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The upper corner gas overrun caused by goaf gas gushing in the high-gas mine can be mitigated by roof positioning of long
boreholes in the goaf fracture zone, creating an artificial gas migration channel and achieving safe comining of coal and gas. This
study numerically simulated the fracture evolution in the coal rock overlying goaf in workface #2-104 of the Detong Mine, China.
Using the O-shaped circle theory and the FLAC®® commercial software package, the range parameters of goaf fracture zone gas-
concentrated areas were obtained by defining the pressure relief coefficient, which provided a basis for the arrangement of holes in
the goaf located at 15 m from the workface goaf collapse zone to the workface floor and 15-60 m from the structure zone to the
workface. According to the obtained goaf parameters, the distribution and migration law in the goaf under the conditions of initial
state and extraction with different roof borehole parameters were simulated by the FLUENT software. The optimal borehole
location was 30 m from the floor and 25m from the return airway. The field experiment with three boreholes arranged in the
optimal extraction position provided the extraction concentration in the borehole above 30%, the gas extraction volume of

12m”min~", and the concentration at the upper corner below 1%, which ensured safe coal and gas comining.

1. Introduction

While coal mining intensity and depth keep growing an-
nually with increased coal demand, mine productivity is
restricted by gas outburst risks. Since mining gas is also a
clean energy resource, the realization of coal and gas
comining is conducive to improving the utilization rate of
resources and reducing greenhouse gas emissions [1].
Influenced by the mining and overburden, the fracture zone
generated by the bending and separation of the goaf roof
becomes a high-concentration gas area, which is the key area
to control goaf gas and prevent the overrun of the upper
corner gas of the mining face [2]. A recent theoretical study
comprehensively integrated the O-shaped circle theory,
pressure relief mining and pumping, and coal and gas
comining [3]. Based on the subsidence of a coal mine in

Britain, Fang et al. [4] reported that the compaction and
stress recovery of rock mass in goaf were mainly related to
mining height, buried depth, and other parameters. They
performed the numerical regression analysis of the goaf
compaction mechanical properties via the FLAC?® software.
Cheng et al. [5] concluded that the mining fracture of the
overburden had the characteristics of N-shaped high cap.
Qian and Xu [6] revealed a circular fault zone developed
above the goaf, constituting a gas accumulation zone and
migration channel. Yavuz [7] analyzed the elliptical para-
boloid zone’s pressure relief gas extraction mechanism and
proposed the corresponding coal and methane comining
technology. Karacan et al. [8] investigated the effect of the
coal mining fracture field on mining stress distribution and
coal seam gas pressure. Guo et al [9] coupled the perme-
ability field with the results of the mechanical model and
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proposed a comprehensive “dynamic” gas reservoir model to
simulate the effect of gas gushing and extraction on goaf gas
production. Li et al. [10] analyzed the evolution and de-
velopment law of the goaf gas macroflow channel based on
the scale and time effect of the rock mass. Although the
above studies provide a theoretical basis for gas accumu-
lation in the goaf and the realization of coal and gas
comining, no practical control measures have been pro-
posed. The method proposed in Li et al. [10] can solve the
problem of gas accumulation and lacks operability in
practical applications. According to the evolution of goaf
overburden fracture under mining, the extraction height of
roof HLB and its optimal extraction parameters were de-
termined through numerical simulation.

2. Fracture Development of Overburden and
Gas Accumulation in the Upper
Corner in Goaf

After mining the coal seam, the coal rock mass accumulates
in goaf. According to the evolution of coal rock mass, ac-
cumulation state, and gas flow characteristics, the mining
space can be subdivided into collapse zone, fracture zone,
and bending subsidence zone [11]. The coal seam mining
reduces the goaf support, triggering numerous secondary
fractures in the collapse and fracture zones, which turn into
the main migration channel for the gas. With the workface
advance, macrocracks developed in the overburden in the
middle of goaf are gradually compacted and closed by the
ground pressure. The porosity in goaf exhibits nonuniform
and continuous distribution patterns, resulting in an
O-shaped structure zone [12]. The gas in goaf floats up and
accumulates in the O-shaped structure zone due to the
buoyancy, forming gas concentration areas. The schematic
diagram of the three-band distribution has been shown in
Figure 1. Due to goaf air leakage, gas flows into the upper
corner, resulting in gas overrun [13].

