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Abstract: The stress-relief coal mine methane surface gas venthole is considered an effective method
by which to realize coal mine methane exploitation and outburst prevention. Existing stress perme-
ability models for caved zones, fractured zones, and bending subsidence zones were embedded into
FLAC3D simulation software by using the FISH language. In cooperation with the in-situ data of a
mine in a Huainan coalfield, the permeability distribution of pressure-relief surface gas drainage via
different zones was simulated. The results indicated that the surface gas ventholes were effective for
gas extraction from mining areas. By analyzing the distribution of permeability, three zones were
identified: (1) the fully compacted zone, (2) the gradually compacted zone, and (3) the “O” type
fractured zone. The seepage path of pressure-relief surface gas drainage was visualized. Most of the
gas seeps into the adjacent rock mass at first and then is extracted through surface gas ventholes.
Meanwhile, seepage of gas with different ventilation modes in longwall-panel, U-type, and Y-type
was analyzed. Results shows that the Y-type ventilation mode is better than the U-type for gob gas
control in the longwall panel. A comparison between the simulated model and the on-site recorded
data is conducted, and results show that the model represents the site condition reasonably well. The
simulation results provide theoretical guidance to engineering practice.

Keywords: surface gas venthole; gas seepage path; ventilation mode; pressure-relief mining

1. Introduction

Gas is widely present in coal fields. One of the critical issues coal mining needs to face
is gas. With coal mining going deeper and larger in nowadays, gas pressure and gas content
increases drastically [1,2]. A few coal mines are facing unsatisfying issues pertaining to
permeability, gas pressure, and gas saturation, and these problems become barriers to gas
extraction [3,4]. Surface gas venthole (SGV) is a successful technology applied to pressure-
relief coal mine methane (CMM) and outburst prevention [5-7]. SGV aims at collecting
methane in the gob and protected coal seams prior to the methane getting into the work
environment by drilling into the gob where protective coal-seam mining is conducted, as
shown in Figure 1. Good methane control will benefit underground safety and use methane
as a clean fuel. Many attempts, such as theoretical analysis, field trials, and numerical
and laboratory simulations, have been conducted to evaluate SGV performance, and the
parameters could affect SGV [8-13].
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Figure 1. Schematic diagram of surface GGV [14].

The key consideration of methane control in coal mines is permeability and its
anisotropy characteristics [15-17]. The anisotropy of permeability is dominated by in-
situ structural conditions and corresponding stress distribution [12,18]. Upon exploiting
activities, there is a clear zoning phenomenon of permeability [19]. The arrangement of
SGVs is closely related to the permeability distribution. Currently, field measurement can
hardly be an ideal means by which to evaluate the performance of SGV because of its high
cost. Simulated experimentation is mainly focused on analyzing fracture evolution and dis-
placement of protective seams’ roof and floor, as well as stress changes of protected seams
and permeability changes of protective seams. It is hard to undertake fluid—solid coupling
mechanics analysis because the cost is even higher. Therefore, numerical simulation is often
applied to studies given the cheap financial cost and good performance. Moreover, nu-
merical simulation provides a means by which to quantitatively analyze individual factors
among all the parameters. By properly selecting input parameters, numerical simulation
can generate very trustworthy results when compared with field measurement. Thus, it has
been utilized by many scholars as a main tool with which to conduct research with respect
to mining and factor analysis. Many current evaluations use indirect parameters such as
stress relief, fracture evolution, and failure zones. Although these parameters provide
insight into the performance of methane extraction, they can hardly address the evolution
of permeability; thus difficulties arise when attempts are made to calculate seepage in
mining activities [20-23]. In terms of gas flow and drainage simulation, the evolution of
permeability and gas seepage during pressure relief mining is difficult to obtain by using
theoretical predictions [10,24-27]. In addition, the ventilation mode of a longwall face
has a great impact on the air leakage in goaf [28], and it has a great impact on the gas
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concentration of SGV extraction; however those issues have not drawn much attention
in research.

In general, the performance of SGVs depends on the permeability of applied strata.
As for the evaluation of permeability, numerical modelling has significant advantages
over many other approaches. It is possible to study the performance of SGVs by properly
addressing a numerical model [29]. Based on the study by [30,31], An algorithm to study
the reservoir model by using the FISH language was carried out by [32,33], through
which the permeability at different zones in the mining process can be calculated. In this
paper, existing stress permeability models for caved zones, fractured zones, and bending
subsidence zones were embedded into FLAC3D simulation software by using the FISH
language. In cooperation with the in-situ data of a mine in the Huainan coalfield, the
permeability distribution of pressure relief surface gas drainage via different zones was
simulated, and the extraction process of SGV may also further controlled. Based on this, the
influence factors of the ventilation mode in the longwall face were also studied in this paper.
Finally, a comparison between the simulated model and on-site recorded data is conducted.

