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Abstract To comprehensively understand the mining-in-

duced coal permeability change, a series of laboratory

unloading experiments are conducted based on a simpli-

fying assumption of the actual mining-induced stress evo-

lution processes of three typical longwall mining layouts in

China, i.e., non-pillar mining (NM), top-coal caving min-

ing (TCM) and protective coal-seam mining (PCM). A

theoretical expression of the mining-induced permeability

change ratio (MPCR) is derived and validated by labora-

tory experiments and in situ observations. The mining-in-

duced coal permeability variation under the three typical

mining layouts is quantitatively analyzed using the MPCR

based on the test results. The experimental results show

that the mining-induced stress evolution processes of dif-

ferent mining layouts do have an influence on the

mechanical behavior and evolution of MPCR of coal. The

coal mass in the PCM simulation has the lowest stress

concentration but the highest peak MPCR (approximately

4000 %), whereas the opposite trends are observed for the

coal mass under NM. The results of the coal mass under

TCM fall between those for PCM and NM. The evolution

of the MPCR of coal under different layouts can be divided

into three sections, i.e., stable increasing section, acceler-

ated increasing section and reducing section, but the evo-

lution processes are slightly different for the different

mining layouts. A coal bed gas intensive extraction region

is recommended based on the MPCR distribution of coal

seams obtained by simplifying assumptions and the

laboratory testing results. The presented results are also

compared with existing conventional triaxial compression

test results to fully comprehend the effect of actual mining-

induced stress evolution on coal property tests.
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Abbreviations

CBM Coal bed methane

CTC Conventional triaxial compression

MPCR Mining-induced permeability change ratio

NM Non-pillar mining

PCM Protective coal-seam mining

TCM Top-coal caving mining

1 Introduction

With the decreasing surface coal reserves and increasing

energy demand caused by economic development, the

mining depths and mining output of coal resources have

been continuously increasing and are accompanied by an

increasing number of disasters. Coal bed gas, which is

mainly methane, has been one of the major hazards

affecting safety and productivity in underground coal

mines over the last century (Flores 1998). Meanwhile, coal

bed methane (CBM) is also widely utilized as an uncon-

ventional natural gas, and it plays an important role in the

energy supply and energy reserves in the USA, Australia,

China and many other countries (Flores 1998; Moore

2012). Therefore, CBM extraction has been the subject of

increasing attention around the world in recent decades.
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One of the fundamental factors affecting the safety and

efficiency of CBM extraction and underground coal mining

is the permeability of coal mass. This property is an

important parameter in evaluating the flow capacity of coal

seams and is crucial for understanding CBM production

(Palmer 2009; Ried et al. 1992; Sparks et al. 1995). The

permeability evolution law greatly influences the strength

and stability of coal seams (Wang et al. 2013c), the failure

processes of coal masses, the occurrence of calamitous

accidents and possible fault reactivation induced by deep

underground CO2 injection (Beamish and Crosdale 1998;

Cappa and Rutqvist 2011).

Previous studies have shown that coal mass permeability

is associated with many factors, such as the effective stress

(Durucan and Edwards 1986), temperature condition

(Perera et al. 2012), coal type, gas type (Robertson and

Christiansen 2007), water content, fracture geometry

(Wang et al. 2011), and CBM adsorption effect (Perera

et al. 2011; Zhang et al. 2008; Zhu et al. 2013). The

measurements of coal permeability in the laboratory show

that the permeability of coal to adsorbing gases (e.g., CH4

and CO2) is time-dependent and lower than that of non-

adsorbing or lightly adsorbing gases (e.g., nitrogen and

argon) due to the swelling of the coal matrix (Chen et al.

2011; Siriwardane et al. 2009). Under constant tempera-

ture, the variation in confining stress has a significant

influence on coal permeability (Dabbous et al. 1974;

Somerton et al. 1975), which decreases with increasing

pore pressure due to coal swelling (Mazumder and Wolf

2008; Pan et al. 2010; Wang et al. 2010, 2011). According

to the experimental results based on laboratory or field

observations, various stress-dependent coal permeability

models have been proposed to analyze or forecast the

deformation and permeability evolution of coal based on

the idealized coal structure and specific conditions assumed

(Chen et al. 2012; Cui and Bustin 2005; Gilman and Beckie

2000; Gray 1987; Harpalani and Chen 1997; Liu et al.

2010; Shi and Durucan 2004; Somerton et al. 1975). These

studies have demonstrated that coal permeability is

strongly stress-dependent. Therefore, analyses of the per-

meability evolution of coal seams should consider the

mining-induced stress evolution process, because, the

stress condition controls the stress-induced fracture

geometry of the coal mass, which directly influences the

transport properties of the coal seams (Gale 1982; Guo

et al. 2012; Raven and Gale 1985; Somerton et al. 1975;

Wang et al. 2013c).

The longwall mining method has been widely used in

underground coal mines in the USA, Australia, China and

many other countries. In the single coal seam longwall

mining practice, the stress field near the mining surface is

redistributed with increasing vertical stress acting upon the

concerned near-face coal mass due to mining face

advancement; meanwhile, the horizontal stress decreases

relative to the initial stress condition (Li et al. 2015; Rezaei

et al. 2015; Wang et al. 2013b; Xie et al. 2012; Yang et al.

2014). Concerning multi-coal seams, mining one coal seam

introduces strata movement, stress redistribution and

damage to adjacent coal seams (Guo et al. 2012;

Suchowerska et al. 2013; Yang et al. 2011). Considering

various geological conditions, different mining layouts

have been used in mining practices to ensure safe and

efficient excavation. Xie et al. summarized the properties

of abutment pressure at a longwall coal face under three

typical mining layouts, i.e., top-coal caving mining (TCM),

non-pillar mining (NM) and protective coal-seam mining

(PCM), and suggested a mining-induced stress state of the

coal mass in front of the mining face to determine the

loading and unloading parameters for a laboratory study

subjected to different mining layouts (Xie et al. 2011,

2012).