Under U-shaped ventilation conditions, the air flow in
the goaf flows from the transportation lane of the working
face to the cut-off hole of the working face, a small part of
which flows to the goaf, and most of the working face flows.
The air leakage in the goaf presents a parabolic shape, which
brings out the gas in the deep part of the goaf, where the
upper corners of the working surface meet, so that the upper
corner of the working surface has a higher gas concentration.
At the same time, because the upper corner of the coal
mining face is close to the coal wall and the goaf, when the
wind flow passes the end of the working face, the wind speed
near the coal wall is reduced due to the sudden vertical turn
of the roadway, and vortex phenomenon appears in the
upper corner of the working face. There is a phenomenon of
air circulation in the vicinity, so that the gas in the goaf and
working face is not easily taken away by the wind, and the
gas in the upper corner is prone to accumulate.

Therefore, besides controlling the air leakage in goaf, one
has to provide the goaf gas control and upper corner gas
overrun prevention. To this end, a continuous artificial
negative pressure channel should be set in the gas
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(A) Collapse zone
(B) Fracture zone
(C) Bending subsidence zone

Figure 1: Distributions of three fracture development zones of
overburden in the goaf. (A) Collapse zone. (B) Fracture zone. (C)
Bending subsidence zone.

concentration area in the fracture zone, overlying the goaf to
drain the gas in goaf by the pressure gradient to prevent
gushing out of high-concentration gas.

3. Determination of the High-Efficiency
Pumping Area of Goaf Gas

3.1. Evolution of Goaf Overburden Simulated by FLAC?.
To investigate the evolution of overburden in goaf after coal
seam mining and determine the optimal position of roof
HLB, this study used the FLAC®® software package for
simulating the plastic stress variation and distribution of
overburden after coal seam mining, which provided a basis
for studying goaf gas movement law and determining the
optimal extraction parameters.

Detong Coal Mine is located in Linfen City, Shanxi
Province, and the mine field is located in the north of
Hedong Coal Field, the coal mining method of the working
face has adopted the strike longwall mining method, the
average thickness of the coal seam is 5m, the mining height
is 4 m, and the coal seam is buried at a depth of about 390 m.
The “U” type ventilation method is used and the roof li-
thology is sandy mudstone and mudstone, and the floor
lithology is mudstone and sandy mudstone. Based on
workface 20104 of the Detong Mine, distance a model with a
length of 430 m, a width of 295m, and a height of 382.3 m
was established in this paper. According to the field mea-
surement results, the model’s vertical and horizontal stresses
(0, and o,) were 20 and 18 MPa, respectively. The main
mechanical parameters of numerical simulation were ob-
tained based on the geological data and geological histo-
gram. The Mohr-Coulomb criterion was adopted for
stresses in the simulation [14]. The particular strata of the
coal rock mass are described in Table 1, and the established
model is shown in Figure 2(a).

The length of a unit square in Figure 2 in the direction of
the coal seam advance was 5 m. When the excavation length
reached 120 m, the plastic failure area continued to expand
along the advancement direction but remained stable and
unchanged in the vertical direction. The range of the plastic
failure area was 60m from the floor, and its upper limit
could be considered the upper bound of the fracture zone
[15], which was consistent with the calculation results. Thus,
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TaBLE 1: Physical and mechanical properties of rock strata.

Stratum Buried  Thickness,  Density, mf&lill(us Shear Internal Cohesion, Tensile
depth, m m kg~m73 GPa > modulus, GPa friction angle MPa strength, MPa

Argillaceous

0 100 2790 8.6 4.65 34 4.31 1.8
sandstone
Coarse sandstone —-100 178 2860 2.9 2.5 32 2.1 2.1
Siltstone —-278 54 2540 5.38 2.74 35 2.23 0.6
Medium grained -332 35 2650 7.2 3.53 35 3.26 2
sandstone
Conglomerate rock -367 10 2610 4.55 2.58 32 2 24
Coal -377 5.3 1400 1.19 0.37 23 0.8 0.5
Siltstone -382.3 34 2580 5.61 2.35 36 2.15 0.7

Zone
Colorby: State - Average
None

shear-n shear-p
shear-n shear-p tension-p
shear-p

shear-p tension-p.