2. Rock Permeability and Its Calculation

As shown in Figure 2, pressure-relief mining can initiate the surrounding rock to be
damaged. The damage content is related to the distance between the rock and a longwall
panel. A closer distance will generate bigger damage. Rock and coal permeability changes
in the model can be calculated by using the model proposed by [32,33]. According to the
exponential relationship between rock mass permeability and stress (Equation (1)), the
relationship between the rock mass permeability and stress of the intact, fractured, and
broken rock can be calculated by laboratory testing, as shown in Table 1. Thus we get

—3L0 (1)
k1 = koe f (1)

where k; stands for the permeability with effective stress equal to . and kj is the original
permeability, cf is the fracture compressibility, ar stands for the changing rate of fracture
compressibility, and ¢y stands for the initial fracture compressibility.
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Figure 2. Modelling results of uniaxial compression and permeability-stress change curve [34].
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Table 1. Laboratory test results of different permeability models.

Parameters
Sample Type kpo (ma) o (MPa 1) ay (MPa 1) Models R?
Raw sample 5.1733 0.3450 0.1247 ki = 5.17¢8:30(1—¢ 1) 0.9963
Fracture sample 116.0769 0.1925 0.0386 ki = 116.08~1496(1—¢70%1) 0.9915
Broken rock sample 336.0769 0.0740 0.2996 ky = 336.08¢0-82(1-¢7*7) 0.9934

3. Introduction to the Studied Longwall Face

The studied object in this paper is the longwall face 1242(1), and it is conducted at the
Huainan coalfield. The longwall face 1242(1) belongs to the 11-2 coal seam (protective coal
seam). The depth of the 11-2 coal seam is 930 m and the thickness is on average 1.2 m. The
nearest above coal seam is the 13-1 coal seam (protected coal seam) and its vertical distance
is on average 66 m. According to site investigation, the gas content of the 11-2 coal seam is
4.73 m®/t, and the pressure can reach 0.5 MPa top. The 13-1 coal seam faces more intense
gas conditions with a maximum gas pressure of 3.7 MPa, and gas content of 8.08 m3/t.
Seven SGVs were arranged to study the longwall face 1242(1). The total length of SGVs is
1315 m and the dip length is 220 m. The arrangement of SGVs is shown in Figure 3.

Gob

83 m 186 m

dip length 220m
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e
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1242(1) longwall face

strike length
Figure 3. SGV stations in LW1242(1) panel in the Huainan coalfield [34].

4. Numerical Modelling of SGV Extraction
4.1. Basic Assumption of Modelling

The length in X, Y, and Z direction was defined to be 300 m, 400 m, and 500 m,
respectively, as per the size of face1242(1). The dip length of 1242(1) was 220 m. As per the
site engineering design, the height of the drifts was defined to be 2.5 m and the width was
5 m. The failure criteria used in the numerical modelling for the gob was an elastic model.
The modified bulk modulus of the gob is as according to Equation (2). Two SGVs were
arranged in the model according to the actual situation on site, as shown in Figure 4. Thus
we get

4G (%) EO
K = —=— = — 2
3 2e 2(1—¢/em) @

where K represents bulk modulus, G is shear modulus, o, refers to vertical stress, E is
elasticity modulus, ¢ stands for vertical strain, and ¢, refers to maximum vertical strain.

4.2. Surrounding Rock Permeability Distribution

Simulation panel every 5 m for a mining step, mechanical calculation and continuous
upgrading of surrounding rock permeability is conducted in every step. After permeability
calculation, the extraction process of SGV was simulated. The panel in the model had been
advancing 300 m. After the mining, the simulation results were imported to TECPLOT for

post-processing.



Processes 2022, 10, 750

50f13

g g LA
1itgy /“1';’/:"
i

Figure 4. Numerical model of longwall face 1242(1) [34].

