of 10 N/s when

the axial pressure reached 12 MPa until the failure of

the coal specimen; continuously, the axial pressure

was loaded with the displacement control rate of

0.1 mm/min and the confining pressure was unloaded

with the displacement control rate of 0.02 mm/min

until the residual strength remained stable.

3 Experimental Results and Analysis

The combined mechanic-damage-permeability exper-

iments of gas-bearing coal had been carried out to

analyze the characteristics of deformation and

strength, damage, failure and permeability based on

the above experimental methods.

3.1 Deformation and Strength Characteristics

All the coal specimens of three mechanical paths had

undergone the stages of elastic deformation, plastic

deformation, yield failure and residual stability but

showed the distinct deformation and strength charac-

teristics due to the different mechanical paths (Fig. 4

and Table 2). The coal specimens were continuously

compressed in the axial direction and expanded in the

radial direction during the whole loading and unload-

ing process. The axial strain increased and the radial

strain decreased slightly before peak while intensely

after peak. The volume of the coal specimens was

reduced during elastic deformation while the dilata-

tion appeared after the plastic deformation stage

arrived. Therefore, the bulk strain of three mechanical

paths increased during elastic deformation and

reached to the maximum of 1.02%, 0.27% and

0.79% at the damage expansion point; it decreased

slowly during plastic deformation and rapidly in post-

peak.

The deviatoric stress of the CTC, FAPUCP and

LAPUCP paths were 18.47 MPa, 6.92 MPa and

7.93 MPa respectively at the damage expansion point,

of which the peak value reached 23.8 MPa, 8.6 MPa

and 14.6 MPa with the confining pressure of 7 MPa,

2.5 MPa and 4.43 MPa. The deviatoric stress peak

was linear with the confining pressure (Fig. 5). The

post-peak strength remained 22.9 MPa, 5.4 MPa and

5.1 MPa after entering the stage of residual stability

and the stress drop from the peak to residual stability

Fig.4 Stress–strain curves with different mechanical paths
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were 0.9 MPa, 3.2 MPa and 9.5 MPa. It’s because that

the higher the confining pressure, the larger the

compressive strength and shear strength and the less

prone to failure of the coal specimens. The confining

pressure of CTC was the highest while that of

FAPUCP was the lowest when the coal specimens

were destroyed. So the deformation and strength of

LAPUCP when being damaged completely were

medium between those of CTC and FAPUCP. The

coal specimens were converted from brittle deforma-

tion to plastic deformation with the effect of high

confining pressure, leading to the increasing axial

strain, decreasing radial strain and less post-peak

stress drop. It’s believed that there is a critical

confining pressure to transform the coal from brittle

deformation to plastic deformation in theory.

3.2 Damage Characteristics

There are numerous AE parameters representing the

damage characteristics of loading and unloading coal

mass, of which the AE count was selected due to the

limited length in this paper. The variation of stress and

AE with different mechanical paths was shown in

Fig. 6. The AE activities enhanced, reached the

maximum and then weakened gradually, lagging

behind the stress–strain curves during the loading

and unloading. The AE count of CTC increased

steadily and was of paroxysmal characteristic rather

than continuous change with the maximum of 184,

which case was named the stable-damage pattern. The

AE counts of FAPUCP and LAPUCP increased slowly

in the elastic deformation stage and rapidly in the yield

failure stage with the maximum of 238 and 271, which

cases were named the rapid-damage pattern. The

cumulative AE counts (N) of the three mechanical

paths increased from 28.5 thousand to 953.2 thousand

during the whole loading and unloading process.

The deviatoric stress and the displacement of

LAPUCP were greater than those of FAPUCP with

the same confining pressure drop and thus the axial

pressure did more work for the specimen of LAPUCP.

The coal specimen of LAPUCP would release more

elastic strain energy and generate more the cumulative

AE count than that of FAPUCP. The coal specimen of

CTC bore higher confining pressure than that of

LAPUCP and tended to plastic deformation. So the

interface slippage of the coal specimen of CTC would

dissipate more external work and release less energy,T
a
b
le

2
E
x
p
er
im

en
ta
l
re
su
lt
s
o
f
st
re
ss
–
st
ra
in

o
f
d
if
fe
re
n
t
lo
ad
in
g
st
ag
es

M
ec
h
an
ic
al

p
at
h

D
am

ag
e
ex
p
an
si
o
n
p
o
in
t

F
ai
lu
re

p
o
in
t

R
es
id
u
al

st
ab
il
it
y
st
ag
e

C
o
n
fi
n
in
g

p
re
ss
u
re

(M
P
a)