()

(b)

FIGURE 2: Numerical calculation model (a) and stress state distribution map (b) of the goaf.

it could be concluded that the upper limit of the fracture
zone was 60 m.

The goaf collapse zone could be determined according to
the value and direction of the maximum and minimum
horizontal principal stresses oy and o), after mining. At
or >0 and 0y, > 0, it was a bidirectional tensile stress zone
mainly distributed in the goaf collapse zone rock mass [15].

In this way, the distributions of the maximum and
minimum horizontal principal stresses were obtained
through FLAC®® numerical simulation, as shown in
Figure 3.

According to the simulation results, coal seam mining
led to stress redistribution in the surrounding rock mass. In
the process of stress balancing, a series of mechanical effects
such as overburden caving, collapse, separation, and dis-
placement of the overlying coal seam strongly manifested
themselves. With the workface advance, the goaf behind the
workface was gradually compacted under the overburden
weight. As observed, the goaf caving zone was mainly dis-
tributed within 15m from the floor , so the distance from
the collapse zone to the floor in further calculations was
taken as 15 m.

3.2. Distribution of Gas Infiltration Zone in Goaf
Undermining. In the process of gas adsorption-desorption
dynamic equilibrium, if the gas is in a saturated adsorption
state, the adsorbed gas will be desorbed as the coal body is
unloaded; if the gas is in an unsaturated adsorption state, the

coal body needs to reach a certain value when the pressure is
relieved. The pore gas pressure is reduced to the critical gas
desorption pressure and the gas is desorbed. This pressure
relief value can be called the effective pressure relief coef-
ficient for gas desorption and drainage. In other words, the
lower the saturation of gas adsorption, the higher the degree
of pressure relief required for large-scale gas desorption. To
observe the coal rock mass evolution after coal seam ex-
cavation, the pressure relief coefficient r was defined as
9z

y=l-g (1)
where o0 is the vertical pressure after coal seam excavation
and oy is the initial pressure.

A previous study [16] revealed that the effective ex-
traction range of gas required a great pressure relief degree of
coal rock. Based on the research results, the effective
pressure relief coefficient can be preset at 0.8 (i.e., 0, = 0.20y),
which corresponds to the efficient extraction range. The
numerical simulation performed via FLAC®" software
predicted the distribution of workface vertical pressure. The
simulation results were sliced according to the distribution
range of the collapse and fracture zones, yielding the stress
distributions in goaf at different heights, as shown in
Figure 4.

According to the pressure relief distribution of the
vertical slice, the O-shaped compaction stress rising area was
observed in the overlying strata of the workface, and a
“vertical stress relief ring” was observed near the O-shaped
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compaction stress rising area. With an increase in the slice
height, the stress in the pressure relief area of the overburden
increased gradually and returned to the initial rock stress
value; the stress variation rate in the surrounding rock
gradually decreased, which was in line with the O-shaped
circle theory [3]. As observed, a large pressure relief area was
observed near the back of the workface. With an increase in
goaf height, the range of the pressure relief area gradually
reduced, and this area should be avoided in the extraction
drilling arrangement to prevent the borehole cut-off, which
would deteriorate the gas extraction efficiency.

The simulation results revealed that the area with an
initial vertical pressure of 20 MPa and pressure relief co-
efficient of 0.8 was within the range of 0-45 m from the floor
height. To avoid the drilling being cut off, the drilling should
avoid the area with the pressure relief coefficient >0.8. The
optimal height range of the pressure relief channel was
15-45m. According to the distribution range of pressure
relief coefficient and trigonometric function, the effective
pressure relief angle of gas efficient extraction range was 76
in the strike and 85" in the dip directions. The area with a
pressure relief coefficient of 0.2 was a low-permeability gas
area, which could be used as a compaction area. According
to the simulation results, the distance between the boundary
of the compaction area and the workface was 20 m.

4. Gas Migration Law in Goaf Pressure
Relief Area

The migration of gas mixture in goaf was comprehensively
affected by air leakage, emission amount of workface gas,
and the pressure of coal rock mass in goaf. A further nu-
merical simulation was performed for the case study of
workface #2-104 of the Detong Mine, China.

