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The Correlation between the Fluid Injection Pressure  
and the Unit Fluid Injection Quantity during Hydraulic  

Fracturing

Hydraulic fracturing (HF) technology has been widely used in the coal mining industry. This technology 
can effectively increase the permeability coefficient of low-permeability coal seams, thereby enhancing 
the gas drainage efficiency and increasing the safety of coal mining. To study the correlation between the 
fluid injection pressure (FIP) and the unit fluid injection quantity (UFIQ) during hydraulic fracturing and 
considering the limitations of laboratory and numerical simulation methods, this study employs a field 
engineering experiment at the 1703 mining working face of Jin’zhong Coal Mine in Sichuan Province as 
the test site. Through the monitoring and analysis of the FIP and the UFIQ during the whole HF process of 
coal seam drilling, it is found that there is a certain correlation between the FIP and the UFIQ, the FIP will 
appear obvious “decreases-recovery” phenomenon when the coal cracks and cracks propagation. And in 
this process, the UFIQ will appear the corresponding “rise-recovery” phenomenon. At the same time, the 
fracturing process is divided into three stages according to the variation law of UFIQ in the HF process: 
liquid filling stage, energy storage and coal cracking cycle stage, and stop cracking stage. In addition, 
through the arrangement of holes stress gauges around the fracturing hole, it is found that the transfer of 
disturbance stress formed in the coal mass due to HF behavior is mainly attenuation, and its change stage 
in the whole HF process is mainly divided into the original stress stage, the stress response stage, and the 
stress stabilization stage. These results inform the design and optimization of fracturing parameters in 
hydraulic fracturing processes and aid in understanding the mechanisms of earthquake induction by HF.
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1.	I ntroduction

China is a large coal consumption country, and its coal is mainly from underground mining. 
Affected by geological conditions, most coal seams in China have complex occurrence condi-
tions and poor permeability [1-3]. Resulting in low efficiency of coal seam gas extraction, which 
brings great difficulties to the safe mining of coal and coalbed methane (CBM). To safely and 
efficiently mine coal and CBM, scholars at home and abroad have carried out study further in 
this field in recent years. The research mainly focuses on how to increase the permeability of 
coal seams, including seepage mechanism research [4], crack mechanism research [5-6], frac-
ture evolution law research [7-8], etc. According to the above research results, the coal seam 
permeability enhancement technology methods are: protective layer mining [9], deep hole loose 
blasting [10], hydraulic punching [11], hydraulic cutting [12], hydraulic fracturing [13], liquid 
CO2 phase change fracturing [14], coal acidification [15], etc. In which HF technology has been 
more and more popularized and applied in recent years.

HF technology originated from a kind of in-situ stress measurement method and has a his-
tory of more than 70 years [16]. At first, HF technology was first applied to the natural gas and 
oil exploitation industries, mainly to increase the production capacity of oil and gas wells. In the 
later stage, with the rapid development of HF technology, the gradual deepening of CBM resource 
exploitation, the continuous improvement of its utilization technology and the increasingly seri-
ous gas disasters in the process of coal seam mining, HF technology has been gradually applied 
to coal and CBM exploitation [17].

The purpose of HF in coal seam is mainly to improve the extraction efficiency of coal seam 
gas by increasing the permeability of coal seam, to reduce the gas accidents in coal seam mining 
and ensure the safety of coal production. The technical principle is that by drilling in coal seam 
and injecting high-pressure liquid into the holes with the help of high-pressure pump, the stress 
state of holes wall and surrounding coal mass will change under the action of high-pressure 
liquid. When the liquid pressure in the holes exceeds the minimum principal stress existing in 
the coal mass itself, the phenomenon of holes wall cracking and crack propagation will occur. 
The crack propagation direction is generally parallel to the maximum principal stress direction. 
After HF of coal seam, the fracture density in coal mass increases, which effectively improves the 
connectivity of fracture network in coal mass, thereby improving the permeability of coal seam.

At present, on the study of coal seam HF technology, in the study of fracturing parameters 
change rule, Hu et al. [18] through the physical simulation test of coal HF in the laboratory, 
the HF is divided into four stages: filling with liquid, boosting pressure, lowering pressure and 
stabilizing pressure; Zhuang et al. [19] carried out hydraulic fracturing test by using six different 
injection schemes in the laboratory, and found that the cyclic pulse pressurization scheme had the 
best fracturing effect. Kumari et al. [20] obtained the relationship between rock initiation pressure 
and rock temperature and confining pressure by simulating rock HF test under high temperature 
and high pressure in laboratory. Ito and Hayashi [21] studied the flow law of fracturing fluid by 
using structural mechanics and coal-rock fluid theory and predicted the fracture size by using 
matrix fracture system to study and analyze the stress distribution near the fracturing holes. 
Through the research method of numerical simulation, Zhang et al. [22] found that the exploita-
tion of filling wells after HF can change the local pore pressure and the stress field around the 
dilution zone. in the study of dynamic characteristics of HF, Lin et al. [23] employed a series 
of laboratory HF experiments and divided HF into three sections based on the crack expansion 
process: crack initiation, crack propagation, and crack closure stages. Zhang et al. [24] divided 
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the HF process into three stages according to the damage degree and permeability change of coal 
rock through experiments in the laboratory: coal rock compaction stage, coal rock expansion 
stage and coal rock fracture stage. Shan et al. [25] divided the HF into five stages: preparation, 
pressurization, fracture, crack propagation and post-fracture according to the pump pressure and 
crack propagation in the HF test in the laboratory. 

From these studies, most studies are related to the FIP parameters in the process of HF, 
but there are few studies on the fluid injection quantity (FIQ) parameters, and there are few 
analyses and research on the change of FIQ in the whole HF process. At the same time, there is 
no unified standard and rule for the division of the whole HF process; in addition, most of the 
research methods are laboratory or computer numerical simulation, which lacks the verification 
of engineering application. Based on this, this study takes the 1703 mining working face of 
Jin’zhong Coal Mine as the engineering test site, through the HF test of coal seam to study the 
variation law and correlation of fracturing parameters in the whole HF process, and according 
to the change of UFIQ, the whole HF process is divided into three stages. At the same time, the 
holes stress gauge is arranged around the fracturing holes to monitor and analyze the variation 
law of disturbance stress formed in coal due to HF.