TCM is usually used for thick coal seams to achieve

high-yield, high-efficiency mining (Alehossein and Poulsen

2010; Whittaker 1974; Xie et al. 2009; Yasitli and Unver

2005). This layout typically positions a mining face at the

bottom of the thick coal seam and caves the top coal mass,

which is crushed by the mining area pressure or loose

blasting, from the rear or top windows of the support

frames. In NM, the coal mass near the mining face supports

the superimposed abutment pressure from both the strike

and dip directions of the coal seam, because, the adjacent

coal mass is mined without leaving coal pillars (Deng et al.

2003; Zhou et al. 2007). Therefore, the stress concentration

factor of NM is higher than that of TCM. Knowing from

the above two mining layouts, PCM is often used for multi-

coal seams mining. In this layout, one coal seam (the

protective coal seam) without risk of gas outburst is first

mined, which relieves pressure and generates fractures in

the coal seams above or below. As a result, when the

protected coal seam is excavated, the stress concentration

factor and gas outburst danger are considerably lower than

in the case of directly mining the protected coal seam

without mining the protective coal seam. According to

existing research results (Chen et al. 2014; Kong et al.

2014; Yang et al. 2011), the technique of mining the pro-

tective seam, which is an efficient and fundamental pre-

cautionary measure, can significantly reduce the coal and

gas outburst hazard and increase the permeability of pro-

tected coal seams. Accordingly, different mining layouts

will induce different stress redistributions, stress concen-

tration ranges and stress concentration coefficients near

mining faces. The stress concentration coefficient K, an

important parameter reflecting the influence of mining

layouts on stress redistribution, defined as the ratio between

the mining-induced peak stress and the pre-mining in situ

stress, ranges from 1.5 to 6 (Ouyang et al. 2009; Singh
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et al. 2011; Yang et al. 2011). Previous studies have shown

that the mining-induced peak stress is approximately

2.2–3.5, 1.7–2.7 and 1.4–2.4 times the initial confining

stress under NM, TCM and PCM, respectively (Xie et al.

2012, 2011; Yang et al. 2011). Studies on the stress

redistribution and gas flow of coal seams under different

mining layouts are mainly conducted by numerical simu-

lation or field observation (Adhikary and Guo 2015).

Nevertheless, to better understand the mechanism of

pressure relief and permeability enhancement, experimen-

tal laboratory analyses are crucial for testing and verifying

the results obtained by the abovementioned means.

Coal mass permeability is a function of the fracture

system determined by the fracture geometry (Wang et al.

2011; Zhang et al. 2015b), which is strongly influenced

by the stress evolution process. The coal mass is dam-

aged by the mining-induced stress, and the fracture

geometry and coal mass permeability change, because,

the mining-induced fractures and pores are connected to

form effective flow paths or compressed to closure

(Wang et al. 2013a; Zhang et al. 2015a). However, the

majority of the existing studies concerning the perme-

ability evolution of coal masses have been conducted by

conventional triaxial compression (CTC) tests (Cai et al.

2014; Meng and Li 2013; Wang et al. 2011, 2013c),

neglecting the distinction between actual mining-induced

stress evolution and the conventional triaxial compres-

sion test loading process, which leads to significantly

different experimental results (Wang et al. 2013c; Xie

et al. 2011, 2012). The CTC test results can only reflect

the transport property of coal as a type of rock-like

material. Additionally, coal mass permeability is often

treated as a constant in the design of mining practices,

which ignores the mining-induced permeability change,

and the theoretical studies conducted to date are insuf-

ficient for quantitatively describing the mining-induced

amount. Xie et al. first noted that the variation of min-

ing-induced permeability can be quantitatively defined as

the mining-induced permeability change ratio (MPCR)

x, which represents the change in permeability per unit

of volumetric change in coal (Xie et al. 2013). Addi-

tionally, Xie et al. designated a new definition of the

MPCR as a relative increment of coal permeability in a

representative volumetric element induced by mining,

considering the fracture bodies as the main galleries for

gas migration (Xie et al. 2015). According to these

studies, the MPCR x can be plausibly and practically

determined by laboratory and field tests. It can also

represent the quantitative influence on the coal perme-

ability caused by the evolution of the mining-induced

fractures, and provide strong scientific support for the

quantitative evaluation of the effect on the coal perme-

ability and the CBM extraction arrangement.

Accordingly,more attention should be paid to the influence

of the mining-induced stress condition on the mechanical

properties and variation in the permeation capacity of coal.

Different mining layouts induce different stress conditions

and damage processes in the coal; hence, this study focuses on

the influence of mining layouts on the permeability variation

of coal. TheMPCR is used to quantitatively describe the effect

of the mining layout on the evolution of mining-induced coal

permeation capacity change. To better understand the evolu-

tion of the mining-induced coal permeability under different

mining layouts, a series of laboratory experiments are con-

ducted to simulate the simplified stress evolution processes of

different mining layouts.

2 Theoretical Expression of MPCR Based
on Darcy’s Law

Assuming that the permeation of methane through a coal

specimen is an isothermal process and that the ideal gas

law is applicable, the equation for the horizontal linear

steady permeation of compressive gas based on Darcy’s

law and Boyle’s law, which can be used for permeation

data processing, is as follows (Somerton et al. 1975):

k ¼ 2qpqairlL

A p21 � p22
� � ð1Þ

where k is the permeability of the sample (m2), q is the flow

rate (m3/s), pair is the atmospheric pressure (MPa), l is the

viscosity of the fluid (MPa�s), L is the length of the sample

(m), A is the cross-sectional area of the sample (m2), and p1
and p2 are the upstream and downstream pore pressures

(MPa), respectively.

The initial permeability k0 of the coal mass to gas is

k0 ¼
2q0pqairl0L0
A0 p21 � p22

� � ð2Þ

where the subscript 0 denotes the initial condition.

