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Abstract When mining extra-thick coal seams, the main cause of strong ground pressure are the high-level thick and hard
strata, but as yet there is no active and effective control technology. This paper proposes the method of subjecting hard
roofs to ground fracturing, and physical simulation is used to study the control effect of ground fracturing on the strata
structure and energy release. The results show that ground fracturing changes the structural characteristics of the strata and
reduces the energy release intensity and the spatial extent of overburden movement, thereby exerting significant control on
the ground pressure. The Datong mining area in China is selected as the engineering background. An engineering test was
conducted on site by ground horizontal well fracturing, and a 20-m-thick hard rock layer located 110 m vertically above
the coal seam was targeted as the fracturing layer. On-site microseismic monitoring shows that the crack propagation
length is up to 216 m and the height is up to 50 m. On-site mine pressure monitoring shows that (1) the roadway
deformation is reduced to 100 mm, (2) the periodic weighting characteristics of the hydraulic supports are not obvious, and
(3) the ground pressure in the working face is controlled significantly, thereby showing that the ground fracturing is
successful. Ground fracturing changed the breaking characteristics of the high-level hard strata, thereby helping to ame-
liorate the stress concentration in the stope and providing an effective control approach for hard rock.

Keywords Ground fracturing - High-level hard roof - Breakage characteristics - Pressure control - Safety mining

1 Introduction

The main coal seams for high-efficiency mining are thick
and extra-thick ones, for which caving mining is mainly
used at present. However, the large thickness of thick and
extra-thick coal seams means that the range of overburden
migration is wide. Previous studies have shown that the
overburden failure zone can exceed 250 m when mining
14-20 m thick coal seams (Yu et al. 2015, 2017; Zhang
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et al. 2014; Zuo et al. 2019). When the overburden has
multiple hard roofs, their breaking at different levels results
in the frequent presence of strong ground pressure in the
stope, which damages roadways, causes supports to crash,
and seriously affects safe production (Guo et al. 2014;
Yang et al. 2015; Xia et al. 2017; Cheng 2019; Bandy-
opadhyay et al. 2020).

Given the strong ground pressure when mining extra-
thick coal seams with hard roofs, scholars have conducted
related research. Yu (2016) studied the mechanism for
strong mine pressure in a Datong coal mine and noted that
the high-level hard thick strata were the main cause of the
strong pressure in the mining stope. Bednarek and
Majcherczyk (2020) discussed the rock mass characteris-
tics, which influence the choice of support. Ning et al.
(2017) and Wang et al. (2019) analyzed the fracturing
characteristics of overlying hard roofs by means of
microseismic monitoring, which could assist in explaining
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the strong strata behavior induced by thick and hard roofs.
Ju and Xu (2013) analyzed the structural characteristics of
overlying hard strata and the ground pressure in a stope
following the mining of a 7-m-thick coal seam. Xie and Xu
(2017) analyzed the law governing how different thick-
nesses and distributions of hard roofs influenced the peak
value and influence range of the leading abutment stress of
a working face. Li et al. (2018) showed that the rotary
movement of the key strata in an overburden had a direct
impact on the appearance of pressure on the supports in a
working face, and they analyzed how the rotary angle of
the key strata in different levels influenced the stope
pressure. Li et al. (2014) found that the large mining
thickness of an extra-thick coal seam resulted in a larger
mobile space of the high-level hard roofs, and this sliding
instability of the high-level hard roofs induced a strong
ground pressure. Lan et al. (2018) used in situ measure-
ments to compare the support resistance in the working
face when mining an extra-thick coal seam. They found
that the weight characteristic exhibited “long” and “short”
durations. When a high-level hard roof broke, the mine
pressure increased, but there was no obvious regularity in
the breaking of the high-level hard strata. Finally, Tan et al.
(2018) studied the capability of coal seams influenced by
overlying hard roofs.

The above studies showed that when mining an extra-
thick coal seam, if the overburden deposits hard roofs, then
the large suspended area of those hard roofs is the main
factor causing strong ground pressure in the working face.
In particular, the breakage and instability of the high-level
hard and thick strata were identified as the main reasons for
the rock mass failure and extremely high bearing stress of
the coal body.

