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Damage has a significant impact on gas migration in coal seam. In this paper,
a coupled hydraulic-mechanical-damage model is established, which takes into
account the coupling relationship among coal damage, gas seepage and coal de-
formation. The simulation results show that the damage of coal body has little
effect on seepage characteristic in the initial stage, but the influence of damage
on gas seepage is increasing with the increase of time. Both the distribution of gas
pressure and the gas adsorption content of coal body have a significant change.
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Introduction

Coalbed CH, resources are increasingly becoming an important global energy source.
Coalbed CH, production is also important for the safety of coal mine, because coalbed meth-
ane is a harmful gas [1, 2]. Coalbed CH, resources are normally trapped in unconventional
reservoirs by adsorbing to coal matrix. Its extraction usually involves generating from the coal
cleat. The pressure of coal seam is reduced so that the CH, can be desorbed from the coal ma-
trix and flow from the wellbore to the ground [3, 4]. But in underground mining of coal seam,
excavation disturbance causes a large number of cracks in coal seam, inducing the change of
permeability of coal seam and then causing serious impact on gas migration in coal seam. At
the same time, the gas-flow will also change the pore pressure in the coal seam, and then change
the effective stress in the coal seam. The porosity and permeability of the coal body will also
change [5, 6]. Therefore, it is a complex coupling process.

The coal-gas interaction and damage mechanism has been studied by many schol-
ars [7-11]. Using the particle flow software, Lin and Shen [12] numerically analyzed the coal
permeability-improving mechanism of the slot crack network and the borehole gas extraction
slotted by water jet underground. Liu et al. [13] developed a fractal permeability model that
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defines coal permeability as a function of effective stress. In this model, coal microstructure is
characterized by fractal dimension of pore size, fractal dimension of throat tortuosity and max-
imum pore size. In this paper, a coupled hydraulic-mechanical-damage model (gas-flow, solid
deformation, and coal damage) is established. Through this finite element model, the effect of
damage on coal seam on gas extraction is quantitatively analyzed.

Equations of coupled model

According to the principle of Terzaghi effective stress, the following equation can be
obtained [14]:
0 =0, —apd; (1)
where o7 is the effective stress, o; — the total stress, o — the Biot coefficient of the coal, p — the
pore pressure, and J; — the Kronecker symbol.

The permeability of coal can be expressed:

e

The following equation can be obtained [15]:
k= ke ) )

where £, is the initial permeability of coal, ¢,— the compression coefficient of fracture, K — the
volume modulus of coal, K, — the volume modulus of coal fractures, and o, — the effective stress.
According to the elastic damage theory, the elastic modulus of coal can be expressed:

E=(1-D)E, “4)

where E, is the elastic modulus of undamaged state and E — the elastic modulus of the unit in
the damaged state.
When the coal is damaged, the effect of the damage on the permeability can be described:

k _ k0e73c/lD(o'l,fa(0) (5)

where K, is the initial permeability, c,— the compression coefficient of the coal fracture, 1 — the
influence coefficient of damage to permeability, and o, — the effective stress.
The Darcy velocity of gas is expressed:

~ k
q,=——Vp (6)
Y7
where u,is the coefficient of dynamic viscosity and & — the permeability of the gas.

The seepage of gas follows the law of conservation of mass:
om -
E‘FV(qug) =0, )

where m is the unit volume for the gas in the coal, p, — the gas density, g, — the Darcy velocity,
0,, — the source or sink, and ¢ — the time variable.
The mass of the gas, m, is composed of free term and adsorption term, which can be
expressed:
m=pb+ pop— 1L ®)
ptp
where p,, is the gas density under the standard condition, p. — the density of the coal, V', — the
Langmuir volume constant, ¢ — the porosity of the coal, and p; — the Langmuir volume constant.
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The continuity equation of gas seepage can be obtained:

M 2 Mk M
Se OfOr ] B gl plvp ez =g, )
RT &\ p, ) RTp, RT
The coal is regarded as a porous medium, and the coal element satisfies the constitu-
tive equation. It can be expressed by stress, strain and pore pressure:

1 1 1
L g o

where G is the shear modulus of coal, u — the poisson’s ratio of coal, J; — the symbol of Kro-

necker, a — the biot coefficient of coal, K,, — the bulk modulus of coal matrix, K — the volume

modulus of coal, ¢; — the component of strain tensor, and ¢; — the component of stress tensor.
After the coal adsorbs gas, the adsorption expansion strain can be expressed:

¢, =5, —L (11)
p+p

where ¢; and p, are the Langmuir strain constant and the Langmuir pressure constant, respec-

tively.

