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Abstract

Hydraulic flushing technology can rapidly and effectively eliminate coal and gas outbursts and improve the permeability
of a coal seam. Its effect mainly depends on the technical parameters of hydraulic flushing. To solve the problems on
technical parameters that exist in the application of hydraulic flushing technology, the outburst elimination mechanism of
hydraulic flushing technology was expatiated, the hydraulic flushing process was introduced, and a field test was
performed on the B1 coal seam in Yi’an Coal Mine by using the pressure drop method. Moreover, the effective influence
radius of hydraulic flushing measure was determined, and the technical parameters were analyzed. Finally, a series of
relationships was obtained, including the relationships between hydraulic pressure and coal output, critical breaking coal
pressure and firmness coefficient, flushing time and coal output, drilling hole angle and coal output, and coal output and
effective influence radius. Results showed that the effective influence radius of hydraulic flushing in B1 coal seam was 9
m, and the outburst risk of the coal within the influence region was eliminated. In addition, the time of outburst
elimination was shortened and the production rate was improved. The research results could provide technical support for
the optimization of the technical parameters and the test scheme of hydraulic flushing measures.

Keywords: Hydraulic flushing, Flushing mechanism, Outburst coal seam, Pressure relief and permeability improvement, Effective
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1. Introduction

Coal and gas outburst is a violent, dynamic phenomenon that
occurs during the coal mining process, causes considerable
harm to society, and has a high probability of occurrence,
thus seriously affecting production safety in coal mines [1] .
Gas drainage is a fundamental measure for preventing and
controlling coal and gas outburst, and the gas drainage effect
mainly depends on two aspects [2], [3], [4],[5]. One aspect is
technical and includes design parameters of drilling holes
and technical indexes of gas drainage equipment; the other
aspect is the property of the coal seam, mainly including
permeability of the coal seam [6]. The technical aspects have
been studied thoroughly and is gradually matured; therefore,
the current key problem of the gas drainage is to improve the
permeability of coal seams [7]. In China, minable coal
seams in more than 95% high gas mines have low
permeability coefficient with the value of 107107
mz/(MPaz.d), which makes gas drainage difficult.

When three soft and low permeability outburst coal
seams undergo protective layer extraction, the protective
layer can be extracted first [8]. When coal seams have no
mining conditions of protective layer, regional outburst
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elimination measures (including hydraulic measures,
mechanical measures, and blasting measures) can be adopted
[9], [10], [11]. Such measures relieve gas pressure and
improve coal seam permeability, thus enhancing the gas
drainage effect [12]. Moreover, pressure relief can increase
the coal firmness coefficient of the protected coal seam,
which is beneficial for preventing and controlling coal and
gas outburst accidents [9], [13]. However, the mechanical
measures and blasting measures have defects, such as
difficult operation, limited pressure relief range, and easy
generation sparks. These defects make the application effect
poor. Thus, hydraulic measures can better solve the problem
of low permeability of the coal seam. Hydraulic measures
mainly include the hydraulic pressing, the hydraulic cutting
and the hydraulic flushing, all of which obtain
relatively satisfactory results in field tests. The hydraulic
pressing measures and the hydraulic cutting measures are
taken mainly in front of the tunneling face or working face.
Coal and gas outburst may be induced in the course of
implementation. Production safety cannot be fully
guaranteed, and the regional outburst elimination is hard to
achieve in advance [13]. The hydraulic flushing measures
take the rock roadway as the safety barrier. Coal and gas are
discharged under the hydraulic role; thus, the stress of coal
and rock mass around the drilling holes decreases, gas
pressure is relieved, and coal seam permeability is improved
[14]. The gas drainage technology can then be used to
further eliminate the outburst. Therefore, the hydraulic
flushing measures can enhance the gas drainage effect,
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reduce the amount of engineering required, shorten the
implementation time, and safely eliminate the danger of coal
and gas outbursts.