2(pk) , (puk) _3(k + (/) (OKt0x;)]

ot 0x; 0x;

d(pe)  0(puie) _ 0(u + (/o,))(0klox; )|

ot 0x; 0x;

where y, is the turbulent viscosity, y; is the average velocity, p
is the density, Gy is the turbulent kinetic energy generation
term caused by velocity gradient, S./Sy are the custom source
terms, and C,;,/C,,./Cs, are the empirical coefficients.

4.2. Gas Sources in Goaf Analysis and Calculation. The gas
sources of goaf mainly included the gas gushing out of
workface (g,), of adjacent layer (g,), and out of goaf (g;).
Under the action of buoyancy and air leakage, part of the gas
gushed out with airflow, and the other part floated up and
was stored into the cracks induced by mining.

These processes are expressed as follows [20]:

4.1. Goaf Gas Migration Control Equation and Assumptions.
For the convenience of calculation, the go extraction area
(goaft) was simplified as follows:

(1) The influence of shearer, hydraulic prop, and elec-
tromechanical equipment on the fluid in coal mining
workface was ignored

(2) The mining workface, intake airway, return airway,
and goaf areas were assumed to be cuboids, and the
gas was treated as an incompressible ideal gas

(3) The goaf was assumed to be porous and isotropic [17]

(4) The gas flow was regarded as isothermal motion, and
the influence of water vapor and other gases in goaf
was ignored

According to the above assumptions, the goaf can be
geometrically modeled and meshed, as shown in Figure 5.

According to the above assumptions, the gas mixture
flow in goaf satisfied the mass and momentum equations
[18].

The fluid flow in the goaf followed Darcy’s law, which
could be expressed as

s = —g”j’ (2)
where s; is the source term of the i momentum equation; u
is the viscous resistance coefficient, Pa-s; « is the perme-
ability coefficient of porous media, m? v is the velocity
component.

The flow model that could deal with the turbulent state of
gas flow was k—¢ turbulent model, derived by a rigorous
statistical technique, and the equations of turbulent kinetic
energy k and dissipation rate ¢ were as follows [19]:

Gk+Gb_p8_YM+Sk’

(3)
& 52
+ Cls X % (Gk + C3£Gb) - Gb - CZsPE + Ss’
m
q :A'E(Wo_wc)’
n m,
9= Z(Woi_wci) 'E’ (4)

i=1

=1 v, | ex —l—l +ex —l—2
qs =1t:qo Vo |EXP Vol p Wt >

where g, is the amount of gas gushing from the mining layer,
q» is the amount of gas gushing from the adjacent layer, g is
the amount of gas gushing from the residual coal in the goaf,
A is the gas gushing coefficient, W and W, are the initial and
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FIGURE 5: Numerical simulation model. (a) Geometric model of working face. (b) Mesh generation of working face.

residual gas contents, respectively, m is the mining layer
thickness, i is the parameter of the it adjacent coal seam, V
is the mining velocity of workface, t is the coal seam ex-
posure time, [ is the perimeter of roadway section, [, is the
workface length, I, is the strike length of goaf, and g is the
gas gushing intensity of the coal wall.

4.3. CFD Numerical Simulation of Mixture Gas Flow in Goaf.
The parameter values of each calculation formula shown in
Table 2 were obtained based on the field measured data and
the empirical formula.

Therefore, parameters q;, q;, and gq; were taken as
2.97x107°, 1.85x107°, and 2.6x10 °kg(m’s)
respectively.

4.3.1. Geometric Model. According to the actual dimensions
of the site and used scale, the geometric model was set as
follows:

(1) The coal mining face’s length, width, and height
dimensions were 185x5x4m, and the space type
was fluid

(2) The scale of the intake and return airway was
10 x4 x4 m, and the space type was fluid

(3) The scale of goaf was 185x 200 x 60 m, the fracture
and collapse zones were 45 and15m from the floor,
respectively, and the space type was porous media

4.3.2. Boundary Conditions. The return airway was set as
“Out-flow” in the simulations, while the intake airway was
assigned a “Velocity-in” value of 2.5m-s™".