The strata above the mining seam can be categorized into four zones vertically: (1) the
surface zone, (2) the constrained zone, (3) the fractured zone, and (4) the caved zone from
top to the bottom, and the permeability differs from zone to zone, as shown in Figure 5.
Figure 6 shows the contour plotting of permeability distribution on the longitudinal cut
plane of the model corresponding to Figure 5. It can be seen from Figure 6 that the
permeability of the caved zone in the goaf is the largest, and the permeability of the
fractured zone at the left and right ends in the fractured zone is the second largest. The
permeability in the compacted area in the middle of the fractured zone is less than that
in the uncompacted area at both ends, but it is still in the same order of magnitude.
The permeability of the surrounding rock is generally increased in combination with the
“funnel” structure, which shows that the permeability of the whole protected coal seam can
be greatly increased. Figure 7 shows the contour plotting of permeability distribution on
the cross-cut plane of the protected coal seam. The permeability of the protected coal seam
is generally O-shaped from inside to outside, and there is an obvious zoning phenomenon.
From inside to outside, there is a fully compacted zone, an incompletely compacted zone,
and an O-shaped fracture zone, and the permeability increases gradually. Compared with
the original permeability of the protected coal seam, the permeability after pressure relief
increases by more than 1000 times. The simulation results of permeability distribution
indicates an obvious effect in protective seam mining: permeability enhancement and
pressure-relief effect.
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Figure 5. Schematic diagram of hydrogeological model for mined coal seam area, after [35].
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Figure 6. The contour plotting of permeability distribution on longitudinal cut plane of model.

4.3. The Performance of SGV Extraction

In terms of evaluating the performance of SGV extraction, the flow simulation with
and without SGV in the same time steps were implemented in this paper. The simulation
results were shown in Figure 8. The pressure-relief gas from the protected coal seam in-
rushed into the adjacent rock strata in protective coal seam mining due to the enhancement
of permeability. The gas pressure decreased because the protected coal seam with SGV ex-
traction was larger than without SGV extraction, especially in the middle of the compaction
zone (Figure 8). The gas pressure will decrease from 3.5 MPa to about 1.5 MPa. Due to
the SGV extraction, gas pressure decreases obviously around SGV. It is able to extract the
pressure-relief gas from the fractured zone to accelerate the gas pressure decreasing of the
protected coal seam. In general, SGV is a successful approach to maintain the safety of
mining for protective seams and realize the coal and gas simultaneous extraction.
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Figure 8. Gas pressure distribution, (a,b) is with and without SGV respectively.
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4.4. The Seepage Path of Pressure Relief Surface Gas in SGV Extraction

The gas seepage path in the gob and around the SGV during gas extraction was shown
in Figure 9. The extraction area of the 1# SGV and 2# SGV in the gob was overlapping
(Figure 9a). The extraction drill hole close to the panel, 2# SGV, had the larger extraction
area because of the high permeability around the 2# SGV. However, though the extraction
rates of the 2# SGV were larger than 1# SGV, the methane concentration was relatively
low due to the large quantity of air extracted (Figure 9a). As shown in Figure 9b, the gas
extraction mainly came from the fractured zone between protective and protected coal
seams. The main assumptions as follows. (1) The extraction area and average permeability
of the fractured zone between the protective and protected coal seams was larger than
the protected coal seam. (2) The gas content around SGV reduced gradually due to the
gas extraction and pressure-relief gas emission. The gas pressure of the fractured zone
decreased slowly because of the replenishment of the protected coal seam. In order to verify
the above assumptions, the monitoring points including 1# (caved zone), 2# (fractured
zone close to the caved zone), 3# (fractured zone close to the protected coal seam) and 4#
(protected coal seam) were arranged in the model during the gas extraction simulation.
The monitored results were illustrated in Figure 10.

e (MPa) 00 01 005 0.07 0.03 0.1 012015 02 05 12 3 35

b

Figure 9. Gas seepage path in the process of extraction. (a) Gob section. (b) SGV section.
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Figure 10. Gas flow rates variation curve of the monitoring points.

At the beginning of extraction work, the extraction rates of 1# monitoring points were
the largest and decreased quickly due to the gob compaction. Monitoring points of 2 # had
the same changing trend with the 1#, but the extraction rates decreased slowly because of
the replenishment of the protected coal seam. The changing trend of extraction rates to 3#
and 4# were the same, increasing at the beginning of the extraction and then decreasing.
The increasing of the extraction rates caused by the protective panel advancing and the
more pressure-relief gas gushed into the fractured zone [31]. Corresponding to the above
assumptions, the extraction rates of 2# decreased slower than 1# and the extraction rates
of 3# increased at the beginning. The slow decrease of pressure relief gas was because of
the protected coal seam replenishment. Although the extraction rates of 4# were larger
than 2# and 3# during the SGV extraction, the extraction area of the fractured zone between
protective and protected coal seam was larger than the protected coal seam. Thus, the total
volume of extraction from the fractured zone is larger than protected coal seam.

In general, except for extracting from the protected coal seam, most of the gas first
seeps to the adjacent rock mass and then is extracted by SGV. These simulation results
are basically consistent with the theoretical analysis, physical simulation, field test, and
laboratory test results described in this paper and other papers [36-39].