D
ev
ia
to
ri
c

st
re
ss

(M
P
a)

A
x
ia
l

st
ra
in

(%
)

R
ad
ia
l

st
ra
in

(%
)

B
u
lk

st
ra
in

(%
)

C
n
fi
n
in
g

p
re
ss
u
re

(M
P
a)

D
ev
ia
to
ri
c

st
re
ss

(M
P
a)

A
x
ia
l

st
ra
in

(%
)

R
ad
ia
l

st
ra
in

(%
)

B
u
lk

st
ra
in

(%
)

R
es
id
u
al

st
re
n
g
th

(M
P
a)

S
tr
es
s

d
ro
p

(M
P
a)

C
T
C

7
1
8
.4
7

2
.5
2

-
0
.7
5

1
.0
2

7
2
3
.8

5
.0
2

-
2
.4
7

0
.0
8

2
2
.9

0
.9

F
A
P
U
C
P

7
5
.0
3

0
.5
5

-
0
.1
4

0
.2
7

2
.5

8
.6

1
.1
8

-
1
.2
2

-
1
.2
6

5
.4

3
.2

L
A
P
U
C
P

4
.7

1
1
.3
6

1
.7
3

-
0
.4
7

0
.7
9

4
.4
3

1
4
.6

3
.2
2

-
1
.8
1

-
0
.4
0

5
.1

9
.5

123

6098 Geotech Geol Eng (2020) 38:6093–6105



compared to that of LAPUCP. In general, different

mechanical paths could lead to different degrees of

damage for coal specimens and it goes LAPUCP,

FAPUCP and CTC in order of severity.

3.3 Failure Characteristics

The failure forms of coal specimens were widely

different under different mechanical paths (Fig. 7).

The coal specimen of CTC was damaged with the

interface slippage and obvious radial expansion

mainly under the constant confining pressure of

7 MPa. Thus the coal specimen of CTC occurred the

main shear failure with the fracture angle (the angle

between the main fracture direction and the maximum

principal stress direction) of 28� under the action of

pressure shear. The stress of the coal specimen of

FAPUCP turned from triaxial compression to uniaxial

compression gradually and the elastic strain energy

stored in the coal specimen was released, leading to

the swelling deformation and tensile stress of the coal

specimen along radial direction. So the failure form of

the coal specimen of FAPUCP turned from the

pressure-shear to the tensile-shear with the fracture

angle of 26� less than that of CTC. It’s known that the
coal mass is prone to the conjugate shear failure when

the deviatoric stress is much larger than the tensile

strength according to the Coulomb failure criterion.

The coal specimen of LAPUCP bore larger deviatoric

stress than those of CTC and FAPUCP and thus

occurred the ‘X’ conjugate shear failure with more

tensile crack and the fracture angle of 26�. Therefore,

the coal specimens of the three mechanical paths

occurred the main shear failure, tensile-shear failure

and ‘X’ conjugate shear failure, respectively, and the

fracture angles decreased in order.

3.4 Permeability Characteristics

The permeability of all the coal specimens decreased

firstly and then increased during the loading and

unloading process (Fig. 8). The original fractures were

closed by extrusion and no new fractures generated,

leading to the decrease of porosity during elastic

deformation. Accordingly, the permeability decreased

and the minimum of CTC, FAPUCP and LAPUCP,

only 66.2%, 66.0% and 57.4% of the original perme-

ability, appeared when the deviatoric stress was

73.5%, 77.8% and 68.5% of the peak, respectively.

The coal specimens started to be damaged and the

porosity increased due to the enlarged original frac-

tures and the generated new fractures after entering the

plastic deformation stage. In turn, the permeability

was rebounded and increased continuously while of

which the final, 81.1%, 193.0% and 151.6% of the

original permeability, were quite diverse under dif-

ferent mechanical paths. Under the condition of the

same deviatoric stress, the coal specimen of LAPUCP

bore lower confining pressure, enlarged the fracture

aperture and thus was of greater permeability incre-

ment, compared with that of CTC. Under the condition

of the same confining pressure, the coal specimen of

LAPUCP bore larger deviatoric stress, generated more

new fractures and thus was of greater permeability

increment, compared with that of FAPUCP. However,

the coal specimen of FAPUCP bore the lowest

confining pressure and generated the most fractures,

leading to the largest permeability increment during

the post-peak stage.

4 Discussions

4.1 Concept and Physical Significance of DSR

The deformation of an object is the changes of volume

and form under external forces based on the elastic–

plastic mechanics theory. The volume change is due to

the isotropic spherical stress while the plastic defor-

mation and damage is caused by the anisotropic

deviatoric stress (Thornton and Zhang 2010; Wang

Fig. 5 Relationship between deviatoric stress peak and

confining pressure
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Fig. 6 Variation of stress and AE with different mechanical paths

Fig. 7 Failure forms of

reconstituted coal with

different mechanical paths
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et al. 2012). The triaxial stress of any unit of coal mass

can also be decomposed into spherical stress and

deviatoric stress:

ri;j ¼ pdi;j þ r
0

i;j

¼
p 0 0

0 p 0

0 0 p

0
B@

1
CAþ

r1 � p 0 0

0 r2 � p 0

0 0 r3 � p

0
B@

1
CA

ð1Þ

where ri;j is the stress tensor of coal mass; pdi;j is the

spherical stress tensor; r
0
i;j is the deviatoric stress

tensor; p is the hydrostatic stress; r1, r2 and r3 are the
three principal stress.

The spherical stress tensor indicates the equal stress

state of each direction and thus the hydrostatic stress is

equal to the minor principal stress. The major principal

deviatoric stress ðr1 � pÞ can be converted into

ðr1 � r3Þ, which plays a leading role in the coal mass

damage. For simplicity, the deviatoric stress in this

paper is the major principal deviatoric stress.

Researches show that the damage degree of coal

mass is extremely different for the different hydro-

static stress, even though the deviatoric stress is equal.

The damage and permeability characteristics of coal

mass are affected not only by deviatoric stress but also

by hydrostatic stress. Thus the DSR, the ratio of

deviatoric stress to hydrostatic stress (or the minor

principal stress), was put forward to analyzed the

damage and permeability characteristics of plastic-

deformation coal mass. The expression of DSR is that:

g ¼ Dr1
r3

¼ r1
r3

� 1 ð2Þ

where g is DSR and Dr1 is deviatoric stress.

Fig. 8 Variation of stress and permeability with different mechanical paths
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The DSR is proportional to the major principal

stress and inversely proportional to the minor principal

stress according to Formula (2). So DSR increases

when the axial stress is loaded or the confining

pressure is unloaded. The Mohr–coulomb criterion is

widely used to descript the failure form of rock mass.

The deviatoric stress determining the diameter of the

Mohr circle and the minor principal stress determining

its location, certain the relative position of the Mohr

circle and envelope curve together (Fig. 9). Thus DSR

determines the damage degree of coal and rock mass.

The DSR increases and then the coal mass is damaged

more badly when the deviatoric stress increases or the

confining pressure decreases.

4.2 Effects of DSR on the Damage

and Permeability Characteristics of Coal

The variation of DSR under three mechanical paths

could be obtained according to the actual triaxial stress

in Fig. 4 (Fig. 10a). All the DSRs increased gradually

and reached about 3.4 when the coal was damaged,

which were consistent with the slope of the line in

Fig. 5. It’s indicated that there is a critical DSR that

causes the damage of special coal. It also indirectly

reflects that the DSR certains the damage degree of the

loading coal.

The same axial loading or confining pressure

unloading should be chosen for contrasting the

damage and permeability characteristics of coal. The

same loading intervals are the 12 * 19 MPa of axial

pressure and 7 * 4.5 MPa of confining pressure

under three mechanical paths. However, the coal mass

of CTC presented the elastic deformation only without

damage when the axial pressure was loaded from 12 to

19 MPa. Thus the experimental results of FAPUCP

and LAPUCP with the confining pressure being

unloaded from 7 MPa to 4.5 MPa were suitable for

comparison (Fig. 10b).

The axial pressure of LAPUCP rised from 12 to

19 MPa while that of FAPUCP was constant at

12 MPa when the confining pressure decreased from

7 MPa to 4.5 MPa. Thus the DSR of LAPUCP

increased from 0.71 to 3.24, of which the increment

was larger than that of FAPUCP from 0.71 to 1.63. The

cumulative AE count of LAPUCP increased nonlin-

early from 14.2 thousand to 78.4 thousand while that

of FAPUCP increased linearly from 18.9 thousand to

28.4 thousand; the relative permeability (k=k0)

decreased from 0.76 to 0.57 and then increased to

1.05 while that of FAPUCP decreased from 0.79 to

0.66 and then increased to 0.88 (Fig. 10b). Therefore,

the variation of the cumulative AE count and the

relative permeability were consistent with that of DSR

during the confining pressure unloading. The larger

DSR, the greater cumulative AE count and relative

permeability. It further suggests that the damage

degree and relative permeability of plastic-deforma-

tion coal are curtained by DSR to some extent.

