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Abstract Coal and gas outburst disasters in coal seams are becoming more serious as
coal mines extend deeper underground in China. Damage evolution has affected gas flow
in coal seam greatly, which also controls gas permeation and gas extraction results, and
finally, it has tremendous influence on prevention and control of gas disaster accidents. In
this paper, the cracking process of coal under compressive stress condition and the per-
meability variation during the whole process is experimentally studied with the aid of 3D
acoustic emission monitoring system. The experimental results suggest that the coal failure
and degradation of mechanical properties are essentially related to the propagation and
coalescence of induced cracks. Using a damage tensor defined by the direction-dependent
crack density, the damage evolution during the whole loading process is studied. It is
revealed that the damage evolution is mainly initiated with the appearance of microcracks
and accelerated in the post-peak region. During the post-peak region, a similar increase
tendency of damage and permeability is noticed, and therefore, a post-peak permeability
model is proposed considering the influence of damage evolution on the permeability
variation in the post-peak region. Finally, we analyze the gas outburst hazard with coal
mining. There exists a transition zone around the vertical stress concentration, and ener-
getic failure may result in this transition zone.
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1 Introduction

The rapid development of China’s economy has a huge demand for coal resources, and
coal production has increased with an average annual growth rate of 10 % in the past
decade. With the increase in mining depth and the development of coal mining mecha-
nization, coal mine accidents still occur frequently, especially for gas disaster. The data
indicate that the proportion of gas disaster reaches to as high as 50.8 % among all coal
mine accidents in China in 2012 (Pan et al. 2014; Li 2014; Lu et al. 2014; Meng et al.
2015; Wang et al. 2014; Yu et al. 2014). Therefore, the gas disaster is an urgent problem
which needs to be solved. The excavation processes severely disequilibrate the initial
balance state of geological stresses of coal seam, resulting in the further extension of
fractures and gas emission. If the gas emissions cannot be effectively controlled, the gas
content in the working space may exceed the limit for safety working conditions. This may
stop working process or cause the gas explosion in the working space or the occurrence of
coal and gas outburst accident (Karacan 2007). Different measures are taken to reduce this
gas disaster, for example in-seam gas pre-drainage ahead of mine development (Karacan
et al. 2011), hydraulic fracturing (Huang et al. 2011), and high-pressure waterjet tech-
niques (Aguado and Gonzalez 2007; Lu et al. 2011).

The causes of instantaneous gas outbursts are complex, and a spatial variation in
stresses, gas pressures, damage, permeability, and desorption rate exists ahead of the
mining face in underground coal seams. This is due mainly to the sudden stress redistri-
bution induced by mining (Harpalani 1985). Changes in one zone influence adjacent zones
and are of great consequence in controlling the stability of coal seams. Therefore, an
understanding of the damage evolution law and permeability variation is important in this
process. Experimental measurements of these effects are crucial in understanding the
response where the coal seam ahead of the mining face is loaded.

To date, many experimental and numerical investigations have been conducted to study
the gas flow through fractured rocks. Measurements on coal have investigated the evolu-
tion of strength and the stress—strain characteristics in triaxial compression (Gentzis et al.
2007; Hobbs 1964; Medhurst and Brown 1998), scale effects on strength (Medhurst and
Brown 1998; Bieniawski 1968; Scholtes et al. 2009), the evolution of elastic parameters
(Kaiser and Maloney 1982), the influence of width/height ratio on post-failure behavior
(Das 1986), and the dependence on loading rate (Okubo et al. 2006). Permeability of intact
coal has been studied as a function of applied stress (Liu et al. 2011; Pini et al. 2009;
Siriwardane et al. 2009; Wang et al. 2011; Wang et al. 2013), of pore pressure, and of fluid
composition (Harpalani and Chen 1997; Harpalani and Schraufnagel 1990). Nonetheless,
little work is available to quantitatively characterize the influence of the interior fracture or
damage evolution on gas transport properties of fractured coal in the post-peak region.
Generally, with the progressive loading, coal fracturing generates new fracture surfaces,
accelerates the gas desorption, releases internal energy, and may promote a feedback to
runaway failure. This highlights the importance of understanding the relationship between
progressive damage and permeability evolution.

The purpose of this paper was therefore to characterize the damage evolution process of
coal under compressive stress condition and to study its effect on the permeation properties
of damaged coal. The three-dimensional acoustic emission (AE) technique, which is an
ideal nondestructive method for studying crack growth (damage) at its actual state, is used
to detect the changes in the interior fracture of coal. In the paper, using the experimental
data and an anisotropic damage tensor proposed by Shao et al. (2006), the damage evo-
lution law of coal under compressive stress condition was discussed. Then, we analyzed the
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characterization of permeability variation. A post-peak permeability model was proposed
to describe the influence of damage evolution on permeability variation during the post-
peak process based on the permeability model proposed by Cui and Bustin (2005). Finally,
based on the experimental observation, we analyze the gas outburst hazard with coal
mining. There exists a transition around the vertical stress concentration, and energetic
failure may result in this transition zone.

2 Design of the experimental tests
2.1 Testing facilities

The mechanical and permeability tests were conducted in Sichuan University in China with
the MTS815 rock mechanics test system with a maximum axial loading capacity of
4600 kN. Two linear variable differential transducers and an axial extensometer (—2.5 to
5 mm) are used to measure the axial deformation, while the circumferential deformation is
measured by an extensometer (—2.5 to 8 mm).

Meanwhile, a 3D acoustic emission system (PCI-2) is used to record the cracking
process. In the test, eight sensors were attached to specimen to obtain the spatial distri-
bution of AE events, and the sampling rate was 40 m/s. The used AE sensors are Mic30
sensors with a central frequency of 300 kHz and a frequency range from 150 to 1000 kHz.
The preamplifier gain is 40 dB, and the threshold is fixed at 30 dB. The average com-
pressive wave velocity is about 5200 m/s (range 5120-5351 m/s).

The coal samples used in the experiment were chosen from No. 8 Coal Mine of Pingding-
shan, Henan Province, China. The coal samples were further processed into cylinders of 50 mm
diameter and 100 mm length. The gas was 99.9 % pure methane. The confining pressure was
set at 10 MPa, and the gas pressure was set at 1, 2, and 3 MPa, respectively.

2.2 Test method

The experimental procedure was as follows: (1) The sample was placed on the testing
machine, and then, hydrostatic pressure was applied to the coal sample to 10 MPa at
3 MPa/min. (2) Methane was gradually injected to increase the pressure with an increment
of 0.25 MPa. After reaching the setting pressure (1, 2, 3 MPa), the pressure at the inlet end
was maintained stable. Once the methane was completely adsorbed, the valve at the outlet
end was opened, and its pressure was maintained at 0.1 MPa; when the gas flow was stable,
the initial gas flow was recorded. (3) The confining pressure was maintained constant, and
the force control mode was used to load the axial pressure at a speed of 10 kN/min. In the
post-peak region, the displacement control mode was used and the loading speed was
0.04 mm/min. (4) When the load reached a certain state, the outlet end was opened, and the
gas flow was recorded. After that, the outlet end was closed, and the load was continued.
(5) When the coal sample reached the residual stage, the test was concluded, and the above
steps were repeated with next sample.
The gas permeability is defined by Darcy’s equation as follows:
j — 2QoPouL (1)
AP - P2)

where k is the gas permeability (m?), Qp is the volumetric flow rate at the reference
pressure (m>/s), u is the gas viscosity (Pa - s), L is the length of the coal sample (m), P is
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the reference pressure (Pa), A is the cross-sectional area of the coal sample (m?), P, is the
upstream gas pressure, (Pa), and P, is the downstream gas pressure (Pa).

3 Theoretical background of data interpretation

In the last decades, numerous damage models are proposed to describe the mechanical
behavior of damaged rock by the induced cracks (Kachanov 1994; Ju 1990). The degra-
dation of mechanical properties is essentially related to the direction-dependent crack
density (Kachanov 1994). In this study, an anisotropic damage tensor proposed by Shao
et al. (2006) is employed to estimate the damage variation in coal under compressive stress
condition. The brief review of the damage tensor and its determination method with the
mechanical tests is given in this section.

