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ABSTRACT

Using pressure-preserved coring technique to determine in-situ gas content provides a more precise
assessment of gas resource reserves and safeguard of mining safety in coal seams. How coring technique
and depth affect the determination of gas content is unclear due to borehole zoning rupture caused by
roadway excavation and drilling disturbance. To this end, a proposed coupling model of stress distri-
bution and gas migration was simulated and validated by FLACP and COMSOL Multiphysics considering
superposition effects of roadway excavation and drilling disturbance. The findings indicate that the
roadway surrounding rock displays distinct zoning features including stress relief zone, stress concen-
tration zone that is composed of plastic zone, elastic zone, and original stress zone; and the broken
situations depending on the borehole peeping are consistent with the corresponding simulation results.
On this basis, this study proposes a set of drilling coring depth calculation and prediction model for the
gas desorption affected area under engineering disturbance. Optimal depth of coring drilling is not only
approach to the in-situ coal bulk, but also can get the balance of the drilling workload and cost con-
trolling. According to the typical mine site geological conditions and the numerical simulation results in
this study, if the roadway excavation time is ~1 year, it is recommended that the pressure-preserved
coring depth should be greater than 17 m.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

explosion (He et al., 2005; Xie et al.,, 2020, 2021). Gas content is a
critical parameter for preventing gas disasters and accurately

The in-situ coal seams show the characteristics of “high stress,
high geothermal temperature, and high pore pressure”, and are
accompanied by a series of changes such as soft coal and increasing
in gas content. These changes can cause a series of primary and
secondary disasters more easily such as outburst and coal seam gas
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evaluating coal seam gas resource reserves. Numerous scholars
have conducted extensive research on determining coal seam gas
content. At present, there are two methods to determine the gas
content, i.e., the direct method & indirect method (Xue and Yuan,
2017). The direct method usually collects cuttings by a canister at
the outlet of drilling borehole and gets the gas contents of the coal
samples. The Langmuir formula is utilized in the indirect approach
to determine the gas content of a coal seam by considering the gas
pressure and adsorption constants. In addition, the logging and
drilling information is also employed to estimate the gas content in
exploration of surface coalbed methane (Wang et al., 2017).
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In terms of the direct method, the coring depth can affect the
determination of gas content. On-site coring shows that different
coring depths mean different gas desorption time of collecting
samples, as shown in Fig. 1. In other words, if a representative
undisturbed coal sample needs to be collected, different coring
techniques may correspond to different optimal sampling depths;
optimal sampling depth means that if the sampling depth is less
than a certain depth, then the collecting samples cannot represent
the undisturbed horizon at this point. Optimal depth of coring
drilling is not only approach to the in-situ coal bulk, but also can get
the balance of the drilling workload and cost controlling. However,
there are, currently, few reports on how the drilling depth of coring
effects on the determination of the gas content. Only in the GB/T
23250 “Method for Direct Determination of Coal Seam Gas Content
Underground” stipulated that the coring depth in the mining face
should not be < 12 m during the determination of the gas content of
coal samples, as shown in Fig. 1, the left dotted line; which, actually,
cannot be suitable for all the coring methods. When the coring
depth is greater than 50 m, as shown in Fig. 1, the right dotted line,
the data of the gas content become random. Thus, to collect more
accurate in-situ gas content in the region out of the excavation
damage zone, different coal seams or working faces should set up
different coring depths.

The method or technique of coring can also affect the deter-
mination of gas content. On-site coring shows that different coring
techniques mean different sealing methods of collecting samples,
as shown in Fig. 1. For open-type coring techniques, such as core
tube sampling, outlet sampling, and reverse circulation drilling
sampling, the deeper the drilling, the longer exposure time and the
greater the desorption gas loss of the sample, as shown in Fig. 1
(data from previous studies (Jing, 2015; Zhang, 2021; Wang et al.,
2013; Wang et al., 2020; Zheng et al., 2015; Zhang, 2019; Kang,
2017). Sealing-type coring, such as the in-situ pressure and gas
maintaining coring with Mouhe square cover flap valve (Gao et al.,
2021), sealed coring with ball valve (Jing, 2015; Sun et al., 2020),
can not only avoid or reduce exposure time of the sample in the
borehole, but also make the sampling position more accurate.

The direct method has higher accuracy because of its directly to
determine gas content, which is based on the industrial standard
for coalbed methane content determination in the United States

Petroleum Science 21 (2024) 3517—3534

derived from the USBM method proposed by Bertard. It includes
estimating the amount of lost gas, the amount of natural desorbed
gas before crushing, the amount of naturally desorbed gas after
crushing, and the amount of non-desorbable gas under normal
pressure. However, considering the traditional method of gas
content determination, the coal samples are exposed so that the
escaping gas during the sampling process is hard to quantified,
which mainly affects the accuracy of the gas content. To overcome
this limitation, some studies have improved the coring process
from the coring mechanical devices, such as sealed coring (Long
and Sun, 2021), negative pressure pneumatic conveying coring
(Wen et al., 2017), compressed air ejector sampling method (Zou
and Zhang, 2009), inhibition of gas desorption (low temperature
coring) (Wang et al., 2019), and core wrapping with sealing fluid (Qi
et al., 2010), and other ideas for gas content parameter determi-
nation technology and equipment upgrade. Xie Heping's group
proposed the “principle and technology of in-situ pressure and gas-
preserved coring in coal mines” and independently developed
coring equipment and in-situ gas content measurement device
(Gao et al.,, 2021). This coring equipment has developed a saddle-
shaped pressure-holding controller using the geometric principle
of Mouhe square cover, adopts multiple anti-rotation coring
structures, and realizes low-disturbance downhole in-situ coring.
The coring system has the advantages of stronger capacity of
pressure holding, lower disturbance, and higher efficiency of the
drilling coring than the others (Xie et al., 2023; Gao et al., 2021; Liu
et al,, 2023; Wang T. et al., 2023; Shi et al., 2023; Zhu et al., 2023;
Liang et al., 2023; Cui et al., 2023; Huang et al., 2023a, b).

The precision of gas content analysis is closely linked to the
coring method used. Although the technical equipment for in-situ
collecting gas-preserving coal samples has made breakthroughs,
the determination of in-situ coalbed core parameters is also
particularly affected by the drilling depth, because of the excavation
damage and drilling disturbance that would cause zoning rupture
around the borehole and roadway. The unloading of excavation and
drilling at different depths can lead to different degrees of failure
and damage (Meng et al., 2013; Yuan et al., 2014; Hungerford and
Ren, 2014). Reducing the exposure time of a sample to its envi-
ronment minimizes the disturbance caused by excavation and
drilling, which leads to more accurate results in determining gas

o S A A A A A Coring tube sampling
12 ® © @ e o a Outlet sampling
° o Reverse circulation sampling
> °
10 4
[+}
s o
€ ° ° & B o3 o
] 00 © ° 7 ° o
S o A A ° ° °
L 6 £ 4 g 2a o ° o O
8 b ﬁ % P A ﬁ o °
(72} ° A A & O o0
© 4 4 A ° )
O] ° o o
A
27 A
A
A A 2
2 a8
O B
0 10 20 30 40 50 60 70 80 90 100

Coring depth, m

Fig. 1. Coal seam gas content at different coring depths using coring tube sampling, outlet sampling, and reverse circulation sampling.
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content, as per engineering practice. Thus, the determination of in-
situ coring depth of the coal seam is a prerequisite for obtaining in-
situ gas content information.

The excavation of roadways and the disturbance of the coring
drilling will inevitably cause large deformation and displacement of
the surrounding coal seam. The determination of coring depth in
coal seam involves complex physical problems and mechanical
behaviors and is a lack of numerical method considering the in-
fluence of in-situ geological conditions and actual engineering
disturbance. The finite element method (COMSOL) needs to be
further improved when simulating such large deformation prob-
lems (Zhang C.L. et al, 2021). While FLAC?P uses explicit finite
difference formulas to solve geotechnical engineering problems, it
can model complex behaviors, such as problems consisting of
multiple stages, large displacement and large strain problems,
nonlinear material behavior or unstable systems, and even exten-
sive yield/failure or complete collapse. It is challenging to use a
single numerical simulation method to fully analyze the coupling of
multiple physical fields of gas migration under the influence of
large deformation.

Therefore, a multi-physical field of stress distribution and gas
migration in coal seam needs to be considered in the coupling
model by the combination of FLAC?P and COMSOL Multiphysics to
explore the in-situ gas release law under the excavation and drilling
disturbance at different coring depths. The simulation data are
utilized to investigate the evolution characteristics of the stress
field and seepage field in the coal seam. This analysis is done for
different coring depths after roadway excavation and drilling
disturbance. Additionally, the difference in gas content determined
by pressure-preserved coring is compared with the method of
traditional drilling cuttings, it provides scientific basis for decision
making on drilling depth in-situ pressure-preserved coring in coal
seams.

2. Fundamental mechanisms and theories
2.1. Drilling disturbance during coring in coal mine

Due to the formation and evolution characteristics of the exca-
vation disturbed zone in the surrounding rocks, numerous scholars
have researched the development of fissures (Harrison et al., 2002),
surrounding rock wave velocity and permeability coefficient
(Martino and Chandler, 2004), to reveal the zoning characteristics
of surrounding rock caused by excavation. At the same time, the
effect of stress redistribution, burial depth, and other factors on the
disturbance area of roadway excavation was explored through
numerical simulation (Zhou et al., 2017). The relevant research on
gas migration law in coal seams was usually focused on burial
depth (Hao et al., 2017), initial permeability (Zhang C.L. et al., 2021),
and different drilling conditions, and relevant gas-solid coupling
model. On this basis, the slippage effects (Xiao and Pan, 2005),
temperature effects (Liang et al., 1996), adsorption expansion stress
(Yin et al., 2008), and other factors are also considered, respectively.
However, the process of drilling and coring involves multi-field
coupling, and the drilling disturbance is affected by the interac-
tion and joint influence of multiple factors. The 3D gas-solid
coupling model can aid in a deeper comprehension of the gas
migration pattern (Yin et al., 2013).

The excavation and drilling on the roadway can directly change
the stress field, seepage and diffusion field of the coal seam gas
surrounding the borehole, which will also show a coupling rela-
tionship between them. Therefore, this study first establishes a
multi-physics coupling model of gas migration in roadways. The
excavation and drilling disturbance of the roadway or borehole can
change the original stress equilibrium state until reaching a new
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equilibrium. As the stress state changes during progress, cracks, and
deformation localization form in the surrounding rock at varying
degrees of damage. These damage zones then become the preferred
channels for gas migration. Coal is a type of material that is
composed of two porous mediums, i.e., the coal matrix and the coal
fractures. Driven by the concentration gradient, the gas containing
in the coal matrix moves to the coal fractures through diffusion.
Additionally, the gas in the fracture flows through seepage, which is
driven by pressure gradient. The pressure and concentration
gradient of the gas drive the conversion of the gas adsorbed in the
pores into the free gas, which then migrates into coal fractures.
Thus, it is important and beneficial to consider the effects of
roadway excavation and drilling disturbance on the distribution of
in-situ gas, such that to determine the coring depth to get in-situ
coal samples and in-situ gas parameters.

2.2. Mechanical and seepage model

2.2.1. Stress field

The cohesion of coal decreases when new cracks occur due to
stress exceeding the yield stress of the coal. The mechanical per-
formance and properties of the coal are described using the strain
softening model (Pourhosseini and Shabanimashcool, 2014), as
shown in Eq. (1) (the specific definitions of parameters in all
equations in this article can be found in Appendix A).

-fo- |

The incremental softening parameter (vP) is determined by the
plastic strain increments, as shown in Eq. (2) (Tu et al., 2018).
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The plastic strain increments Eq. (3) can be acquired through the
utilization of the plastic potential function g (a;;,yP):
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2.2.2. Matrix gas diffusion equation
The Eq. (4) represents the conservation of mass in the flow of gas
through coal matrix:

amm -

= (4)

The value of my, is obtained using the Langmuir equation and
the ideal gas state Eq. (5).

-Qs

_ Vme % %
Mm = Pm + DL VMpC + ¢m RTpm (5)
Qs can be calculated by Eq. (6).
1 Mc
Qs = & (Pm —pr) (6)

By plugging in Egs. (5) and (6) into Eq. (4), we can derive the
matrix gas diffusion Eq. (7).
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2.2.3. Fracture gas seepage equation

The Eq. (8) that represents the conservation of mass for cracked
gas is:
ank47

at V(pf”f> +Qs

my is expressed as Eq. (9).

(8)

(9)

The state equation of an ideal gas can be used to calculate py, as
shown in Eq. (10).

Mg = @gPg

Mc

Pt =grPt (10)

Darcy's law can be used to calculate the value of v, as shown in
Eq. (11).

k
vp= ——V 11)
£ L Pe (
By plugging Eqs. (9)—(11) into Eq. (8), we can derive the Eq. (12)
that describes gas flow in fractures.

a(‘ﬂfPf)/at ==V (EPfVPf) + ; (Pm - Pf) (12)

2.2.4. Permeability evolution equation
The relationship between volume strain and permeability is
expressed as Eq. (13) (Xie et al.,, 2013).
0

)

The expansion and deformation caused by matrix adsorption
have an impact on the evolution of cracks and result in effective
stress changes, as shown in Eq. (14).

v
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The permeability evolution equation obeys the cubic law, which
describes the relationship between the permeability and the
porosity of the coal, as shown in Eqgs. (15) and (16)

;
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3. Simulation scheme
3.1. Simulation workflow

During roadway excavation and drilling, the coal seam un-
dergoes unloading and thus, its stress is rebalanced. This can lead to
significant displacement and deformation of the coal body, as it is
subjected to the in-situ stress. However, the COMSOL has poor
convergence when dealing with large deformation and large
displacement, especially when the 3D simulation is carried out in
rock mechanics. To further utilize the advantages of the COMSOL in
multi-physical field coupling and fluid flow, and avoid its limitation
in simulating large deformation and large displacement, this paper
adopts finite difference software FLAC?® to simulate large
displacement and large deformation in coal seam excavation and
drilling process. In this study, the FLAC?P is innovatively used to
simulate the roadway excavation and borehole drilling, and a code
was written to import volume strain data as raw data into COMSOL.
This code was used to investigate gas diffusion and seepage laws
while taking into account the influence of roadway excavation and
various drilling depths.

Firstly, a FLAC?P model was established based on the physical
mechanics and geological parameters of the in-situ stratum of the
coal seam. Tunnel excavation and drilling conditions were imposed
based on the in-situ stress state of the coal seam, and finally the
coal seam body deformation based on FLAC3P was obtained. The
numeric model with the same geometric dimensions and param-
eters was established by COMSOL and FLAC3P software. The volume
strain data of the coal seam was imported into the COMSOL using
interpolation. Based on the relationship between volume strain and
permeability, the calculation results formed by tunnel excavation
and borehole drilling were used as the basic parameters for COM-
SOL to simulate gas migration, and a numerical simulation study
was conducted considering the influence of tunnel excavation and
borehole drilling disturbances. It can fully take the advantages of
FLAC?P in simulating large deformation engineering and COMSOL
in simulating multi-physics fluids migration. The study finally
verified the reliability of calculation results through on-site moni-
toring data (Xue et al., 2017; Luo et al., 2010).

Fig. 2 displays the use of FLAC®P to create a geometric model that
aligns with the lithologic distribution of the formation. Boundary
conditions and initial values are provided to quantify the evolution
of the stress field as the tunnel is excavated at various drilling
depths. The strains were exported and imported into COMSOL us-
ing a self-written code set. The study builds a geometric model
consistent with FLAC?P in COMSOL, and discusses the exploration
of the gas migration law during roadway excavation and drilling at
varying depths. This exploration was done by determining the
initial permeability of the area through volume strain and perme-
ability relationship. The Darcy seepage field and partial differential
equation module were then utilized to study fracture seepage and
matrix diffusion while considering the heterogeneous initial
permeability distribution.

(ppm ~ Pmo
m+PL  Pmo + PL

(16)
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3.2. Geometric model and boundary conditions Therefore, in this study, the modeling of the geological conditions

of the roadway in the undisturbed zone of the working face is

The in-situ gas content determination results typically rely on utilized (Gao et al., 2012, 2020). Fig. 3 displays a cubic geometric
the coal seam conditions, which are influenced by gas desorption model with a size of 8.0 m x 40.0 m x 18.3 m. The model includes a
and migration that are sensitive to mining and excavation. roadway in the middle with a size of 3.0 m x 8.00 m x 2.5 m. The
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Table 1

Grid parameters, basic physical and mechanical parameters used for numerical simulation.
Parameters Value Parameters Value
Coal seam temperature, T 305.15K Methane dynamic viscosity 1.08E-5 Paes
Limit adsorption deformation of coal 0.004 Adsorption time 05d
Initial porosity of fractures, ¢¢ 0.018 Langmuir volume constant, V. 21.44 m3jt
Initial matrix porosity of coal, ¢, 0.0532 Density of coal, p 1290 kg/m?
Initial permeability of coal, ko 1.445 x 1077 m? Initial gas pressure of coal seam, pg 6E5 Pa
Poisson's ratio of coal, » 0.3 Langmuir pressure constant, pp 8.7E5 Pa
Max size of the unit 0.194 Min size of the unit 0.021
Growth rate of the max unit 1.1 Curvature factor 0.4
Narrow area resolution 0.9 Ideal gas constant 8.41351 J/mol/K

roadway contains a $114 mm coring borehole positioned at 1.0 m
away from the roadway floor. Additionally, a parallel cut is made to
the middle face at a height of 1.0 m from the floor of the roadway,
and an extraction line is set on the middle face at a distance of 1.1 m
along the X-axis from the coring hole. Grid parameters setting in
the numerical simulation can be found in Table 1.

This schematic in Fig. 3 displays the model's boundary on the YZ
plane. The rock layer's bottom is a fixed boundary, and a vertical
stress of 16 MPa (~700 m) is applied at the top (in the study, the
16 MPa stress was applied by surface force. And a stress gradient of
0.022e6 along the Z direction is applied. The stress is calculated by
considering the self-weight of the overlying rock layer and the
burial depth (ov = pgh = 2286 kg/m®> x 10 N/kg x 700 m = 16
MPa). The left, right, front, and back sides are all rollers boundary.
As for the coal seam boundaries, both the top and bottom bound-
aries are zero flux in the COMSOL Multiphysics. In the simulation
process, the roadway is excavated first, and then the core drilling is
carried out. Table 1 (Wang et al., 2023; Liu et al., 2020) and Table 2
(Yao, 2022) present the mechanical parameters and model dia-
grams for each rock layer during the simulation process. FLAC?P
was employed to conduct simulations based on the original size
and geological information of the roadway to investigate the
impact of in-situ gas migration caused by excavation disturbance of
the roadway and drilling. The volume strain of the plastic zone
formed by tunnel excavation and borehole drilling was extracted
and then inputted into COMSOL for the purpose of calculating
permeability and simulating gas seepage. To summarize, the study
utilized FLAC?P for simulation, and then imported the extracted
volume strain data into COMSOL for permeability calculation and
gas seepage simulation. The basic assumptions of this numerical
simulation are that: a) The coal is a dual medium of pores and
fissures; b) The adsorbed gas molecules in the pores desorb from
the surface of the coal particles and become free; c) The free gas
diffuses into cracks through pores, and its diffusion pattern con-
forms to Fick's diffusion law; d) The free gas seepage in the cracks
flows into the borehole or tunnel, and its flow pattern complies
with Darcy's law.

Table 2
Geological and mechanical information of different rock formations.

4. Results
4.1. Vertical stress around borehole under different coring depths

The geological conditions of the coring location, coring process,
and coring depth affect the in-situ gas content and gas pressure.
Previous lab studies and simulations have determined that the
excavation disturbed zone in the coal seam extends up to ~8 m
away from the wall of the roadway to the monitoring point.
Therefore, simulation coring depths were selected as 5, 8, 9—15, 20,
25, and 30 m. Fig. 4 shows that for coring depths less than 20 m, the
stress-affected zone of the borehole gradually extends with
increasing coring depth. However, the vertical stress-affected stage
of roadway excavation does not change significantly. For coring
depths of 25 and 30 m, the influence range of vertical stress grad-
ually extends round surface to the bottom of the borehole. The
vertical stress during the excavation stage firstly increases and then
decreases from the roadway wall along the drilling direction, with
the vertical stress peak reached at approximately 9 m. At different
coring depths, clustered stress concentration areas are present at
9—12 m away from the roadway wall. These areas may result from
the superposition of the stress concentration zones created by the
roadway excavation and drilling disturbance.

To quantitatively analyze the distribution characteristics of
vertical stress, data in the extraction line at different coring depths
were extracted for analysis. Fig. 5 shows that the vertical stress
around the borehole at different depths exhibits a pattern of
initially increasing to a peak value and then gradually decreasing to
a certain stress value as the distance from the road wall increases.
The stress distribution at different coring depths can be divided
into three sections from the roadway wall to a drilling depth of
40 m.

The first section, called the stress reduction zone or stage A,
extends from the roadway wall to about 5.5 m away from it. As
excavation progresses, the stress in this section is unloaded into a
stress relief zone, causing the overall stress in this section to be
lower than that of the original rock.

Lithology Thickness, m Cohesion, MPa Friction Tensile strength, MPa Bulk modulus, GPa Shear modulus, GPa Constitutive model
Fine sandstone 3.21 10.20 38.60 2.85 9.10 5.90 Mohr-Coulomb
Sandy mudstone 3.62 8.22 38.60 2.85 5.20 3.10 Mohr-Coulomb
Mudstonel 0.28 6.80 38.30 1.00 240 1.10 Mohr-Coulomb
Coal 3.02 1.40 31.00 0.72 1.30 0.60 Strain Softening
Mudstone2 4.98 6.80 35.60 2.00 7.20 4.00 Mohr-Coulomb
Siltstone 3.22 6.80 35.60 2.00 13.30 9.20 Mohr-Coulomb
Roadway / 1.40 31.00 0.72 1.30 0.60 Strain Softening
Borehole / 1.40 31.00 0.72 1.30 0.60 Strain Softening
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Fig. 4. Cloud map of vertical stress distribution of coal seam under different coring depths.
(D1 is the vertical stress-affected stage of roadway excavation, and D2 is the core drilling depth; The stress state in the coal seam under different drilling depths shows negative
values in the simulation results and software, which means that the overall stress on the coal seam is compressive stress. To facilitate comparison of stress magnitudes, the stress
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Fig. 5. Vertical stress distribution curves at different coring depths in coal seam.
The second section, called the stress increase zone or stage B, stress in this section first increases to a peak value and then

extends from 5.5 to 22 m away from the wall of the roadway. The gradually decreases to the original rock stress. When the coring
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depth is < 11 m, the peak stress increases gradually with drilling
depth, and the distance away from the wall of the roadway at the
peak stress also increases. After reaching a depth of 11 m, the peak
stress, and its corresponding distance from the initial boundary of
the stress rise zone do not change significantly.

The third section is the original rock stress zone or stage C,
which extends from 22 to 37.55 m away from the roadway wall. The
stress in this section is less affected by roadway excavation and
gradually tends to the original stress. The distance from the tunnel
wall corresponding to the vertical stress decreases to the original
stress gradually delayed with the increase of the coring depth.

Based on the stress distribution at different coring depths, the
surrounding rocks of the drilling borehole can be divided into stress
relief zone, stress concentration zone, and original rock stress zone.
The stress concentration zone should be further subdivided into the
elastic zone, high-stress concentration zone, and stress recovery
zone.

4.2. Permeability around borehole under different coring depths

The permeability slice depicted in Fig. 6, indicates a distinct
partition phenomenon in the permeability of the surrounding rocks
of the roadway when extracted along the middle face. The
permeability distribution is symmetrically distributed along the
borehole. From roadway wall to drilling depth, it can be roughly
divided into four different areas, as shown in the stage E1 of Fig. 6,

Side view
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the permeability of this stage is higher than other stages, and the
permeability gradually decreases from roadway wall to drilling
depth; the permeability of stage E2 is lower than that of stage E1,
and the permeability gradually decreased along the drilling direc-
tion of the borehole; extending to the depth of the borehole is the
stage E3, this stage only has a high permeability value around the
borehole, and the other parts have low permeability values. The
coal seam permeability minimum value is broadly dispersed in this
area, and the E4 stage extends deeper into the borehole, and the
permeability distribution around the borehole in this stage has
obvious changes, and the permeability of the stage closest to the
borehole is higher.

The further away from the central axis of the borehole, the lower
the permeability, and a stage is reached where the permeability is
at its minimum. The permeability of other parts of this stage is
uniformly distributed; the final stage extending into the borehole is
E5, and the permeability of this stage is uniformly distributed. The
radial direction of the borehole is significantly affected by drilling
disturbance, whereas its axial direction is minimally impacted.
Taking a stage through the center of the borehole perpendicular to
the middle face, the permeability of the coal seam surrounding the
roadway exhibits variation at different coring depths. It has been
observed that as the coring depth increases, the permeability also
changes. The permeability in the E1 and E3 stages remains rela-
tively consistent, but the E3 stage shows different permeability
distributions at coring depths of 5, 8, and 9 m. Beyond a coring

7x10°7 m?

7%1071% m2

Top view | | | |
E1

E4

E5

Fig. 6. Cloud map of permeability distribution around borehole at different coring depths in coal seam.
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depth of 11 m, the E3 stage does not exhibit any significant changes
in permeability distribution. The E4 stage exhibits varying perme-
ability distributions with coring depth, while the permeability of
the E5 stage remains unaffected by coring depth.

The permeability distribution in the E1 and E2 stages is pri-
marily impacted by roadway excavation and stress relief. Excava-
tion of the roadway eliminates displacement constraints, causing
coal mass to unload into the roadway and resulting in high
permeability in this stage. The E3 stage is a stress concentration
area, and the coal body in this stage undergoes further compression
due to high in-situ stress, leading to a significant decrease in
permeability. The stress in the E4 stage is further reduced, and its
distribution is influenced by roadway excavation, causing the
permeability distribution of this stage to be affected by drilling
around the hole. The E5 stage, being the original rock stress area, is
not affected by roadway excavation or drilling and remains in its
original state, with permeability being evenly distributed.

In the actual calculation process, different permeability models
should be defined considering the damage stage for the perme-
ability at different damage stages. However, the permeability
model division of different damage stages through COMSOL in this
article means that the permeability needs to be divided into
different areas, which will further affect the difference in calcula-
tion results at different coring depths (if the permeability models of
different damage stages are divided into different areas through
COMSOL in this article, model division means that the permeability
needs to be divided into different areas, which may have a direct
impact on gas migration at different coring depths that is the focus
of this study). Therefore, in the process of deriving volume strain
from the FLAC®P model, this article directly reflects the difference in
permeability in different damage stages through the numerical
differences in volume strain in different damage areas. A more
systematic study of permeability models at different damage stages
can be conducted in future research.

4.3. Evolution of gas pressure around boreholes

As the original stress equilibrium state is disrupted, the
unloading disturbance of roadway excavation and borehole drilling
further lead to a considerable number of cracks inside the coal
seam. As cracks form, the adsorbed gas can convert into free coal
seam gas, and the free coal seam gas is prone to migrate through
the cracks and into the roadway. Additionally, the adsorbed gas in
the coal seam transforms into free gas. This process has a direct
impact on the gas occurrence law in situ. Therefore, it is necessary
to examine the evolution of gas pressure around the borehole. To
accomplish this, gas pressure is measured at different times along
the extraction line at a coring depth of 20 m. Furthermore, a
perpendicular stage is taken at distances of 5, 9, 10, 15, and 20 m
from the roadway wall to investigate the distribution of gas pres-
sure perpendicular to the drilling direction.

According to Fig. 7(a), gas pressure around the drilling hole
decreases over time, but the trend varies at different depths. As core
time passes, gas pressure decreases noticeably from the roadway
wall to 5.5 m away, and the pressure distribution increases from the
roadway wall to the borehole's depth. From 5.5 to 12 m away, gas
pressure around the borehole decreases with core time, but the
pressure distribution curve oscillates, fluctuating along the drilling
direction. From 12 to 22.5 m away, gas pressure around the
roadway decreases with coring time, remaining constant within
22.5 m from the roadway to the borehole's depth for a month.
Fig. 7(b)—(f) show that gas pressure around the borehole gradually
decreases with time at locations 5, 9, 10, 15, and 20 m away from the
borehole wall. Comparing the decline of gas pressure by 0.1 MPa as
the evolution criterion reveals that the influence range of unit time
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is largest at 5 m from the roadway wall, followed by 15, 8, and 9 m,
and smallest at 20 m. Permeability distribution in Fig. 6 shows that
gas pressure attenuation is significant in the stress relief area
around 5 m from the roadway wall. The coal seam at 9 and 10 m is
in a state of stress concentration with low permeability and weak
gas pressure attenuation. The coal seam at 15 and 20 m is gradually
weakened by roadway excavation. The gas pressure attenuation is
also weak, which also indicates that it is closer to the in-situ gas
pressure occurrence area.

5. Discussion
5.1. Distribution of excavation disturbed zone in coring borehole

It is possible to trace the history of the surrounding coal failure
process through the distribution of the excavation damage zone.
Therefore, exploring the distribution characteristics of cracks on
both sides of the roadway with a borehole peep instrument can
reveal the stress distribution law of surrounding rock. The previous
study conducted drilling and inspected the fissures in the sur-
rounding rock on both sides of the roadway (Yan, 2021), as shown
in Fig. 8, qualitative and semi-quantitative peephole information
was obtained both from the left and right sides of the roadway.
Since the results indicated that the shape of the roadway has little
effect on the damage form of the roadway (Jiang et al., 2005), it is
considered that the geological conditions in the literature are
consistent with the scope of the typical mine roadway excavation
disturbance area in this study. Based on Fig. 8(a), the left side of the
roadway can be classified into three different types of drilling zones
according to the density of cracks. Zone I is located 0—5.3 m away
from the roadway wall. Cracks are developed in the inner wall of
this type of area. Zone Il is at 5.3—7.6 m of the roadway wall, and
there is no obvious distribution of cracks in the inner wall of this
type of area. Zone III is located at 7.6—8.6 m of the roadway wall.

In this type of area, there is no fracture distribution on the inner
wall of the drilling borehole, but cracks are distributed at some
locations. Similarly, In Fig. 8(b), clear partitions can be observed in
the drilling borehole located on the right side of the roadway. The
distribution patterns of fractures in the partitions of the 2# drilling
are in agreement with those found in the 1# drilling. However, in
the 2# drilling, zone I is from the roadway wall to 5.1 m, and zone Il
is from 5.1 to 7.1 m. Zone Ill is 7.1—8.9 m. These three types of zones
are consistent with the zones in Fig. 8(a). Zone E1 corresponds to
area |, that is, the stress relief zone is formed in the roadway wall
due to stress relief after roadway excavation, and fractures develop
in this area. Zone E2 corresponds to zone II. In this region, the road
encircling the rock is presently in its elastic phase. The stress of the
surrounding rock is greater than the initial rock stress, although it
has not yet reached the strength limit of the surrounding rock.
Therefore, there is no obvious fracture distribution in this area.
Zone E3 corresponds to zone III. The surrounding rock in this region
is under the action of in-situ high stress. The rock in the area is
situated within a stress concentration zone, but its surrounding
fractures are not solely due to vertical stress. Consequently, there
are fissures in various locations.

The distribution of fractures in the borehole is a direct reflection
of the stress of the distribution of fractures around the coal body,
which will certainly affect the distribution of in-situ gas in coal
seam. There are many fractures in the borehole in zone I, which
provide channels for gas migration. Due to the concentration
gradient and gas pressure, significant amounts of gas will be
released and alter the gas distribution pattern in situ. The volume of
coal in zone II and III is compressed under the influence of sur-
rounding rock stress, and extensive gas migration channels are
closed. The in-situ gas distribution state of coal around the borehole
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Fig. 7. Gas pressure distribution around borehole under different coring time in coal seam.

at this core-taking depth is also affected by disturbance. The dis-
tribution law of coal gas under different core depths will be dis-
cussed in the following chapters.

5.2. Distribution of in-situ gas content influenced by roadway
excavation time

The distribution of in-situ gas is affected by both roadway
excavation and the disturbance of the borehole plastic zone, but the
roadway excavation time will also directly affect the in-situ gas
distribution characteristics (Zhao et al., 2020). The excavation of the
roadway has resulted in extensive cracks in the stress relief zone,
providing a high-quality channel for gas migration. However, the
coal seam of the stress concentration zone is compressed, forming a
“barrier” for gas migration with lower permeability than the orig-
inal coal seam. The coupling effects of the two sides of the roadway
on the original gas pressure distribution deserves further explora-
tion. And it is also an essential influencing factor for the depth
exploration of pressure-maintained gas coring. Therefore, numer-
ical simulation only considering roadway excavation without dril-
ling is carried out, and the distribution characteristics of roadway
formation time to original gas is explored. The gas content distri-
bution characteristics at different times along the extraction line
were extracted.

As demonstrated in Fig. 9, the sequential gas content in the
roadway generally decreased within 1.6 m from the roadway wall
as the formation time increased. The gas content of the coal seam
remained relatively constant. The gas content presents obvious
divisions along the roadway wall to the depth beside the roadway.
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This is shown in F stage, where the divisions are observed from the
roadway wall to 5.5 m away from it. Moreover, these divisions in-
crease with the formation time of the roadway. Gas content
decrease rapidly at first and then slowly; from the roadway wall
5.5—7 m, as shown in G stage, as roadway formation time increases,
gas content decreases rapidly at first and then gradually decreases.
However, the rate of change in gas content per unit time is lower
than that of stage F; from the roadway wall 7—9 m, as shown in H
stage, with the increase of roadway formation time, gas content
decreases rapidly at first and then slowly. While the gas content
gradually decreases from 9 to 17 m from the roadway wall, the rate
of change per unit time is even lower than that of stage H. During
the same time of roadway formation, from the roadway wall to the
depth, the gas content decay is “exponential” overall. The gas
content in F stage drops quickly due to abnormal permeability in
the stress relief zone, while that in G stage declines slowly because
of stress concentration zone. Therefore, the duration of roadway
formation determines the gas content at various depths along the
coal seam of the roadway wall. Specifically, if the formation time is
one year, the coring depth needs to be at least 17 m.

5.3. Coal seam gas content influenced by coring technique and
coring depths

The determination of gas content is influenced by various fac-
tors, including differences in core technology that directly affect gas
content values. Specifically, varying coring techniques result in
different amounts of gas loss; secondly, different coring technique
will also directly lead to the different disturbance of excavation and
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Fig. 8. Identification of excavation damage zone based on the drill peep of boreholes in the side wall of roadway.

drilling on the core, and cause different particle sizes of coal sam-
ples, which will directly affect the measurement of gas content.
Meanwhile, the difference of measurement methods will also affect
gas content, which may lead to the exposure of coal samples in the
process of sample transfer, resulting in measurement errors. In the
reference the DGC of Chongging Coal Research Institute was
applied to carry out the field determination of gas content at
different coring depths (Wei et al., 2019). The gas content (W) under
this determination method consists of four parameters:
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W=W1+Wr+W3+ W, 7)
Wo=W>1+ W, (18)
Amount available for desorption = Wy+W,+W3 (19)

where W; is loss of gas content in coal seam, W, is natural
desorption gas content before the comminution, W3 is natural
desorption gas content during the comminution, W, is un-
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Fig. 10. Comparison diagram of gas content determination by traditional coring methods and pressure-preserved coring.

desorption gas content in normal atmosphere. The coalbed
methane content (W) is determined by comprehensively consid-
ering four parameters. Among them, the natural desorption gas
amount of the pre-crushed coal sample (W) includes the under-
ground desorption gas amount (W5>1) and the surface desorption
gas amount (W,3). In addition, the CBM content available for
desorption includes the gas loss of coal samples (W), the natural
desorbed gas volume of pre-crushed coal samples (W>), and the
desorbed gas volume of crushed coal samples (W3).

For the direct determination device of gas content (DGC) gas
content determination method, as depicted in Fig. 10, W7 and Wo;
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data need to be measured underground, W», and W3 are directly
measured by laboratory gas drainage device, to obtain the value of
W,, laboratory testing is required to determine basic parameters
such as industrial analysis, adsorption constants, porosity, true
density, and apparent density of coal samples. For the in-situ
pressure-preserved coring in coal seams, the coring operation is
carried out under the coal mine, and the determination of the gas
content is carried out in the laboratory. The determination of the
gas content of the pressure-preserved coring test consists of four
parts. The first part of gas content Q; is primary desorption gas, the
second part of gas content Q, is transferred desorption gas, the
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Table 3

Gas content of coring depths and sampling by pressure-preserved coring and traditional coring.
Coring No. Coring depth, m Pressure-preserved coring, m>/t Traditional coring, m3/t Difference Coring site
1 5 0.64 0.42 0.52 North Shaanxi
2 6 133 0.53 1.51 North Shaanxi
3 6.5 1.53 0.77 0.99 North Shaanxi
4 9 1.55 0.83 0.87 North Shaanxi
5 15 2.04 0.65 2.14 North Shaanxi
6 38 3.72 2.46 0.51 Northeast
7 42 3.57 2.51 0.42 Northeast
8 50 5.19 3.72 0.39 Northeast
9 60 4.69 3.47 0.35 Northeast

third part of gas content Qs is pulverizing desorption gas, and the
fourth part of gas content Q4 is un-desorption gas content in normal
atmosphere. The gas content measured by the pressure-maintained
gas cored satisfies Q = Q; + Q2 + Q3 + Q4. The gas contents obtained
from different coring methods at the different coring depths show
in Table 3.

The in-situ pressure-preserved coring process has four advan-
tages compared to the traditional method. Firstly, the coal sample is
sealed in the corer at the depth of the borehole. And there is no
need to collect loss amount of coal seam gas to calculate W; when
the coring time was extremely short and on-site loss of gas was
minimal, thus, the W; could be neglected as the free gas is trapped
during in-situ corer closed and pressure preserving, which
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effectively enhance the determination accuracy of gas content and
avoids estimation errors of loss of coal seam gas. Secondly,
compared with the traditional drilling cuttings coring method, the
coal sample obtained by the in-situ pressure-preserved coring
(slightly disturbed coring with multiple anti-rotation) has better
integrity of the coal core, avoiding the exposure of more surface
area of the coal sample, which is conducive to more accurate
determination of adsorbed gas content; thirdly, the coring process
has a matching content determination device, which can realize the
airtight transfer of coal samples, effectively avoid the gas escape
during the sample transfer process, and then the error of gas con-
tent determination is avoided; fourthly, the process efficiency of
gas content determination can be improved, resulting in more
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Fig. 11. Measured value and composition percentage of gas content under different coring techniques at different drilling coring depths: (a) borehole 6# with outlet sampling; (b)
borehole 2# with outlet sampling; (c) comparation of reverse circulation sampling and outlet sampling; (d) comparation of coring tube sampling and sealed coring.
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accurate results obtained in a shorter time.

Taking the traditional drilling cuttings coring method as an
example, the literature carried out on-site measurement of gas
content at different coring depths (Wei et al., 2019), as shown in
Fig. 11(a) and (b). It is buried at a depth of about 600 m. The
geological conditions are comparable to the typical mine simula-
tion parameters in this study. Consistently, the gas content deter-
mination of 13 kinds of coring depths was carried out for 12
boreholes on site. As shown in Fig. 11(a) and (b), in the same
borehole, when the coring depth increases, the gas content first
increases and then decreases, and the maximum value of gas
content is between 20 and 24 m. The on-site gas content mea-
surement data is consistent with the simulated data, which further
verifies the reliability of the model in this study. At the same time,
when the coring depth is greater than 20—24 m, as the coring depth
increases, the time between completing the coring and the coal
sample entering the sample tank also increases, which increases
the exposure time of the coal sample and further leads to gas
escape, thus, the gas content is further reduced. Fortunately, the
pressure-preserved coring process can effectively avoid these ef-
fects. The coal sample is sealed in the coring device as a unit, so the
gas content of the sample should not be affected by the depth of
coring, comparing with the coring techniques such as the reverse
circulation sampling, outlet sampling, coring tube sampling, and
the sealed coring, as shown in Fig. 11(c) and (d) (data from previous
studies (Jing, 2015; Zhang H. et al., 2021; Wang et al., 2013; Wang
et al,, 2020; Zheng et al., 2015; Zhang, 2019; Kang, 2017).

5.4. Theoretical model of optimal coring depth in in situ coal seams

The prerequisite for accurately determining the in-situ gas
content of regional coal seams is to determine the optimal coring
depth. When the coring depth is short, the measured gas content is
greatly affected by engineering disturbances and does not

Petroleum Science 21 (2024) 3517—3534

represent the regional in-situ gas content. On the other hand, if the
coring depth is too long, it will result in extra economic cost and
resource wastage at the coal mine site. Therefore, to facilitate each
mine in determining the optimal coring depth based on the
geological conditions and engineering characteristics of the sam-
pling area, a calculation method is proposed to determine the
optimal coring depth for measuring the in-situ gas content of coal
seams. To facilitate on-site applications, it is necessary to establish
corresponding theoretical models for practical use.

The study established a coordinate system as shown in Fig. 12,
with the direction of the x-axis represents the drilling direction,
and x represents the straight-line distance from a certain point
within the coal seam to the roadway wall. Assuming p is density of
the coal seam, h is thickness of the coal seam, L is depth of the gas
desorption affected zone under engineering disturbance, and W is
original gas content of the coal seam, the total gas content of the
coal within the range of engineering disturbances, including
roadway excavation, adjacent coal seam mining, and core drilling,
can be calculated using Eq. (20).

X = phLW (20)

The gas outflow within the disturbance range during the process
of roadway excavation and coring drilling is given by Eq. (21),

t
0
where V is the volume enclosed by the research area, which con-
sists of the roadway and the surrounding coal seam. The research

area is set as a two-dimensional plane, and the width of the
roadway is denoted as b. Therefore, V = bh, as shown in Eq. (22).

Xa= | Ve(t)de (21)
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Fig. 12. Schematic diagram of stress and gas content distribution around the drilling borehole in coal seam (the black trace represents the crack/fracture, the red arrow represents
the direction of gas flow; the stress relief area corresponds to area A in Fig. 5, the plastic zone and the elastic area correspond to area B in Fig. 5, and the original rock stress area

corresponds to area C in Fig. 5.).
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t

X4 =bh [c(t)dt
0

(22)

The time refers to the total time from roadway excavation to
completion of coring drilling, i.e., the tunneling time. The c(t) rep-
resents the average gas concentration released from the coal within
the research range, which is a function of time. According to the law
of mass conservation, the total gas amount (measured by volume)
within the disturbed coal body is equal to the sum of the released
gas amount and the residual gas amount, as shown in Eq. (23).

X=Xd+ Xr (23)

In Eq. (23), if the desorption hysteresis effects is not considered
(Chu et al.,, 2023, 2024), x represents the total gas amount of the
coal seam, y, represents the gas amount released during the core
drilling process, and y, represents the residual gas amount of the
coal seam.

The residual gas amount of the coal seam (measured by volume)
is given by Eq. (24).

xr= | | Wi(x, t)dtdx (24)

o
O —

The residual gas content W; (x, t) within the research area of the
coal seam varies in both temporal and spatial dimensions due to the
influence of mining activities, such as the stress state and gas
geological conditions.

Based on mass conservation, it is assumed that all gas desorbed
by coal seams diffuses through pores, seeps into the mining space,
and leaves the coal seam with mine ventilation. The influence of
environmental factors such as temperature and coal seam moisture
content on gas migration is not considered. This study analyzes the
gas migration process from a time series perspective, and defines
R¢(x,t) to represent the residual gas amount of the target coal seam
at time t at x position from the tunnel wall, which gradually de-
creases with time, m>/t or cm>/g; The parameter D¢ (x,t) represents
the natural desorption rate of gas in the coal seam at time t at a
distance x from the tunnel wall, i.e., the ratio of the gas desorption
amount per unit time (cm?/g) to the in-situ gas content, which
gradually increases over time without considering the negligible
change of geological environmental conditions of the coal,
cm®-min~;

The parameter DS (x, t) represents the gas diffusion and seepage
rate in the coal seam at time ¢, that is, the ratio of the gas migration
amount to the gas desorption amount per unit time, cm®-min~1;
The constant a is a parameter related to the physical properties
such as pore connectivity and pore structure of the coal body; initial
condition: t = O time, Ry = R°(x, 0), which is the original gas
content.

If this gas migration process is investigated within a short period
of time [t, t + At], the change in the amount of residual gas in the
coal seam can be approximately described by the difference Eq.
(25):

AR®=DE(x , t)+R(x,t)At — D%(x, t)-R°(x, t)At
So that:

(25)
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AR®=[D®(x , t) — D*(x, t)]R*(x, t)At (26)
Therefore, its differential Eq. (27) is in the form:
C
IO [t t) - D x )R e 1) @7)

Under specific geological environmental conditions, the gas
desorption and migration rates in coal seams are relatively constant
and can be regarded as constants. therefore:

RC(X, t) — Rge[DE(X,L‘)—DS(XI)]t (28)
And,
De(x, t) — DS(x, ) :%;R) (29)
Thus,
a(Wo-R)
RY(x,t) = RSe %% (30)
Wo
c _
R0 = W e (31)

And, 0 <Ry < Wj.

By substituting Eqs. (22) and (24) into Eq. (23), and combining
Egs. (20) and (23) based on the law of mass conservation, Eq. (32)
can be obtained.

t Lt

phLW — thc (t)dt + JJWr(x, £)dtdx (32)

Thus, the depth of the gas desorption affected zone under en-
gineering disturbance can be calculated and predicted employing

Eq. (33)
] t Lt
L7 (bhjc )t + “wr X, 1) dtdx) (33)
0 00

In summary, by comprehensive comparison of permeability
simulation results, distribution law of borehole surrounding rock
fractures and field test data of gas content, the gas distribution law
of coal seam surrounding the borehole has obvious zoning phe-
nomenon under different coring depths, and the coring depth
should be greater than the area affected by roadway excavation and
drilling disturbance. Therefore, according to the field conditions of
the model in this study, it is recommended that the coring depth
should be greater than 17 m. At the same time, in the subsequent
research, it is useful to further carry out comprehensive impact
research on the affected area of excavation disturbance, the sam-
pling time of pressure and gas preservation and core depth, and
further explore the scientific nature of sampling process
optimization.

Through a comprehensive comparative analysis of the distri-
bution patterns of stress and permeability of the surrounding rock
on the side walls of the tunnel in the literature, as the sampling
depth increases, the stress and permeability of the surrounding
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Fig. 13. Gas content measured in the field tests with different coring depths in coal
seam.

rock of the tunnel have obvious zoning characteristics. Due to the
differences in the mechanical properties and stress distribution of
the surrounding rock in each mining area. As a result, there are
slight differences in the specific partitions of stress, but the overall
pattern is consistent with the results calculated in this study, as
shown in Fig. 13. At the same time, to further reveal the distribution
pattern of in-situ gas content in the coal seam surrounding the
roadway, the gas content was measured using the pressure-
preserved coring technique at different sampling depths of the
coal seam, as shown in Table 3. The measurement results showed
that there was gas content threshold about 17 m away from the
roadway surrounding rock. The threshold value is that within the
sampling depth of 17 m, the gas content gradually increases as the
sampling depth increases; after the sampling depth is greater than
17 m, the relationship between the gas content and the sampling
depth gradually weakens. The drilling depth where this threshold
exists is the optimal sampling depth. If the gas content in a certain
area of the coal seam is to be measured, the sampling depth should
be at least great than 17 m. At the same time, it should be noted that
the gas content results obtained by using the pressure-preserved
coring technique in this study are from two mining areas. The
sampling depth less than 30 m is one type of mining area, and the
sampling depth greater than 30 m is another type of mining area.
Therefore, the differences in the coal seams themselves may lead to
differences in the gas content measurement results of the two
mining areas, but it does not affect the conclusion of this study on
the relationship between the gas content measurement results and
sampling depth.

6. Conclusions

A model is constructed and coupled with multi-physics and
considers the influence of roadway and borehole excavation
disturbance on gas migration. The model can predict the in-situ gas
occurrence law under different coring depths according to different
geological conditions. The combined method of FLAC?P and COM-
SOL is innovatively adopted. This method combines the advantages
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of the two kinds of software to further improve the accuracy and
efficiency of coal-rock gas migration under the background of large
displacement and large deformation.

(1) The reliability of the model is verified by on-site borehole
inspection and downhole gas content measurement results.
The roadway surrounding coal seam exhibits zoning char-
acteristics after excavation, including stress relief zone, stress
concentration zone that is composed of plastic zone, elastic
zone, and original stress zone. The vertical stress, perme-
ability, gas pressure, gas content distribution, and borehole
wall breakage align with the simulated partition
characteristics.

(2) Based on comprehensive analyses of the surrounding rock
drilling images, the distribution of gas content, vertical
stress, permeability, and gas pressure at different coring
depths, and considering the drilling disturbance and
roadway excavation time, the study proposes a set of drilling
and coring depth calculation and prediction model for the
gas desorption affected area under engineering disturbance;
and if the roadway excavation time is ~1 year, the recom-
mended coring depth for a typical coal seam similar to the
study should be at least 17 m.

(3) By comparing and analyzing the differences between the
traditional gas content measurement method and the
pressure-preserved gas coring with integrated transfer test
method, an in-situ gas measurement process for coal seams
is proposed for underground coal mines. These findings offer
valuable theoretical guidance for operating in-situ pressure-
preserved coring in a variety of conditions.
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Symbol Meaning

Symbol Meaning

c Cohesion, MPa Dt
Co The initial cohesion, MPa a
1 The residual cohesion, MPa T
¥P Softening parameter mg
yP* Critical softening parameter from which the residual stage begins. p¢
€, &, Plastic strain increments \Z
&
0 Plastic multiplier o
Mm Methane mass per volume of coal matrix, kg/m? k
Qs Methane mass exchange rate between matrix and fracture per
volume of coal, kg/(m>-s)
7 Langmuir volume constant, m?/kg ko
pL Langmuir pressure constant, MPa ey
DPm Gas pressure in matrix, MPa »f0
Mc Molar mass of the methane, kg/mol v
Vm Molar volume of the methane under standard conditions, 0.0224 m3/ E
mol
pc Apparent density of coal, kg/m> Qm, Of
R Universal gas constant, J/(mol-K)
T Temperature, K €L
Pm Matrix porosity

Gas pressure in fracture, MPa

One of the key parameters in gas flow model which affects the rate of matrix gas
diffusing into cleat system

The sorption time of the coal matrix

Quantity of free gas in fracture per volume of coal, kg

The density of gas in fracture, kg/m>

Gas flow velocity in fractures, m/s

The fracture porosity, %
Permeability, m?
Kinetic viscosity of methane

The initial permeability of coal, m?
The volume strain of coal

Initial porosity of fractures
Poisson ratio

Young's modulus of coal body

Effective stress coefficients of pores and fractures

Pmo» Pro Initial pressure of gas pressure in matrixes and fractures

Maximum strain induced by sorption
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