The stress equilibrium equation can be expressed by displacement, pore pressure and
adsorption expansion:

Gu, . +
1-2u

”j,ji_ap,i_Kgs,i"'fi =0 (12)
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The characteristics of gas-flow in coal 7~ 77l
seam are affected by excavation damage. In & . ’
order to analyze the effect of damage on gas- =
flow in coal seam, a gas extraction model is es- %
tablished, as shown in the fig. 1. The model is  ©° Coal (flow region) .
10 meters long and 10 meters wide. There isa - A
borehole with a radius of 1 m in the lower left . /‘/\\ _
corner. The normal displacement of the bound- . A ~ Monitoring line -
aries of model is constrained, and the symmet-  * S o
rical boundary condition is applied on the seep- L ,” _ Gas drainage borehole
age boundary. The initial gas pressure is 3 MPa, Pd \
and the gas extraction pressure is 0.1 MPa. The -, 7 7 7 7 7 7 7 7 7
changes of gas pressure and gas content on the S

monitoring line are mainly investigated. Figure 1. Computational model geometry

Effect of damage on gas pressure

The gas pressure of the coal seam at different times is presented in fig. 2. The gas pressure
decreases with time in the coal seam. Due to drilling, there will be excavation damage area around
the drilling hole, and the coal permeability in the excavation damage area are greatly improved,
which will increase the desorption and movement of gas in the coal seam, which is conducive to
gas extraction. It can be seen from fig. 2 that with the increase of extraction time, the gas pres-
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Figure 2. Gas pressure distribution in the
coalbed at different time; (a) = 1e4 s,
(b)t=1eS5s,(c)t=1e6s,and (d) r=1e7 s
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Figure 3. Distribution of permeability ratio
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Figure 5. Gas pressure distribution in the
coalbed at different times; (a) t = 1e4 s,
(b)t=1e5s,(c)t=1e6s,and (d) t=1e7 s
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sure in coal seam decreases continuously, and the
low pressure area expands continuously. Figures
3 and 4 show the gas pressure distribution on the
coal seam monitoring line at different times. It can
be seen that in the initial stage, the difference of
gas pressure distribution with considering dam-
age and not considering damage is not obvious
at 1072 second. With the increase of initial perme-
ability of coal seam, the gas pressure decreases.
This is also due to the increase of permeability,
which significantly improves the gas migration
in coal seams. At the same time, the damage
caused by excavation in coal seam will also in-
crease the permeability of coal around boreholes.
Although the effect of damage on gas pressure
distribution is not obvious in the initial stage, the
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Figure 4. Distribution of permeability ratio
atz=10"s

damage has a significant impact on the distribu-
tion of gas pressure in coal seam after a period of
time. When considering the damage, the gas pres-
sure decreases from 2.71 MPa to 2.52 MPa at the
condition of initial permeability of 0.1-107 m?,
and the gas pressure decreases from 1.07 MPa to
0.98 MPa at the condition of initial permeability
of 0.1-10"7 m?.

Effect of damage on gas content

The gas content of the coal seam at differ-
ent times is presented in fig. 5. The gas content
decreases with time in the coal seam. There will
be excavation damage area around the borehole,
which will increase the gas migration in the coal
seam. The gas in the coal seam will be desorbed
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continuously, and the gas content will decrease continuously. It can be seen from fig. 5 that
with the increase of gas extraction time, the content of gas in coal seam decreases continuously.
Figures 6 and 7 show the gas pressure distribution on the coal seam monitoring line at different
times. It can be seen that in the initial stage, the difference of gas pressure distribution between
the coal seams with considering damage and not considering damage is not obvious at 107 sec-
ond. With the increase of coal seam permeability, the gas adsorption content of coal seam in the
stress concentration area around boreholes increases, and a peak area appears. With the increase
of extraction time, the gas content in coal seam decreases continuously. Especially in the arca
around drilling holes, the gas adsorption capacity decreases substantially. This also shows the
influence of excavation damage on gas content in coal seam. Coal seam is a typical dual-porosi-
ty medium. After the formation of boreholes, under the action of pressure difference, gas in coal
seam continuously flows out into boreholes. The gas pressure in coal seam drops continuously.
There exists a difference between the gas pressure in coal matrix and gas pressure in fractures.
The gas in the coal matrix is continuously desorbed and diffused into the fractures, resulting in
the continuous decline of gas content in coal seam. Although the effect of damage on gas con-
tent distribution is not obvious in the initial stage, the damage has a significant impact on the
distribution of gas content in coal seam after a period of time. When considering the damage,
the gas content decreases from 0.031-0.028 m’/kg at the condition of initial permeability of
0.1-10'® m?, and the gas content decreases from 0.024-0.023 m?/kg at the condition of initial
permeability of 0.1-107"7 m?.
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Conclusion