The authors consider a representative element volume containing randomly distributed
penny-shape microcracks. It is assumed that the brittle materials are subjected to com-
pression-dominated stresses. The crack density remains small, and the interaction between
microcracks can be neglected before the onset of the coalescence of microcracks. The
initial behavior of material is isotropic, and anisotropy is fully induced by preferential
distribution of microcracks.

Based on the micromechanical study, the free enthalpy function W, of the brittle
material containing randomly distributed microcracks is obtained by the integration of the
free enthalpy of each family of microcracks over all the space orientations on the surface of
unit sphere, denoted by S*:

Wemlg:s gy a)(ﬁ)(l —@) x (6 x 7i) x (ii x & x i) 7 dS
2 4 2
§2+ (2)
+4— o(){(exe6): (ien) —06:(RQARARN) : 6 }dS

TlfS2
where 6, vo, and S° represent the macroscopic stress tensor, poisson ratio, and the elastic
compliance tensor of the undamaged material, respectively. The continuous crack density
function (i) defines the crack density associated with the family of microcracks with
normal unit 7. The sub-domain $>" corresponds to the orientations of opened cracks
(Pensee et al. 2002). The parameter i = 16(1 —v3)/(3Eo(2 — vo)) denotes the elastic
compliance of a crack.

Then, a second-order damage tensor at macroscopic level, which is a function of crack
density w(i), is defined as

D- % / o(7i) (i @ i)dS 3)

Based on the previous work (Lubarda and Krajcinovic 1993; Yang et al. 2001), the
crack density function (i) can be approximated by the macroscopic damage tensor, D, as
follows:

o) == {D (@) — %trD} 4)
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On this basis, two particular cases are considered to obtain the analytical integration of
the macroscopic free enthalpy function (Eq. 2) using the second-order damage tensor
approximation (Eq. 4): In the first case, all the microcracks are opened (8** = §%), and in
the second case, all the microcracks are closed (S** = @). For these two situations, the
macroscopic free enthalpy function is explicitly expressed with the second-order damage

tensor D by the making the integration of Eq. (2) over the space orientations 52

1
W, = 0 5% : 6 + a,rD(tr6)* + axtr(e % 6 x D) + astretr(D x &) + astrDir(c X &)
(5)
The four parameters a; are given by
—c _T+2c c

—c
ag —%/L ay 7 h, as 7?1’17 ag 7511 (6)

where the coefficient c is equal to —v, for the opened cracks and —2 for the closed cracks.
This form of thermodynamic potential is similar to that used by Hayakawa and Murakami
(1997) from a fully macroscopic assumption.
By making the standard derivation of the thermodynamic potential (Eq. 5), the stress—
strain relation of the damaged material is obtained:
e— (D) = aWca(Z,D) 1 ZOVO 6 — 2—2 (tre)d + 2a; (trDtre)d ™)
+ ax(6 x D+ D x 6) + az[tr(6 x D)d + (tre)D] + 2astr(D)o

where & (D) represents the inelastic strain tensor induced by the sliding and misfit of
induced cracks. é denotes the second-order unit tensor with the components being given by
the Knocker’s symbol. The constitutive Eq. (7) can be rewritten in the following form:

o aWc(o-vD)

e—¢' (D) %

=SD):o (8)

The components of the elastic compliance tensor of the damaged material, S(D), are
given by

14+v V
Siu(D) = TO (00 + dudi) — E—05z‘j5k1 + 2a; (trD) 00
0 0
1 9)
+ e (5iijz + 0yDj + Didj; + Diléjk) + a3 (5ijDk1 + Dz‘j5k1)

+ a4(trD) (didj + Sudje)

Therefore, in the coordinates frame associated with the principal directions of damage
tensor, the strain—stress relations can be expressed in the standard matrix form by using the
Voigt notation:

el St Sz Si3 o1
€2 So1 S 523 022
€33 831 S32 833 033

= 10
2e1 1/G2 o12 (10)
2603 1/Gxy 023
2¢31 1/Gs 031
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As mentioned previously, the triaxial loading tests are performed to characterize the
degradation of elastic moduli and inelastic deformations. From Eq. (10), we have:

&1 = S1o1 + (Si2+ S13)03 (11)
&3 = S3101 + (Sx + S33)03 (12)