2. Description of the Problem

Proper hydraulic flushing parameters can enhance coal seam
permeability and gas drainage effect. These parameters have
important significance on the popularization and application
of hydraulic flushing technology. Permeability and other
parameters of various coal seams are different because of
different geological conditions. Therefore, the hydraulic
flushing time and the gas drainage time are different.
Tectonic soft coal is developed all over the coalfields in
Yi’an Coal Mine. Consequently, when hydraulic flushing
measures are practiced, many problems should be
considered. For example, problems during the process of
hydraulic flushing include how the soft coal is destroyed,
what the influence of the water jet with different pressures
on the coal failure process, and what the coal failure strength
criterion is. In terms of coal seam thickness, the problems
are drilling angle, drilling depth, gas outburst level,
determining the hydraulic pressure, flow, and time of
hydraulic flushing, the influence of coal output on the
pressure relief range, and the relief of the pressure of the
coal around the drilling hole. The hydraulic flushing
technology has been well understood. Nevertheless, analysis
on proper parameters, especially the water jet pressure, is
not sufficiently accurate, thereby seriously affecting the
development and utilization of hydraulic flushing
technology. Therefore, based on the hydraulic flushing
mechanism, a field test of the hydraulic flushing in Yi’an
Coal Mine was performed using the pressure-drop method.
The effective influence radius and other parameters of the
hydraulic flushing technology were determined and
analyzed.

3. Mechanism of Elimination Outburst by Hydraulic
Flushing Technology

Domestic and foreign scholars generally believe that ground
stress, gas, and physical and mechanical properties of coal
are the main factors that result in coal and gas outbursts [15].
The deformation potential energy of coal and gas expansion
energy are the main impetus of coal and gas outburst. The
hydraulic flushing technology utilizes the rock pillar or the
coal pillar as a safety barrier. The holes are drilled into the
outburst coal seam, and high-pressure water is injected into
the drilling holes [16]. As drilling moves forward, gas is
constantly discharged from the drilling holes. Coal, water,
and gas are discharged through the hole passage, thus
forming a cavity with a large diameter. Simultaneously, the
coal around the hole passage moves toward the cavity,
thereby resulting in coal expansion and making the top and
floor move toward the cavity. Therefore, the ground stress
within the influence region of the drilling hole reduces, the
gas is discharged, the gas pressure of the coal seam is
sufficiently relieved, and the elastic potential energy of the
coal and surrounding rock and the gas expansion energy are
released to improve the gas drainage effect and wetting coal
[17]. Wetting coal can reduce coal brittle, increase coal
plasticity, and reduce coal elastic potential energy.
Moreover, wetting coal can reduce gas desorption velocity
and decrease gas expansion energy [11], [18], [19]. In terms
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of gas movement, a large amount of gas is discharged during
hydraulic flushing. After the hydraulic flushing measures are
finished, the influence region of the drilling hole extends
gradually because of coal expansion. Coal porosity and the
permeability of the coal seam increase, thereby causing
distant gas from the drilling hole to be emitted into the hole
passage [20]. Consequently, the main impetus of coal and
gas outburst is eliminated and the physical properties of
outburst coal seam are changed, which can prevent and
control the coal and gas outburst in the coal mining process.

4. System and Process of Hydraulic Flushing

4.1 Hydraulic flushing system

The hydraulic flushing system consists of an emulsion
pump, a water tank, pressure gauges, blowout preventers,
nozzles, and etc, as shown in Figure 1. According to the
situation of the field test, the BRW200/315 type emulsion
pump is selected, of which the rated flow is 200 L/min and
the rated pressure is 31.5 MPa. The FRX1000 type auxiliary
emulsion box is selected, of which the nominal pressure is
31.5 MPa, the volume is 1000 L, the size is 2450 mm x 1050
mm X% 1400 mm, and the weight is 700 kg. The nozzles are
PZCKC series. The SGS-type double function high-pressure
water gauge is selected, and its pressure range is 0-25 MPa.
SGS-type double function high-pressure water gauge
connects the QJ16 type spherical cut-off valve. The type of
the drilling rig is 5S-1900; the internal diameter of the high
pressure hose is 32 mm, and its compression resistance is 32
MPa. Quick connectors and U-type clips are used at the
joints. During hydraulic flushing, the gas concentration at
every drilling field is recorded by the TWY type outburst
predictor.