2.	 Materials and methods

2.1.	 Theoretical analysis on variation law of coal cracking  
related parameters

2.1.1.	Calculation of initiation pressure of inclined holes wall

Taking China Coal Mine as an example, the upward ventilation is often used in the coal 
mining working face, and the so-called upward ventilation is mainly due to the level of intake 
airflow roadway in coal mining face is lower than that of return laneway, resulting in airflow 
flowing from intake airflow roadway to return laneway along the inclined direction of coal seam 
(Fig. 1). Therefore, whether the coal seam drilling is constructed in the direction of return laneway 
to the intake airflow roadway or in the direction of intake airflow roadway to the return laneway, 
the coal seam drilling is inclined drilling.

To analyze the stress around the inclined drilling conveniently, the in-situ stress inside the 
coal seam can be transformed into the axial and radial stress distribution of the inclined drill-

Fig. 1. Schematic diagram of upward ventilation mode of coal mining working face
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ing. Accordingly, the three-dimensional Cartesian coordinate system (x, y, z) was established. 
Where the O-Z axis corresponds to the central axis of the inclined drilling, and the O-Y axis 
and the O-X axis are located on the plane perpendicular to the O-Z axis. In addition, to illustrate 
the stress situation more clearly at a certain point in the inclined drilling, the coordinate system 
(σv, σH and σh) consistent with the direction of the three-way principal geo-stress was established 
[26]. After unifying the two coordinate systems (Fig. 2), the following stress transformation 
equation can be obtained:
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where σv, σH and σh are the stress components of the holes cross-section coordinate system;  
α is the angle between the holes azimuth and σH; β is the angle between the holes central axis and σv.

Assuming that in the process of HF of coal seam drilling, under the action of high-pressure 
liquid and original stress, a certain point of the holes wall of coal seam drilling is cracked, the 
stress distribution of the section at this time can be regarded as a plane strain problem (Fig. 3).
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Fig. 2. Coordinate transformation of central axis  
of coal seam drilling
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Fig. 3. Radial stress distribution of holes wall  
in coal seam

The stress distribution of holes wall can be obtained by superposition of high-pressure liquid 
and holes radial stress. Currently, the calculation Formula of stress distribution at a certain point 
of holes wall is as follows:
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where σr and σθ are radial stress and tangential stress at any point in the surrounding rock of holes 
wall in coal seam. R is the radius of the holes; r is the distance from any point to the holes center; 
θ is the direction angle of any point in holes wall rock of coal seam; p is the pressure of liquid.

The Formula (1) is substituted into the Formula (2) to obtain the stress distribution of a point 
in the radial coal mass along the holes under the combined action of three-way geo-stress and 
high-pressure liquid:

	

 

 

 

2 2 2 2 2 2 2

2

2 2 2 2 2 2

2 4 2

2 4 2

2 2 2 2 2

cos sin cos sin sin cos 1
2 2

cos sin cos sin sin cos
2 2

4 31 cos 2

cos sin cos sin sin
2

H h v H h
r

H h v H h

H h v H

R
r

R R pR
r r r



          


          



       


              
    
 
  

 
    

 

 
 

 

2 2

2

2 2 2 2 2 2

4 2

4 2

cos 1
2

cos sin cos sin sin cos
2 2

31 cos 2

h

H h v H h

R
r

R pR
r r

  

          



             
    
 
  

 
   






















 






 	 (3)

According to the tensile strength of coal and rock mass is far less than its compressive 
strength, the coal cracking at the holes wall of coal seam should conform to the maximum tensile 
stress theory. Therefore, under the combined action of three-way geo-stress and high-pressure 
liquid, when the tensile stress at a certain position of the holes wall (r = R) of coal seam exceeds 
the tensile strength of coal mass, the holes wall of coal seam will crack, that is, the pressure of 
high-pressure liquid acting on the holes wall needs to overcome the tangential stress of coal mass 
at the holes wall to cause tensile damage to the holes wall [27]. At this time, the stress state at 
a certain point in the holes wall can be expressed as:
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To simplify the calculation, it is assumed that the maximum horizontal principal stress in the 
coal mass is parallel to the central axis of the holes, and the direction of the minimum principal 
stress is perpendicular to the direction of the maximum principal stress. Therefore, when the 
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holes wall of coal seam breaks along the radial direction of holes, the influence of radial stress 
of holes can be ignored, so the above equation can be simplified as:
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According to Formula 5, when θ ∈ [0°,180°], if and only if θ = 0° and θ = 90°, the tangential 
stress at the holes wall of coal seam will reach the limit. Therefore, in both cases, the tangential 
stress at the holes wall of the coal seam only needs to consider the direction angle and extreme 
value:
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It is assumed that the tensile strength of the coal mass at the holes wall of the coal seam is 
σb, so to crack the coal mass at the holes wall of the coal seam, |σθ | ≥ σb must be satisfied. Based 
on this, the calculation Formula of p acting on the holes wall by high pressure liquid is obtained:
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Therefore, when the crack at the holes wall of coal seam extends along the radial direction, 
the initiation pressure ps of the holes wall of coal seam can be expressed as: 
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It can be seen from Formulas 8 that the initiation pressure ps is a function of angle β. Therefore, 
the initiation position Lf of cracks in holes of inclined coal seam can be obtained by derivation 
of β, the initiation position Lf can be obtained by the following Formula:
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2.1.2.	Variation law of FIP in coal cracking moment

After the coal seam drilling cracks under the action of high-pressure liquid, the high-pressure 
liquid enters the bedding surface and fracture system in the coal mass driven by the high-pressure 
pump, and acts on the weak surface to cut the coal fracture [28,29]. This will lead to the expan-
sion of coal in space and promote the expansion and extension of the weak surface, gradually 
forming interconnected fracture network in coal, and further causing the fracturing decomposition 
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of coal. According to the state equation of pure fluid, when any two of P, V and T are specified, 
the state will be determined. The corresponding mathematical equation is :

	 f (P,V, T) = 0	 (10)

The ideal gas state equation can be described as: 

	 PV = nRT	 (11)

where P is the pressure, Pa; V is the volume of gas, m3; T is temperature, K; n is the amount of 
substance of gas, mol; R is a molar gas constant, J/(mol·K).