Because the confinement (03) was kept constant during the test, the incremental con-
stitutive relation in axial and lateral directions can be obtained by taking the derivative of
Egs. (11) and (12), S1; = de;/doy, S3; = des/da;. Therefore, the components S;; and S3,
of the elastic compliance tensor of damaged rock can be fixed with stress—strain curve
during the whole process. The variable D; essentially corresponds to the influence of
cracks with normal parallel to axial stress, while D, and D; represent the influence of
cracks with normal perpendicular to axial stress. In view of the axisymmetric configuration
and loading condition, a transversely isotropic damage tensor is adopted which implies
D, = Ds. The coefficient c is equal to —v, for the opened cracks and —2 for the closed
cracks. Then, with the relationship given in Eq. (9), the axial damage variable D, and the
lateral damage variable D3 can be accordingly determined.

4 Experimental results

4.1 Macroscopic mechanical behavior and characteristics of the recorded AE
events

The stress—strain curves and the variation in recorded AE cumulative counts in the test at
the gas pressure of 3 MPa are presented in Fig. 1. It is noticed that the recorded AE events
are very limited at the beginning of loading process (phase I). Then, a steady increasing
phase (phase II) is observed with the increase in axial stress, which corresponds to the
initiation and propagation of microcracks. When the volumetric strain of the coal is
compressed to an extremum, the inflection point in the volumetric strain curve emerges due
to the sliding and the opening of the induced microcracks. Next, the cracking process is
accelerated when the axial stress approaches the peak point (o). As a result, the rock
failure takes place soon after the occurrence of AE accelerating phase (phase III). In the
post-peak region (phase IV), considerable AE events are also recorded after the rock
failure, and then, the increasing tendency is reduced slightly. Considering the fact that
macroscopic failure surface is already formed in the post-peak region, the recorded AE
events in this region are mainly related to the sliding along the failure surface. In general,
the transition point to the steady increasing phase of AE events can be considered as the
microcrack initiation stress (o,;), while the accelerated point of AE events can be con-
sidered as the crack damage stress (g.,) (Cai et al. 2004).

Using the Geiger locating algorithm (Geiger 1912) which is based on least square
method, we get the spatial location of acoustic emission source according to the time
difference of P wave received by sensors in different positions. Figure 2 shows the AE
locating results in coal sample during the whole process. The deviatoric stress ratios are
listed above the AE locating figures. When the deviatoric stress ratio is below 80 %, AE
location events are lacking and arbitrarily distributed in the coal sample. Afterward, there
are more and more AE location events when the deviatoric stress ratio is above 80 %.
Then, when the deviatoric stress ratio is between 90 and 100 %, a large number of acoustic
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Fig. 1 Stress—strain curves and variation in AE cumulative counts of coal sample T1 under triaxial
compression (gas pressure 3 MPa)

Fig. 2 Variation in AE
cumulative counts with axial
strain of coal sample T2 under
triaxial compression (gas
pressure 3 MPa)
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Fig. 3 Permeability and damage evolution curves of coal samples under different gas pressures: a sample
W1 (gas pressure 1 MPa), b sample W2 (gas pressure 2 MPa), ¢ sample W3 (gas pressure 3 MPa)
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emission points are concentrated around the main crack surface. Compared with the
deviatoric stress peak, the cumulative AE points in the coal samples increase greatly in
quantity and distribution range when the deviatoric stress ratio reaches post-peak 80 % and
post-peak 65 %.

4.2 Damage and permeability evolution tendency

With the method proposed in above section, the damage evolution of coal under com-
pressive stress condition is determined. As the change in the permeability of coal sample is
mainly determined by the axial stress and the permeability measured in the test is the axial
permeability variation in the coal sample, we mainly analyze the influence of the axial
damage evolution (D) on the permeability of the coal sample. The estimated damage
variable and permeability during the whole process are drawn in Fig. 3.

In accordance with the AE characteristic, the damage variation is negligible at the
beginning of loading process. Then, a steady increasing phase of damage is noticed due to
the initiation of microcracks. Finally, with the propagation and coalescence of the
microcracks, the increasing rate rises much further in post-peak region. Evidently, the
damage evolution process is globally in accordance with the AE characteristics, and the
degradation of mechanical properties of coal is essentially related with the cracking
process.