The AE and relative permeability variation of

FAPUCP and LAPUCP against DSR were analyzed

further (Fig. 11). The cumulative AE counts of

FAPUCP and LAPUCP increased linearly and expo-

nentially, respectively, and thus the increment of

LAPUCP was greater than that of FAPUCP obviously.

The relative permeability of FAPUCP increased much

greater than that of LAPUCP although both of which

increased exponentially. Therefore, the coal specimen

of LAPUCP was closed to be damaged completely

while that of FAPUCP was only in the early stage of

plastic deformation when the confining pressure was

unloaded to 4.5 MPa. It’s indicated that the larger

DSR, the greater damage degree and relative

permeability.

In sum, DSR is the essential reason for the

difference in the damage and permeability character-

istics of the plastic-deformation coal. The coal of

LAPUCP is of larger DSR than those of CTC and

FAPUCP, leading to more serious damage and greater

permeability. Themining-disturbed coal mass bore the

major vertical stress and relieved horizontal stress,

bringing about larger DSR during deep coal mining. If

there is a thick-hard rock layer in the overburden, the

vertical dynamic load coming from its breakage would

Fig. 9 Sketch map of the Mohr circle
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also bring about the increase of DSR of the underlying

coal (Xu et al. 2019, 2016). In the result, the damage

and permeability of the mining-disturbed coal

increased rapidly and were seriously prone to cause

the coal and rock dynamic disasters, e.g. rib spalling,

rock burst, coal and gas outburst and abnormal gas

emission. Therefore, in order to avoid the dynamic

disasters, the corresponding measures should be taken

to reduce the DSR of mining-disturbed coal. There-

fore, the corresponding measures, such as the destress

blasting (Zhu et al. 2013), drilling boreholes and gas

drainage (Xu et al. 2014), should be taken to reduce the

DSR of mining-disturbed coal and then avoid the

dynamic disasters.

5 Conclusions

The triaxial stress change of mining-disturbed coal

affects its failure and permeability characteristics

deeply. The combined mechanic-damage-permeabil-

ity experiments of gas-bearing coal were carried out

under the mechanical paths of CTC, FAPUCP and

LAPUCP. Then the effects of DSR on the damage and

permeability characteristics of coal were analyzed and

the mechanism of the damage and permeability

characteristics of mining-disturbed coal was revealed.

The main conclusions of this study can be summarized

as follows:

1. The distinguishing deformation and strength char-

acteristics of coal were showed due to the different

mechanical paths. The volume of the coal spec-

imens was reduced during elastic deformation

while the dilatation appeared after the plastic

deformation stage arrived. The deviatoric stress

peak was linear with the confining pressure and

the deformation and strength of LAPUCP were

medium between those of CTC and FAPUCP

when the coal specimens were damaged com-

pletely. The coal specimens were converted from

brittle deformation to plastic deformation and of

the less post-peak stress drop with the effect of

higher confining pressure.

2. The phenomena of damage dilatation and perme-

ability increasing appeared after entering the

plastic deformation stage. But the damage and

permeability of coal specimens could be more and

more severe in the order of CTC, FAPUCP and

LAPUCP paths. The stable-damage pattern of

Fig. 10 Variation of DSR with the confining pressure unloading

Fig.11 AE and relative permeability variation against DSR
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CTC and the rapid-damage pattern of FAPUCP

and LAPUCP were summarized according to the

variation of AE.

3. The coal specimen of CTC generated the main

shear failure under the action of pressure shear.

The failure form of the coal specimen of FAPUCP

turned from the pressure-shear to the tensile-shear

because the elastic strain energy was released

along radial direction. The coal specimen of

LAPUCP bore larger deviatoric stress and thus

occurred the ‘X’ conjugate shear failure with more

tensile crack. The fracture angles of the three

mechanical paths decreased in order.

4. The DSR was put forward and identified as the

essential reason for the difference in the damage

and permeability characteristics of the plastic-

deformation coal. The coal of LAPUCP is of

larger DSR than those of CTC and FAPUCP,

leading to more serious damage and greater

permeability. Thus the deep mining-disturbed

coal of lager DSR is seriously prone to cause the

coal and rock dynamic disasters. The correspond-

ing measures should be taken to reduce the DSR of

mining-disturbed coal and then avoid the dynamic

disasters.
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