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The No. 21 coal seam in the Zhengzhou mining area is a soft, three-layer, low-permeability coal seam prone to outbursts. The
three-layer structure includes the coal seam and the roof and floor layers, which exhibit high gas contents and poor
permeability. The dynamic hazards caused by coal and gas outbursts are very serious. A new permeability-increasing fracturing
technique that combines hydraulic perforation and hydraulic fracturing was developed specifically for the geologic conditions
of the gas-bearing No. 21 coal seam. Numerical simulations were developed to study the influence of the technique on the
stress distribution and permeability of the coal around the borehole. In addition, the extracted borehole gas concentrations and
extraction amounts at multiple sites were investigated before and after using the technique. The study shows that the
permeability-increasing fracturing technique destroys the concentrated stress coal pillars via the development of fractures
between boreholes in exposed hydraulically perforated coal. The coal stress within the zone with an effective increase in
permeability decreased by 30%. Furthermore, the permeability in this zone increased by three times, and the average extracted
gas concentration increased by over six times. The gas pressure in the No. 21 coal seam decreased from 1.1MPa to 0.4MPa,
and the gas content decreased from 15.96m3/t to 5.6m3/t. All outburst prediction indexes measured on site did not exceed
their respective limits. The technique not only effectively eliminated the dynamic hazards caused by coal and gas outbursts but
also achieved efficient gas extraction in the Zhengzhou mining area.

1. Introduction

The coal and gas outburst dynamics are the result of the com-
bined effects of ground stress, gas pressure, and coal mechani-
cal properties [1–6]; it always threatens the safety of
underground production as a serious mine disaster [7–12]. In
some soft outburst coal seams with low permeability in China,

the coal seam has suffered from strong structural compression
deformation due to the influence of multistage geological struc-
ture, and its primary structure has been damaged seriously, and
the coal body strength and coal seam permeability are low
[13–17]. Therefore, the dynamic disaster of coal and gas out-
burst in this kind of coal seam is very serious, and with the
deepening of the mining gradient, the mining conditions of
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the soft outburst coal seam under high ground stress, high gas
pressure, and low permeability will become more worse
[18–21]. Coal and gas outburst dynamic disasters are also
increasingly threatening mine safety production [22, 23]. How-
ever, it is difficult to eliminate the danger of coal seam outburst
relying on the traditional prevention and control measures
such as optimizing the coal seam gas drainage technology
(reducing the borehole spacing, increasing the number of bore-
holes, and prolonging the drainage time) [24–26] or coal seam
pressure relief mining.

The permeability of coal seam is an important index to
measure the gas drainage ability of coal seam. For low-
permeability coal seams, especially low-permeability soft out-
burst coal seams, this indicator will directly affect the outburst
prevention and elimination effect of coal seams, such as the
literature [27] utilizing the laboratory test method, the path
control effects of CBM migration characteristics in coal reser-
voirs were studied, andmechanisms of CBMmigration in coal
reservoirs were analyzed and discussed. Therefore, special
measures must be taken to improve the permeability of coal
seam [28]. At present, many scholars at home and abroad have
carried out a lot of research on increasing coal seam perme-
ability (or rapid outburst elimination technology) under soft
outburst coal seam with low permeability. For example, the
pressure relief and permeability enhancement technology of
protective layer is to increase the permeability of the underly-
ing coal seam by mining the upper protective layer in the low-
permeability coal seam, so as to improve the gas drainage rate
of the low-permeability coal seam and reduce the risk of gas
outburst in the working face [29–31]. Literature [32] discusses
the coupling relationship between fractures in overlying strata
and gas seepage fields for pressure relief during mining of
outburst-prone coal seam groups to quantitatively character-
ize the distribution characteristics of favorable areas for
coalbed methane (CBM) drainage in mining-induced
fractures of overlying strata. And literature [33] bases on the
production experience of coal mines and the summaries of
experts; a production deployment evaluation system with
eleven indices for outburst-prone coal mines is established;
CO2 phase change fracturing and permeability enhancement
technology is to inject high concentration of CO2 into the
body by high pressure to achieve phase change fracturing of
broken coal-rock mass, thus increasing the permeability of
coal and rock [34–36]. Deep hole blasting fracturing and
permeability-increasing technology is to produce explosion
shock wave in the borehole to fracture surrounding coal and
rock, so as to achieve the purpose of permeability enhance-
ment [37, 38]. The technology of freeze fracturing permeabil-
ity enhancement is to increase the seepage rate of coal
reservoir by rapidly reducing the temperature of coal and rock
mass and then changing the pore structure of coal reservoir
[39]. However, this technology is still in the stage of laboratory
research and cannot be used in large-scale underground. The
technology of hydraulic perforation pressure relief and perme-
ability enhancement is to release the coal body through the
scouring effect of water flow, which reduces the stress of coal
seam, increases the permeability, and releases the coal seam
gas, thus eliminating the danger of coal seam outburst
[40–42], and the experimental system established in reference