Since the goaf was regarded as porous media, its per-
meability was required for calculations. Therefore, the fol-
lowing permeability model based on sigmoid function was
used to simulate the permeability parameter evolution [21].

K, K

: 1_)
min T 1+ eoclx—S + (1 + eazx—S)(l + e(xlx—S) (yS 2 4 (5)

K=K

K - K

min z, atcolapse,

max

P (6)
z max—zmm z, atfracture,
1+ e(z_ f) -10

where a; = (10/x), xo is the strike compaction boundary
(preset at 70 m); a, = (10/y,), yo is the inclination com-
paction boundary (preset at 20 m); [, is the workface incline
length; ki, is the porosity of crushed rock mass after
compaction, ranging from 0.1~0.17 [19]; kp,.x is the maxi-
mum porosity at the workface, which could be obtained by
measurement and is commonly ranged from 0.31~0.4 [22].

Substituting equations (5) and (6) into the Koze-
ny-Carman function [23], one can obtain the goaf per-
meability distribution [24]:

2 3

D K 7)

180 (1- k)*

where 0 is permeability at maximum porosity, k is porosity,

and D, is the average particle size, ranging from 0.014 to
0.016 m.

The permeability was compiled with User Defined
Functions (UDF) and Renormalization Group (RNG) k—¢
model [25] was adopted to simulate the mixture gas flow in
stope considering the turbulence. The distribution of gas in
goaf was obtained.

Figure 6 shows the gas concentration distribution in the
return airway side section and the goaf plan at different
heights. As observed, the gas concentration distributions of
the intake and return airways were quite different. The gas
concentration of the intake airway was lower, and the low-
concentration area was larger than that of the return airway.
In the vertical direction, significant stratification of gas was
observed near the workface due to air leakage. The closer it
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TaBLE 2: Calculation formula parameter value.

Symbol Parameter Value Unit

H Mining height 5 m

A Gas gushing coefficient 1.2

Wo Initial gas content of coal seam 11.7 m’t!

W, Residual gas content 3.95 m*t!

m Mining layer thickness 5 m

vy Mining velocity of workface 41x107° m-min "

qo Gas gushing intensity of the coal wall 0.0401 m’-(m*min) '

L Workface length 185 m

L Strike length of goaf 200 m

(=}
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Height (m)

le,; 100
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“ ) 100 50
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FiGure 6: Cloud maps of gas distribution in goaf: (a) 2D scheme; (b) plane map; (c) profile; (d) at a 2m height.

was to the mining area, the lower the gas concentration was.
The upper and deep parts of the goaf were high-concen-
tration gas accumulation areas. Meanwhile, the vortex was
developed near the return airway in the workface under the
action of negative pressure and coal wall, and the airflow
velocity decreased, resulting in gas accumulation and
overrun, jeopardizing production safety. The specific dis-
tribution was as follows.

Along the strike direction of goaf, the gas concentration
in the intake airway was nearly zero due to the influence of
fresh airflow. However, the amount of fresh air entering the
goaf decreased with the deepening of goaf, and the gas
concentration grew from 1 to 60%. The gas concentration
near the workface on the return air side was no less than 6%,
with a large gradient and high concentration. In the vertical

direction, the gas concentration in the return airway was
high, with up to 30% being concentrated in the range of
0-30m in the vertical height and 0-20m behind the
workface.

With no countermeasures, the gas in goaf would get into
the return airway under air leakage in the workface. At the
same time, due to the action of negative pressure and coal
wall, the vortex develops near the upper corner, resulting in
the gas overrun in the upper corner, jeopardizing production
safety in goaf under HLBs.

For the optimal extraction position obtained above, i.e.,
15-45m in the vertical direction, with the respective
support of coal wall and overburden pressure, the optimal
position in the horizontal direction can be determined as
follows [26]:



S=hcos((x—ﬁ)+w, (8)
where « is the collapse angle of fault zone on the return
airway side, set at 85% f3 is the dip angle of the coal seam, set
at 0% L is the advancing distance of the workface, set at
200 m; y is the modification coefficient, set at 1. The com-
paction area width was preset at 20m, while a 21.3m
horizontal distance from the return airway was adopted.

The borehole type of the roof’s HLB diameter extraction
was defined as “Velocity-in,” the velocity was —5m-s~', and
the diameter was 203 mm.

Figure 7 shows the gas concentration distribution of goaf
for the HLB (borehole) located 15m from the floor and
21.3 m from the return airway. As observed, the HLB played
a key role in gas drainage in the goaf; the gas in the goaf was
discharged by the negative pressure of the HLB and the
ventilation airflow. The HLB presence changed the gas flow
field at the return air side and the fracture zone. The gas
converged to the HLB. The gas concentration at the return
air side was lower than that without extraction.

Cloud diagrams of the plane distribution of gas con-
centration in the goaf, as shown in Figure 8, indicate that the
gas concentration in the upper corner decreased to 4%
(which was significantly lower than that without extraction),
while the low-concentration area at the return air side in-
creased. A negative pressure zone was developed between
the gas near the extraction port and the fracture zone, which
forced the high-concentration (up to 30%) gas extraction
from the fracture zone.

To further study the HLB location effect on the gas
distribution in goaf, the gas concentration distribution and
extraction volume with the HLBs in different positions were
simulated. The preset HLB distances from the floor were 20,
30, and 40 m, respectively, and those from the return airway
were 25, 30, and 35, respectively. The results are listed in
Table 3.

As observed in Table 3, the optimal extraction pa-
rameter corresponded to the borehole located 30 m from
the roof and 25m from the return airway. At this HLB
location, the high-concentration gas in the fracture zone
could be extracted without affecting the original venti-
lation airflow. The gas concentration at the upper corner
was significantly reduced, and the extraction concentra-
tion reached the maximum value. However, simulation
results implied that a single borehole could not control the
gas concentration at the upper corner within the safe
range (>1%).

According to the data in Table 4, the relationship be-
tween the HLB parameters and the gas concentration in the
drainage pipeline and the gas concentration in the upper
corner is obtained through data fitting.

The relationship between the HLB and the gas con-
centration of the drainage pipeline [27]:

W, = 20.6 + 1.12x + 0.00086xh” — 0.0163k> — 0.001014°.  (9)

The relationship between the HLB and upper corner gas
concentration:
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W, =6.95+0.03h + 0.0045x" — 0.275x, (10)

where W, is the gas concentration in the drainage borehole,
W, is the gas concentration in the upper corner, x is the
distance from the return air tunnel, and 4 is the height from
the floor.

Hence, the number of boreholes should be increased to
the number determined by the following equation:

N - K(Q-9)

(11)
vCnD?

>

where Q; and Qf are the absolute gas emissions of the
workface and air row, respectively, K is the disbalance co-
efficient ranging between 1.2 and 1.7%, V is the gas flow rate
in the sealed pipe, and C is the gas volume fraction in the
extraction pipe (%). The actual values of the respective
parameters were substituted into equation (11), yielding the
required number of boreholes N=3.

According to observation Figures 9 and 10, gas in the
fracture zone was accumulated in the borehole under the
negative pressure of the borehole; a large amount of high-
concentration gas was extracted, and as the high-concen-
tration gas in the goaf moved to the deep part of the goafas a
whole, the gas emission amount was reduced. The gas
concentration slice of Z=2 m in the goaf showed that the gas
brought out by the airflow entering the goaf was reduced; the
upper corner gas concentration was less than 1%, the
production safety was ensured, and the safe comining of coal
and gas could be realized.

5. Analysis of Drilling and Extraction Effect in
Roof Strike

5.1. HLB Application Site Design. According to the simu-
lation results, three directional HLBs were drilled in the roof
of workface # 2-104 of the Detong Mine; the drilling yard
was located at the paralleled return airway (see Table 4 and
Figure 11).

After the completion of drilling construction, continu-
ous observation was performed on the variation of pa-
rameters in the process of the workface advance to 200 m,
the variation laws of gas concentration in the upper corner
and HLB, and the extraction volume with the advance of
workface during mining.

5.2. Field Application Analysis. As observed in Figure 12, the
variation of gas concentration in the HLB borehole could be
subdivided into three stages. In the first stage, the workface
advanced by 20 m in the initial mining; fissures above the
goaf were rarely developed, and there was no gas concen-
tration area in the goaf. In this case, the gas concentration
and net gas extraction amount were almost zero. In the
second stage, the workface advanced by 30-75 m; the goaf
roof began to collapse under the overburden pressure, the
“three-zone” of goaf began to emerge, and the fractures in
the fracture zone formed a gas migration channel. At this
stage, the gas concentration and volume in the boreholes
increased. In particular, gas concentrations in the three
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FIGURE 8: Cloud diagrams of the plane distribution of gas concentration in the goaf: (a) 2m from the floor; (b) 15m from the floor.

TaBLE 3: Gas concentrations at nine different HLB locations.

HLB location

Distance from the roof, m Distance from the return airway, m

Gas concentration, % at the
extraction port in the upper

corner

20 25 33.5 4

20 35 30.3 4.3
20 45 26.8 4.6
30 25 37.5 3.4
30 35 34.5 3.8
30 45 32.8 4.1
40 25 36.4 3.9
40 35 31.5 4.2
40 45 29.5 4.5

TaBLE 4: Construction parameters of roof HLBs.

Hole Drilling Drilling diameter/ The horizontal distance between the final hole The vertical distance between the final hole
depth/m mm and roadway/m to the roof/m
1 763 203 30 30
782 203 25 30
3 800 203 20 30

boreholes exceeded 35%, and the gas extraction volume was
10m’>min~—. At the third stage, when the workface was
advanced to 75 m, the fracture zone above the goaf remained

stable and shifted with the advancement of the workface. The
residual coal and gas desorbed by the coal wall in the goaf
continued to accumulate in the goaf, resulting in gas
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Figure 11: HLB construction diagram.

concentration areas in the deep part of the goaf. Then, the
gas floated up to the fracture zone, and the gas concentration
in the borehole had a stable and high level. Additionally, a
periodic pressure variation of goaf was observed; the gas
concentration of the three boreholes was 30-38%, and the
gas extraction volume was maintained at 12 m’-min~>.

In the first and second stages, gas concentration in the
upper corner was consistent with the gas extraction volume
of the borehole. In a rising trend, the maximum gas con-

centration in the upper corner reached 0.8%. In the third

stage, when the gas concentration and gas extraction volume
in the borehole reached a high level, the gas concentration at
the upper corner was relatively low, and vice versa. The gas
concentration in the upper corner was maintained within
the safe range of 0.5-0.6%, and roof HLB parameters ob-
tained by the numerical simulation were quite reliable.
Comparing the actual results on site with the numerical
simulation results, the changes in borehole concentration
and the upper corner gas concentration were basically
consistent with the simulation results. The actual field data is
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higher than the simulation result. In the following research,
the numerical model should be further optimized to avoid
errors.

6. Conclusions

Coal mining induces deformation and damage of goaf
overburden, resulting in many secondary fractures and gas
concentration areas. The gushing of high-concentration gas
seriously restricts mining production safety. Therefore, the
roof-drilled highly located boreholes (HLBs) are constructed
to create an artificial channel to drain the high-concentra-
tion gas stored in the fracture zone and improve the pro-
duction safety with coal and gas comining. Theoretical
analysis and FLAC®” numerical simulation were applied to
the case study of workface #2-104 of the Detong Mine
(China), yielding the goaf overburden stress evolution
pattern. Through analysis, it was found that the range of goaf
collapse zone was located 15 m from the floor, and the range
of fracture zone was 15-60 m from the floor. By defining the
pressure relief coefficient, the optimal extraction range of the
fracture zone was assessed as 15-45 m; the effective pressure
relief angles were 76° in the strike and 85" in the dip.
FLUENT software was used to provide the numerical sim-
ulation of gas migration law in goaf under initial and dif-
ferent extraction parameters. The results showed that the
optimal position of roof-drilled HLB was 30 m from the floor
and 25m from the return airway. It was verified that the
problem of the upper corner gas overrun could be mitigated
by drilling three directional HLBs. Engineering practice
revealed that when three roof-drilled HLBs were located
30m from the workface floor and 25m from the return
airway, the gas concentration in the boreholes exceeded 30%,
while the gas concentration in the upper corner did not

exceed 0.8%. The accuracy of the simulation results was
verified, which provided a reference for solving gas overrun
problems in similar coal mines and realizing effective coal
and gas comining.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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