7] (8] [o]

1-nozzle, 2-coal seam, 3-rock stratum at floor, 4-sealing tube, 5-blowout preventer,
6-connect gas drainage pipe, 7-cut-off value, 8-supply pipe, 9-connect pumping
station, 10-hydraulic monitor joint, 11-water-gas separation device, 12-sedimentaion
tank, 13-drilling rig, 14-pressure gauge

Fig. 1. Diagram of hydraulic flushing system

4.2 Hydraulic flushing process

After the coal seam is drilled through, the drill rod is
withdrawn, and the drilling bit is replaced by a special bit
with a nozzle. The original drill rod is replaced by a drill rod
with a smaller diameter (which is conducive to discharging
crushed coal). The new drill rod is placed at the junction of
the coal and the rock again, and the water injection pump is
opened. Meanwhile, the drilling rig is opened for the drill
rod to be slowly carried into the drilling hole. When the drill
rod reaches the maximum depth, the flushing is ongoing as
the drill rod is withdrawn; this process is repeated until no
coal can be taken out and the return water is clear. The other
drill rods are increased individually. Thus, the drill rod and
the flushing process are repeated according to the
abovementioned method until all the coals are flushed. In the
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process of hydraulic flushing, the drilling velocity is kept
constant to discharge crushed coal.

In the hydraulic flushing process, high-pressure water
passes through the drill rod, squirts from the nozzle on the
drilling bit, and flushes the coal around the drilling bit. The
drilling rig moves ahead and breaks coal, which induces
small coal and gas outburst (spray orifice). Water, coal, and
gas flow into the coal-water conveying system along the
space between the drill rod and drilling hole. The mixture of
gas and water enters the water-gas separation device. After
separation, gas enters gas drainage pipes, and coal and water
flow into the sedimentation tank.

5. Test of Effective Influence Radius of Hydraulic
Flushing

5.1 General situation of the mine

Yi’an Coal Mine is in the middle of Zhengcun coalfield,
which is approximately 6.3 km long on the strike,
approximately 5.5 km wide on the tendency, and has an
approximate area of 28.744 km’. The coal-bearing stratum
belongs to the Permo—Carboniferous System; only Bl coal
seam and B2 coal seams in Shanxi Formation are workable
coal seams. Among them, the local area of B2 coal seam is
workable, and the entire area of B1 coal seam is workable
and is a main workable coal seam. The average thickness of
B1 coal seam is 4.5 m, the gas content is 12.61 m3/t, the gas
pressure is 1.37 MPa, the initial velocity of gas diffusion is
19.2-28.5 mmHg, the permeability coefficient is 0.175—
0.8380 mz/(MPaz.d), the gas flow attenuation coefficient in
the 100 m drilling hole is 0.0253-0.0425 dfl, the firmness
coefficient f is 0.21-0.27, and the coal destruction types
belong to IV and V. In addition, B1 coal seam has a
tendency of coal and gas outburst. The development of the
coal seam in Yi’an Coal Mine is complete, the thickness is
large, the destruction is serious, the existing gas prevention
and control technology and equipment cannot satisfy

production safety requirements, as mainly manifested by the
poor permeability and softness of the coal seam and pre-
drainage difficulties of the existing gas drainage technology.
Consequently, a hydraulic flushing test is conducted. The
test place is in the floor roadway of the FD003 working face
in Yi’an Coal Mine. The design length of the working face is
135 m, the design length of the track crossheading is 773 m,
and the design length of the belt crossheading is 812 m.

5.2 Test method of effective influence radius of hydraulic
flushing

The common test methods for determining the effective
influence radius of the hydraulic flushing are the flow
method and pressure drop method. When the flow method is
used, improper selection of measurement range may easily
cause a reading error, which will affect the test results [12].
When the pressure drop method is used, the influence range
of high-pressure water jet can be observed directly.
Therefore, the pressure drop method is used in this test. The
principle of the pressure drop method is as follows: In the
hydraulic flushing process, the cracks in coal affected by
water jet extend, the gas pressure in the coal seam drops, and
the pressure in drilling holes can be used to directly
determine the position affected by the hydraulic flushing
measures.

According to the test specification[21], [22], when the
gas pressure in the drilling hole drops to 0 MPa, the distance
Ri from the drilling hole to its corresponding measure hole is
within its effective influence radius. Among them, the
maximum distance R,=Max(R,, R, ... R,) is the effective
influence radius of the hydraulic flushing measures.

5.3 Test steps

The test is performed in the stable region of the belt
crossheading of the FD003 working face in Yi’an Coal
Mine. The layout of the drilling holes is shown in Figure 2,
and their layout parameters are shown in Table 1.

<, > £
24 1# 3# 5# 4# 0
'\ '
ﬁ) 3m \r 61m <P CP 9m \r 12m cI)
Fig. 2. Layout of drilling holes
Table 1. Layout parameters of the drilling holes
Drilling hole . ° . o Drilling hole Sealing hole
Number diameter/mm Dip angle / Azimuth/ length/m depth/m
1# measure hole 94 30 0 12 -
2# pressure hole 94 30 0 12 12
3# pressure hole 94 30 0 12 12
4# measure hole 94 30 0 12 -
5# pressure hole 94 30 0 12 12
6# pressure hole 94 30 0 12 12

The distance between the 1# measure hole and the 2#
pressure hole is 3 m; the distance between the 1# measure
hole and the 3# pressure hole is 6 m; the distance between
the 4# measure hole and the 5# pressure hole is 9 m, and the
distance between the 4# measure hole and the 6# pressure
hole is 12 m. The test steps are described as follows:
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First, the 2#, 3#, 5#, and 6# pressure holes are
constructed. Within 24 hours after the construction is
finished, the cement mortar is used to seal holes, and the
depth of the sealed hole is 12 m.

Second, after cement solidification, the pressure gauge is
installed, the joint is ensured to have no leakage, and the gas
pressure in every drilling hole is observed every five



Qing Ye, Geoff G.X. WANG, Zhenzhen Jia, Yi Lu and Yadong Zhang/
Journal of Engineering Science and Technology Review 8 (4) (2015) 118- 124

minutes. When the pressure gauge readings have not
changed for 3 consecutive days, the pressure is regarded as
stable.

Third, after all the pressure gauge readings are stable,
construction of the 1# and 4# measure holes begins. The
hydraulic flushing process is performed, and the gas
pressure in every pressure hole is observed and recorded.
The hydraulic flushing process cannot stop until the gas
pressure drops to 0 MPa or no crushed coal is flushed out
from the measure holes.

5.4 Test results and analysis

The pressure change curves in four pressure holes in the
hydraulic flushing process are shown in Figure 3. When the
hydraulic flushing in the 1# measure hole lasts 30 minutes,
the quantity of flushed coal is 2.91 t, which is equivalent to
expanding the drilling hole with a diameter of 94 mm into a
cavity with a diameter of 759 mm. When the hydraulic
flushing process in the 4# measure hole lasts 45 minutes, the
return water is clear and the quantity of flushed coal is 4.11
t, which is equivalent to expanding the drilling hole with a
diameter of 94 mm into a cavity with a diameter of 953 mm.

0.8

0.7

pressure/MPa

06
05§
04
03
02

0.1

0

0 5 25 40 45

time/min

Fig. 3. Pressure change curves in four pressure holes during hydraulic
flushing

From Figure 3, we can obtain the following results:

(1) The initial gas pressure of the 2# pressure hole is
0.52 MPa. During hydraulic flushing, the gas pressure
increases. When the hydraulic flushing process lasts 10
minutes, the gas pressure reaches the maximum and then
decreases gradually. When the hydraulic flushing process
lasts approximately 25 minutes, the gas pressure decreases
to 0 MPa.

(2) The initial gas pressure of the 3# pressure hole is
0.56 MPa. During hydraulic flushing, the gas pressure
increases. When the hydraulic flushing process lasts 15
minutes, the gas pressure reaches the maximum of 0.58 MPa
and then gradually decreases. When the hydraulic flushing
process lasts approximately 30 minutes, the gas pressure
decreases to 0 MPa.

(3) The initial gas pressure of the 5# pressure hole is
0.49 MPa. During hydraulic flushing, the gas pressure
increases. When the hydraulic flushing process lasts 25
minutes, the gas pressure reaches the maximum of 0.53 MPa
and then gradually decreases. When the hydraulic flushing
process lasts approximately 40 minutes, the gas pressure
decreases to 0 MPa.