The corresponding liquid state equation can be described as:

	 V(T,P) = V0[1 + α f (T – T0) – βf P]	 (12)

where α f  is the expansion coefficient of liquid; βf  is the compressibility coefficient of liquid; 
V0 is the volume of fluid at temperature T0, m3.

From the above equation, the increase of fluid volume and the decrease of temperature will 
lead to the decrease of fluid pressure. For HF of underground coal seam, the change of fracturing 
fluid temperature T is negligible. Therefore, in the moment of coal cracking, the water filling 
space inside the coal will suddenly increase with the coal cracking and crack expansion. It can be 
considered that the volume of high-pressure liquid will suddenly increase, and the corresponding 
high-pressure liquid in the whole fracturing system will have a short “pressure relief” phenom-
enon, this is mainly because: 1) the instantaneous increase of water filling space; 2) Fracturing 
fluid cannot be replenished in time. However, with the continuous operation of the high-pressure 
pump, the external fracturing fluid will continue to be added to the coal mass, and then gradually 
compensate the “loss” of the previous FIP, so that the FIP inside the coal mass can be “restored”; 
And when the pressure of the fracturing fluid at the end of the fracture reaches the initiation 
pressure of the coal, the coal will crack again.

2.1.3.	Variation law of FIQ in coal cracking moment

In the process of coal fracturing, the mechanical energy of the fracturing fluid mainly comes 
from the high-pressure pump. Assuming that the mechanical energy of the fluid on a section 
in the fracturing holes now of coal cracking is E, then according to the Bernoulli equation, it can 
be obtained:

	

2

2
vP gh E     	 (13)

where P is the pressure at a certain point in the fluid, Pa; ρ is fluid density, kg/m3; v is the flow 
velocity of the fluid at this point, m/s; g is the gravity acceleration, m/s2; h is the height of the 
point, m.

As described in sub-section 2.1.2, coal cracking increases its internal water filling space, 
resulting in a certain degree of “pressure relief” of FIP. According to the law of conservation 
of mass, now of coal cracking, for the fluid on the same cross-section, its mechanical energy E 
has not changed, and its density ρ and its own gravitational potential energy have not changed, 
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so when its pressure P decreases, its velocity v will increase, resulting in an increase in FIQ during 
this period. In other words, in coal cracking moment, with the decrease of FIP, the injection rate 
will increase. Further analysis shows that the FIQ required for the fracturing fluid in the holes after 
coal cracking is “restoring” its own pressure, which includes two parts: 1 ) the FIQ required for 
filling the cracking space; 2) The amount of liquid injection needed to infiltrate the coal around 
the fracture and its capillary effect. With the continuous work of the high-pressure pump, the 
corresponding FIQ will be supplemented within a certain period, so that the FIP in the coal mass 
will be restored, and then the injection rate will decrease. At the same time, with the increase 
of fluid injection volume and mechanical energy of fracturing fluid, the coal will crack again 
when the pressure of fracturing fluid at the end of the crack reaches the starting pressure of coal.

2.2.	E xperimental location

The HF test location of coal seam is in Jin’zhong Coal Mine, Sichuan Province, China 
(Fig. 4). According to the actual conditions in the Coal Mine, 1703 mining working face was 
selected as the experimental working face, and 7# coal seam was mined in this working face. The 
gas content, gas pressure and permeability coefficients were 4.48 m3/t, 0.37 MPa and 0.37 m2, 
respectively; The strike length of 1703 working face is 480 m (360 m already mined), the dip 
length is 120 m, and the dip angle of coal seam is 14°; the working face adopts longwall backward 
mining method and all caving method to manage the roof of goaf; the average thickness of 7# 

Table 1

List of roof and floor conditions of 1703 coal face

Name of roof and floor Name of coal rock Thickness (m) Roof and floor characteristics
Main roof Sandstone 3.00 The roof is sandy mudstone, fine sandstone, 

and argillaceous siltstone, belonging to 
medium to hard rock mass, and the roof is 
stable ; floor is sandstone, sandy mudstone, 
clay rock, clay rock, mudstone, belongs to 

unstable, soft rock mass

Immediate roof Mudstone 1.00

false roof Carbon mudstone 0.30
7# coal seam 1.40

Immediate floor Mudstone 0.20
Main floor Shaly Sand 2.00

Fig. 4. Location of experiment site
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coal seam in 1703 mining working face is 1.40 m, and the roof and floor are shown in TABLE 1. 
At present, a certain number of bedding gas drainage holes have been constructed in 1703 min-
ing working face (Fig. 5).

50
m

120m

Gas drainage borehole

1703 coal mining face

Intake airflow roadway

Return laneway

2m

Stopping line

5m

Goaf

12
0m

Fig. 5. Distribution of gas drainage holes in 1703 coal face

2.3.	E xperiment equipment

The equipment used in this HF test mainly includes BRW200/31.5 emulsion pump, water 
tank matched with emulsion pump, high-pressure capsule hole packer, high-pressure glue pipe, 
fracturing rod, pressure meter flowmeter and so on. The physical picture of each component 
is shown in Fig. 6, and the overall connection diagram is shown in Fig. 7.

(a)	 (b)	 (c)

(d)	 (e)

Fig. 6. Physical pictures of various components of hydraulic fracturing equipment. (a) Pump set; (b) Pipeline 
and flowmeter; (c) Hole packer; (d) pressure meter; (e) Fracturing rod
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Emulsion pump