Permeability measurements in coal can be influenced by

the Klinkenberg effect (Klinkenberg 1941; Liu et al. 2014;

Somerton et al. 1975; Zhu et al. 2007). When the mean free

path of the gasmolecules is of the same order as the flow path

dimension, the gas molecules have an appreciable interac-

tion (i.e., collisions) with the flow path surfaces. The rela-

tionship between the effective permeability km in the case of

slip and the absolute permeability k is given as follows:

km ¼ k 1þ b

p

� �
ð3Þ

where k is the absolute gas permeability (m2) under a high

gas pressure, where the Klinkenberg effect is negligible,

and b is the Klinkenberg coefficient (Pa), which depends on

the mean free path of the gas molecules. The mean free
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path of the gas molecules depends on the pressure, tem-

perature, and molecular weight of the gas. In this study, the

Klinkenberg effect is subtracted from all permeability data

using b = 1.85 9 105 Pa.

In mining practices, k is typically treated as a constant,

thus ignoring the effect of mining-induced stress change.

Coal masses are known for their dual-porosity character-

istics, and with the mining effect, their initial pores and

fractures expand, connect. and ultimately generate a com-

plex fracture network (Zhang et al. 2015a, b). The per-

meability of a coal mass is a function of its fracture system,

which is seriously deformed and damaged by mining-in-

duced stress. Therefore, k is related to the evolution of the

mining-induced stress. However, few theories quantita-

tively describe the mining-induced variation in coal per-

meability. Xie et al. first proposed two different definitions

for MPCR to quantitatively describe the change in coal

permeability (Xie et al. 2013, 2015), which are stated in the

introduction section. In a simultaneous exploitation of coal

and gas, the variation of coal permeability is considerably

important, and the gas flow in the severely damaged coal

mass with complex fracture networks is macroscopically

satisfied by Darcy’s law. Therefore, based on this mathe-

matical description, the MPCR x can be defined as follows

(Xie et al. 2015):

x ¼ km � km0

km0

¼ k

k0
� 1 ð4Þ

where x is a dimensionless quantity expressed as a

percentage.

The difference in the gas flow pressure is fixed, and the

viscosity of gas is constant throughout the tests. Inserting

Eqs. 1 and 2 into Eq. 4 yields

x ¼ q 1� exð Þ2

q0 1� evð Þ � 1 ð5Þ

where ev = -(V - V0)/V0 is the volumetric strain of coal

mass and ex = -(L - L0)/L0 is the strain of the coal

specimen in the direction of gas flow, which is also the

axial direction in this study. Equation 5 can be used for

analyzing the testing results of any specific loading

scenario.

Considering the hydrostatic stress condition of the coal

mass in an underground deep mine, the volumetric strain ev
is three times the axial strain of the coal specimen ex. Then
x can be written as

x ¼ q 3� exð Þ2

9q0 1� evð Þ � 1 ð6Þ

From Eqs. 5 and 6, the mining-induced coal perme-

ability has a simple form and a relationship with the gas

flow rate and strain. There properties can be more easily

measured in situ than the permeability and can be used to

estimate the permeability variation of the coal seams. In

PCM simulation, the pre-mining unloading expansion

deformation has been added as the initial deformation

amount of the coal mining simulation stage to consider the

effect of mining the protective coal seam.

3 Experimental Techniques

3.1 Specimen Property and Preparation

The coal samples are anthracite blocks collected from the #4

coal seam of the Baijiao mine in Yibin, China, according to

the description of Chinese national standard GB/T 23561.1-

2009. Table 1 summarizes the properties and test informa-

tion of the coal specimens, and the pure gas used in this study

is CH4 at purities of 99.99 %. The coal specimens were

drilled from the coal samples as cylinderswith dimensions of

U50 mm 9 H100 mm according to the description of

ASTM standard D4543-08. The average uniaxial compres-

sive strength of the coal specimens is 10.1 MPa at an axial

strain rate of 10-4, and the average triaxial compressive

strength is 96.6 MPa using the same loading rate with a

confining stress of 25 MPa.

Table 1 Properties of the Baijiao anthracite samples

Fixed carbon Volatile matter Ash

Proximate analysis

75.17 % 7.64 % 16.38 %

Carbon Hydrogen Nitrogen Sulfur Oxygen

Ultimate analysis (Cao et al. 2000)

89.56 % 2.7 % 1.13 % 2.97 % 3.64 %

Kaolinite Quartz Calcite Others

Constituent of mineral matter

5.58 % 11.74 % 5.04 % 77.64 %

Sample no. Diameter

(mm)

Length

(mm)

Density

(kg/m3)

Sample physical properties

N-2-1 50.14 97.23 1435.2

T-2-1 50.09 99.42 1498.8

T-2-2 50.16 98.23 1479.6

P-2-1 50.17 99.97 1454.1

P-2-2 50.07 100.09 1478.0

P-2-3 50.09 99.86 1458.8
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3.2 Apparatus

A redesigned MTS815 rock mechanics testing system

(Sichuan University, Chengdu, China) equipped with a

self-designed external gas flow system was employed to

conduct the experiments (Zhang et al. 2014b). This system

has a high stiffness (10.5 9 109 N/m), high load-sensing

accuracy (10 N) and high deformation-sensing accuracy

(1 lm). The maximum axial compression load of the

testing system is 4600 kN. The testing ranges of the con-

fining stress and the axial and circumferential deformation

extensometer are 0–140 MPa, -2.5 to ?5.0 mm and -2.5

to ?8.0 mm, respectively. The self-designed gas flow

system is schematically shown in Fig. 1. The testing range

for the pore pressure is 0.3–20 MPa, and the gas can be

heated from room temperature to 70 �C. The testing range

of the methane flow rate is 5–5000 mL/min with a high

sensing accuracy of 1 % full scale.

3.3 Experimental Procedure

3.3.1 Simplifying Assumptions of the Longwall Mining-

Induced Stress Evolution Process

Due to coal seam excavation or mining face advancement,

the stress field near the mining face is redistributed (Wang

et al. 2013b). Based on Xie’s study, assuming that the deep

coal seam originates in a hydrostatic pressure state, the

distribution of pressure ahead of the mining face (Fig. 2)

can be simplified as follows: with decreasing distance from

the mining face, the vertical stress acting on the coal seam

gradually increases to a peak stress from the hydrostatic

pressure state and then quickly decreases due to coal-mass

damage; the horizontal stress gradually decreases to 0 from

the hydrostatic pressure state (pressure relief), ignoring the

stress rotation and fluctuation near the mining face due to

coal and rock failure (Diederichs et al. 2004). The majority

of the excavated coal mass of longwall mining has expe-

rienced such a stress evolution process. This process is

schematically shown in Fig. 2, where c is the average unit

of overburden weight, H is the mining depth, K is the

abutment pressure coefficient, and L1 and L2 are the lengths

of the abutment pressure of the decreasing and increasing

sections, respectively.

3.3.2 Experimental Simulation Method of Different Mining

Layouts

To simulate different mining layouts in the laboratory, Xie

et al. have suggested the loading paths (Fig. 3) according to

the simplifying assumption of the longwall mining-induced

stress evolution process acting upon the coal mass, as

discussed above. The loading paths and rates of the cor-

responding mining layouts, i.e., TCM, NM and PCM, are

shown in Fig. 3 and Table 2. In this study, the specific

loading paths are the same as in Xie’s work, in which the

CH4

Vacuum 
Pump

Pressure 
Reducing 
Valve

Pressurizing 
and Heating 
Devices

Pressure 
Gauge

Flow 
Meter

Valve

Sample

MTS Confining 
Pressure Chamber

Fig. 1 Schematic diagram of the external gas flow system (Zhang et al. 2014b)

KγH

L2L1Mining face

Fig. 2 Distribution of abutment pressure ahead of the mining face

(Xie et al. 2011)
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loading paths are divided into three stages to simulate the

mining-induced stress evolution process (Xie et al. 2011,

2012). The detailed setup can be briefly stated as follows:

Stage 1 Assume that the coal mass is initially in a hydro-

static stress status and the depth of the coal seams is

1000 m with a vertical stress gradient of 25 kPa/m. The

confining stress is loaded at the same rate of 3 MPa/min to

point A (r1 = r3 = 25 MPa) in Fig. 3.

Stage 2 To simulate the forepart confining stress unloading

and axial stress increasing process (line segment AB in

Fig. 3), the axial stress is loaded to 37.5 MPa at a

deviatoric stress loading rate of 2.25 MPa/min, meanwhile,

the confining stress is unloaded to 15 MPa with a rate of

1 MPa/min. The stress environment of the coal sample

gradually changes from a hydrostatic condition to a stress

status with a stress concentration coefficient K equal to 1.5.

Stage 3 To simulate the different stress concentrations and

failure processes of coal mass induced by different mining

layouts, the deviatoric stress loading rate is set to 2.25 MPa/min

in PCM, 3.5 MPa/min in TCM and 4.75 MPa/min in NM. The

confining stress unloading rate is held at 1 MPa/min.

We make two modifications of his work. We conducted

the experiments with a fixed gas flow pressure difference of

2 MPa to show the permeability evolution and gas-influ-

enced properties of the coal mass under different mining

layouts. We also added a pre-mining unloading-expansion

process simulation of the protected coal seam to compre-

hensively understand the mining-induced permeability in

protected gassy coal seams.

3.3.3 Experimental Simulation Method of the Pre-Mining

Unloading-Expansion Process in PCM

To simulate the pre-mining unloading-expansion process of

the protected coal seam, we consider the results given by

the existing numerical simulation, the model experiment,

and site observation, due to the mining of the protective

coal seam (Chen et al. 2014; Guo et al. 2012; Liu et al.

2011; Wang et al. 2008; Yang et al. 2011; Zhang et al.

2014a). Here, the pressure relief and permeability

improvement effect is one of the key issues in the protec-

tive seam mining (Chen et al. 2013), and the pre-mining

protected coal seam in PCM typically has four deformation

sections: compression expansion, unloading expansion

deformation increasing, expansion deformation decreasing,

and expansion deformation stabilizing. As a result, the
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Fig. 3 Loading schemes of the different mining layouts (Xie et al.

2012)

Table 2 Testing parameters and main results

Simulated

mining

layout

Test

number

Stagec1

confining

stress

loading rate

(MPa/min)

Stage 2 and 3

confining

stress

unloading rate

(MPa/min)

Stage 2

deviatoric

stress

loading rate

(MPa/min)

Stage 3

deviatoric

stress

loading rate

(MPa/min)

Peak

stress

(MPa)

Confining

stress at

peak stress

(MPa)

Axial

strain at

peak

stress

(%)

Initial

permeability

(m2)

Peak

MPCR

(%)

NM N-2-1 3.0 1.0 2.25 4.75 58.67 9.67 0.858 5.89E-17 304

TCM T-2-1a 3.0 1.0 2.25 3.50 50.77 9.84 0.646 4.49E-17 –

T-2-2 3.0 1.0 2.25 3.50 58.04 7.18 0.713 6.32E-17 590

PCM P-2-1b 3.0 1.0 2.25 2.25 46.35 8.88 0.429 2.60E-17 1669

P-2-2 3.0 1.0 2.25 2.25 44.28 10.20 0.652 3.87E-17 4138

P-2-3 3.0 1.0 2.25 2.25 49.40 6.33 0.901 5.43E-17 3764

a The permeation data of specimen T-2-1 was not recorded due to equipment failure
b The specimen P-2-1 is simulated without a pre-mining unloading-expansion process as a comparison
c The test stages are shown in Fig. 3
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laboratory simulation of the pre-mining protected coal

seam deformation behavior includes at least three sections:

vertical compression, unloading-expansion and recom-

pression to a stable state. The simulation procedure of the

pre-mining unloading-expansion process for the protected

coal seam can then be established as follows:

1. Confining stress loading stage (Recover the initial

stress state of the coal mass)

Assume that the depth of the coal seams is 1000 m with

a vertical stress gradient of 25 kPa/m and that the coal

mass is in a hydrostatic stress state. With a loading rate of

3 MPa/min, the confining stress is increased to 25 MPa and

is shown as line segment OA’ in Fig. 4.

2. Vertical loading stage (Simulate the compression

expansion section)

Simulate the expansion induced by axial compression

under the protected coal seam mining, in which the con-

fining stress is held constant and the axial stress increases.

The confining stress is held constant, and the axial stress r1
is increased to 37.5 MPa (A0B0 in Fig. 4) with a loading

rate of 3 MPa/min.

3. Circumferential unloading stage (Simulate the unload-

ing expansion deformation increasing section)

Simulate the expansion induced by circumferential

pressure relief, in which the deviatoric stress (r1–r3) is

held constant and the confining stress is decreased until the

coal samples reach the yield deformation section with an

unloading speed of 1 MPa/min (B0C0 in Fig. 4).

4. Confining stress reloading stage (Simulate the expan-

sion deformation decreasing section)

Simulate the expansion-deformation stabilizing process

by reloading the confining stress, increasing the confining

stress r3 to 25 MPa with a reloading rate of 3 MPa/min.

The (r1–r3) decreases to 0 MPa (C0A in Fig. 4), assuming

that the final stress condition returns to the initial hydro-

static condition. Next, the axial and circumferential

extensometers are reset, and the excavation of the protected

coal seam itself is simulated with the loading path A–B–C

shown in Fig. 3.

During the experiments simulating the different mining

layouts with a fixed flow gas pressure difference, the ver-

tical loading stage of PCM, and stage 2 of NM and TCM

begin after the saturation adsorption of coal is accom-

plished. Devices with high permeability and pressure

sensing accuracy (1 %) are employed to record the testing

data of the external gas flow system. The deformation data

are recorded by extensometers of the MTS815 rock

mechanics testing system. The evolution of the MPCR and

mechanical behavior of coal mass can be obtained from the

testing results.

4 Results and Analyses

4.1 Effect of Mining Layouts on the Mechanical

Behavior of Coal Mass

The basic information, loading conditions and main

results of the tested coal samples are summarized in

Tables 1 and 2. The gas pressure difference and confin-

ing stress unloading rate are held constant throughout the

test at 2 MPa and 1 MPa/min, respectively, and the

deviatoric stress loading rates in stages 2 and 3 (Fig. 3)

are established according to the experimental proce-

dures. Figure 5 shows the changing rule of the

mechanical parameters of the coal samples under the

different mining layouts.

First, the effect of mining layouts on the strength of coal

masses can be explored in Fig. 5a. The average peak stress

of the coal specimens under PCM, TCM, and NM is 46.68,

54.41, and 58.67 MPa, respectively, which indicates that

the corresponding stress concentration factors (K) at peak

stress under each mining layout are 1.87, 2.18 and 2.35,

respectively. These values are consistent with the testing

range of the stress concentration coefficient determined by

previous researchers under the corresponding mining lay-

outs. Due to the superimposed abutment pressure, the coal

seam of NM has the highest stress concentration factor,

whereas the coal seam of PCM has the lowest stress con-

centration factor because of the pre-mining stress release.

The peak stress and corresponding stress concentration

factor under the different mining layouts are less than those

found in experiments conducted without gas pressure using
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Tashan coal (Xie et al. 2011, 2012), which may result from

the coal type but more likely results from the decrease in

effective confining stress due to the application of gas

pressure. As shown in Fig. 5a, the confining stress corre-

sponding to the peak stress under the different mining

layouts does not increase in the order of PCM, TCM, and

NM (increasing deviatoric stress loading rate) but rather

stays in the range of 6.33–10.20 MPa, which is higher than

in the experiments conducted under no gas pressure using

Tashan coal (Xie et al. 2011, 2012). This observation

indicates that compared with a low-gas coal seam, a gassy

coal seam is likely to be more severely damaged under a

relatively high confining stress. Additionally, the existence

of gas in coal seams can decrease the peak stress of the coal

mass and increase the risk of coal damage under the high

confining stress, potentially resulting in mining disasters.

Figure 5a illustrates that the peak strength and corre-

sponding confining stress of specimen P-2-1, which is

simulated without a pre-mining unloading-expansion pro-

cess, differ only slightly from the values for the two other

specimens used in the simulations. This result indicates that

the simulation of the pre-mining unloading-expansion

process of PCM does not notably impact the strength of

coal in the simulation of coal seams excavated under the

different mining layouts. The coal mass of the protected

coal seam undergoing the pre-mining unloading-expansion

process does not decrease in strength before excavation.

Second, the effect of the mining layouts on the axial

deformation characteristics of the coal mass can be deter-

mined according to Fig. 5b. The average axial strains of the

coal specimens under PCM (without simulating the evo-

lution of pre-mining stress), TCM, and NM are approxi-

mately 0.43, 0.68 and 0.86 %, respectively, and increase in

the order of PCM, TCM, and NM (increasing deviatoric

stress loading rate). Specimens P-2-2 and P-2-3 (simulating

the evolution of pre-mining stress) have a larger axial strain

than P-2-1. Considering the strength testing results, the

scheduled simulation of the pre-mining unloading-expan-

sion process enhances the deformability of the coal mass

while only slightly influencing the strength. In other words,

mining the protective coal seam can enhance the

deformability of the coal mass in protected coal seams

without greatly influencing the strength.

4.2 MPCR Evolution of Coal Mass and Validation

The mining-induced coal permeability under the different

mining layouts can be analyzed according to Fig. 6.