[43] reveals the fluid solid coupling property of gas-bearing
coal subjected to hydraulic slotting. The technology of hydrau-
lic fracturing permeability enhancement is to inject high-
pressure water into the coal seam boreholes; under the pres-
sure, the coal body around the borehole appears cutting
cracks; and with the continuous injection of high-pressure
water, the cracks gradually extend to the depth of the borehole,
thus increasing the coal seam permeability [44, 45]. Literature
[46] explored the change rule of the compressive strength,
elastic modulus, and Poisson’s ratio of slotted coal samples
with the slotting angle and found that the change rule, respec-
tively, conforms to the Boltzmann function, logistic function,
and quadratic function.

To sum up, the various coal seam permeability enhance-
ment technologies studied by predecessors all start from chang-
ing the external pressure of coal seam, through causing coal
body pressure relief and uneven deformation and damage,
opening the original cracks, generating new cracks, and con-
necting the cracks with each other, so as to provide channels
for gas desorption and flow. These technical measures have
played a greater role in promoting the permeability of coal
seam. However, there are still many problems if only a single
coal seam permeability enhancement technology is used in
practical engineering application. For example, a single low-
permeability outburst coal seam does not have the conditions
for mining protective layer. When the technology of hydraulic
perforation pressure relief and permeability enhancement is
adopted, pores of varying sizes and concentrated stress coal pil-
lars appear in the process of coal tunnel excavation, which not
only makes the support of coal tunnel difficult but also makes
the stress distribution of coal body uneven, and under the
action of excavation stress, the hole will suddenly collapse,
causing abnormal gas emission from the coal seam. When
the hydraulic fracturing technology is adopted, the gas drainage
rate of coal seam drilling often has the problem of too fast
attenuation rate.

Therefore, the author based on the limitations of various
single coal seam permeability enhancement technology, tak-
ing the Zhengzhou Gaocheng mine as the research object
and creatively puts forward a new permeability-increasing
technique combining hydraulic perforation and hydraulic
fracturing. The technology is to set hydraulic perforation
boreholes between coal uncovering boreholes based on coal
uncovering caused by hydraulic fracturing thus to eliminate
the stress-concentrated coal pillars between coal uncovering
boreholes, realize uniform stress distribution of coal, and
widely improve permeability of coal.

2. Permeability-Increasing
Hydraulic Technique

Hydraulic perforation involves drilling holes in the construc-
tion layer of a floor roadway. A water jet is used in the crossing
holes. The coal is dislodged by the scouring action of the water
flow. Therefore, the advantages of hydraulic perforation are
shown below. The process of hydraulic perforation reduces
coal seam stress, increases permeability, releases gas, and elim-
inates the outburst hazard of the coal seam. The principles of
the permeability-increasing technique are as follows: during
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the drilling process of the hydraulic perforation bits, coal is
partially crushed under the effect of the water jet and bit cut-
ting, which encourages the release of coal stress and reduces
the potential for gas expansion. Under the effects of the water
flow, crushed coal and gas are released into the borehole,
thereby releasing the coal stress and gas pressure. Due to creep
deformation in the coal, the permeability of the coal increases
correspondingly. A schematic drawing of hydraulic perfora-
tion system is shown in Figure 1.

Permeability-increasing hydraulic fracturing utilizes a
high-pressure pump to inject highly pressurized water into
boreholes with a displacement far greater than the absorption
capacity of the coal seam. After borehole sealing, the highly
pressurized water imposes a pressure exceeding the stress
around the pore wall and the tensile strength of the coal-rock
mass, and cracks form in the coal seam. As liquid is continu-
ously injected into the cracks, the cracks gradually extend away
from the borehole. The fracturing fluid is discharged after the
fracturing process is completed. Therefore, the advantages of
hydraulic fracturing are shown below. Hydraulic fracturing
has formed a channel for gas flow, improving the permeability
of the coal seam, reducing the amount of drilling necessary,
improving the gas extraction rate, and shortening the extrac-
tion duration. In addition, hydraulic fracturing promotes uni-
form stress distribution within the coal, thus eliminating the
local stress concentration caused by the geologic structure.
Moreover, coal moisture increases, and dust concentrations
decrease. A schematic drawing of hydraulic fracturing is shown
in Figure 2.

Permeability-increasing fracturing technique that com-
bines hydraulic perforation of exposed coal and hydraulic
fracturing involves the comprehensive application of both
hydraulic perforation and hydraulic fracturing. During the
application of hydraulic perforation measures to exposed coal
in crossing holes, holes form within the coal. Under the joint
action of geostatic stress and gas, the coal is subject to creep
deformation, and the stress distribution is rearranged. The coal
stress around the borehole decreases, and the coal permeability
increases. However, after the implementation of hydraulic per-
foration, uncovered holes in the coal form. The coal pillar stress
between the holes increases and the permeability decreases,
which reduces the migration of coal gas to the boreholes.
Hydraulic perforation holes increase the probability of abnor-
mal gas emissions, which represent a hazard factor for the safe
construction of coal roadways. In addition, because boreholes
in a soft coal seam are prone to collapse and duct blockage,
hydraulic perforationmeasures do not relieve the pressure con-
ditions or enhance permeability over large areas in a coal seam.
To eliminate the pillars of concentrated stress between the
uncovered hydraulic perforation holes, promote creep defor-
mation in the coal, rearrange the stress, and eliminate the resid-
ual boreholes, it is necessary to create hydraulic fracturing
holes. The fracturing effects of injecting highly pressurized
water into the coal promotes weak plane expansion, crack
extension, formation of a connected fracture network within
a certain volume, and gas desorption from the coal as the gas
migrates to the extraction drilling channel. These processes
result in a large area of uniform pressure relief and a permeabil-
ity increase in the coal seam. Therefore, it is necessary to com-

bine both hydraulic perforation and hydraulic fracturing. The
working principle and drilling layout of hydraulic flushing coal
drainage and fracturing coupling fracturing and permeability
enhancement in Gaocheng mine of Zhengzhou mining area
are shown in Figures 3 and 4.

3. Numerical Simulation Analysis of Coupled
Hydraulic Perforation and Fracturing

3.1. Numerical Simulation Scheme and Model Parameters.
According to the drilling data of the 25091 floor roadway
in the Zhengzhou Gaocheng mine, the No. 21 coal seam is
6m thick. The top layer of the coal seam is a 6m thick silt-
stone. The floor layer is a 6m thick sandy mudstone. The
rate of coal uncovering caused by hydraulic perforation in
the Gaocheng mine is 30%. The diameter of the zone influ-
enced by hydraulic perforation is 0.6m. The water pressure
for the hydraulic fracturing is 20MPa. To analyze the impact
of the multiple drill holes for hydraulic perforation and
hydraulic fracturing on coal stress and permeability, the sim-
ulation analyzed 9 drill holes. The drill hole spacing was 6m,
and the drill holes traversed the coal seam. After completing
the hydraulic perforation process, the coal stress returned to
equilibrium. We selected the middle drill hole and injected
water at 20MPa to hydraulically fracture the coal. To reduce
the influence of the model boundary effect, we retained 9m
thick coal pillars around the drill hole. The physical and
mechanical parameters of the No. 21 coal seam, as well as
those of the roof and floor layers, are shown in Table 1.
We set the inclination angle of the coal-rock layer in the
numerical model to 0° and the thicknesses of the coal seam
and the roof and floor layers to 6m, and we applied 5MPa
of vertical stress to the top of the model. The drill hole layout
of the numerical simulation scheme is shown in Figure 5.

3.2. Numerical Simulation Results of Coal Uncovering via
Hydraulic Perforation

3.2.1. Analysis of Hydraulic Fracturing Stress Field. Before
drilling of the construction layer of the floor roadway, the
coal stress should be less than the initial equilibrium condi-
tion. Vertical stress should be directly related to burial depth.
After coal uncovering caused by hydraulic perforation, the
coal stress within a certain distance around a drill hole is
reduced. The coal then generates creep deformation, cracks
increase, and the coal permeability improves. To analyze
the coal stress field distribution around a drill hole after coal
uncovering caused by hydraulic perforation, we extracted a
horizontal profile along z = 9m and a vertical profile along
x = 15m in the numerical model to obtain a coal stress field
distribution diagram. The stress field distribution diagram of
the horizontal and vertical profiles after hydraulic perfora-
tion is shown in Figure 6.

The figure shows the following three points. (1) The coal
stress around the boreholes is significantly reduced after
implementing coal uncovering measures using hydraulic
perforation. The pressure relief range also increases. In addi-
tion, the zones of stress reduction surrounding the drill holes
are connected, which indicates that the coal uncovering

3Geofluids



caused by multiple hydraulic perforation generates a syner-
gistic permeability increase effect. (2) The zone of coal-
rock mass stress reduction is greatest around the roof and
floor layers of the borehole section. (3) The coal stress value
within a distance of 0.8m between boreholes is relatively
high and is obviously higher than the coal stress around
the other sites, which indicates that coal uncovering via
hydraulic perforation between drill holes forms pillars of
concentrated stress in the coal.

3.2.2. Permeability Evolution. To analyze coal permeability
changes around a drill hole after coal uncovering caused by
hydraulic perforation, we extracted a horizontal profile along
z = 9m and a vertical profile along x = 15m in the numerical
model to obtain a diagram of the permeability changes around
the drill holes. The permeability changes in the horizontal and
vertical profiles after hydraulic perforation are shown in
Figure 7.

The figure shows the following three points. (1) The coal
permeability around the boreholes has obviously increased,
which indicates that the coal uncovering via hydraulic perfo-
ration improves the coal permeability. (2) The coal perme-
ability within a distance of 3m around the coal uncovering
borehole increased due to the hydraulic fracturing. The

zones of increased permeability around each borehole inter-
sect, which indicates coal crack communication between
drill holes. (3) The coal permeability within 0.8m of 4 bore-
holes is low, which indicates that coal uncovering caused by
hydraulic perforation is prone to forming concentrated
stress coal pillars. To realize a large area of pressure relief
and increased permeability in a coal seam, further hydraulic
fracturing measures should be performed.

3.3. Impact of Coupled Hydraulic Perforation and Fracturing
on Seam Permeability. After performing hydraulic perfora-
tion, the stress becomes concentrated in the coal between
the boreholes. If the borehole spacing is too large, concen-
trated stress pillars will be generated in the coal around the
hydraulic perforation holes. Low coal permeability is detri-
mental to gas extraction. Therefore, in addition to hydraulic
perforation, hydraulic fracturing measures must be taken.
The concentrated stress coal pillars between the drill holes
promote creep deformation, and the formation of a crack
network results in a pressure release and increased perme-
ability in a large area of coal.

3.3.1. Stress Field Distribution. Figure 8 shows that after per-
forming hydraulic perforation and hydraulic fracturing, the
following observations can be made regarding the coal stress
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Figure 1: Schematic drawing of hydraulic perforation.
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Figure 2: Schematic drawing of hydraulic fracturing.
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distribution. (1) The coal stress around the hydraulic fracturing
borehole has been reduced, and the stress distribution is uni-
form. There is no stress concentration between the boreholes.
(2) After implementing hydraulic perforation measures, the
stress in the coal was 0~0.5MPa measured in a zone 0~0.45m
from the fracturing borehole. The stress in the coal was

0.5MPa~3MPa measured in a zone 0.45m~2m from the frac-
turing borehole. Finally, the stress in the coal was
3MPa~3.5MPa measured in a zone 2m~3.5m from the frac-
turing borehole. (3) The coal stress between the fracturing bore-
hole and adjacent boreholes has been reduced. In addition, the
stress is uniformly distributed and is not concentrated. The

Through layer drilling construction Hydraulic perforation for coal
discharge

Hydraulic fracturing pressure
relief Gas drainage stage

Drilling
through coal
seam through
drilling yard

Using water jet
high-pressure
pump to form

holes in drilling
holes

The stress of coal
around the
borehole
decreases

Hydraulic
fracturing

measures are
applied around
water jet holes

It makes the weak
plane of coal pillar
open and the crack
expand and extend

Secondary
pressure

relief coal

The fractures of
coal are fully

developed

Pressure
relief coal

The gas drainage device
is installed after the

coupling technology of
hydraulic flushing and
fracturing is adopted

The permeability
of coal increases

Pressure
relief coal

Original coal

Figure 3: Working diagram of hydraulic flushing coal drainage and fracturing coupling fracturing and permeability enhancement technology.
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Figure 4: The layout of hydraulic perforation and hydraulic fracturing drilling. (a) The whole and (b) the local.

Table 1: Physical and mechanical parameters.

Stratum
Thickness

(m)
Density
(KN/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Angle of internal
friction (°)

Tensile strength
(MPa)

Roof 6 24 45 11.3 3.6 21 3.8

Coal
seam

6 14 0.2 0.04 0.8 19 0.32

Floor 6 24 35 9.5 4.2 28 5.2
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coal stress between boreholes is lower than the value before
fracturing, which indicates that induced fractures passed
through the concentrated stress coal pillars between the
hydraulic perforation boreholes, promoting a uniform stress
distribution in the coal.

3.3.2. Permeability Evolution. Figure 9 shows the coal perme-
ability changes after hydraulic fracturing. After hydraulic frac-
turing, the coal permeability within a range of 2.5m around
the borehole reached 9 × 10−3mD, representing an increase
of approximately 3 times compared to the original coal perme-
ability. Therefore, the coal cracks have formed a network
around the hydraulic fracturing boreholes, resulting in a large
area of coal pressure relief and increased permeability.

3.4. Analysis of Permeability Increment after Hydraulic
Perforating and Fracturing. To compare the two measures,
the stress and permeability data obtained using the value
simulation calculation are subjected to statistical analysis.
The curves of coal stress and permeability changes before
and after implementing hydraulic fracturing measures in
the No. 21 coal seam are shown in Figures 10 and 11.

The following observations can be made: (1) the coal
stress around the boreholes is reduced, which indicates that
both measures can reduce coal stress and improve coal per-
meability. (2) The magnitude of the stress decrease following
hydraulic perforation is small. The coal stress is reduced
within 1.5m around the borehole. However, the coal stress
increase between boreholes indicates that the coal between
the boreholes experiences higher levels of stress. (3) The
range of the stress reduction in the coal around the hydraulic
fracturing borehole is far greater than that of the hydraulic
perforation borehole, and the coal stress between the bore-
holes is significantly reduced, which indicates that hydraulic
fracturing measures damage the coal between the hydraulic
perforation boreholes and promote a significant decrease in
coal stress between boreholes.

Figure 11 shows that hydraulic perforation caused an
obvious increase in coal permeability within a 1.5m wide
zone around the borehole. The coal permeability within this
zone increased by 1 × 10−3mD on average compared to that
of the original coal. The coal permeability within the zone
2.5m~3.5m from the borehole increased slightly, approxi-
mately 0:2 × 10−3mD, compared to that of the original coal.
Permeability-increasing technique that combines hydraulic
perforation and hydraulic fracturing can significantly improve

coal permeability between boreholes. The coal permeability
within 2m of the hydraulic fracturing borehole increased by
8:5 × 10−3mD on average compared to that of the original
coal and increased by 7:0 × 10−3mD compared to that of the
hydraulic perforation borehole, which indicates that the
permeability-increasing technique results in connections
among the hydraulic fracturing boreholes. Consequently, a
large area of decreased coal pressure and increased permeabil-
ity develops through the elimination of the concentrated stress
coal pillars between the hydraulic perforation boreholes.

4. Equipment and Process of the Permeability-
Increasing Technique That Combines
Hydraulic Perforation and
Fracturing Coupling

The permeability-increasing hydraulic perforation and frac-
turing system is composed of a high-pressure feed pump,
water tank, high-pressure pipes, hydraulic perforation blow-
out control device, and other components. The connection
sequence starting at the high-pressure water supply system
is as follows: clean water pipe (Φ108 mm)→water tank
(1.2m3)→high-pressure feed pump→high-pressure pipe→-
target layer borehole. The auxiliary equipment includes a
pressure release valve, pressure gauge, flow meter, and other
components. A schematic diagram of the permeability-
increasing hydraulic perforation and fracturing system is
shown in Figure 12. The water-gas separator and three-way
device are shown in Figure 13.

The permeability-increasing process involving hydraulic
perforation and fracturing is as follows: (1) use a drill bit
94mm in diameter and provide positive pressure ventilation
to create a hole in the coal seam. Stop using the drill rod,
and expand the hole to 113mm to prevent the drill hole from
being blocked by pulverized coal. (2) Use a drill bit 133mm in
diameter to drill to a depth of 2.5m. Inject polyurethane, fix
the borehole orifice pipe, and connect it to a blowout control
device with flanges. (3) Use a drill bit 75mm in diameter to
dig to the roof layer of the coal seam. Replace the drill bit with
the special drill bits used for hydraulic perforation, and com-
plete several rounds of hydraulic perforation. (4) Use a static
water pressure (4~5MPa) for hydraulic perforation. By com-
paring the expected and actual amounts of coal exposed by a
single borehole, determine whether the hydraulic perforation
process should include a high-pressure pump. Use a high-
pressure pump to enhance the water injection strength. Per-
form hydraulic perforation following the principle of “using
low pressure first and then high pressure.” (5) Select the 9
adjacent hydraulic perforation boreholes, and use the middle
borehole of the “田” pattern as the hydraulic fracturing bore-
hole. Inject highly pressurized water at 20MPa into this bore-
hole, and observe the status of the coal slime water around the
hydraulic fracturing borehole. Plug the first borehole showing
coal slime water with a special hole packer until all 8 adjacent
boreholes presenting coal slime water complete the hydraulic
fracturing process. (6) Remove the hole packers from the 9
boreholes to drain the coal slime water naturally. Use a drilling
machine to penetrate the roof layer of the coal seam. 7) Seal

30 m

6 m

30
 m

Hydraulic fracturing drilling

Hydraulic perforation drilling

Figure 5: The drill hole layout of the numerical simulation scheme.
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the borehole using two plugs and one injection. The hole seal-
ing length should not be less than 8m. Then, during extrac-
tion, treat the area as a single network.

5. On-Site Test of Hydraulic Perforation
and Fracturing

5.1. Basic Situation of the on-Site Test. The 25091 coal face of
the Zhengzhou Gaocheng mine was selected as the field test
site. During the floor roadway construction process, 67 con-
struction boreholes were drilled to measure the 6m thickness
of the No. 21 coal seam, which dips at an angle of 14°. The orig-
inal measured gas content of the No. 21 coal seamwas 7.45m3/
t~15.96m3/t. The original gas pressure of the coal seam was
1.1MPa, and the firmness coefficient of the coal seam was

0.2. The initial speed of the gas emission, ΔP, was 31. The type
of coal destruction was characterized as types IV and V. The
permeability coefficient of the coal seam was 0.0029mD. In
addition, the flow attenuation coefficient of the borehole, β,
was 0.55~2.25d-1. In conclusion, the No. 21 coal seam of the
25091 coal face is characterized by a low permeability and a
high likelihood of gas outbursts.

5.2. Layout of Hydraulic Perforation and Hydraulic Fracturing
Boreholes. A row of boreholes at an interval of 6m was estab-
lished along the transportation roadway of the 25091 coal face.
Seven hydraulic perforation boreholes were arranged in this
row. While executing the hydraulic perforation, the workers
controlled the amount of coal uncovering by regulating the
water pressure of the hydraulic perforation. The amount of
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Figure 9: Permeability changes in the horizontal and vertical profiles after hydraulic fracturing.
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Figure 11: Curve of coal permeability changes before and after
implementing hydraulic fracturing measures.
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coal uncovering was checked using a special tool. The magni-
tude of coal uncovering should be no lower than 30%. The
amount of coal uncovering in a single borehole should not
be less than 7 tons. In addition, the amount of coal uncovering
along each meter of coal borehole should not be less than 1
ton. After the amount of coal uncovering reached the given
requirements, the workers performed hydraulic fracturing.

A set of boreholes was drilled per every 9 crossing holes
into the floor drainage roadway. A hydraulic fracturing bore-
hole for each group was created. The workers stopped fractur-
ing when coal slime water appeared around the hydraulic
fracturing borehole. The workers observed the hydraulic frac-

turing site, blocked each borehole with coal slime water with a
special hole packer, and continued this process until all bore-
holes in the group presented coal slime water, indicating that
the hydraulic fracturing of the group of boreholes had been
completed. Then, the workers removed the coal slime from
the boreholes and sealed the boreholes for linked extraction.
The layout of the hydraulic perforation boreholes and hydrau-
lic fracturing boreholes is shown in Figure 14.

5.3. Analysis of Gas Extraction and Outburst Elimination Effect.
Hydraulic perforation measures were used only in the 25091
ventilation roadway of the Gaocheng mine; no hydraulic

Water rank Flow meter
Piezometer Pressure relief valve

Pressure duct

Electrical
machinery

Figure 12: Schematic diagram of the hydraulic perforation and fracturing permeability-increasing system.
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Figure 13: Water-gas separator and three-way device.
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fracturing was implemented. During the excavation process of
the 25091 ventilation roadway, numerous hydraulic perfora-
tion boreholes with diameters ranging from 200mm to
800mm were created. In the vicinity of the hydraulic perfora-
tion boreholes, the outburst prediction index q was found to
exceed the standard value, and the gas concentration of the
return current increased. The analysis has shown that the vol-
ume of the effective permeability increase due to hydraulic per-
foration is small. In addition, the coal permeability just 3m
from the hydraulic perforation boreholes is quite poor, leading
to stress concentration and enhanced outburst hazard. There-
fore, in addition to hydraulic perforation, hydraulic fracturing
should be applied to the 25091 transportation roadway to real-
ize a large area of decreased pressure and increased permeabil-
ity in the No. 21 coal seam.

5.3.1. Gas Extraction Effect. The gas conditions of the 25091
ventilation roadway and the 25091 transportation roadway
at the Gaocheng mine are basically the same. Conventional
permeability-increasing measures were used on the 25091
ventilation roadway. The magnitude of the coal uncovering
via hydraulic perforation was 30‰. Hydraulic fracturing
measures and hydraulic perforation measures were used on
the 25091 transportation roadway.

The extraction parameters of the lower #2 orifice, lower #8
orifice, and lower #18 orifice plate flow meters of the 25091
transportation bottom drainage roadway were compared to
those of the upper #11 orifice, upper #22 orifice, and upper
#43 orifice plate flow meters of the same roadway. The
extracted gas concentrations before and after implementing
hydraulic fracturing measures are shown in Figure 15.

The negative extraction pressure of the orifice plate flow
meters of the 25091 transportation roadway was 31~37MPa;
the extracted gas concentration was 40%~91%; and the average
rate of pure gas extraction from a single borehole was 0.12m3/
min during a consecutive 2~3 months of extraction. For the
25091 ventilation roadway, the negative extraction pressure of
the orifice plate flow meters was 30.8~33.9kPa; the extracted
gas concentration was 4.8%~22.4%; and the average rate of
pure gas extraction from a single borehole was 0.06m3/min
during a consecutive 2~3 months of extraction.

Figure 15 shows that, after adopting permeability-increasing
hydraulic perforationmeasures, the average extracted gas concen-
tration at 3measuring points along the 25091 ventilation roadway

reached 9.3% with little variation. Following the hydraulic per-
foration, hydraulic fracturing measures were used on the 25091
transportation roadway. The induced fractures passed through
the coal pillars between the hydraulic perforation boreholes.
The average extracted gas concentration at 3 observation sites
along the 25091 transportation roadway was 61.3%. In addi-
tion, the duration of the high-concentration gas extraction
was long. The average extracted gas concentration of the trans-
portation roadway was 6 times that of the ventilation roadway,
demonstrating that the combination of hydraulic perforation
and fracturing can significantly improve gas extraction, pro-
long borehole gas extraction duration, and achieve a large area
of pressure relief and permeability increase in a coal seam, as
well as efficient extraction of a coal seam.