4.5. The Effect of Ventilation Mode

There are two ventilation modes used in the Huainan coalfield: U-type and Y-type.
The main influence of ventilation modes on the SGV extraction is the performance of the
caved zone extraction. The parameters in these two modellings were unchanged, but the
ventilation mode and the results were shown in Figure 11. It is important to note that the
gob was enclosed by the gob-side entry retaining, around which the permeability was
very low. Onsite engineering production requires the extraction pipes to be buried into
the gob to extract the gas during mining. In order to reflect the buried pipe extraction,
the gob-side entry retaining was assigned a negative pressure to extract the gas. Because
of the two-intake airway of the Y-type ventilation mode, the gas in the upper corner of
the panel is relatively lower than U-type (Figure 11). Moreover, the gas extraction in the
gob-side entry retaining can: (1) make the gas pressure largely decrease in the gob, which
is closed to the retained drifts; and (2) increase the extraction radius of the SGV. The above
results indicated that the Y-type ventilation mode is better than U-type for gob gas control
in the longwall panel. The utilized model showed good potential for the application to site
productions regarding the evaluation of ventilation and the choice of ventilation mode.
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Figure 11. The gas pressure distribution in the gob with different ventilation mode. (a) U-type.
(b) Y-type.

5. Site Validation

The production data of the 1# and 2# SGV were recorded in the whole mining process,
and the gas extraction rates and the methane concentration were shown in Figure 12. Three
stages were witnessed in Figure 12 in terms of the evolution of methane flow rate: (1) sharp
climbing, (2) gradual declining, and (3) relative stability. Those stages were similar to the
3# and 4# monitoring points in Figure 10. Due to the low methane concentration of the
gob gas extraction, the results in Figure 12 are similar to Figure 10 and were very powerful
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proof of the reliability of the simulation. Besides, the methane concentration is relatively
small at the beginning of the SGV extraction corresponding to the analysis of Figure 9.
The methane concentration was relatively low due to the large quantity of air extracted
(Figure 9a). In summary, the numerical model can be regarded as representative of the
actual mining conditions of protective seams.
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Figure 12. Gas extraction data of surface gas venthole.

6. Discussions and Conclusions

In this paper, existing stress permeability models for caved zones, fractured zones,
and bending subsidence zones were embedded into FLAC3D simulation software by using
the FISH language. The permeability distribution of pressure relief surface gas drainage via
different zones was simulated, and the extraction process of SGV was further controlled.
Based on this, the influence factors of the ventilation mode in the longwall face were
also studied in this paper. Thus, this study enhances the understanding of permeability
distribution after extraction and provides suggestions on the arrangement of SGVs. The
compared results between the U-type and Y-type ventilation mode will provide useful
suggestions on the choice of ventilation mode. However, in our work, the permeability
models and the associated parameters are obtained from various experiments with specific
rock mass; therefore, each model should have its accommodation. It is debatable whether
these models should be utilized without calibrations, which may reduce the reliability of the
simulation. Moreover, pressure relief mining produces loading and unloading processes in
the protected coal seam, and we also find the permeability heavily depends on the loading
or unloading process, i.e., permeability is stress path dependence [40,41]. Thus, in our
future work, the effect of loading and unloading path on permeability will be studied.
Moreover, more ventilation models will be studied subsequently. The main conclusions of
this paper are as follows:

Incorporated with the in-situ conditions from a mine of the Huainan coalfield, the per-
meability distribution in the process of pressure relief surface gas drainage was simulated
by using numerical simulation. The results indicated that the permeability of the caved
zone was the largest and increased from the inside to the outside of the caved zone. There
was an obvious zoning phenomenon of the permeability distribution in the fractured zone.
They can be divided as (1) the fully compacted zone, (2) the gradually compacted zone,
and (3) the “O” type fractured zone. The categorized zones were generally in line with the
concept proposed by [32]. The simulated model showed great potential to represent the
permeability distribution.

The flow simulation with and without SGV in the same time steps witnessed the well
performance of SGV in terms of preventing gas outburst hazard. Moreover, seepage path of
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pressure relief surface gas drainage was obtained. Most of the gas seepage to the adjacent
rock mass occurred first and was then finally extracted by surface gas venthole.

By contrast, the simulation results show that the Y-type ventilation mode is better than
U-type for gob gas control in the longwall panel. The U-type ventilation mode not only
made the gas pressure largely decrease in the gob which closed to the retained drifts but
also increased the extraction radius of the SGV.
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