Pressure relief valve

High-pressure glue pipe

Water tank

Pressure meter

1#flowmeter

2#flowmeter

Injection pipe

Coal seam

Borehole drilling along seam

High pressure capsule sealing device

Fracturing rod

Manual pressure pump

Liquid inlet tube

Return tube

Fig. 7. Connection diagram of hydraulic fracturing equipment

2.4.	E xperiment scheme

2.4.1.	Underground equipment layout

According to the actual conditions of Jin’zhong Coal Mine, due to the small cross-sectional 
area of the roadway connected with the intake airflow roadway and return laneway of the 1703 mi
ning working face, the pump group needed for HF cannot be passed. Therefore, the pump group 
is arranged in the roadway near the central substation of the 1703 mining working face, and the 
pump group relates to the fracturing holes through the high-pressure glue pipe. The underground 
location of the pump group is shown in Fig. 8.
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High-pressure glue pipe 

pump set

Return laneway 

Fig. 8. Location diagram of underground pump set

2.4.2.	Holes layout

According to the experimental purpose and the actual conditions of 1703 mining working 
face in Jin’zhong Coal Mine, and combined with the actual needs of the mine, three HF holes, 
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three disturbance stress monitoring holes and two control holes were arranged in 1703 mining 
working face. Affected by the roadway maintenance and pipeline installation in the return lane-
way, each hole was constructed along the coal seam to the return laneway in the intake airflow 
roadway. The construction parameters and layout of each hole are shown in TABLE 2 and Fig. 9. 
The role of 1# control hole and 2# control hole is to observe the fracturing range of 1# fracturing 
hole and 2# fracturing hole, respectively; 1~3# stress monitoring holes are mainly used to moni-
tor the change of disturbance stress in the surrounding coal mass of 3# fracturing hole during 
the whole HF process.

Table 2

Construction parameters of each hole

Name Hole diameter 
(mm)

Hole depth 
(mm)

Inclination  
(°) Remark

1# fracturing hole 75 90 14 Sealing depth 80 m
2# fracturing hole 75 90 14 Sealing depth 80 m
3# fracturing hole 75 90 14 Sealing depth 80 m

1# control hole 75 90 14 No sealing
2# control hole 75 90 14 No sealing

1# stress monitoring hole 75 80 14 Sealing depth 80 m
2# stress monitoring hole 75 80 14 Sealing depth 80 m
3# stress monitoring hole 75 80 14 Sealing depth 80 m

2.4.3.	Regulation schemes of FIP

During the HF of coal seam, it is necessary to continuously adjust the FIP in the whole 
HF process, to continuously supplement energy for high-pressure liquid to crack the coal mass, 
thereby improving the permeability enhancement efficiency of coal seam. According to the above 
analysis of holes wall initiation pressure in coal seam and the reference to the whole HF operation 
process of adjacent mines, the regulation schemes of FIP in the HF test of 1307 working face in 
Jin’zhong Coal Mine is shown in Fig. 10.
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Fig. 10. Regulation scheme of FIP

3.	R esults and analysis

3.1.	 Calculation of UFIQ

The flowmeters used in this HF process are installed in the liquid inlet and return tube 
between the emulsion pump and the water tank (Fig. 3b). The 1# flowmeter is installed on the 
liquid inlet tube, and the flow value detected is Qin. The value of Qin represents the flow from 
the water tank to the emulsion pump. The 2# flowmeter is installed on the return tube, and the 
flow value is Qout. The value of Qout represents the flow returned from the emulsion pump to the 
water tank. In the process of HF, after the fracturing fluid in the water tank enters the emulsion 
pump, only part of the fracturing fluid enters the coal seam drilling through the high-pressure 
pipe under the pressure of the emulsion pump, and the other part of the fracturing fluid returns 
to the water tank through the return tube. Therefore, the actual FIQ in the process of HF is the 
difference between Qin and Qout :

	 Q = Qin – Qout	 (14)

where Q is the actual FIQ during HF, m3; Qin is the flow of liquid inlet tube, m3; Qout is the flow 
of return tube, m3.

To facilitate the processing and analysis of fracturing fluid flow data, this paper introduces 
unit liquid flow, it is the liquid flow through each tube in one minute. Therefore, the unit liquid 
flow of the liquid inlet tube, the unit liquid flow of the return tube and the actual unit liquid flow 
in a certain minute are:
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where Qti
unit(fact) is the actual unit liquid flow through the high-pressure pipeline at i minute, m3; 

Qti
unit(in) and Qti–1

unit(in) are the unit liquid flow through the liquid inlet tube at i minute and i–1 mi- 
nute, m3; Qti

unit(out) and Qti–1
unit(out) are the unit liquid flow through the return tube at i minute 

and i–1 minute, m3.

3.2.	 Variation law of fracturing fluid flow value

According to the above HF experiment scheme, HF is carried out for 1# fracturing hole, 
2# fracturing hole, and 3# fracturing hole respectively. When the 1# fracturing hole is fractured 
to 41 minutes, the flow phenomenon occurs in the 1# control hole. With the increasing flow of 
the 1# control hole, the HF stops at 45 minutes. 2# fracturing hole in fracturing to 42 minutes, 
2# control hole appears flow phenomenon, so also in fracturing to 45-minute stop HF; the 
3# fracturing hole was fractured for 90 minutes, in which the FIP remained at 30 MPa during 
45~90 minutes, and the 2# control hole with a distance of 35 m did not flow until the end of the 
HF. To effectively illustrate the change rule of liquid flow in each pipeline during HF, the unit 
liquid flow value of each pipeline is sorted out and the corresponding line chart is drawn. Among 
them, 1~2# fracturing holes in the HF process of each pipeline unit liquid flow value change rule 
as shown in Fig. 11, 3# fracturing hole in the HF process of each pipeline unit liquid flow value 
change rule as shown in Fig. 12.

-5 0 5 10 15 20 25 30 35 40 45 50 55
0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Fl
ow

 ra
te

 o
f a

ct
ua

l U
FI

Q
 (m

3 )

Time (min)

 Actual UFIQ

Abnormal 
 working
   area

Normal working area
-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 Liquid inlet tube

Fl
ow

 ra
te

 o
f l

iq
ui

d 
in

le
t t

ub
e 

(m
3 )

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

 Return tube

Fl
ow

 ra
te

 o
f r

et
ur

n 
tu

be
 (m

3 )

  
-5 0 5 10 15 20 25 30 35 40 45 50 55

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Fl
ow

 ra
te

 o
f a

ct
ua

l U
FI

Q
 (m

3 )

Time (min)

 Actual UFIQ

Normal working area

Abnormal 
 working
   area

0.00

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24 Liquid inlet tube

Fl
ow

 ra
te

 o
f l

iq
ui

d 
in

le
t t

ub
e 

(m
3 )

0.00

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.30

 Return tube

Fl
ow

 ra
te

 o
f r

et
ur

n 
tu

be
 (m

3 )

 

 (a)	 (b)