The damage has a significant impact on the gas extraction of coal seam. A fully cou-
pled hydraulic-Mechanical-damage model is established in this study, which takes into ac-
count the damage effect and coal-gas interaction characteristic. The numerical result shows that
damage accelerates the gas-flow, which is beneficial to the extraction of coal seam. Although
the effect of damage on gas pressure distribution is not obvious in the initial stage, the dam-
age has a significant impact on the distribution of gas pressure in coal seam after a period of
time. When considering the damage, the gas pressure decreases from 2.71 MPa to 2.52 MPa
at the condition of initial permeability of 0.1-107® m?, and the gas pressure decreases from
1.07-0.98 MPa at the condition of initial permeability of 0.1- 10" m?. When considering the dam-
age, the gas content decreases from 0.031-0.028 m*/kg at the condition of initial permeability of
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0.1-10"® m?, and the gas content decreases from 0.024-0.023 m?/kg at the condition of initial
permeability of 0.1-10°"7 m?.
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Nomenclature

K —bulk modulus of coal, [MPa] Greek symbols
K, —bulk modulus of coal grians, [MPa]
k., — intrinsic permeability, [m?]

Vi — content of absorbed gas, [-]

p. — density of coal, [kgm]
p, — density of CH, at standard condition, [kgm™]

References

[1] Yang, X. J., et al., Non-Linear Dynamics for Local Fractional Burgers’ Equation Arising in Fractal
Flow, Non-linear Dynamics, 84 (2016), 1, pp. 3-7

[2] Xue, Y., et al., The Influence of the Backfilling Roadway Driving Sequence on the Rockburst Risk of a
Coal Pillar Based on an Energy Density Criterion, Sustainability, 10 (2018), 8, pp. 1-21

[3] Chang, X., et al., Mechanical Performances of Coal-Concrete Bi-Material Disks under Diametrical Com-
presion, International Journal of Rock Mechanics and Mining Sciences, 104 (2018), 3, pp. 71-77

[4] Russian, A., et al., Multi-Continuum Approach to Modelling Shale Gas Extraction, Transport in Porous
Media, 109 (2015), 1, pp. 109-130

[5] Orem, W., et al., Organic Substances in Produced and Formation Water from Unconventional Natural Gas
Extraction in Coal and Shale, International Journal of Coal Geology, 126 (2014), 3, pp. 20-31

[6] Cao, Z., et al., Joint Bearing Mechanism of Coal Pillar and Backfilling Body in Roadway Backfilling
Mining Technology, Computers, Materials and Continua, 54 (2018), 2, pp. 137-159

[7] Liu, C., et al., Gas Emission Quantity Prediction and Drainage Technology of Steeply Inclined and Extreme-
ly Thick Coal Seams, International Journal of Mining Science and Technology, 28 (2018), 3, pp. 415-422

[8] Xue, Y., et al., An Elastoplastic model for Gas-Flow Characteristics around Drainage Borehole Consider-
ing Post-Peak Failure and Elastic Compaction, Environmental Earth Sciences, 77 (2018), Oct., 669

[91 Wang, J., et al., Model experiment on frost-heave force of foundation pit at deepseasonal frozen regions,
Journal of China University of Mining & Technology, 47 (2018), 4, pp. 815-821

[10] Estrada, J. M., Bhamidimarri, R., A Review of the Issues and Treatment Options for Wastewater from
Shale Gas Extraction by Hydraulic Fracturing, Fuel, 182 (2016), 4, pp. 292-303

[11] Xue, Y., et al., Evaluation of the Non-Darcy Effect of Water Inrush from Karst Collapse Columns by
Means of a Non-Linear Flow Model, Water, 10 (2018), 9, 1234

[12] Lin, B., Shen, C., Coal Permeability-Improving Mechanism of Multilevel Slotting by Water jet and Appli-
cation in Coal Mine Gas Extraction, Environmental Earth Sciences, 73 (2015), 10, pp. 5975-5986

[13] Liu, G., et al., A Fractal Approach to Fully-Couple Coal Deformation and Gas-Flow, Fuel, 240 (2019),
3, pp- 219-236

[14] Shi, S., et al., Assessment of Gas and Dust Explosion in Coal Mines by Means of Fuzzy Fault Tree Anal-
ysis, International Journal of Mining Science and Technology, 28 (2018), 6, pp. 991-998

[15] Zhu, J., et al., The Interdependency of Pore Structures and Coal Dynamic Failures, Journal of China
University of Mining & Technology, 47 (2018), 1, pp. 97-103

Paper submitted: March 19, 2018 © 2019 Society of Thermal Engineers of Serbia
Paper revised: June 21, 2018 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: August 15, 2018 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions



