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Hydraulic flushing drilling technology can not only improve the efficiency of high-pressure and low-permeability geological
reservoir coalbed methane drainage but also effectively reduce the probability of coal and gas outburst disasters through
pressure relief. The main mechanism of this technology is to expand the borehole diameter through hydraulic flushing
measures, increase the strain of the coal around the borehole, and increase the development of cracked pores, to improve the
permeability of the coal seam and realize the dual reduction of ground and gas pressure. However, in the actual application
process, the interaction mechanism among the stress field, the structure field, and the seepage field is still not clear, and there is
no clear method to accurately determine the pressure relief range based on the pressure relief mechanism in order to carry out
reasonable drilling arrangements. Therefore, this article comprehensively uses laboratory experiments, numerical simulations,
and field practices to fully explain the hydraulic flushing pressure relief mechanism and proposes a method to accurately
determine the pressure relief range based on the radial line strain law. The results based on radial line strain showed that the
effective relief radius expands to 0.86m once adopting the Φ579mm hydraulic flushing borehole compared to Φ160mm; the
borehole’s equivalent diameter of drilling field #11 is 2 to 3 times than that of #10 and 1.2 times the average CBM extraction
amount. Therefore, as the borehole diameter increases, the permeability and radial line strain of the coal around the borehole
increase significantly, but the tendency of the increase in permeability decreases with increasing vertical stress. The findings of
this study can help for a better understanding of the pressure relief and permeability enhancement mechanism of hydraulic
flushing, and the method of determining the pressure relief range based on radial strain can also provide a new way for other
mines to practice ideas.

1. Introduction

In recent years, with the increasing depth of coal seam min-
ing in China, the physical and chemical properties and the
mechanical environment of the coal seam have undergone
major changes [1–3]. For example, according to news
reports, the 3.25 coal and gas outburst accident at Shigang
Coal Mine in Shanxi Province directly caused the deaths of
4 miners; the 4.9 coal and gas outburst accident at Dongfeng
Coal Mine in Guizhou Province directly caused the deaths of

8 miners in 2021. Studies have shown that there is an obvious
negative correlation between ground stress and coal seam
permeability. Therefore, the above situation not only exacer-
bates the hazards of gas-inducted and dust-inducted disasters
[4–6] but also results in the difficulty of coalbed methane
extraction. Increased difficulty of extraction is mainly due
to the high stress and low permeability of domestic coal bed
methane (CBM) reservoirs [7], which seriously restricts
China’s development of the CBM extraction industry. There-
fore, many scholars around the world have proposed a
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number of approaches to improve the CBM extraction rate
for reservoirs with such high pressure and low permeability.
For example, in terms of promoting the development of the
coal fracture structure, [8] proposed a 3D drainage technique
based on the development of fissures during the mining
process and the flow of depressured gas to improve the
permeability of soft coal seams, thereby improving the
efficiency of CBM extraction. As for high-pressure and low-
permeability CBM reservoirs, [9] combined theoretical
research and field tests to exploit the high-pressure air blast-
ing for cracking and permeability enhancement. It turns out
that CBM reservoirs’ permeability increases significantly and
the CBM emission amount ascends along with CBM extrac-
tion yield. [10] conducted coal fracturing tests and proposed
a technique for stimulation of natural coal fractures and
cleats via the graded proppant injection targeting a uniform
cleat filling by the proppant to keep the natural pore and frac-
ture structure intact. In addition, fracturing promotes the
development of new cracks to increase coal porosity, thereby
enhancing coal permeability and CBM extraction rate. [11]
proposed a technique for coal fracturing by means of static
crushing to improve the permeability and the gas drainage
capacity of high gas pressure and low-permeability soft coal
seam. [12] used the capacitance with high capacity to gener-
ate abruptly electrical impact wave to split a coal seam, which
is called the high-voltage electrical pulse technique. In terms
of changing the temperature of CBM reservoirs, [13] experi-
mentally examined the evolution of permeability for natural
low-rank coal samples under various stresses and cyclic tem-
perature conditions; research shows that the permeability
loss decreases greatly with the increasing number of temper-
ature cycles; [14] suggested that increasing the coalbed tem-
perature will assist matrix stimulation by increasing the
diffusion flux, which in turn enhances the well productivity.
However, the economic benefit from additional methane is
too small to justify the thermal stimulation of the bed. The
true benefit of thermal stimulation lies in the enhanced rate
of recovery, which results in improving the net present value
(NPV) of the produced gas; [15] introduced cryogenic tech-
nology into the coalbed methane (CBM) fracturing and puts
forward a new cryogenic volume fracturing technology,
whose mechanism is alternative injecting water and cryo-
genic fluid by small rate to freeze the water in the fracture
and cleat, temporary plugging fracture to divert, and forming
complex fracture networks to increasing CBM production.
Moreover, in terms of CO2 displacement technology, some
international scholars [16–18] maintain that CO2 flooding
can enhance CH4 production, and higher CO2 pressures
can drive the CH4 towards the production end with almost
100% sweep efficiency, and the storage of CO2 in under-
ground coal seams is considered one of the options to reduce
the greenhouse gas emissions. Similarly, in terms of hydraulic
antireflection technology, hydraulic fracturing technology is
a traditional approach to significantly improve the CBM res-
ervoir permeability and CBM extraction rate by injecting
high-pressure water into the coal body to promote the fissure
development, increase the strain in the coal seam during the
mining process, and further make the coal body looser [19–
21]. For example, [22] proposed the application of a cross-

borehole hydraulic slotting technique for preventing and
controlling coal and gas outburst disasters during coal road-
way excavations. On the basis of Lin et al., [23] demonstrated
a novel enhanced coal bed methane recovery (ECBM) extrac-
tion technology, which involves the integration of hydraulic
slotting (HS) and hydraulic fracturing (HF), and the effi-
ciency of the method is evaluated by a field test. In other
respects, the above scholars put forward a lot of permeability
enhancement technologies, which have put forward some
permeability enhancement mechanism in the research pro-
cess and also achieved good results in practical application.
However, in the process of field practice, there is a lack of
means and techniques for accurate quantitative analysis of
formation changes. At the same time, some scholars have
established the mathematical model of multiphase seepage
by numerical simulation, which enriches the theoretical basis
for the enhanced extraction of coalbed methane. Moreover,
there is a lack of numerical simulation methods that can be
directly used to determine the field parameters in the actual
application process.

In China, most CBM extractions have been conducted
with underground drilling [24]. Accompanied by under-
ground mining processes, the risk of various mine disasters
always exists, and hydraulic measures can fracture a coal
seam, increase coal seam porosity, improve permeability,
resulting in uniform water distribution between the coal
seam fracture and pore, and soften and moisten the coal
seam. Therefore, the coal seam gas content and coal sample
ground stress are reduced, the water content is increased, coal
dust is suppressed, and the comprehensive prevention of a
mine disaster is achieved. Specifically, in the treatment of coal
and gas outburst disasters, the hydraulic flushing drilling
technology can not only control the development of fractures
in CBM reservoirs by changing hydraulic parameters but also
improve the permeability of CBM reservoirs through the
reasonable design of borehole layout. However, in the appli-
cation of hydraulic flushing technology, the mechanical envi-
ronment and stress-strain characteristics of the coal body will
affect the hydraulic flushing effect. Therefore, clarifying the
dynamic variation characteristics of the stress and strain of
the coal body within the range affected by hydraulic flushing
is important for improving the disaster prevention effect and
the CBM production efficiency and making it clear how
hydraulic flushing relieves pressure, enhances permeability,
and prevents disaster. And in the pressure relief process of
hydraulic flushing, according to the actual situation of the
site, effective positioning of the real pressure relief range is
also the key basis of hydraulic flushing technology. There-
fore, it is necessary to innovate the accurately determined
method of the pressure relief range.

As shown in Figure 1, first, based on the geological char-
acteristics and disaster features of the Linhuan coal mine,
using the self-developed gas radial seepage experimental sys-
tem, the experimental research on the influence of gas
pressure and axial pressure on permeability with different
diameter boreholes was carried out. By comparing the
changes in coal structure characteristics and seepage charac-
teristics around the boreholes under different borehole diam-
eters, the influence of the changes in coal structure before and
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after hydraulic flushing on seepage characteristics is clear.
Then, the stress-strain distribution within the coal surround-
ing boreholes (of different diameters) is analyzed by
numerical calculation, in order to simulate the coal body
deformation around the borehole inside the gray system of
the real coal seam. Further, the lab experimental and numer-
ical simulation results are used as the theoretical basis for the
field experiment; to improve the permeability of coal seam
and promote the CBM extraction efficiency, the hydraulic
flushing approach for drainage enhancement is proposed.
To analyze the influence of the hydraulic flushing approach,
we introduce fiber Bragg grating (FBG) sensors and on-line
monitoring technology, and the radial strain is taken as an
index to indicate the surrounding coal’s stress-deformation
changing pattern. Finally, with a combination of a lab exper-
iment and numerical simulation, we realize the real inversion
of drilling deformation before and after hydraulic punching
and clarify the mechanical characteristics that cause such
deformation; based on the variation of the permeability and
the stress-strain relationship of the coal body around the
borehole, the mechanism of pressure relief and disaster pre-
vention of hydraulic flushing is revealed. Based on this mech-
anism, combined with field practice, a method to determine
the extent of the pressure relief range is innovatively pro-
posed based on the radial displacement law.

2. Coal Mine and Geological Survey

The Linhuan coal mine is located in Suixi County, southwest
of Huaibei City, Anhui Province. The mine is approximately
40 km fromHuaibei City in the north and 30 km to the east of
Suzhou City. The mine is 13 km long from east to west and
4 km long from north to south. The area is approximately
50 km2, and its mining capacity is 2.4 million t per year. In
the process of mining, as mining depth accumulates, the
gas content of the coal seam increases, thereby increasing

the amount of gas emission. The major mining seams, coal
seam Nr.7, Nr.9, and Nr.10, are all prone to coal and gas out-
bursts, whose average total thickness registers 7.36m, with
dip angles of 10°~15°. The onsite experiment is conducted
at working face 9134 (inside), eastern wing, coal seam Nr.9.
The coal seam occurrence and the layout of the roadway of
this region are shown in Figure 2. The average thickness of
working face 9134 (inside) is 2.73m, with 2.9m thick fine
sandstone above directly and 4.7m thick mudstone under-
ground. Onsite measurement at working face 9134 (inside)
demonstrated that the gas pressure is 1.80MPa and the gas
content is 8.92m3/t, with initial gas dispersion velocity regis-
tering 11.85mmHg. Formal engineering practice shows that
the coal body is extremely soft, and the gas pressure is high
in this region. In addition, the mining history witnessed a
dynamic phenomenon of coal and gas outbursts in the
drilling process.

3. Experiments for Determining the
Relationship between Permeability and
Boreholes of Different Diameters

3.1. Experimental Apparatus and Procedure. The experiment
system can provide radial steady seepage of gas with an envi-
ronment of different confining pressures (for the simulation
of vertical stress), various gas pressures, and boreholes of
different diameters [25]. Figure 3 is a schematic diagram of
the system, and the entire system consists of the electric heat-
ing unit, high-pressure containers, pressure loading unit,
detecting unit (for gas pressure and gas flow), data collecting
unit, evacuation unit, and steady gas injection unit. As a
water injection device, the SYB06-100 advection pump is
produced by Tianjin Science & Technology Co., Ltd.; its
water injection pressure range is 0~10MPa, and flow range
is 0.5~100ml/min. As a pressure loading unit, the 50 t small
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Figure 1: The general sketch of the problem under study.
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press is produced by Shandong Dezhou Super Hydraulic
Machinery Factory; its pressure range is 0~100MPa, and
stroke is 250mm. The steady gas injection unit is composed
of 99.99% methane cylinder, high-range pressure reducing
valve, quantitative charging tank, precision pressure gauge,
high-pressure valve, and connecting pipeline, and as a high
range pressure reducing valve, the YQQ-370 hydrogen pres-
sure reducing valve is produced by Shanghai Pressure Regu-
lator Factory Co., Ltd.; its maximum input pressure is
25MPa, and its maximum output pressure is 6MPa. The pre-

cision pressure gauges are manufactured by China Reda
Instrument Co., Ltd.; their measuring range is 0~10MPa,
and accuracy class is 0.25%. As a pressure sensor and data
acquisition device, the CYB-type pressure sensor’s standard
range is 0 to 10MPa, accuracy is 0.2%, and response
time ≤ 1ms. The data acquisition device is installed with an
I555 series static/dynamic data acquisition system provided
by Shanghai Yicheng Test Equipment Co., Ltd.; its device’s
analog input voltage signal ranges from ±0.1V to ±10V,
and data acquisition frequency registers 1000Hz.

3: Nr.7 coal seam, thickness: 2.24 m 
2: Nr.9 coal seam, thickness: 3.44 m 

4: Goaf

6: 9134 (inside) wind tunnel

5: Crossing holes

1: 9134 (inside) machinery tunnel floor drainage tunnel

7: 9134 (inside) machinery tunnel
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Figure 2: Illustration of coal seam occurrence and roadway arrangement in the experimental area.
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Figure 3: Experimental apparatus and deformation characteristics of coal around the boreholes of different diameters.
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The permeability of the coal sample under specific verti-
cal pressure can be calculated by using

k = Q0μp0 ln
ffiffiffiffiffiffiffiffiffiffi
re/rw

pð Þ
πh p2e − p2wð Þ , ð1Þ

where k is the permeability of the coal sample (10−3μm2); μ is
the gas viscosity (1:087 × 10−5 Pa · s when the temperature
registers at 20°C); p0 represents the laboratory atmospheric
pressure (Pa); Q0 is the gas flow (ml/s); Pw and Pe represent
the pressures of the inner and exterior boundaries, respec-
tively (MPa); rw and re represent the radii of the inner and
exterior boundaries, respectively (cm); and h is the height
of the coal seam (cm).

In order to study the characteristics of gas seepage, parti-
cles with a particle size of 0~0.5mm are selected as samples.
The industrial analysis of coal samples is shown in Table 1.
To achieve different borehole diameters in radial seepage
experiments, preinstall the casing on the gas infusion pipe
of different pore diameters, fill the cotton yarn between the
casing and the gas infusion pipe, then weigh 0.90 kg of coal
into the high-pressure tank, start the press, apply 12MPa
original vertical stress, and stabilize for 4 h; after the casing
is taken out, a free surface of the coal body forms in the bore-
hole; adjust the vertical stress again, after each vertical stress
adjustment, turn on the data collecting unit, and adjust the
vertical stress and gas pressure to the set value. After adsorb-
ing the gas for 4 hours, open the valve for gas release. After
the gas flow is stabilized after being released for 20 minutes,
the flow test result in the data collecting unit is recorded.
The outer diameter of the experimental casing is Φ18mm,
and the diameter of the gas infusion pipe is Φ7mm.

3.2. Experimental Results. As shown in Figure 4 on the rela-
tionship curves of permeability and gas pressure and over-
burden pressure in different diameter boreholes, it can be
seen that with the large diameter borehole formed after the
casing is installed, the measured permeability decreases with
the increase of the vertical stress; under the vertical stress of
4~8MPa, the permeability measured by the large diameter
borehole is higher than that measured by the small diameter
borehole formed when the casing is not installed, and the dif-
ference is gradually reduced with the increase of the vertical
stress; when the vertical stress is higher than 10MPa, the
permeability change curves overlap. At the same time, the
permeability decreases with the increase of the gas pressure
and tends to be stable. In the low vertical stress stage, the
permeability measured by the large diameter borehole is
relatively high.

The experimental results show that as the borehole diam-
eter increases, the permeability of the coal around the bore-
hole increases significantly, but the tendency of the increase
in permeability decreases with increasing vertical stress.
The reason is that as the borehole diameter increases, the
exposed free surface of the borehole increases; during the ver-
tical stress loading process, the coal surrounding the borehole
experienced four processes of primary stress, concentrated
stress, peak stress, and residual stress. The concentrated
stress and the peak stress produce the largest secondary stress

at the boundary of the borehole, which in turn causes the
shear failure of the coal body, and the partial pressure of
the coal body is transferred to the adjacent external coal body
unit; the external coal body unit begins to experience the con-
centrated stress and peak stress stage; the shear failure coal
body still bears part of the stress, that is, residual stress; the
residual stress area after the failure is the borehole pressure
relief area’ under the secondary stress shear failure, the coal
body expands and deforms towards the center of the bore-
hole, and the deformation is mainly plastic deformation;
the low-strength soft coal body is mainly creeping, which
causes the free surface of the borehole to gradually shrink;
for high-strength coal bodies, when the plastic deformation
is higher than the ultimate deformation, brittle failure such
as hole collapse occurs. The coal sample in this experiment
is a soft coal body with low strength and mainly creep defor-
mation. The distribution form of the coal around the bore-
hole before and after creep is shown in Figure 3. During the
experiment, as the vertical stress increases after taking out
the casing, the range of the coal pressure relief area around
the free surface of the borehole is expanded, and the perme-
ability of the coal body is generally higher than that measured
by the casing installed; with the increase of vertical stress, the
free surface of the coal body gradually decreases, and the
increasing trend of the pressure relief range is weakened,
the residual stress of the coal body in the pressure relief area
is gradually increased, and the coal body permeability gradu-
ally approaches the case where the casing is not installed;
because the borehole diameter of this experiment is relatively
small, the area of pressure relief is limited. When the vertical
stress is higher than 10MPa, the effect of creep pressure relief
of coal near the borehole is much smaller than that of high
vertical stress, thus resulting in the permeability change
curves overlapping.

4. Analysis of Numerical Simulation

4.1. Model Construction. To further deconstruct the stress
distribution characteristics of coal around the boreholes of
different diameters, we introduced the Mohr-Coulomb con-
stitutive model for numerical simulation using FLAC3D soft-
ware based on the background of coal seam Linhuan Nr.9.
Based on the measured results, the coal’s mechanical
parameters for numerical simulation are listed in Table 2.
As shown in Figure 5, the model size is 10m × 10m × 4m
(length × width × thickness). The uniform load was applied
at the top of the model, and the vertical stress was
14.5MPa, which simulated the self-weight of the overlying
rock mass. Under the conditions of deep high ground stress,
the original rock was in a quasihydrostatic pressure state
[26], following the Heim hypothesis. In addition, the model

Table 1: Industrial analysis values of experimental coal sample.

Ash Ad
(%)

Moisture Mad
(%)

Volatile Vdaf
(%)

True density
(g/cm3)

29.25 1.28 26.06 1.46
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bottom boundary is fixed, and the diameters of boreholes are
160mm and 579mm, respectively.

4.2. The Approach to Characterizing Borehole’s Radial Line
Strain. As shown in Figure 6, during the drilling process,
the cylindrical area around the borehole remains in the plas-
tic equilibrium state and is further transformed into the
destructive state [27]. The stress of the surrounding coal
evolves from the original stress to the concentrated stress,
the peak stress, and the residual stress. In addition, shear fail-
ure of the coal body emerges and moves into the drilling cen-
ter in the radial direction [28, 29]; the deformation of the
surrounding coal can be featured by microelement radial dis-
placement and radial line strain. For the radial displacement
law before drilling, the state of the microelement, M, is
shown in Figure 6, and the boundaries of the microelement,

M, in the radial direction are points A and B. After the com-
pletion of drilling, as the stress of the coal around the bore-
hole is redistributed, the microelement is shifted along the
direction of drilling and finally transformed into a new state,
m. Meanwhile, the corresponding microelement boundaries
move to points a and b, which is the radial displacement
law. The amount of radial displacement of the microelement
boundary node is as follows:

ΔlA = la − lB,
ΔlB = lb − lB:

(
ð2Þ

The strain of microelement along the radial line is
as follows:

ε = ΔlM
lM

= ΔlA − ΔlB
lA − lB

= la − lAð Þ lb − lBð Þ
lA − lB

, ð3Þ

where ε is the strain of microelement along the radial
line; lA, lB, la, and lb are the distance from the bore-
hole center to the respective microelement nodes.

4.3. Numerical Simulation Results. Three-dimensional calcu-
lation models of the stress and the deformation of coal body
around boreholes under two different diameters (200mm
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Figure 4: Relationship curves of permeability and gas pressure and overburden pressure in different diameter boreholes.

Table 2: Physical-mechanical parameters of the coal body.

Category
Volumetric
weight

Bulk modulus
(GPa)

Shear modulus
(GPa)

Tensile strength
(MPa)

Adhesion
(MPa)

Internal friction angle
(°)

Coal seam 1400 0.47 0.23 0.58 0.40 16

Borehole diameter 200 mm

Borehole diameter 600 mm

Figure 5: Geometric model of numerical simulation.
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and 600mm) were established. Figure 7 shows the distribu-
tion curve of the maximum principal stress, radial displace-
ment, and radial line strain of coal around the boreholes
with diameters of 200mm and 600mm.

It is generally accepted [7, 30] that during stress evolu-
tion, the destroyed coal will move to the center of the bore-
hole and cause deformation. As shown in Figure 7, because
of the failure-deformation of the coal around boreholes, the
bearing strength decreases, and the stress distribution can
be classified as a pressure relief area, a stress concentration
area, and an original stress area. As seen from Figure 7, the
maximum radial line strain of coal around the borehole with
a diameter of 600mm is approximately 3.66 times of the
maximum radial line strain of the borehole 200mm in
diameter. Moreover, the radial line strain increases as coal
approaches the borehole, reflecting the coal’s pressure relief
degree. And larger diameter leads to a bigger pressure relief
area; therefore, combined with the experimental results, it
can be found that as the borehole diameters increases, the
permeability increases. The above experimental and numeri-
cal analysis results provide a rich theoretical basis for the field
experiment of hydraulic flushing technology.

5. Field Experiment of Hydraulic Flushing

5.1. The System and Technology of Hydraulic Flushing.
During the drilling process, the hydraulic flushing system
shown in Figure 8 is used for hydraulic drilling in coal seam
high-pressure hydraulic flushing, thereby increasing the
borehole’s equivalent pore diameter and fully unloading the
surrounding coal’s ground stress. Therefore, the permeability
of the coal around the borehole is improved, thereby
increasing the CBM extraction efficiency. Overall, the
maneuver helps reduce the CBM content and lowers the risk
of coal and gas outbursts [31]. As shown in Figure 8, the
hydraulic flushing system is composed of a hydraulic drilling
rig, a high-pressure water pump, an antioutburst device, a
coal/water discharge device, an extraction pipe, and a
hydraulic flushing drill.

The concrete construction process is as follows.
First, a borehole with a diameter of 160mm and a depth

of 3 meters was constructed in the rock strata floor roadway
drilling field. Then, place the casing in the drill hole and
temporarily fixate it with a cork stopper and then fill the
quick-drying cement between the casing and the hole wall,

and the cement was allowed to solidify for one hour, and
the drill rig continues the drilling process through the casing.
Afterward, the cross joint was connected for the coal/water
discharge device with flanges, and then, the drilling was
continued through the cross joint to 0.5m beneath the floor
of coal seam. Next, the cross joint’s two outlets were
connected—one to the extraction pipe and the other to the
antioutburst device, and the coal/water discharge device
was installed at the end of borehole. Drilling continued, and
the coal seam was penetrated until the borehole was 0.5m
into the roof. The coal seam was penetrated once more with
a specialized drill equipped with a hydraulic flushing system.
During this process, the water pressure remained stable
within the first 1m of drilling and then was replaced with
12MPa high pressure, at the subsequent drilling stage for
coal flushing up and down repeatedly. During this stage,
the drill bit rotation drove high-pressure water at the side
wing outlet to crush the surrounding coal body. Next, the
crushed coal was transmitted to the outlet of the borehole
until it went into the antioutburst device. Once the water that
flows out of the borehole became crystal, static water and
high-pressure water were utilized in turn for coal flushing,
and the drilling process continued until the coal seam was
penetrated before the drill pipe was finally withdrawn. Dur-
ing the process of hydraulic flushing, the gas in the antiout-
burst device and coal discharge outlet was extracted in time,
so the coal and water in the antioutburst device were cleaned.
The cleaned coal was then bagged for weighing. The amount
of methane discharged during the process can be calculated
based on the amount of extracted gas. Moreover, to prevent
gas emission anomalies and excessive methane concentration
caused by multiple borehole construction, we constructed
boreholes in the form of columns and timely sealed the bore-
holes of every column adjacent to the gas gathering-drainage
device accessed for joint extraction.

5.2. Radial Deformation Law Analysis

5.2.1. FBG Sensor System and Monitoring Plan. This fiber
grating displacement sensor adopted in this paper has a
diameter of 10mm and a length of 1m with two different
measuring ranges of 10 cm (1 set) and 5 cm (3 sets). In addi-
tion, a displacement monitoring system, which collects and
records data every 2 seconds, based on FBG sensors, is
designed. The system consists of a portable FBG demodula-
tor, fiber grating strain sensors, transmission fibers, and so
on. The fiber grating strain sensors are used to monitor the
radial line strain occurring in the coal surrounding boreholes.
Moreover, to avoid the sensors being damaged when burying
the coal structure through the borehole, they are cased with
tubular flexible material with both ends clamped, and the
temperature probe is used for measuring the results of error
correction. The test wavelength data are substituted into
equation (4) to calculate the radial displacement of each
measuring point. The fiber grating experimental system is
shown in Figure 9:

D = KS Ps − P0ð Þ − KT T − T0ð Þ½ �, ð4Þ

a A b B

m M

Failure

Hole

Plastic

Figure 6: Radial line strain of the microelement around the
borehole.
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where D is the displacement of the fiber grating (mm); Ks is
the coefficient of sensor displacement/wavelength (mm/nm);
KT is the temperature correction coefficient, wavelength
shift/temperature (nm/°C); Ks and KT are the constants for
the specified sensor; P0 is the initial value of the wavelength
of the fiber grating (nm); PS is the wavelength measured after
the displacement (nm); T0 is the ambient temperature when
P0 is measured (°C); and T is the ambient temperature when
PS is measured.

As shown in Figure 9, prior to the implementation of the
hydraulic flushing approach, we construct a bedding bore-
hole in the wind tunnel, working face 9134 (inside) as a test
drilling in advance. Once finished, the FBG sensors are
banded with 4m long PVC pipe in every meter and then laid

in the borehole. The FBG sensor at the bottom of borehole is
named measuring point no. 1, followed by measuring point
no. 2, no. 3, and no. 4, all of which are separated by one
meter. Afterward, cement mortar is injected into the bore-
hole to have the fiber grating be closely attached with the coal
body to ensure that the fiber grating moves radially with the
coal body as the hydraulic flushing processing, thereby
enabling the measurement of coal’s displacement. Because
of the influence of coal’s flowing deformation around the
borehole, FBG sensors undergo deformation and transform
from the free state to the squeezed state within the process
of the layout of FBGs in the bedding borehole and successive
borehole grouting. Through the dynamic change of data, the
creep of coal around the bedding borehole can be monitored.
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Until the displacement of FBG sensors become stable, we
take the value as the initial displacement. Next, a hydraulic
flushing crossing borehole is constructed in the I13 main
haulage roadway, and then, the FBG demodulator is turned
on for real-time monitoring.

5.2.2. Radial Displacement Measurement Results. According
to the experimental requirements, after the completion of
the borehole down the seam, the fiber grating is laid, and
then, the cement mortar is injected into the hole. As shown
in Figure 10, the displacement of each measuring point varies
markedly within 70 minutes of the installation stabilization
stage. The experiment outcomes show that the strain within
coal around the borehole is redistributed and deformed after
cement mortar injection, which squeezes the surface of the
fiber grating sensor, resulting in radial deformation. Thus,
it is clear that FBG sensors are sensitive and accurate to the
deformation of the object. Therefore, FBG sensors can meet
the requirements of experiments. According to monitoring,
the radial displacements of FBG sensors tend to be stable
after 46 h; therefore, 48 h after the layout of the fiber grating,
the borehole radial displacement value is measured and set as
the initial radial displacement value. Specifically, the initial
radial displacements of measuring points #1, #2, #3, and #4
are 0.48mm, 0.53mm, 0.50mm, and 0.59mm, respectively.

Afterward, the borehole with an equivalent diameter of
160mm was drilled in the I13 main haulage roadway, and
the displacement of each measuring point during drilling
was monitored in real time. The observation results within
150min drilling stage are shown in Figure 10, revealing that
the distance of hydraulic displacement drilling #1 measuring
point closest to the radial displacement is the largest, and the

distances of the #2, #3, and #4 measuring points exhibit less
displacement, indicating that, in the drilling process, in the
coal around borehole, radial deformation occurs to the center
of the borehole; however, this deformation is only present in
the smaller area around the borehole. Two days later, the
hydraulic flushing approach is introduced to the construc-
tion of crossing drilling, with the equivalent diameter regis-
tering 579mm. The displacement of measuring points #1,
#2, #3, and #4 before hydraulic flushing drilling is 4.53mm,
2.47mm, 1.40mm, and 1.02mm, respectively. Data is col-
lected from the FBG sensors after the implementation of
the hydraulic flushing initial stage; Figure 10 shows that
once hydraulic flushing drilling is completed, the hole’s
diameter increases and the coal around the borehole shows
the radial movement towards the center of the hole.
Accordingly, the fiber grating generates radial stretch and
line displacement, or radial displacement occurs along with
the radial deformation of the coal body. Immediately after
the completion of drilling, the radial displacement of the
fiber grating continues to increase over time and finally sta-
bilizes. Within 10 days after the completion of hydraulic
flushing drilling, the radial displacement of fiber gratings
also increases initially and then stabilizes at 40.47mm,
15.78mm, 3.24mm, and 1.92mm.

6. Discussion

6.1. Field Measurements vs. Numerical Simulation. Taking
the distance from the center of each fiber grating to the center
of the borehole as the radial position of the coal body unit
measured by the fiber grating, the radial positions of the coal
body units measured by the fiber grating #1, #2, #3, and #4

Rock stratum
Holes along seam

9134 (inside) wind tunnel

I13 main haulage roadway

Hydraulic coal
holes

Fiber Bragg grating

0.85 m
26.5 m

Coal seam

Rock stratum

 Fixed end Sensor Temperature probe Demodulator

Figure 9: Layout of the fiber grating and fiber grating experimental system.
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are 1.35m, 2.35m, 3.35m, and 4.35m, respectively. The
radial line strain of a single fiber grating can be obtained by
dividing the radial line displacement of the fiber grating by
the length of the fiber (1m). The borehole of drilling dust
extraction with wind-force is Φ160mm. After 2 days of con-
struction, the radial displacements of measuring points #1,
#2, #3, and #4 are 4.53mm, 2.47mm, 1.40mm, and
1.02mm, respectively. The corresponding radial line strains
are 0.00453, 0.00247, 0.0014, and 0.00102 for measuring
points #1, #2, #3, and #4, respectively. The borehole of
hydraulic flushing drilling is Φ579 mm. After 10 days of
construction, the radial displacements of measuring points
#1, #2, #3, and #4 are 40.47mm, 15.78mm, 3.24mm, and
1.92mm, respectively, and the corresponding radial line
strains are 0.04047, 0.01578, 0.00324, and 0.00192, respec-
tively. After the completion of Φ160mm and Φ579mm
borehole construction, the radial borehole strain distribu-
tion is shown in Figure 11.