Fig. 11. Curve diagram of unit flow rate variation of 1~2# fracturing holes during HF.  
(a) 1# fracturing holes; (b) 2# fracturing holes

It can be seen from Fig. 11 that in the whole HF process of 1~2# fracturing holes, the two 
fracturing holes have experienced the process of coal cracking, crack propagation and the flow 
of corresponding control holes. Therefore, the variation of unit liquid flow rate in the whole HF 
process of 1~2# fracturing holes is divided into normal working area (corresponding control 
holes do not appear flow phenomenon ) and abnormal working area (corresponding control 
holes appear flow phenomenon). The 1# fracturing hole is in the stage of coal cracking and crack 
propagation in 0~40 minutes. After fracturing to 40 minutes, the 1# control hole has appeared 
flow phenomenon, and the flow is getting larger and larger, so the fracturing of 1# fracturing 
hole is stopped at 45 minutes. The 2# fracturing hole is in the stage of coal cracking and crack 
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propagation within 0~43 minutes. After fracturing to 43 minutes, the 2# control hole appears the 
phenomenon of water flow. To reduce the use of fracturing fluid, the fracturing of 2# fracturing 
hole is also stopped at 45 minutes. In addition, the right side of the 1# fracturing holes is 20 m 
away from the 1# control holes, and the left side is 25 m away from the working face. Because 
of the influence of mining disturbance, there will be a certain range of fracture development 
zones in the working face along the advancing direction [30]. During the whole HF process of 
the 1# fracturing hole, only the flow phenomenon occurs in the 1# control hole, while the flow 
and related signs are not seen in the coal wall of the working face, indicating that during the 
HF process of the 1# fracturing hole, the crack propagation of the coal on both sides is uneven 
and asymmetric. Correspondingly, the left side of the 2# fracturing hole is 20 m away from the 
1# control hole, and the right side is 20 m away from the 2# control hole. In the whole HF pro-
cess of the 2# fracturing hole, the flow phenomenon only occurs in the 2# control hole, and there 
is no flow phenomenon in the 1# control hole. It also proves that the unevenness and asymmetry 
of coal crack propagation on both sides of the fracturing holes in the HF process.

In addition, it can also be seen from the figure that the unit liquid flow rate of the liquid inlet 
tube of 1~2# fracturing holes is in the normal working area. After data fitting, the trend of the 
curve is “parabola” rather than “straight line”, indicating that the unit liquid flow rate of the liquid 
inlet tube does not increase linearly with the increasing FIP. In the abnormal working area, the 
unit liquid flow rate of the liquid inlet tube of 1~2# fracturing holes shows a rapid growth trend 
in a short period of time. The main reason is that the continuous expansion of coal cracks under 
the action of FIP leads to the continuous increase of water filling space and the decrease of water 
flow resistance. At the same time, the unit liquid flow rate of the return tube of the 1~2# fracturing 
holes is in the normal working area. After data fitting, the trend of the curve is also “parabolic”. 
In the abnormal fracturing area, the unit liquid flow rate of the return pipe of 1~2# fracturing holes 
shows a rapid decline trend in a short period of time. The main reason is that after the communi-
cation between the fracturing holes and the control holes, the flow resistance decreases rapidly, 
which improves the liquid injection efficiency of the emulsion pump. In addition, it can be seen 
from the Fig. 8 that the variation trend of actual UFIQ of 1~2# fracturing holes can be described 
as three stages in the whole HF process : the decline stage, the fluctuation stage, and the rise 
stage. The initial stage of HF is mainly manifested as an obvious decline stage. In the first one 
minute of the beginning of HF, it is necessary to inject liquid into the space of the high-pressure 
pipeline, the fracturing hole, and the fractures around the borehole in this period. Therefore, the 
actual UFIQ in this period is relatively high, and then the fracturing fluid in the fracturing hole 
enters the energy storage stage. At this time, the actual UFIQ will be significantly reduced. The 
1# fracturing hole and the 2# fracturing hole are in the decline stage during the first 0~6 minutes 
and the first 0~7 minutes fracturing, respectively. The fluctuation stage is mainly manifested in the 
decline stage and before the communication between the fracturing holes and the control holes. 
The most obvious characteristic of the actual UFIQ in the fluctuation stage is the instability of 
its flow value, which should be mainly due to the cracking and crack propagation of coal mass. 
The rise stage is mainly after the communication between the fracturing holes and the control 
holes, after the flow phenomenon occurs in the control hole, due to the continuous expansion 
and increase of the communication cracks, as well as the rapid increase of the unit liquid flow 
in the liquid inlet tube and the rapid decrease of the unit liquid flow in the return tube, the actual 
UFIQ of the fracturing hole also shows a rapid upward trend.

It can be seen from Fig. 12 that the overall change of unit liquid flow in each pipeline of 3# 
fracturing hole is slightly different from that of 1~2# fracturing holes. The main reason is that 3# 
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fracturing hole does not communicate with 2# control hole at 35 m on the left side through frac-
tures until the end of HF. To facilitate the analysis, the first 50 minutes of the fracturing process 
of the 3# fracturing hole is also divided into normal working areas, and the last 40 minutes of the 
HF process is divided into abnormal working areas. In the normal working area, the change trend 
of the unit liquid flow rate of the liquid inlet tube, the unit liquid flow rate of the return tube and 
the actual UFIQ is basically the same as that of the 1~2# fracturing holes. The change trend of 
the unit liquid flow rate of the liquid inlet tube and the unit liquid flow rate of the return tube was 
“parabola” after the relevant data fitting. The change trend of actual UFIQ in the region can also 
be divided into decline stage and fluctuation stage. While in the abnormal working area, the unit 
liquid flow rate of the return tube shows an obvious upward trend, and the unit liquid flow rate 
of the liquid inlet tube shows a significant downward trend, while the actual UFIQ also shows 
a significant downward trend. The unit liquid flow rate of each pipeline in the abnormal fractur-
ing area forms such a trend mainly because of the cracks formed by HF in the coal mass. The 
disturbance stress formed by the FIP at the end of the pipeline cannot overcome the minimum 
principal stress of the surrounding coal mass, so that the coal mass cannot crack again, and thus 
the overall efficiency of the emulsion pump is reduced. Most of the fracturing fluid from the 
water tank into the emulsion pump enters the water tank through the return tube, so the actual 
UFIQ entering the coal body decreases rapidly.

Coal is a porous medium, and there are natural fractures in it [31,32]. When the fractur-
ing fluid enters the fracturing hole through the emulsion pump, under the action of the FIP, the 
fracturing fluid will first enter the fractures of the coal around the fracturing hole. With the 
increase of the FIP, the range of coal infiltration will gradually expand, but the coal infiltration 
efficiency will rapidly decline. Therefore, the actual UFIQ at this stage will gradually decrease. 
At the same time, when the liquid pressure inside the fracturing borehole reaches the minimum 
principal stress of the coal mass itself, the coal mass around the fracturing borehole will crack 
with the continuous increase of the FIP, and the cracks formed will gradually expand under the 
action of the liquid pressure. During this period, the liquid entering the crack will not only store 
energy by itself and promote crack cracking under the action of FIP, but also infiltrate the coal 
mass around the crack. Therefore, in this process, the UFIQ entering the coal will fluctuate back 
and forth with its own storage and the crack propagation of the coal mass. While when the liquid 
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Fig. 12. Curve diagram of unit flow rate variation of 3# fracturing holes during HF
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pressure at the end of the crack cannot overcome the minimum principal stress of the surrounding 
coal mass itself by energy storage, the fracturing fluid entering the coal crack can only infiltrate 
the surrounding coal mass and cannot crack the coal mass again, so the actual UFIQ of this stage 
will decrease significantly.

3.3.	 Correlation Analysis between UFIQ and FIP

In the process of HF of coal seam, the FIP of different fracturing stages shows different 
variation laws. For example, when the coal mass cracks or cracks expand, the FIP will appear 
obvious “pressure relief” phenomenon, in other words, the FIP drops suddenly, and then slowly 
returns to the pressure value before “pressure relief”. According to the variation characteristics 
of FIP, we analyzed the correlation between the variation of FIP and the actual UFIQ during the 
whole HF process, to reveal the relationship between the two and the relationship between the 
variation of unit UFIQ and coal cracking and crack propagation. Throughout the HF process, 
1~3# fracturing holes actual UFIQ and FIP changes as shown in Fig. 13.
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Fig. 13. The change trend diagram of UFIQ and FIP of each fracturing hole in the HF process:  
(a) 1# fracturing hole; (b) 2# fracturing hole; (c) 3# fracturing hole
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It can be seen from Fig. 13 that there are three times of FIP “pressure relief” phenomenon in 
the whole fracturing process of 1~3# fracturing holes. Among them, 1# fracturing hole appeared 
“pressure relief” phenomenon when fracturing to 16 MPa, 20 MPa and 28 MPa, the corresponding 
fracturing time were 23 minutes, 30 minutes, and 40 minutes, the third time appeared “pressure 
relief” because 1# fracturing holes and 1# control hole through each other, so until the end of 
the fracturing, the FIP has been in a downward trend. When fracturing to 16 MPa, 24 MPa and 
30 MPa, the 2# fracturing hole appeared “pressure relief” phenomenon, and the corresponding 
fracturing time were 25 minutes, 34 minutes, and 43 minutes. The third “pressure relief” was 
caused by the mutual penetration of 2# fracturing hole and 2# control hole. When 3# fracturing 
hole is fractured to 16 MPa, 20 MPa and 28 MPa respectively, the corresponding fracturing time is 
22 minutes, 27 minutes, and 41 minutes respectively. The whole fracturing process of 3# fracturing 
hole is not communicated with other drilling holes, so each time the phenomenon of “pressure 
relief” is quickly restored to the level of FIP before “pressure relief”, and the FIP has not been 
decreased after communicating with the corresponding control holes as 1~2# fracturing holes.

Accordingly, it can also be seen from Fig. 13 that there are three obvious fluctuations in the 
actual UFIQ in the whole HF process of 1~3# fracturing holes, in other words, first increasing 
and then returning to the UFIQ level before increasing. The 1# fracturing hole appeared obvious 
fluctuation phenomenon when fracturing to 23 minutes, 30 minutes, and 40 minutes respec-
tively, which was the same as the time of “pressure relief” of FIP. 2# fracturing hole in fractur-
ing to 25 minutes, 34 minutes and 43 minutes appear obvious fluctuation phenomenon, and its 
FIP “pressure relief” time is the same ; the 3# fracturing hole shows obvious fluctuation when 
fracturing to 22 minutes, 27 minutes, and 41 minutes respectively, which is also corresponding 
to the time of “pressure relief” of FIP. Moreover, during the HF process of 1~3# fracturing holes, 
the FIP shows a process from the emergence of “pressure relief” phenomenon to the recovery 
of the FIP level before “pressure relief”, which is basically corresponding to the process of the 
actual UFIQ from the emergence of an increase to the recovery of the UFIQ level before the 
increase, indicating that the FIP of the fracturing hole has a good correlation with the actual 
UFIQ during the fracturing process. When the FIP decreases significantly, the actual UFIQ will 
increase significantly. When the FIP is restored to the pressure value before the drop, the actual 
UFIQ is also restored to the level before the rise. The main reason is that when the accumulated 
energy value of the fracturing fluid in the coal mass is greater than the minimum stress value 
existing in the coal itself, the coal mass will crack and crack propagation. At this time, the fluid 
injection space in the coal mass will increase instantaneously. Before the fracturing fluid is not 
supplemented, the pressure will decrease significantly, and the pressure drop means the decrease 
of the pressure potential energy of the fracturing fluid. Therefore, to maintain the mechanical 
energy of the fracturing fluid, the kinetic energy of the fracturing fluid will increase, so that more 
fracturing fluid is injected into the coa mass, and then the energy is supplemented for the pres-
sure relief fracturing fluid. With the continuous supplement of the fracturing fluid, the energy 
accumulated by the fracturing fluid will continue to recover to the level before the decline, and 
the corresponding pressure potential energy of the fracturing fluid will also increase, and then 
the kinetic energy of the fracturing fluid will decrease, so that the actual UFIQ will gradually 
recover to the original level. When the energy accumulated by the fracturing fluid at the end of 
the fracture reaches the level of the cracked coal mass, the above process will be recycled again 
until the energy accumulated by the fracturing fluid at the end of the fracture cannot make the 
coal mass crack, and at this time only a certain amount of fracturing fluid is needed on the coal 
mass surrounding the infiltration fracture, and the demand is getting smaller and smaller with 
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the increase of the infiltration range. Therefore, to maintain the pressure value of the fracturing 
fluid in the coal mass, the amount of the fracturing fluid is getting smaller and smaller, which 
leads to the actual UFIQ is getting smaller and smaller.