The apparent permeability of damaged coal is obtained with Eq. (1). In Fig. 3, the
permeability decreases with the increase in stress in the pre-peak region, while the per-
meability grows with the increase in damage during the rock failure and the post-peak
region. During the post-peak region, a similar increase tendency of damage and perme-
ability is noticed. The pronounced permeability increase takes place in the accelerated
increasing phase of damage, due to the sliding and opening of the induced microcracks.
Mainly affected by the initiation and coalescence of microcracks, the variation tendency
between damage and permeability is in accordance with the post-peak region.

4.3 Impact of damage on the permeability of coal in the post-peak region

Based on the data analysis in previous section, it is noticed that there is a similar increase
between permeability and damage variable in the post-peak region. In the post-peak region,
the permeability of damaged rock increases with the increase in axial stress due to the open
of microcracks. The crack is the main factor which controls the permeability of coal.
Therefore, the damage variable defined by the crack density can be used to illustrate the
characterization of permeability variation in coal in the post-peak region.

Based on field and laboratory data, extensive pre-peak permeability models were pro-
posed based on the theory of poroelasticity or equivalent continuum approach, including
Gilman and Beckie (2000), Seidle and Huitt (1995), Palmer and Mansoori (1998), Cui and
Bustin (2005), Liu et al. (2010), and Xia et al. (2014). Cui and Bustin (2005) considered the
influences of effective stresses and sorption-based volume changes, and illustrated the
permeability variation with the change in stress in coal in the pre-peak region. Based on the
stress-dependent permeability model proposed by Cui and Bustin (2005), we analyze the
influence of the damage on permeability in the pre-peak region.

The authors regard coal as a porous medium, containing solid volume of V and pore
volume of V,,. Its bulk volume is V = V,, 4+ V,, and its porosity is ¢ = V,/V. The volu-
metric strain and the pore-volume strain can be expressed by
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Fig. 4 Comparison of model
calculations with experimental
data for permeability—stress
curves of coal samples: a sample
W1 (gas pressure 1 MPa),

b sample W2 (gas pressure

2 MPa), ¢ sample W3 (gas
pressure 3 MPa)
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AV 1
v = "glo—w) +e (13)
AV, 1
W——E(G—ﬁp)‘ﬂs (14)

where f =1 — K /K;; K, is the modulus of pores; & is the sorption-induced volumetric
strain.
Thus, the change in porosity of a deforming coal seam can be calculated by

d
dp =d ﬁ :E ﬁ_ﬂ (15)
Vv VAV, V
Integrating Eq. (15) yields:
1 1
& — oo (x5 Jlo =0~ = po} (16)
A cubic law is applied to get the permeability by Cui and Bustin (2005)
o\’ 11
k:k() % :koexp 3 E*Kfp [(O’*O’())*(p*po)} (17)

which implicitly accounts for the effects of sorption-induced volumetric strain.

In the post-peak unloading process, the coal sample is further damaged. The internal
fractures propagate and mutually communicate to form good gas flow channels. This
increase in permeability under post-peak is mainly caused by the destruction of the coal
and the propagation of cracks. Based on the data analysis in previous section, here we
introduce an enhanced term y(d — dy) + 1 to Eq. (17) to describe the increase in perme-
ability in the post-peak stage as

k=tox (=) + 11 x exp{3(g - o= o) - o-ml|  (8)
P
where 7 is the post-peak permeability enhanced coefficient, which reflects the degree of
sensitivity of permeability to damage, y > 0; d is the damage value of coal in peak stress
condition. With this equation, the permeability variation under post-peak region is obtained
considering the influence of the damage variable D;.
The calculating results according to the permeability model proposed in this study are

compared with the experimental data, as shown in Fig. 4. In the computation, the
1
K

cient y is obtained through the post-peak permeability model (Eq. 18). They are listed in
Table 1. Although the values of the coefficient y of these coal samples are approximately

parameter Klp — = is determined by numerical inversion of Eq. (17). The enhanced coeffi-

Table 1 Calculating parameters

for different samples in coal Samples Parameter

permeability experiments %p _ % (GPafI) .
W1 43.5 15
W2 58.5 16
W3 40.3 15
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equal in this experiment, they may be different in other experiments. The coefficient 7y is
related to the physical property of coal, and the values of the coal samples chosen from the
same mining area may vary within a certain range. Figure 4 shows that our model can well
describe the experimental data. In the post-peak region, the generation of cracks weakens
the mechanical properties of coal and accelerates the desorption rate, which is a complex
process with the failure of coal. In this paper, we use a convenient and brief model to
illustrate the permeability variation in the post-peak region.