Figure 11 shows that the radial line strain around the
borehole decreases gradually as it goes away from the bore-
hole, and the variation law is consistent with Figure 7. The
negative exponential fit of the radial line strain and radial

position results in a quantitative distribution of radial line
strain around the hole, given by

ϕ160mm : ε = 0:01098e−r/1:32075 = 0:00058, R2 = 0:996,
ϕ579mm : ε = 0:15023e−r/1:06155 = 0:00058, R2 = 0:973:

(

ð5Þ

Comparison between the measured distribution of the
radial strain of coal around the borehole according to
equation (5) and its simulated counterpart, obtained as
shown in Figure 7, is shown in Figure 12.

Figure 12 reveals that the coal around the holes moves to
the center of the hole, causing deformation, regardless of
borehole diameter. A difference is found between the mea-
sured results and the numerically simulated ones, especially
within 2m of the borehole; the reason is that the coal body
around the borehole not only will bear the pressure of the
overlying rock during the actual deformation process but also
will be compressed by the uneven load of the surrounding
coal body to cause irregular deformation as shown in
Figure 3. In the process of numerical simulation, due to the
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uniform load on the simulated coal seam, the deformation
amount will increase exponentially in the radial direction
of the borehole around the borehole. But the general trend
is the same, the closer to the borehole, the greater the
radial strain.

6.2. Borehole Pressure Relief Area Determination Based on the
Radial Line Strain. In this paper, the pressure relief area is
defined as an area within which the coal’s stress is lower than
its original one, and the critical positions of the pressure relief
area are radial positions of the borehole where the stress is
equal to the original one. Therefore, we propose a method

to determine the extent of the pressure relief area on the of
basis radial line strain measurement:

(1) Based on the distribution curve of the maximum
principal stress in the numerical simulation results
in Figure 7, determine the critical positions of the
pressure relief area

(2) Based on the radial line strain distribution curve in
the numerical simulation results in Figure 7, the
radial line strain at the critical position is determined

(3) Substitute the radial line strain values of the microele-
ments at the critical position obtained from numerical
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simulation using equation (4) and determine critical
positions of the measured pressure relief area

(4) Compare the numerical simulation results with the
measured one; for the sake of safety, choose the
smaller value as the actual drilling pressure relief area

Through this method of combining the field measure-
ments and the numerical simulation, the pressure relief area
of boreholes with different diameters can be drawn, as shown
in Table 3.

Table 3 reveals that with the increase of the borehole
diameter, the radial line strain of the coal body around the
borehole increases, as with the effective pressure relief area.
The results based on radial line strain show that the effective
relief radius expands 0.86m once adopting the Φ579mm
hydraulic flushing borehole compared to its Φ160mm coun-
terpart. The measured results show that the larger diameter
hydraulic flushing borehole can significantly increase the
pressure relief area and reduce coal seam’s original stress
and thereby reduce its outburst risk and the necessity for
antioutburst borehole construction.

6.3. Error Analysis

(1) Regarding the setup of boundary conditions for
numerical simulation, the original rock stress is
estimated by counting the weight of each rock forma-
tion, which is different from the actual original rock
stress. In addition, the selection of the Mohr-Coulomb
model as the constitutive model of coal and rock
mass is not totally accurate in elaborating the
actual condition

(2) Limited by onsite conditions, we did not set many
measuring points with fiber Bragg gratings for the

cable, and the PVC pipes are too thick to lay more
measuring points while ensuring their precision of
position at the same time. The radial strain at each
position represents the average radial strain of the
1m long coal body where the fiber grating is located.
Although the simulation results in the smaller size of
the microelements around the borehole can represent
the radial line strain of each point in borehole’s radial
direction, onsite measurements are conducted 10
days after the finish of the drilling process. Because
of the influence of the creep deformation of the coal
body around the borehole, 10 days is usually shorter
than the time actually required to achieve equilib-
rium. Therefore, the measured results differ from
those obtained from the numerical simulation values
in this aspect

6.4. The Effect of Permeability Enhancement. According to
the abovementioned geological and engineering practices of
the experimental area, CBM extraction is meant to be con-
ducted in this area. Specifically, working tunnels and gas
extraction tunnel underground (20m away from the surface
of the floor vertically) are constructed at working face 9134
(inside). Next, a drilling field in a rock tunnel is built every
30m. Finally, a perforated mesh drilling (5m × 5m) drilling
field located under the floor is constructed. Once completed,
the boreholes are sealed, and CBM extraction begins within
the band area of 15m on both sides of the wind tunnel, the
machinery tunnel, and the open-off cut. In addition, CBM
extraction from the wind tunnel is conducted with the help
of the borehole starting from the I13 main haulage roadway,
and CBM extraction from the machinery tunnel is conducted
with the help of the borehole starting from the drainage tun-
nel; the layout of the upward crossing borehole CBM extrac-
tion craft is shown in Figure 13.