In summary, in the whole HF process of 1~3# fracturing holes, when the coal mass cracks 
and crack propagation, the FIP of each fracturing holes has a good correlation with the actual 
UFIQ, when the FIP appears obvious “decreases-recovery” phenomenon, the actual UFIQ ap-
pears obvious “rises-recovery” phenomenon, and the whole change process has synchronization. 
Therefore, according to the change of the actual UFIQ, it can also be used to determine whether 
the coal mass cracks and crack propagation, and the FIP can be adjusted according to its change. 
For example, when the actual UFIQ decreases significantly, it indicates that the energy provided 
by the FIP for the fracturing fluid is likely to have been unable to make the coal body crack, and 
it is necessary to increase the FIP as soon as possible to break the coal mass.

4.	D iscussion

4.1.	S tage division of HF process

In HF of coal seam, the HF can be divided into three stages according to the variation law 
of unit liquid flow in different pipelines and the relationship between the actual UFIQ and FIP 
of each fracturing hole:

1)	 Liquid filling stage. In this stage, the FIP is low, the duration is short, and its role is mainly 
to inject fracturing fluid into high-pressure pipelines, boreholes, and fractures around 
boreholes, and gradually infiltrate coal mass around boreholes in the process of fracturing 
fluid entering the above space. At the same time, the connection of high-pressure pipeline 
and the sealing quality of fracturing hole can also be preliminarily verified by injecting 
fracturing fluid into the fracturing hole through low FIP. Because the FIP is generally 
low in this stage, it is not enough to let the fracturing fluid accumulate certain energy 
to make the coal mass crack, so the coal mass cracking and crack propagation will not 
occur in this stage.

2)	 Energy storage and coal mass cracking cycle stage. In this stage, the fracturing fluid 
storage is the first step, and its role is mainly to prepare for the fracturing coal. After the 
fracturing hole and its surrounding fractures are filled with fracturing fluid, the energy 
of fracturing fluid in the borehole and its surrounding fractures is continuously increased 
by continuously adjusting the FIP. In the process of continuous energy storage of frac-
turing fluid, with the gradual increase of its own energy, the scope of fracturing fluid 
infiltrating the surrounding coal will also increase. When the energy accumulated by the 
fracturing fluid is greater than the minimum principal stress existing in the coal itself, 
it will enter the stage of coal cracking and crack propagation. At this time, the coal will 
crack and crack propagation. At the same time, the FIP will appear “decreases-recovery” 
phenomenon, accordingly, the actual UFIQ will appear “rises-recovery” phenomenon; 
after the first cracking and crack propagation of coal mass, the fracturing fluid will enter 
the energy storage stage again. When the fracturing fluid at the end of the crack can 
overcome the minimum principal stress of the surrounding coal mass again, the coal 
mass will crack again, so it will circulate until the energy of the fracturing fluid at the 
end of the crack can no longer make the coal mass cracking.
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3)	 Stop cracking stage. Although the fracturing fluid at the end of the crack at this stage 
has certain energy, its energy cannot overcome the minimum principal stress existing 
in the surrounding coal mass itself under the influence of crack resistance, gas pressure 
and in-situ stress. Therefore, the coal mass at this stage will stop cracking. At this time, 
the actual UFIQ will decrease significantly, especially the unit liquid flow rate of the 
return tube will be significantly improved. The main reason is that the coal is no longer 
cracking, which leads to a rapid decrease in the demand for fracturing fluid.

4.2.	 Variation characteristics of internal disturbance stress  
in coal mass during fracturing

After the HF of 1~2# fracturing holes was completed, each borehole stress gauge (Fig. 14) 
was sent to the bottom of each stress monitoring holes by using the push rod, and the hole seal-
ing method of polyurethane-cement mortar (Fig. 15) was used to seal the hole. After the stress 
value of each borehole stress gauge is stable (1# stress meter value is 5.4 MPa, 2# stress meter 
value is 5.2 MPa, 3# stress meter value is 5.3 MPa ), HF of 3 # fracturing hole is started. During 
the whole HF process, the stress value of the borehole stress gauge and the corresponding FIP 
change are shown in Fig. 16.

It can be seen from Fig. 16 that in the whole HF process of 3# fracturing hole, the stress value 
of 1# borehole stress gauge at 10 m away from 3# fracturing hole began to rise at 19 minutes of 
fracturing, and the stress value was basically stable at 17.0 MPa at 48 minutes of fracturing, the 
stress value of 1# borehole stress gauge increased by 11.6 MPa. The stress value of the 2# borehole 
stress gauge at 20 m from the 3# fracturing hole began to rise after 22 minutes of fracturing, and 
reached a stable state after 50 minutes of fracturing, and the stress value was 14.8 MPa, the stress 
value of the 2# borehole stress gauge increased by 9.6 MPa ; the stress value of 3# borehole stress 
gauge at 30 m from 3# fracturing hole is basically unchanged during the whole HF process, and 
the reason should be that the influence range of this HF does not reach 3# borehole stress gauge. 
In addition, comparing the stress values of 1# borehole stress gauge and 2# borehole stress gauge 
in the whole HF process, it can be seen that the disturbance stress formed by HF in coal mass 
decreases with the increase of the spacing between coal mass and fracturing borehole, in other 
words, the transmission of disturbance stress formed by HF in coal mass is mainly dominated 

Fig. 14. Kse-1 mining intrinsic safety 
digital display borehole stress meter

85m

Drilling

Cement mortar

Stress sensor

Digital display device

Tubing

Grouting tube

Return tube

Polyurethane

Fig. 15. Schematic diagram of polyurethane-cement mortar  
hole sealing



350

by attenuation; at the same time, according to the change of stress value of 1~2# borehole stress 
gauges in the whole HF process, it can be seen that in the HF process, the internal stress change 
process of coal mass mainly includes three stages: the original stress stage, the stress response 
stage and the stress stabilization stage. The value of borehole stress gauge in the original stress 
stage is the stress value before fracturing, currently the coal mass has not cracked, and the influ-
ence range of HF has not reached the vicinity of borehole stress gauge; the stress response stage 
is mainly after coal cracking, the influence range of HF reaches near the borehole stress gauge 
and increases rapidly with the increase of FIP. The main performance of the stress stabilization 
stage is that the stress value no longer changes greatly and basically tends to be stable, and the 
coal mass is no longer cracked at this stage.