Table 2 shows that the average initial permeability of the

coal specimens is approximately 4.77 9 10-17 m2. The

MPCR of coal specimens is calculated using Eq. 5. Among

the samples, the peak MPCR is lowest for sample N-2-1

(304 %) and highest for sample P-2-2 (4138 %). The peak
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MPCR of sample P-2-1, which is simulated without a pre-

mining unloading-expansion process for comparison, is

1669 %, corresponding to approximately 40.3 % and

44.3 % of the values for samples P-2-2 and P-2-3,

respectively. Accordingly, the scheduled simulation of the

pre-mining unloading-expansion process induces irre-

versible deformation and pre-mining damage to the coal

mass, which enhances the deformability of the coal mass

and the range of permeability variation. Mining the pro-

tective coal seam can induce pre-mining damage in pro-

tected coal seams and increase their deformability and

permeability.

As per the experimental procedure for the different

mining layouts, the coal specimens experience a complete

mining-induced stress evolution process, and the complete

evolution processes of the MPCR are recorded by the

testing system. Figure 7 shows the MPCR evolution pro-

cess of the coal mass under the different mining layouts

and the relationships between axial stress and axial strain,

and between volumetric strain and axial strain. The coal

mass of the protected coal seam in the PCM simulation has

a residual deformation after the simulation of pre-mining

stress evolution, which has been substituted into Eq. 5 to

evaluate the pre-mining enhanced permeability induced by

the protective coal seam mining. For the typical sample

P-2-3 in Fig. 7, the residual axial strain and volumetric

strain are 0.186 and -0.104 %, respectively, resulting in a

pre-mining relative increment of coal permeability x of

200 %.

According to Fig. 7, the axial stress–strain curves of the

coal mass under the different mining layouts can be clearly

divided into three sections: elastic deformation, yield

deformation and post-peak deformation. Compared with

the axial strain, the volumetric strain ev and MPCR x have

similar evolution processes, which can also be divided into

three sections, i.e., stable increasing, accelerated increasing

and decreasing, but the evolution processes are slightly

different for the different mining layouts.

First, according to Fig. 7a, the ev and x of the coal mass

under NM have a linear growth trend with the increase in

axial strain in the stable increasing section. ev and x
increase gradually from 0 to -0.428 % and 52.2 %,

respectively, upon an axial strain increment of 0.5 %. In

the stable increasing section, the initial pores and fractures

in the coal mass steadily deform and extend with increasing

axial stress. The permeability of the coal mass monotoni-

cally increases throughout the loading due to a strong

confining-unloading-expansion effect. Then, the growth of

ev occurs at a higher and steadily increasing rate, whereas

the growth rate of x increases before reaching the peak

stress in the accelerated increasing section. Meanwhile, the

corresponding stress–strain curve is in the yield deforma-

tion section. In this section, the pores and fractures in the

coal mass exhibit accelerated development and propaga-

tion, and the number of effective flow paths also rapidly

increases. The peak coal mass permeability appears before

reaching the peak stress, and the corresponding x is 304 %.

Finally, in the post-peak deformation section, the coal mass

is damaged, and its permeability gradually decreases to

approximately 3.5 times its initial amount.

Second, according to Fig. 7b, the ev and x of the coal

mass under TCM increase linearly with the increase in
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axial strain in the stable increasing section. ev and x
increase gradually from 0 to -0.535 % and 104 %,

respectively, with an axial strain increment of 0.5 %. In the

stable increasing section, the ev and x of the coal mass

have a higher increasing rate in the TCM simulation than in

the NM simulation because, the TCM conditions include

less axial compression with the same confining stress

unloading effect but lower axial stress concentration. The

coal mass permeability also increases continuously

throughout the loading process due to a strong confining-

unloading-expansion effect. Then, the growth rates of ev
and x increase before reaching the peak stress in the

accelerated increasing section, whereas the corresponding

stress–strain curve is in the yield deformation section. After

the peak stress is reached, the coal mass expands rapidly in

the circumferential direction, and ev increases by –2.3 %

with an axial strain increment of 0.05 %; meanwhile, x
increases considerably from 228 to 590 %. Afterward, ev
remains unchanged at approximately 1.6 %, and x
decreases until the coal mass is fully crushed and the

effective flow paths vanish.

Third, the deformation and permeation properties of the

coal mass under PCM can be obtained from Fig. 7c. Due to

the residual deformation after the simulation of pre-mining

stress evolution, the x of the coal mass under PCM

increases by 200 %, which has been added as an initial

relative increment in the coal mass permeability. The ev
and x of the coal mass under PCM exhibit a steady linear

growth with increasing axial strain in the stable increasing

section. ev and x increase from -0.104 and 200 % to

-0.732 and 452 %, respectively, in a stable manner upon

an axial strain increment of 0.9 %. Accordingly, the coal

mass under PCM has the smallest change in volumetric

strain and the highest increase in x per unit of axial strain

increment, which contributes to the pre-mining unloading-

expansion induced by the protective coal seam mining and

the lowest axial stress concentration of the protected coal

seam excavation. The growth rates of ev and x then

increase after reaching the peak stress in the accelerated

increasing section, whereas the corresponding stress–strain

curve is in the post-peak deformation section. The coal

mass is gradually damaged by the axial compression and

hoop unloading, with an enormous increase in x from 452

to 3764 % in the accelerated increasing section, and then, a

decrease in x to approximately 2800 % as the coal mass is

crushed in the decreasing section. Accordingly, the dis-

tance between the peak stress and the inflection point of the

coal mass, where the rates of increase in ev and x begin an

accelerated increase, successively increases in the order of

NM, TCM and PCM, and the PCM is the mining layout

with the greatest increase in coal mass permeability.

Additionally, the gas flow rate evolution process of the

coal mass during the mining simulation can be regarded as

a verification index for validating the plausibility of the

proposed theoretical expression of MPCR based on Dar-

cy’s law, which is used to quantitatively describe the

change in the coal permeability. Figure 8 shows that the

MPCR correlates well with the gas flow rate (accuracy of

10-6 m3/s), with the two factors exhibiting a linear rela-

tionship. Specifically, a higher MPCR leads to a higher gas

flow rate from the testing results. Therefore, the MPCR can

be used to quantitatively describe the permeability incre-

ment, and laboratory tests verify that a theory based on this

new mechanical quantity is plausible.