(4) The initial gas pressure of the 6# pressure hole is
0.52 MPa. During hydraulic flushing, the gas pressure
increases. When the hydraulic flushing process lasts 10
minutes, the gas pressure reaches the maximum of 0.55 MPa
and then gradually decreases. When the hydraulic flushing
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process lasts approximately 45 minutes, the gas pressure
decreases to 0.21 MPa and no crushed coal is flushed out.

The pressure of water jet on coal causes the coal in the
flushing zone to generate internal stress, which is mainly
manifested by the pressure increase in four pressure holes
during hydraulic flushing. With the hydraulic flushing
ongoing, when the maximum impact force generated by
water jet exceeds the maximum shear strength of coal, the
shear failure of the coal appears, the coal stress alters, and
the stress gradient around the drilling holes decreases, which
causes the pressure in four pressure holes to decrease
gradually. The pressures in the 2#, 3#, and 5# pressure holes
decrease to 0 MPa, which indicates that the distances
between these pressure holes and their corresponding
measure holes are within the effective influence radius.
Within the region, the elastic potential energy of coal is
released, and the permeability of the coal seam increases.
Thus, gas is desorbed and discharged. When the return water
of the 4# measure hole becomes clear, the pressure in the 6#
pressure hole decreases but not to 0 MPa, which indicates
that the hydraulic flushing measure has less influence on the
coal within 9-12 m. The 6# pressure hole is beyond the
effective influence region of its corresponding measure hole.
Consequently, the effective influence radius of the hydraulic
flushing measures is considered to be 9 m.

6 Analysis on

Parameters

Hydraulic Flushing Technology

According to the theoretical analysis and the field test, a
high coal output (coal output is calculated by the weight of
the flushed coal per unit length) corresponds to a large
cavity caused by the hydraulic flushing and a large pressure
relief range, which indicates improved hydraulic flushing
effect. Consequently, the effective influence radius of the
hydraulic flushing measures significantly influences the
hydraulic flushing effect. In addition, other parameters
influence the hydraulic flushing effect; these parameters
include hydraulic pressure, critical breaking coal pressure,
effective hydraulic pressure, coal output, flushing time,
drilling hole angle, and firmness coefficient. The
relationships between hydraulic pressure and coal output,
critical breaking coal pressure and firmness coefficient,
flushing time and coal output, drilling hole angle and coal
output, coal output and effective influence radius, as well as
the effect of gas outburst prevention are analyzed based on
the field test.

6.1 Relationship between hydraulic pressure and coal
output

The relationship between hydraulic pressure and coal output
during hydraulic flushing is obtained by investigating the
coal output under different hydraulic pressures in Yi’an Coal
Mine, as shown in Figure 4. The linear fitting equation is
given as follows: y=-0.054x+1.383, R*=0.023, where x is the
hydraulic pressure, y is the coal output, and R is the
coefficient of determination. Apparently, the coal output is
not positively correlated with the hydraulic pressure, and the
discrete degree is high. Moreover, the coal output has a
decreasing trend with the increase of the hydraulic pressure,
thereby indicating that if the impact force of water jet can
meet the work required in breaking the coal, then the
hydraulic pressure will be high and the small nozzle
diameter can reduce the target distance and the scope of coal
failure. In addition, high-pressure water jet was
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experimentally studied in Leningrad Mining Institute when
the nozzle diameter dy was 3.0-5.3 mm [23]. The result
indicated that the maximum impact force appeared at the
section that was 400-500 d, away from the outlet. Behind
the section, the impact force decreased and its reduction rate
increased gradually with the increase of the distance
between the nozzle and the outlet.

coal output (t/m)

7.0 75

8.0

8.5 9.0

hydraulic pressure (MPa)

Fig. 4. Relationship between hydraulic pressure and coal output during
hydraulic flushing in Yi’an Coal Mine

Therefore, only when the distance between the nozzle
and the outlet is within a certain distance can the high-
pressure water jet break the coal seam and the coal output
achieve high efficiency; when the distance between the
nozzle and the outlet is greater than this distance, the
efficiency of coal output is quite low. Under the premise that
the hydraulic pressure generated by the water jet from the
nozzle with a small diameter is more than the pressure
required to breaking coal, the small hydraulic pressure of
water jet is better.