-10 0 10 20 30 40 50 60 70 80 90 100
4

6

8

10

12

14

16

18

20

St
re

ss
 v

al
ue

 (M
Pa

)

Time (min)

 1#borehole stress gauge
 2#borehole stress gauge
 3#borehole stress gauge

First

Second

0

3

6

9

12

15

18

21

24

27

30

33

W
at

er
 in

je
ct

io
n 

pr
es

su
re

 (M
Pa

)

 
Fig. 16. Variation diagram of stress meter value of each borehole

In addition, it can also be clearly seen in Fig. 16 that the stress value of 1~2# borehole stress 
gauges does not show a linear growth in the stress response stage, but a wavy growth, and its 
fluctuation is related to the “decrease-recovery” phenomenon of FIP, which may be related to 
the cracking and crack propagation of coal mass. During the whole HF process, the FIP has three 
obvious fluctuations (decrease-recovery), and the stress value of 1~2# borehole stress gauges have 
two obvious fluctuations. The third fluctuation of the PIF is completely synchronized with the 
second fluctuation of the stress value of the 1~2# borehole stress gauges, while the first fluctua-
tion of the stress value of the 1~2# borehole stress gauges is located between the first and second 
fluctuation of the FIP, and it does not show complete synchronization, which may be the reason 
for the short interval between the first and second fluctuation of the FIP in the HF process of the 
3# fracturing hole. At the same time, according to the stress value change curve of 1~2# borehole 
stress gauge, when the two borehole stress gauges are within the influence range of HF, the stress 
value fluctuation of 1~2# borehole stress gauge is synchronous, which is mainly related to coal 
cracking and crack propagation.

4.3.	A nalysis of HF effect

To illustrate the permeability enhancement effect of coal seam after HF, after maintenance 
of return laneway and pipeline installation of 1703 mining working face were completed, 24 gas 
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drainage boreholes were constructed along the advancing direction of the working face in the 
return laneway. The hole depth is 50 m, the hole diameter is 75 mm, and the hole inclination 
angle is –14°. The layout of each gas drainage borehole is shown in Fig. 17. After the completion 
of each borehole construction, the borehole sealing and grid-connected drainage were carried 
out immediately, and the drainage parameters of each gas drainage borehole were continuously 
monitored for one month. Then, it is compared with the drainage parameters of the correspond-
ing drainage borehole in the inlet roadway. In this comparison, we mainly select the parameter 
of gas extraction amount. Since the number of boreholes and the extraction data are large, and 
the overall variation law is basically the same, five groups of corresponding gas drainage bore-
holes are selected respectively in the intake airflow roadway and return laneway of 1703 mining 
working face, and the variation law of the gas extraction amount within one month after the 
grid-connected drainage is compared and analyzed, as shown in Fig. 18.
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Fig. 18. The variation law of gas extraction amount in each borehole
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It can be seen from Fig. 18 that after the HF coal seam permeability enhancement measures 
were adopted in 1703 mining working face, the gas extraction amount of gas drainage boreholes 
constructed in the return airway were significantly higher than the gas drainage boreholes (no HF 
measures were adopted ) constructed in the intake airflow roadway of the working face in the 
detection period of 30 days of grid-connected drainage. According to the calculation, within 
30 days after the grid-connected drainage of each gas drainage borehole in the intake airflow 
roadway, the gas extraction amount decreased from 0.16~0.22 m3/min to 0.01~0.02 m3/min, the 
attenuation rate was 90.91~93.75%, the average gas extraction amount was 0.04~0.07 m3/min, 
and the cumulative gas extraction amount was about 2028 m3. The gas extraction amount of 
each gas drainage borehole constructed in the return airway decreased from 0.34~0.64 m3/min 
to 0.14~0.24 m3/min, and the attenuation rate was 58.82~62.50%. The average gas extraction 
amount was 0.22~0.42 m3/min, and the cumulative gas extraction amount was about 14656 m3. 
Whether it is the attenuation rate of gas extraction amount, the average gas extraction amount 
and the cumulative gas extraction amount, the latter is better than the former, which fully shows 
that the effect of HF on coal seam permeability is obvious.

5.	 Conclusions

Based on engineering test, the change law of UFIQ and its correlation with FIP in the whole 
process of HF in coal seam are studied. And the effect of coal seam gas drainage after adopting 
HF anti-reflection measures is studied. The main conclusions are as follows:

1)	I n the normal HF process, the fitting curves of the variation law of the liquid flow in the 
inlet tube and the return tube are both “parabolas”, while the actual UFIQ can be divided 
into the decline stage and the fluctuation stage. The reason is mainly related to the bore-
hole water filling, coal mass infiltration, coal mass cracking and crack propagation.

2)	I n the process of coal seam HF, there is a certain correlation between the FIP and the 
actual UFIQ in the process of coal mass cracking and crack propagation. The FIP will 
show a significant “decrease-recovery” phenomenon, while the actual UFIQ will show 
a “increase-recovery” phenomenon, and the two have synchronization.

3)	 According to the variation law of actual UFIQ during HF engineering test, the whole 
HF process is divided into three stages: liquid filling stage, energy storage and cracking 
cycle stage, and stop cracking stage.

4)	 The transmission of disturbance stress formed by HF in coal mass is mainly attenuation; 
in addition, during the whole HF process, the change process of internal disturbance stress 
in coal mass mainly includes three stages : the original stress stage, the stress response 
stage, and the stress stabilization stage.

5)	 The average gas extraction amount, attenuation rate of gas extraction amount and cumu-
lative gas extraction amount of gas drainage boreholes in coal seam HF area are higher 
than those of gas drainage boreholes that are not affected by HF, indicating that HF has 
an obvious effect on permeability enhancement of coal seam.
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