5 Analysis of gas outburst hazard with coal mining

A schematic of this geometry (Fig. 5) represents the principal features of anticipated
mining-induced changes in vertical stress, horizontal stress, pore pressure, permeability,
and desorption rate. We use this to understand how these stress conditions and transport
characteristics change with distance from the mining face and how these changes might
contribute to failure. Immediately following excavation (at location a), the mining face is
unconfined. With increasing distance from the face, horizontal stress gradually increases
toward the initial in situ stress. The vertical stress increases rapidly with distance from the
face due to the mining-induced stress abutment. Beyond location c, the vertical stress
gradually resets to the in situ stress. In the zone between locations a and b, pore pressure in

Vertical stress

Permeability

Desorption rate

................................................. I
Distance
»

>

Goaf Minjing face Coal

Fig. 5 Schematic diagram illustrating mining-induced stresses, pore pressure, permeability, and desorption
rate ahead of the mining face
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the fractures is small due to the high permeability, and the original pre-mining gas pressure
may be reset rapidly between locations a and b. This increase in pore pressure decreases
effective confining stress and hence has the potential to trigger failure in the coal. Between
locations b and c, the permeability is below the initial permeability value due to the stress
concentration, as found in this experimental study. Permeability is largest at the mining
face since the coal is in the post-peak region. Beyond location c, permeability increases
again with decreasing vertical stresses to its original value. The rate of desorption depends
on the local pressure difference between the matrix and the fracture (Beamish and Crosdale
1998; Wang et al. 2013). On the mining face, the pore pressure in the matrix remains
almost the same while the pore pressure in the fracture rapidly drops to zero. Thus, the
maximum desorption rate occurs on the mining face where the largest pressure differential
exists. With increasing distance from the face, this desorption rate decreases. This
downward trend becomes significant between locations b and c, because the pore pressure
in the fracture increases rapidly in this zone. Therefore, there exists a transition zone
(zone 1) considering the change in pore pressure, permeability and desorption rate, and the
vertical stress concentration. The energy generated from gas expansion due to the des-
orption, together with the low permeability, microfracturing, and the fact that the coal is
still under load, between locations b and c, has potentially significant weakening effects on
the coal. Rapid, energetic failure may result in this transition zone.

With the above analysis, we may understand why techniques such as in-seam gas pre-
drainage ahead of mine development (Karacan et al. 2011), hydraulic fracturing (Huang
et al. 2011), and high-pressure waterjet techniques (Aguado and Gonzalez 2007; Lu et al.
2011) may suppress gas outbursts. The pre-drainage of gas reduces the pore pressure within
coal seams, increases the effective confining stress, and hence tends to stabilize the coal
seams. Hydraulic fracturing can enhance the permeability of coal seams, especially in the
horizontal direction, so that gas can migrate rapidly and increases the effective stress
accordingly.

6 Conclusions

In this study, under compressive stress condition, the damage evolution law and the
characterization of permeability variation of coal are systematically studied. According to
the analysis of experimental data and recorded AE events, it is confirmed that the per-
meability properties of damaged rock are strongly influenced by the initiation and growth
of microcracks. Some principal conclusions are drawn as follows:

According to the recorded AE events, the damage evolution is rather limited at the
beginning of loading process and is accelerated in the post-peak region due to the propa-
gation and coalescence of induced microcracks. The permeability variation is essentially
related to the damage evolution, and the similar variation tendency is noticed between
damage and permeability during the post-peak process. Based on the analysis of experi-
mental data, a post-peak permeability model is proposed considering the influence of damage
evolution on the permeability variation in the post-peak region. By the comparison between
numerical and experimental results, the post-peak permeability model is found be capable to
well reproduce the permeability variation with damage in the post-peak region. Based on the
experimental observation, we analyze the gas outburst hazard with coal mining. There exists
a transition zone of pore pressure, permeability, and desorption rate around the vertical stress
concentration, and energetic failure may result in this transition zone.
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