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Abstract Bedding structure has affected gas flow in coal seam greatly, which also
controls gas permeation direction and gas extraction results, and finally it has tremendous
influence on prevention and control of gas disaster accidents. Combined with engineering
practice of gas disaster prevention and control in China, in this paper, permeability evo-
lution of nature coal in different bedding directions in the condition of loading is studied,
and the results showed that in three directions of bedding fractures, permeability of coal
which is parallel to bedding planes is the highest; it would be much easier for gas per-
colation along the bedding planes than other directions. In the unloading process, tension—
shear destruction appears in coal sample which is oblique to bedding along the bedding
planes, with a sudden increase in permeability. It is difficult for the crack damage from
loading process to recover in unloading process, that is, permeability of unloading isn’t just
a simple reverse process of loading. Combined with the permeability evolution of the three
coal samples in the whole process, three permeability evolution models which include
elasticity, plasticity and fracture are proposed. Based on the experimental results, gas
extraction using boreholes along coal seam and through coal seam is compared during
depressurized mining. Due to the bedding structure of coal seam, a large area of fracture
network of “boreholes—bedding fractures” is formed among boreholes through coal seam
and bedding structure, which makes the good effect of gas extraction using boreholes
through coal seam. Research results will be of important guiding significance for choosing
the best gas extraction scheme, layout of setting parameters of drilling boreholes and gas
disaster prevention in the underground coal mine.
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1 Introduction

In the long geological age, the coal seam has shown the characteristics of sorted bedding
planes due to the diversity of composition of coal-forming material, particle size, cement,
texture and structure etc., which also has a decisive effect on the stability, producibility and
fluid flow of coal (Laubach et al. 1998). The effects are mainly embodied in the following
aspects: the presence of bedding planes destroys the continuity and integrality of coal and
changes the stress distribution in coal seam, which easily causes the development, evolu-
tion, connection of bedding fracture and even deformation and destruction of coal after
mining. The presence of bedding planes also influences the adsorption, desorption, diffusion
and permeation of gas which directly controls the direction of gas flow and concentration
distribution, and thus greatly affects coal seam gas extraction (Mazumder et al. 2006).

There is a huge demand for coal because of the rapid economic development of China,
and the output of coal is increasing rapidly with the average annual growth rate of 10 % in
the last decade, as shown in Fig. 1. Though China’s coal output has been growing, the
mortality rate of million ton, accidents number and death toll are all decreasing continu-
ously, as shown in Fig. 2, which indicates the great achievements in coal mine safety made
by Chinese scientific researcher. With the increase in mining depth and mining intensity,
various accidents still occur frequently, especially the gas accident which has become the
most prominent disaster. Figure 3 is the proportion of all kinds of accidents in 2012, and
the gas disaster accidents account for 50.8 %. Therefore, the gas accident is one of the key
problems that need to be solved urgently in coal mine development process. In China, the
gas extraction is an important technical measure for controlling gas disaster. As is known,
bedding structure is the main factor of controlling the permeability of coal and gas flow
(Cheng et al. 2009; Yuan et al. 2013), and permeability is one of the most important basic
parameters for controlling gas disaster in coal mine.

There are many factors that affect the permeability of coal during mining. Previous
studies have focused primarily on factors involving changes in effective stress and coal
matrix swelling and deformation by gas adsorption and desorption. For example, Jasinge
et al. (2011), Korsnes et al. (2006) and Somerton et al. (1975) studied the relationship
between permeability and stress. Harpalani (1985) did research on the variation of per-
meability along with the changes of gas pressure inside of the pore under various stress
states. Durucan and Edwards (1986) found that the permeability decreases along with the
increase in the effective stress. Yin and Wang (2006) concluded that pore pressure and
effective stress have important effects on the permeability characteristics of rocks. Connell
et al. (2010) considered that both the microstructure and the effective stress have obvious
effect on the permeability of coal. Berryman (2011) proposed that the effective stress could
affect the permeability by changing the structure of porous media. Gas adsorption and
desorption which causes the swelling and shrinkage of coal matrix also affect the per-
meability directly in the process of gas percolation (Fu et al. 2002; Karacan and Mitchell
2003; Majewska et al. 2013; Zharikov et al. 2003). Zhou et al. (2009) developed a theo-
retical model based on the effective stress. Many valuable results in this field were
obtained in the last decades.

Except for effective stress, pore pressure and coal matrix, only the bedding structure of
coal seam is the internal factor that influences the anisotropy characteristic of permeation
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Fig. 3 Proportion of larger accidents in China coal mining in 2012

in coal-forming process (Kuila et al. 2011; Law 1993; Rose and Foh 1984). However,
studies of the relationship between the bedding structure and permeability are presently
scattered. Huang (2012) took into account the effect of the structural anisotropy on coal
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permeability. Yu et al. (2008) researched the impact on coal strength from the perspective
of bedding. Pomeroy and Robinson (1967) conducted experiments and found that the flow
of water (equivalent to permeability) changed obviously when the confining pressure was
perpendicular to bedding planes of the specimens. Koenig and Stubbs (1986)considered
that permeability characteristics of gas were influenced significantly by bedding. Gash
et al. (1992) investigated that the permeability parallel to bedding was much higher than
that of perpendicular to bedding in the conditions of loading confining pressures on coal
samples. Palmer (2009), Li et al. (2013) and Liu et al. (2012) summarized an analysis
model of gas permeability evolution in coal seam on the basis of CO, displacement. Some
previous studies (Li et al. 2003, 2004; Perera et al. 2013) focused on the permeability of
coal joint under vertical stress.

Based on the above, the structural characteristic of coal has great influence on gas
permeability and also directly affects the behaviour of gas permeation and gas extraction
(Dawson and Esterle 2010; Ryan and Branch 2002). Therefore, in this study, experiments
were conducted using cylindrical samples of coal with three directions relative to bedding
planes, shown as follows: (1) sample C1 was oriented perpendicular to bedding; (2) sample
P1 was oriented parallel to bedding; (3) sample X1 was oriented oblique (45°) to bedding.
We attempted to explore the evolution law of permeability and deformation characteristics
of nature coal, as well as the influence of bedding structure on permeability under various
loading conditions.

2 Experiment part
2.1 Coal samples preparation

A large block of coal was collected from No. 3 coal seam of Si-He coal mine in Jincheng,
Shanxi province. The sample displayed distinct bedding structure. Properties of coal are
summarised in Table 1. Standard cylinders of 50 mm in diameter and 100 mm in length
were cut from the coal block at three different bedding orientations. Coal samples are
shown in Fig. 4, and the schematic diagram of bedding distribution in each sample is
shown in Fig. 5.

2.2 Experimental apparatus

Firstly, the length, diameter and weight of the nature coal samples were measured and
recorded. Then, the samples were packed in hot pyrocondensation pipe to avoid gas
leakage. Experiments were performed using self-regulating coupling characteristic deter-
minator of adsorption—permeation mechanics. A schematic diagram of this apparatus is
shown in Fig. 6, which consists of loading module, fluid module and data acquisition
module.

2.3 Experimental scheme and procedure
The scheme of this experiment is presented as follows: a constant pore pressure of 1 MPa
is set using methane as the gas source. Firstly, the axial and confining pressure should be

raised to 12 MPa simultaneously. Next, the confining pressure is released, while the axial
pressure is kept constantly. The detailed experimental scheme is shown as Table 2.
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C

Fig. 4 Coal sample preparation. a A large block of coal; b sample preparation and processing;
¢ experimental coal samples

C

Fig. 5 Sketch of coal samples, showing various orientations of bedding planes. a Perpendicular to bedding
planes (sample C1); b parallel to bedding planes (sample P1); ¢ oblique to bedding planes (sample X1)

The transient pulse technique is used in this experiment. Its testing principle is to
balance the pressure on both ends of the sample for a time and then increase the pressure
on one end, which gives the sample a transient pulse pressure difference, thus one-
dimensional percolation is formed inside of the sample. As time goes on, the upstream
pressure gradually decreases, and the downstream pressure gradually increases until the
sample reaches a new pressure balance state. The formula of the pressure gradient in the
upstream with time is (Wang et al. 2011):

SP(1) = 3P(tg)e ™™ (1)

where 8P(¢) is the pressure difference between the upstream and downstream at time ¢,
SP(ty) is the initial pressure difference between the upstream and downstream, ¢ is the time

and o is defined as below:
kA (1 1
=—|=—4+—= 2
t L (Su +Sd> @)

where k is permeability, p is the viscosity of the fluid, A is the sample cross-sectional area,
L is the sample length and S, and Sy are the storage coefficient of the upstream and
downstream. The permeability is obtained from Eq. (2).
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Fig. 6 Schematic diagram of the experimental apparatus

3 Results and discussion

Based on the conditions and methods of the experiment, the permeability of coal in three
different bedding directions is tested. Experimental results are shown in Table 3, and the
entire process of permeability evolution under loading and unloading is shown in Figs. 7, 8
and 9.

The permeability of coal in three bedding directions was analysed. In the loading
process, the permeability decreased along with the increase in effective stress. The change
rate of permeability was the biggest in the initial loading period, and then, it became flat.
The permeability parallel to bedding was always the highest, and it was 7.5 and 1.7 times
higher than that perpendicular and oblique to bedding, respectively. It indicates that in the
loading process, gas flow was easier along the direction which is parallel to bedding than
other directions. However, gas flow was blocked among bedding planes with the result that
permeability of sample which was perpendicular to bedding planes was the lowest, which
was identical with the research results in literature (Li et al. 2004).

During the unloading process, the permeability of the sample in three directions
increased along with the decrease in effective stress. When the effective stress decreased
from 11 to 7 MPa, the permeability began to increase but the increasing extent was small,
which indicated that the fractures of bedding planes were unable to quickly recover from
their previous compressed state during loading. The permeability increased sharply when
the effective stress decreased to <7 MPa. During this process, fractures of bedding planes
were recovered, and new fractures were produced. Under the effect of corresponding
effective stress, the permeability in the loading process was higher than that in the
unloading process, which indicated that the unloading process is not a simple inverse
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Table 2 Parameters of experimental scheme

Serial Axial Confining Pore Remarks
number pressure pressure pressure
(MPa) (MPa) (MPa)
Loading
1 2 2 1 The rate of loading axial
2 4 4 1 pressure and confining
3 6 6 | pressure are 10 N/s
4 8 8 1
5 10 10 1
6 12 12 1
Unloading
7 12 10 1 The rate of unloading axial
8 12 8 1 pressure and confining
9 12 6 | pressure are 20 N/s
10 12 4 1
11 12 2 1

process of loading. Because fractures inside of coal incurred permanent damage during the
loading process, these fractures deformed and closed such that they had difficulty in
completely recovering during unloading. The final permeability in the three directions with
respect to bedding recovered only 39.3, 14 and 28.7 % of their initial value. The recovery
degree of permeability which was perpendicular to bedding is higher mainly because
bedding planes were compressed in the axial direction and new fractures were then formed.
Fractures among the bedding planes were cut through so that gas flow became much easier
for permeation.

Seen from the testing results of a single coal sample, the variation range of permeability
perpendicular to bedding was the lowest during loading from 1 to 3 MPa. Therefore, gas
flow through the bedding planes was insensitive to the effective stress. The permeability
parallel and oblique to bedding changed appreciably, as well as the widths of the bedding
fractures. During the unloading process, the permeability recovery of the coal samples
parallel to bedding became slowly. However, the sample that was oriented oblique to
bedding displayed a phenomenon of mutations, namely the widths of original fractures
suddenly recovered and new fractures rapidly developed. One reason to explain this
unusual deformation when the confining pressure was decreased to 2 MPa was that the coal
sample was ruptured along the bedding planes, and the strength of bedding planes was
weaker than the coal body. The feature of the breakage of this coal sample was shown in
Fig. 10. Slip and deformation appeared on weak bedding planes created separations along
planes and fractures, which caused rapid increase in permeability. This is a good guidance
of the boreholes drilling arrangement for gas extraction.

The relationship between permeability and unloading rate is established, as shown in
Fig. 11. When the unloading rate is <24.5 %, the permeability increases slowly; when the
unloading rate is more than 36.4 %, the permeability increases rapidly. The micro-cracks,
joints and bedding fractures are gradually extended and connected. As their connectivity
develops well in the coal, they form an extensive system of fractures, which then creates
paths for gas flow gradually; thus the permeability of coal samples increases rapidly.
The permeability among the coal samples varies by a factor of 7. This large variation in
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Table 3 Permeability of coal samples in three different directions with respect to bedding

Serial Axial Confining Pore Permeability Permeability Permeability
number  pressure pressure pressure of C1 (mD) of P1 (mD) of X1 (mD)
(MPa) (MPa) (MPa)
1 1.998 1.997 1 0.00346 0.02600 0.01500
2 3.999 3.998 1 0.00246 0.01101 0.00477
3 5.999 5.998 1 0.00150 0.00600 0.00320
4 7.998 7.997 1 0.00098 0.00336 0.00183
5 9.998 9.998 1 0.00080 0.00280 0.00130
6 12.003 12 1 0.00065 0.00062 0.00043
7 12.004 9.998 1 0.00065 0.00068 0.00040
8 12.002 7.998 1 0.00069 0.00084 0.00060
9 11.998 5.998 1 0.00071 0.00140 0.00090
10 12 3.998 1 0.00079 0.00241 0.00230
11 11.996 1.999 1 0.00137 0.00364 0.00530

deformation leads to the appearance of displacement and breakage along the bedding
planes.

Because the bedding planes fractures in the coal that incurred permanent damage is
different in loading, the permeability recovering is quite different. Finally, the permeability
evolution will be concluded as three typical paths, which is shown in Fig. 12.

In process of loading, permeability changes along the path from 1 — 2. On the con-
trary, the permeability changes along the path from 2 — 1 in process of unloading, which
creates a reversible process of loading. This indicates that fractures or pores were kept
unchanged in the sample and new fractures also did not appear as well. This sample should
be regarded as elastic material, and an elastic model could be used to explain its behaviour.
If, after unloading, the permeability changes along the path from 2 — 3, then the per-
meability during unloading is lower than that of the loading process. In this case, the
sample has incurred damage, and the fractures and pores have changed. Such a sample
should be classified as plastic, and a plastic model may be used to explain its behaviour.
If, after unloading, permeability changes along the path from 2 — 4 when the stress is
released to some value, then the permeability suddenly rises with stress releasing to the
value that is greater than that of the loading process. This behaviour indicates that fractures
and pores have changed and new fractures have developed, and a fracture model is
required to explain the behaviour. Such behaviour can be described using a cube perme-
ability model by McKee et al. (1988), in the case of paths 2 — 1 and 2 — 3. However, in
the case of path 2 — 4, such a model is not applicable, thus a new explanatory model is
needed to be established. Based on the above analysis, we have summarized these three
typical paths as elastic permeability model, plastic permeability model and fracture
permeability model.

4 Bedding structure effect of gas extraction in coal mining
Gas extraction is an important technology for controlling gas disaster in underground coal

mining. Meanwhile, the bedding in coal seam serves as the primary pathway of gas flow
and enrichment place. In China engineering practice of gas control in coal mining, the
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0. 030 1

—o— loading

0. 025 —o— unloading

0. 020
0.015 1

0.010 1

Permeability/mD

0. 005

0. 000

Effective Stress/MPa
Fig. 8 Permeability—effective stress relationship parallel to bedding planes

boreholes drilled across coal seam and along coal seam for gas controlling has been used
extensively. In this study, we applied the experimental results to working face 4401 in the
Si-He coal mine. The bedding structure is clearly displayed and distributed widely in this
coal seam. According to the experiment, the borehole is designed and shown in Figs. 13
and 14, the borehole perpendicular and parallel to coal seam bedding, respectively.

The hundred metres borehole of initial gas flow and the hundreds metres borehole of
attenuation coefficient of gas flow, the average extraction flow and the total flow volume
are taken as indexes for analysing the effects of gas extraction in the boreholes, as shown in
Table 4. An average initial flow is 0.267 m*/min in hundred metres of borehole, and it was
measured in boreholes drilled 45° to the bedding planes. This value is 1.4 and 2.1 times
bigger than that of the boreholes perpendicular and parallel to bedding, respectively. The
minimum attenuation coefficient of gas flow in boreholes drilled 45° to bedding is 45 and
27 % lower than that of the other two boreholes. The average flow of extraction in the
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Fig. 9 Permeability—effective stress relationship oblique to bedding planes

Fig. 10 Deformation in sample oriented 45° to bedding planes. a Broken of whole coal sample, b broken
along bedding planes

boreholes is as follows: boreholes oblique to bedding > boreholes perpendicular to bed-
ding > boreholes parallel to bedding. The total volume of gas extraction is also larger than
that of the other boreholes. In the conditions of relatively stable gas extraction pressure, the
rate of gas extraction is controlled by the initial flow of gas from the borehole and the
attenuation coefficient. When the initial gas flow is larger, the attenuation coefficient of gas
extraction is smaller, and the effect of gas extraction is better.

Therefore, effects of gas extraction is better from the boreholes drilled oblique and
perpendicular to bedding than that from the boreholes drilled parallel to bedding, which
matches with the results from the literature (Chen et al. 2003), and the experiment that the
gas permeate easier when passing through along the bedding planes. During coal mining,
bedding planes are easily broken through by the borehole wall as the drilled is cutting
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Fig. 12 Schematic diagram for permeability evolution path under loading

through the coal seam, and the borehole wall contact with bedding fractures in larger space,
which have numerous intersections with the cut face. Then, gas is released from extensive
areas of fracture surfaces. Ultimately, fractures form an extensive network of fracture—
borehole intersections, and the gas flow through this network into the boreholes under
extraction pressure. Thus, gas extraction is better as a result of this entire process.
According to the experimental results and project practice at site, when the boreholes
are crossing the coal seam for gas extraction, gas flow has achieved better results along the
bedding planes. In the case of borehole which is drilled parallel to bedding planes, gas
seepage needs to pass through the coal bedding in order to enter into boreholes, and gas
seepage is restrained, it turns out that the permeability and flow velocity are greatly
decreased. Under such conditions, effects of gas extraction will not be ideal. Therefore,
based on the results of experiment, the permeability of boreholes perpendicular to bedding
is 2-10 times higher than that of boreholes parallel to bedding. It shows the fact that the gas
flow smoothly from the bedding fractures to the boreholes, which also achieved good
effects in engineering practice. Many coal mines in China use the method of drilling
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Table 4 Effect of gas extraction in various boreholes

Borehole characteristic ~ Initial flow of Attenuation ~ The average flow of The total of gas
gas (m*/min) coefficient extraction (m>/min) extraction (m”)
Borehole along to 0.129 0.0136 0.072 9,250.7
bedding planes
Borehole perpendicular  0.185 0.0082 0.124 14,629.6
to bedding planes
Borehole oblique to 0.267 0.0037 0.180 17,382.5

bedding planes

boreholes through coal seam to control gas disaster. Many measures have been adopted,
such as low-lane boreholes path through the coal seam for gas extraction, high-lane
boreholes down through the coal seam for gas extraction and extensive fields of boreholes
through the coal seam for gas extraction. All of these measures have been widely used in
gas extraction, which have effectively controlled the gas disasters, and finally reaching the
objective of reducing the amount of coal mining accidents.

5 Conclusions

The experiments were performed to study the variation in permeability along with various
orientations with respect to bedding planes in the conditions of loading and unloading, and the
objective was to optimize the effect of gas extraction according to the characteristics of the
permeability. Based on the results obtained from the experiments, the following conclusions
are drawn:

1. The permeability had a close relationship with bedding structure of coal seam. This
study included a comparative analysis of three orientations of bedding planes, which
indicated that the gas permeability in three directions with respect to bedding planes
was quite different. The permeability of which the fluids conducting direction is
parallel to bedding was the highest, followed by the permeability oblique to bedding
and perpendicular to bedding, respectively, which showed that the gas seepage became
much easier along the bedding planes than other orientation.

2. In the process of loading, the permeability of nature coal samples was approximately
one order of magnitude at maximum in three different directions with respect to
bedding planes, and the permeability decreases along with the increase in effective
stress. In the process of unloading, the permeability increases along with the decrease
in confining pressure. The unloading rate had greatly effect on the deformation
sensitivity of the sample oblique to bedding planes. Under a certain extent of
unloading, bedding fractures tended to open; when the unloading increased, new
fractures led to a sudden increase in the permeability. Simultaneously, breakage
developed along bedding, which indicated that the strength and stability of coal which
was oblique to bedding were poor. Compared with the samples in other orientations,
this sample was easier to deform, and the changes in pore structures, fractures and
filling properties during structural deformation helped increase the permeability.

3. After comparing the permeability evolution process of the three coal samples, we have
obtained three models of permeability evolution path, which are elastic permeability
model, plastic permeability model and fracture permeability model.
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4. The directionality of coal bedding led to the anisotropy of permeability, which also
had a significant impact on the layout of gas extraction boreholes in coal mining. In
this study, some parameters were used to compare the borehole extracting effects
between drilling across bedding and drilling along bedding. Finally, due to the bedding
structure of coal seam, a large area of fracture network of “boreholes—bedding
fractures” is formed among boreholes through coal seam and bedding structure; the
results showed that drilling across bedding planes for gas extraction achieved better
effects, at last reduce gas release and gas disasters.
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