Table 3: Drilling effective radius of pressure relief.

Borehole diameter
(mm)

Critical position
(numerical simulation)

(m)

Radial line strain
corresponding to critical

position (‰)

Critical position
(onsite measurement)

(m)

Pressure relief area
(in diameter)

(m)

200 0.91 23.40 0.97 0.91

600 2.59 26.78 1.77 1.77

Crossing holes

Drainage pipelines

Nr.9 coal seam

Rock stratum

9134 (inside) machinery tunnel

Drainage tunnel

9134 (inside) working face

Coal seam permeability

Crossing holes

I13 main haulage roadway

9134 (inside) wind tunnel

20
 m

15 m

5 m

Figure 13: Profile of crossing boreholes in coal of working face 9134 (inside).
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By installing a flow meter in the gas drainage pipeline to
calculate the gas drainage volume, and further comparing
and analyzing CBM extraction amount after drilling with
and without a hydraulic flushing approach, the influence of
drilling-inducted pressure relief on CBM emission is
obtained. After the difference between CBM extraction
amount of drilling fields #10 and #11 from that of the main
haulage roadway I13 is examined, Figure 14 reveals that the
borehole’s equivalent diameter of drilling field #11 is 2 to 3
times that of #10 and 1.2 times the average CBM extraction
amount. During the excavation of the working face, some
measurements show that the amount of drill cuttings in the
area controlled by drilling field #11 is significantly lower than
that in the area controlled by drilling field #10. All of these
data indicate that hydraulic flushing drilling can effectively
reduce the original stress of coal seam. The amount of drill
cuttings is often used in underground mines to predict the
risk of coal seam gas outbursts and the effect of regional out-
burst prevention. This index can reflect the distribution of in
situ stress in front of the working face and the characteristics
of coal strength. That is, the amount of drill cuttings is posi-
tively correlated with coal strength and stress, in addition,
according to relevant studies [32] and the permeability test
results under different overburden pressures, the permeabil-
ity of coal seam is related to the stress state of the coal seam;
therefore, the field experimental results above show that
hydraulic flushing can be used to not only expand the hole
diameter but also promote pressure relief of the coal body.
In summary, the field experiment results are consistent with
the experimental and numerical simulation results. That is,
by using the hydraulic flushing technology to expand the
borehole diameters, the elastic potential in the coal seam
and the surrounding rock can be greatly released to achieve
regional outburst reduction. In addition, it can significantly
improve both the permeability of the coal seam and the
CBM extraction rate.

7. Summary and Conclusions

(1) When the hydraulic flushing drilling is completed,
the hole’s diameter increases and the coal around
the borehole shows the radial movement towards
the center of the hole. Accordingly, the fiber grating
generates radial stretch, and line displacement, or
radial displacement, occurs along with the radial
deformation of the coal body. Immediately after the
completion of drilling, the radial displacement of
the fiber grating continues to increase over time and
finally stabilizes

(2) The maximum radial line strain of coal around the
borehole with the diameter of 600mm is approxi-
mately 3.66 times of the maximum radial line strain
of the borehole 200mm in diameter. Moreover, the
radial line strain increases as coal approaches the bore-
hole, reflecting the coal’s pressure relief degree. And
larger diameter leads to a bigger pressure relief area

(3) The effective relief radius expands 0.86m once adopt-
ing the Φ579mm hydraulic flushing borehole com-
pared to its Φ160mm counterpart. The measured
results show that the larger diameter hydraulic flush-
ing borehole can significantly increase the pressure
relief area and reduce coal seam’s original stress and
thereby reduce its outburst risk and the necessity
for antioutburst borehole construction

(4) In the practice of hydraulic flushing in the gas-bearing
coal seam, it is a process of gas-liquid-solid three-
phase coupling. Therefore, in the future research pro-
cess, it is still necessary to further improve the related
research methods to more accurately determine the
pressure relief range of hydraulic flushing

Nomenclature

k: The permeability of the coal sample
(10−3μm2)

μ: The gas viscosity (1:087 × 10−5 Pa·s when
the temperature registers at 20°C)

p0: The laboratory atmospheric pressure (Pa)
Q0: The gas flow (ml/s)
Pw and Pe: The pressures of the inner and exterior

boundaries, respectively (MPa)
rw and re: The radii of the inner and exterior bound-

aries, respectively (cm)
h: The height of the coal seam (cm)
ε: The strain of microelement along the radial

line
lA, lB, la, and lb: The distance from borehole center to the

respective microelement nodes
D: The displacement of the fiber grating (mm)
Ks: The coefficient of sensor displacement/wa-

velength (mm/nm)
KT : The temperature correction coefficient,

wavelength shift/temperature (nm/°C)
Ks and KT : The constants for the specified sensor
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P0: The initial value of the wavelength of the
fiber grating (nm)

PS: The wavelength measured after the dis-
placement (nm)

T0: The ambient temperature when P0 is mea-
sured (°C)

T : The ambient temperature when PS is
measured.
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