6.2 Relationship between critical breaking coal pressure
and firmness coefficient

The critical breaking coal pressure was presented in water jet
breaking coal theory [24]. Domestic and foreign scholars
generally believe that the critical breaking coal pressure is
the dynamic pressure on the impact point generated by the
water jet, that is, when the water jet impacts the coal wall
and the coal begins to break.

During the field test in Yi’an Coal Mine, the pump
pressure is generally considered to be the initial pressure.
The system pressure loss includes the route loss, the local
loss, and water leakage loss. The diameter of the pipeline is
mostly 32 or 25 mm, the length is within 200 m, and water
leakage places are at the junctions between the shaft and the
drill pipe. Therefore, the pressure loss is calculated by
twenty percent of the total pressure. The coal firmness
coefficient f in FD003 working face is 0.21-0.27. The
normal flushing pressure is 4-7 MPa, as shown in Figure 4.
The coal output is 0.5-3.85 t/m; the critical breaking coal
pressure is 3.2-4.5 MPa, which is equal to 10-15 f. The best
breaking coal pressure should be 4.5-6.0 MPa, which is
equal to 12-20 f. According to the above flushing test, the
critical breaking coal pressure in Yi’an Coal Mine is about
10 f. The best breaking coal pressure is 12-20 f.

6.3 Relationship between flushing time and coal output

According to the dense core hypothesis [25], the coal (rock)
is compressed into the dense core by the high-pressure water
jet in the beginning. With the hydraulic flushing ongoing,
the dense core moves forward and its deformation increases
(which is equivalent to putting a rigid wedge into coal). The
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cracks form in coal (rock) and spread from the impact point
to the periphery. Eventually, the coal (rock) is broken. The
breaking coal mechanism for hydraulic flushing technology
includes the processes of crack formation, water wedge
effect, and surface erosion. They occur continuously and
alternately, thereby forming the coal breaking process of
high-pressure water jet. Therefore, the coal output should
increase with the increase of flushing time from a single
failure cycle and the flushing process.

The relationship between flushing time and coal output
during hydraulic flushing is obtained by investigating the
coal output at different flushing times in Yi’an Coal Mine,
as shown in Figure 5. The linear fitting equation is given as
follows: »=0.0067x+1.2517, R2=O.0732, where x is the
flushing time, y is the coal output, and R is the coefficient of
determination. Apparently, as the flushing is ongoing, the
coal output slightly reduces, which shows that the hydraulic
flushing is the process where the coal is peeled off and
broken. In addition, Figure 5 shows that the discrete degree
between flushing time and coal output is high; therefore, the
flushing time is only one of the main factors that influence
the flushing effect.

>
n

IS

coal output (t/m)
o

w

90 100 110 120

flushing time (min)

Fig. 5. Relationship between flushing time and coal output

6.4 Relationship between drilling hole angle and coal
output

The hydraulic flushing measures were performed in the floor
roadway of Yi’an Coal Mine; therefore, the drilling holes
during hydraulic flushing are upward holes, and the angles
of most drilling holes are 30° to 60°. The relationship
between the coal output and the drilling hole angle is
obtained by investigation, as shown in Figure 6. The linear
fitting equation is given as follows: y=-0.0166x+1.8878,
R*=0.0413, where x is the coal output, y is the drilling hole
angle, and R is the coefficient of determination. Apparently,
the coal output has little relation to the drilling hole angle
mainly because after the water jet breaks the coal, the coal
output depends mainly on the water quantity, the weight and
the discharging powder ability of the drill rod, and the coal
breaking resistance. Among them, the water quantity and the
discharging powder ability of the drill rod have no relation
to the dip angle. The coal breaking resistance mainly
depends on the diameter of the drilling hole and the
properties of the drill rod. All drilling holes are upward
holes; thus, the dip angle is positive, and the weight of the
drill rod is beneficial to transporting broken coal. In
addition, Figure 6 shows that the discrete degree between the
drilling hole angle and the coal output is high; therefore, the
drilling hole angle has little influence on the coal output
when the drilling hole angle is 30° to 60°.
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coal output (t/m)

»=-0.0166 x + 1.8878
,,,,,,,, R2=00413 ________ /.