4.3 MPCR of Coal Seams Under Different Mining

Layouts and Engineering Applications

Assuming that the distance from the coal mass to the

mining face corresponds with the loading time in the

simulations of the different mining layouts, which are

established according to the simplifying assumption of the

mining-induced stress environment of the in situ coal mass,

the laboratory testing results can be applied to the field coal
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seams for the mining-induced stress and MPCR distribu-

tion analyses. For a direct viewing comparison, assuming

that the distances from the peak stress of the abutment

pressure to the mining face under the different mining

layouts are equal, the corresponding testing data have been

divided into two sections, i.e., the post-peak section and the

pre-peak section. The loading time linearly corresponds to

the distance from the concerned coal mass to the mining

face in the two sections, where the coal samples under a

specific stress state in the tests represent the coal mass at a

certain distance from the mining face.

Figure 9 shows a schematic of the mining-induced stress

and MPCR of the coal seam x versus the distance from the

mining face estimated from the experimental results for the

different mining layouts. According to Fig. 9, the distribu-

tion of x in the coal seams can be summarized by the same

three sections as the x-e1 curve shown in Fig. 7, i.e.,

stable increasing section, accelerated increasing section, and

decreasing section. In the stable increasing section, the

MPCR of the coal seam increases linearly with decreasing

distance from the mining face. Specifically, if the coal mass

in this section is closer to themining face, it will have a better

permeation capacity due to the stable deformation and failure

in the coal seam. In the accelerated increasing section, the

MPCR of the coal seam increases exponentially with

decreasing distance from the mining face. The coal mass in

this section is seriously damaged by the mining-induced

stress, and a vast number of effective flow paths are gener-

ated in the coal seam, resulting in a steep rise inMPCR. In the

decreasing section, the MPCR of the coal seam decreases

with the distance from the mining face as a result of severe

coal mass damage and the decline in effective flow paths.
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The distance between the inflection point, where the

growth rates of x accelerate, and the mining face is

defined as Lrise. As shown in Fig. 9, Lrise decreases in the

order of NM, TCM, and PCM, and the MPCR of the coal

seam in the range of Lrise is larger than 30 %. Considering

the test results and analyses above, the coal mass in the

stress concentration region of the coal seams is seriously

damaged, and a mass of effective CBM flow paths is

generated. Therefore, the CBM extraction under NM and

TCM should be strengthened in the range of Lrise. How-

ever, the coal mass permeability in the protected coal

seams is significantly higher for the PCM than for the

other two mining layouts. The initial MPCR of the pro-

tected coal seams is greater than 200 %. Meanwhile, the

CBM extraction in the protected coal seams can be started

immediately after the extraction section undergoes the

pre-mining unloading-expansion process induced by the

mining of the protective coal seam. Therefore, the

ascertainment of Lrise is of great value for determining the

time and emphasis range of the CBM extraction. The

effect of the measures to enhance the permeability of the

coal seams can be quantitatively described by the MPCR

and the range of Lrise. For in situ observations, it is dif-

ficult to measure the permeability in coal seams but easy

to test mining-induced stress; therefore, according to the

correspondence between the mining-induced stress and

MPCR of coal seams, the Lrise under specific mining

layouts can be assessed using the corresponding in situ

mining-induced stress testing data.

Overall, the MPCR can quantitatively describe the

variation in the permeability of the coal seam, and ascer-

taining the Lrise is helpful and instructional for optimizing

the CBM extraction in coal seams under the different

mining layouts.

5 Discussion

5.1 Effect of Real Mining-Induced Stress

According to the testing results and analyses of the varia-

tion in MPCR of coal mass, we can directly determine how

the MPCR results differ from the results of typical con-

ventional triaxial compression (CTC) tests (Wang et al.

2013c). In CTC tests, the permeability of the coal mass

typically decreases initially and then begins to increase

after reaching the yield deformation stage. However, in this

study, the permeability of the coal mass continuously

increases before reaching the peak stress, and then,

decreases in the post-peak section. Some previous studies

on mining-induced stresses and permeability present a

similar mining-induced stress and pore pressure evolution

process ahead of the mining face but with a permeability

distribution completely different from the results in this

study. Such differences may result from the initial exper-

imental setup and an underestimation of the unloading

effect. The coal mass permeability is strongly stress-de-

pendent, and related studies should consider the influence

of the actual mining-induced stress evolution process. In

this study, the actual mining-induced stress environment of

coal seams is sufficiently considered, and all the tests are

conducted according to its simplifying assumption that the

circumferential stress is continuously unloading and the

abutment pressure (vertical stress) gradually increases to a

peak stress from the hydrostatic pressure state before

transforming into an unloading state due to coal-mass

damage. In the CTC test, the circumferential stress is fixed

and the coal mass is regarded as a rock-like material

without considering the effect of actual mining-induced

stress. Considering that the mechanical properties and coal

mass permeability are strongly stress-dependent, the actual

mining-induced stress environment has a predictably

marked effect on coal.

In Xie’s study, the mining-induced mechanical behavior

of coal masses is confirmed to be quite different from the

results of the CTC tests (Xie et al. 2011). The volumetric

strain is typically positive throughout the CTC testing

process, indicating that the coal specimen is under com-

pression during the entire loading procedure without vol-

umetric expansion relative to its initial state. In contrast,

the volumetric strain of the coal specimen in this test is

typically negative, which means that the volume of the coal

mass continuously increases throughout the mining pro-

cess. Based on the typical definitions of volumetric strain

and porosity, these two parameters have the following

relationship:

/ ¼ /0 � ev
1� ev

ð7Þ

From Eq. 7, the porosity variation of coal D/ is

obtained as

D/ ¼ �evð1� /0Þ
1� ev

ð8Þ

The initial porosity and volumetric strain of a coal

specimen are less than one; therefore, D/ is positive when

the volumetric strain is negative. According to Fig. 7 and

the relevant analyses in Sect. 4.2, the volumetric strain of

the coal mass continuously decreases from the initial zero

setting state, which indicates that the porosity of coal

increases during the simulation experiments of a mining-

induced stress environment. The permeability and porosity

of coal have the following general power law relationship

(Zhang et al. 2015b),
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k

k0
¼ /

/0

� �a

¼ 1þ D/
/0

� �a

ð9Þ

where a is the porosity sensitivity exponent and is typically

greater than two for coal. From Eq. 9, the increment of the

coal permeability Dk can be calculated as

Dk ¼ 1þ D/
/0

� �a

�1

� �
� k0 ð10Þ

Substituting Eq. 8 into Eq. 10 yields

Dk ¼ ð1� ev
/0

Þa=ð1� evÞa � 1

� �
� k0 ð11Þ

According to Eq. 11, the coal permeability increases

with the volumetric expansion of coal. The simulation of

the mining-induced stress evolution process in laboratory

testing induces significant volumetric expansion of the coal

mass, which makes the coal permeability continuously

increase during the loading process without a decreasing

section, as in CTC tests. Additionally, the simulation of the

pre-mining unloading-expansion process of PCM induces a

residual volumetric strain in the coal mass, resulting in an

initial MPCR of 200 %. This indicates that the technique of

mining the protective coal seam can increase the perme-

ability of protected coal seams and significantly reduce the

risk of coal and gas outbursts.

5.2 Field Test Observations

The longwall mining method is widely used in many

countries, and the permeability of coal seams, particularly

the problem of the MPCR distribution in coal seams, is the

subject of continuous research. Estimations of the perme-

ability distribution of coal seams are often conducted in

model experiments or numerical simulations. In situ

observation is difficult, but the testing results are important

and of great reference value for verifying test results.

Adhikary and Guo have investigated the strata perme-

ability induced by longwall mining, in which systematic

subsurface and underground hydrogeological monitoring

and measurements were conducted, e.g., underground

packer tests and piezometer, extensometer, and water

inflow monitoring during mining (Adhikary and Guo

2014). Their permeability testing results (Fig. 10) obtained

in a solid coal barrier exhibit an evolutionary trend similar

to that in Fig. 9, in which a distance of 11.2–11.5 m from

the roadway rib yielded the highest average permeability of

89 mD and an average in situ permeability of approxi-

mately 1.7 mD (initial permeability) at a distance of

26.2–26.5 m from the roadway rib. The highest MPCR of a

coal seam in their study is approximately 5100 %. Their

numerical model results (Adhikary and Guo 2015) also

match the remaining field permeability measurement data

reasonably well. Considering the size effect of laboratory

testing, the permeability of a small coal specimen is typi-

cally lower than that of an in situ coal mass; thus, the

monitoring results are consistent with the testing data in

this study. Xie et al. (2015) have conducted field tests in the

Pingdingshan Coal Mining Group No. 10 mine and

reported a similar MPCR distribution trend in coal seams

(see Fig. 11). These field test results are consistent with the

testing data from the simulation experiments of the actual

mining-induced stress environment in this study, which

also confirms the plausibility and practicality of the theo-

retical expression of MPCR.

6 Conclusions

To comprehensively understand the evolution of coal per-

meation capacity under different mining layouts, the the-

oretical expression of MPCR has been derived based on

Darcy’s law and validated by laboratory experiments and
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in situ observations. The MPCR has simple relationships

with the gas flow rate and volumetric strain, and it can be

measured in situ and used to quantitatively describe the

mining-induced permeability change of coal seams under

different mining layouts. This is of strong scientific interest

for the quantitative evaluation of the CBM extraction

arrangement.

Laboratory experiments on the mechanical and perme-

ation properties of coal mass have been conducted under a

constant pore pressure difference considering the actual

mining-induced stress evolution processes of three typical

longwall mining layouts. Also, the pre-mining unloading-

expansion process for protected coal seams induced by

mining the protective coal seam is also analyzed and

simulated in a laboratory. The coal mass has distinguishing

mechanical behaviors and permeation properties under the

different mining layouts. The coal mass has the lowest

peak stress and highest peak MPCR under PCM, reaching

approximately 4000 %, whereas the coal mass under NM

has the highest peak stress and lowest peak MPCR. The

testing results for the coal mass under TCM fall in between

these values. Accordingly, the testing results indicate that

the PCM is not only a fundamental mining layout but also

the most efficient precaution measure. It can strongly

increase the MPCR of protected coal seams and reduce the

risk of coal and gas outbursts.

The MPCR and volumetric strain variation process of

coal mass are obtained according to the theoretical analyses

and laboratory testing results. There is a good correspon-

dence between the volumetric strain and MPCR of the coal

mass, which show a similar evolution in this study. The

evolution process can be divided into three sections, i.e.,

stable increasing section, accelerated increasing section,

and decreasing section. However, the evolution processes

are slightly different for the different mining layouts. The

rates of increase in the MPCR of the coal mass in the

stable increasing section and accelerated increasing section

successively increase in the order of NM, TCM, and PCM.

The laboratory testing results can be applied to the field

coal seams for mining-induced stress and MPCR distribu-

tion analyses based on simplifying assumptions. The

MPCR of a coal seam increases with decreasing distance

from the mining face before reaching the peak mining-

induced stress, and it decreases with the distance from the

mining face as a result of the severe coal mass damage and

decline in effective flow paths under NM and TCM. The

MPCR of the protected coal seam increases with decreas-

ing distance from the mining face due to the effect of the

pre-mining unloading-expansion. The distance between the

inflection point of the MPCR evolution process and the

mining face Lrise decreases in the order of NM, TCM, and

PCM. Lrise decreases in the order of NM, TCM, and PCM,

and the MPCR of a coal seam in the range of Lrise is larger

than 30 %. The ascertainment of Lrise is valuable for

determining the time and emphasis range of the CBM

extraction.

According to the results and analyses in this study, the

mining-induced stress evolution processes of different

mining layouts influence the mechanical and permeation

properties of coal. These results are quite different from

those of the CTC tests. Relevant studies should consider the

influence of the mining-induced stress evolution process.
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