5.3.2. Outburst Elimination Effect. A total of 672 boreholes
were constructed in the 25091 transportation roadway, with
an actual coal leakage magnitude of 32.8%. The actual
extracted gas was 1,067,000m3. In addition, the extraction
percentage was 36%. The measured residual coal seam content
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Figure 14: The layout of the hydraulic perforation and hydraulic fracturing boreholes.
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Figure 15: Extracted gas concentration before and after implementing
hydraulic fracturing measures.
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was 2.95m3/t~5.6m3/t. The measured residual gas pressure of
the coal seam was 0.10MPa~0.41MPa, which was lower than
the threshold values stipulated in the “coal and gas outburst pre-
vention and control regulations” and the requirements of
Henan Province. The regional outburst prevention measures
have eliminated the outburst hazards of the No. 21 coal seam.
During excavation of the 25091 transportation roadway, the
workers collected coal samples to determine the initial speed
from borehole gas emission, q, and drill cutting chips, S, to com-
plete an outburst prediction for the working surface. The max-
imum measured outburst prediction index q value was 1.16L/
min, and the maximum value of S was 2.9kg/m, both of which
are less than the critical values stipulated in the “coal and gas
outburst prevention and control regulations.” During excava-
tion of the 25091 transportation roadway, the gas concentration
of the return current was 0.01~0.52%, and the gas emission rate
was 0.04~1.76m3/min. No dynamic hazard related to coal and
gas outbursts was detected during the roadway excavation,
demonstrating that permeability-increasing technique combin-
ing hydraulic perforation and hydraulic fracturing can effec-
tively eliminate the outburst hazard of the No. 21 coal seam.

6. Conclusions

Aiming at the geological conditions of the soft three-layer
low-permeability coal seam, this paper develops a new tech-
nology of enhanced permeability fracturing that combines
hydraulic perforation and hydraulic fracturing. Numerical
simulation studies the impact of this technology on the stress
distribution and permeability of the coal seam around the
borehole and investigates the concentration and volume of
extracted borehole gas from multiple locations for compara-
tive analysis. The conclusions are as follows:

(1) The technical processes and parameters of increasing
permeability via fracturing have been determined
through a test combining hydraulic perforation and
hydraulic fracturing in the Zhengzhou mining area.
That is, “9-hole trellis hole arrangement method” is
adopted. Firstly, hydraulic perforation and
permeability-increasing technology is used in the sur-
rounding 8 coal drainage boreholes, and then, the
hydraulic fracturing permeability-increasing technol-
ogy is used in the middle pressure relief hole

(2) The permeability-increasing fracturing technique
combining hydraulic perforation and hydraulic frac-
turing was adopted, and a large area of decreased pres-
sure and increased permeability was achieved in the
No. 21 coal seam in the Zhengzhou Gaocheng mine.
The technique reduced the coal stress within the zone
with fracture-induced increased permeability by 30%,
increased the permeability by 3 times, and improved
the average extracted gas concentration by more than
6 times. The gas pressure in the No. 21 coal seam
decreased from 1.1MPa to 0.4MPa, and the gas con-
tent decreased from 15.96m3/t to 5.6m3/t. During
the coal roadway excavation process, the gas concen-
tration of the return current was 0.01~0.52%. The

technique not only resulted in efficient gas extraction
but also eliminated the dynamic hazards caused by
coal and gas outbursts

(3) Hydraulic fracturing measures should be performed
after hydraulic perforation to form a large area of
decreased pressure and increased permeability in the
low-permeability coal seam. And the research results
not only solve the problem of poor gas drainage effect
in Gaocheng coal mine but also solve the problem of
gas control in “three soft low-permeability outburst
coal seam,” realize gas efficient drainage under the
same geological conditions, realize “three soft low-
permeability” coal seam gas efficient drainage in west-
ern Henan, and eliminate the dynamic hazards caused
by coal and gas outbursts
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