65 70 80
drillig hole angle (degree)

Fig. 6. Relationship between drilling hole angle and coal output

6.5 Relationship between coal output and effective
influence radius

According to previous field experiences, the coal output
during hydraulic flushing is 1% to 3% of coal quantity
within the region influenced by hydraulic flushing measures.
In Yi’an Coal Mine, the length of the drilling field is 29 m
on the tendency, the length is 36 m on the strike, the coal
density is about 1.40 t/m3, the average thickness is 4.5 m,
and the coal output is 1 t/m, which meet the above
requirements. The relationship between the coal output and
the effective influence radius is obtained by investigation, as
shown in Figure 7. The linear fitting equation is given as
follows: y=1.2388x-4.9671, R2=0.5280, where x is the coal
output, y is the effective influence radius, and R is the
coefficient of determination. Apparently, the coal output
increases with the increase of the effective influence radius,
that is, more flushed coal means a greater pressure relief
range and the formation of a larger space around the drilling
hole. Thus, the effective influence radius is larger. However,
this increase is not unlimited because the coal output is also
related to the effective breaking coal distance of the high-
pressure water jet.

coal output (t/m)

7.6 7.8 8.0 8.2 8.4 86 8.8
effective influence radius (m)

Fig. 7. Relationship between coal output and effective influence radius

6.6 Analysis on the effect of gas outburst prevention

After the hydraulic flushing and gas drainage measures were
taken, the coal seam was uncovered on August 26, 2012 in
Yi’an Coal Mine and the gas outburst forecast was
conducted. According to the parameters measured during
tunneling, the maximum drilling cutting gas desorption
index h, was 137.2 Pa, the maximum drilling cuttings
quantity S was 2.4 kg/m, the maximum initial velocity of gas
emission from boreholes q was 3.48 L/min, gas pressure P
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was 0.535 MPa, and gas content W of coal seam was 4.69
m’/t. According to “Provisions on Prevention and Control of
Coal and Gas Outbursts in China,” the critical values of the
gas outburst forecast in tunneling face are h,=200 Pa, S =6
kg/m, q =5 L/min, P =0.74 MPa, W=8§ m’/t. Apparently, the
measured values were less than the corresponding critical
values, which indicated that after the hydraulic flushing
measures were taken, the coal within the influence range of
drilling holes had no risk of coal and gas outburst.

7 Conclusions

(1) After the hydraulic flushing measures were taken, the
quantity of flushed coal from the 1# and 4# measure holes
were 2.91 and 4.11 t, respectively, which was equivalent to
expanding the drilling holes with a diameter of 94 mm into
the cavities with diameters of 759 and 953 mm, thereby
indicating that the measures could eliminate the coal stress
around the drilling hole and fully relieve pressure.

(2) After the hydraulic flushing measures were taken, the
pressures in the 2#, 3#, and 5# pressure holes decreased to
0 MPa. The pressure in the 6# pressure hole decreased but
did not decrease to 0 MPa when the return water of the 4#
measure hole was clear, which indicated that the hydraulic
flushing measures had less influence on the coal within 12
m. The 6# pressure hole was beyond the effective influence
radius of its corresponding measure hole. Consequently, the
effective influence radius of the hydraulic flushing measure
was considered to be 9 m.

(3) A large distance between the measure hole and the
pressure hole corresponds to less influence of hydraulic
flushing. Once the distance was beyond the effective
influence radius of the corresponding measure hole, the
hydraulic flushing measures would have no effect on the
coal.

(4) The effect of the hydraulic flushing measures on pressure
relief and permeability improvement was evident. Gas
pressure and coal stress were reduced. Coal seam
permeability increased, and the danger of coal and gas
outburst was eliminated.

(5) The technical parameters of hydraulic flushing
technology were analyzed. A series of relationships was
obtained, including the relationship between hydraulic
pressure and coal output, critical breaking coal pressure and
firmness coefficient, flushing time and coal output, drilling
hole angle and coal output, and coal output and effective
influence radius. Furthermore, the effect of gas outburst
prevention was analyzed. The research results provide
technical support for the optimization of the technical
parameters and the test scheme of hydraulic flushing
measures.

(6) The process of the hydraulic flushing measures was
simple, the construction was safe, and the measures could
wet the coal to reduce the dust concentration of the working
face during tunneling, as well as improve working
conditions.
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