Active weakening is the main technical approach to
reducing the breaking strength of hard roofs. At present,
hydraulic fracturing and confined water-filled blasting are
adopted primarily. Fracturing pumps, fracturing pipes,
grooving drill bits, and other equipment are used to fracture
roofs in the process of hydraulic fracturing to reduce the
integrity of the roofs and achieve the goal of ground
pressure control (Lu et al. 2015; Ge et al. 2015; Yu and
Duan 2014). By using liquid explosive, confined water-
filled blasting technology can not only realize safe blasting
but also improve the blasting ability to the maximum
extent to reduce the breaking strength of hard roofs (Yang
et al. 2017; Yang and Liu 2017; Wang et al. 2020).
However, constrained by the equipment, drilling hole
length, and other conditions, the above technologies are
limited to underground operation only, and the control
range is within 50 m, which cannot fracture hard roofs at
high level. Therefore, Yu and colleagues proposed the
method of ground hydraulic fracturing for the first time (Yu
et al. 2019; Gao 2018), i.e., fracturing the target roofs at

high level by drilling fracturing wells downward from the
ground. In the fracturing process, only clean water was
used, which was economical and environmentally friendly.
Simultaneously, the fracturing control range was large and
the control effect was good.

Only a few scholars have studied ground fracturing (GF)
technology. Yu et al. (2019) proposed the method and
applied it in the field for the first time, achieving excellent
control. Aimed at selecting the target layers for GF, Lu
et al. (2018) compared and analyzed the breaking strength
of hard roofs at different levels and determined a reason-
able range of GF layers via numerical simulation.
Regarding the ground pressure control mechanism and
strata structural morphology of GF, scholars are yet to
conduct in-depth research. Physical similarity simulation is
aresearch method that can accurately and intuitively reflect
the overburden structural characteristics (Yan et al. 2018).
In the study, this method is used to conduct an in-depth
investigation of the characteristics of the overburden dis-
placement and strata breaking strength of high-level roofs
after GF to reveal the weakening mechanism of GF. A
field-application verification is conducted to improve the
technical system for subjecting a high-level hard roof to
GF.

2 Proposed method of ground hydraulic
fracturing

2.1 Background

In the Tashan Coal Mine in the Datong mining area, the
main mining is that of the extra-thick coal seam numbered
3-5. The coal seam thickness is 14-20 m, and the method
of top-coal caving mining is adopted. The coal seam is
buried at a depth of 400-800 m, and there are multiple hard
roofs in the overburden with a compressive strength of
60-120 MPa. When mining the working face, a strong
ground pressure occurs periodically, and the characteristics
are reflected mainly in the following aspects.

(1) The first roof weighting step of the working face is
46-55 m. The periodic weighting of the working
face is reflected in the aspects of short, long, and
extremely strong weightings.

(2) Short weighting period: the roof weighting step is
12-26 m, which is manifested mainly in the
increased resistance of 20-30 supports of the work-
ing face. There is obvious rib spalling of the coal
wall, and the top coal is easily caved.

(3) Long weighting period: the roof weighting step is
30-52 m, the resistance of more than 40 supports of
the working face increases sharply, and the safety

@ Springer



1338

R. Gao et al.

valves are opened substantially. The rib spalling of
the coal wall is significant, and the top coal is liable
to fall off. The roadway deformation near the
working face exceeds 2000 mm.

(4) Extremely strong weighting period: there is no
obvious weighting step, and the occurrence fre-
quency is low. During the period, the shield supports
in the working face are frequently crushed, the
minimum size of the roadway is only 1000 mm x

1000 mm, and the advanced single hydraulic props
are severely bent and split.

To explore how hard-roof failure and instability at dif-
ferent levels influences the appearance of pressure on a
stope, field measurements were performed in the Tongxin
coal mine of the Datong mining area (Lan et al. 2018). In
that case, the thickness of the No. 3-5 coal seam was 19 m,
and the method of top-coal caving mining was adopted.
The strata-movement measurement points were arranged in
the key strata at different levels (22, 51 and 104 m above
from the coal seam). The thicknesses of the three key strata
were 12.0, 9.8, and 23.0 m from the bottom up. Concur-
rently, the resistances of the shield supports in the working
face were recorded in real time. The monitoring results
showed that the support resistance increased with the
breakage of two key strata that were 22 and 51 m above the
coal seam at a low level, and the load coefficient of the
supports was 1.15 and 1.34, respectively. The pressure
duration was 7 and 16 h, respectively, and there were no
obvious indications of strong ground pressure in the
working face. When a 23-m-thick key layer (which was
104 m from the coal seam) broke, the No. 35-95 supports
in the working face were crushed (the working resistance
of a hydraulic support in the working face was 15,000 kN,
and the yield resistance was 17,000 kN), and the load
coefficient of the support reached 1.54. The pressure
duration reached 43 h, and the ratio of the distance
between the highest key layer and coal seam to the coal
seam thickness was 5.47. As can be seen, when mining an
extra-thick coal seam, if there is a thick and hard roof at a
high level, then its failure and instability result easily in a
strong impact strength, which is the main factor inducing
the strong ground pressure in the working face, as shown in
Fig. 1.

2.2 Technology of ground hydraulic fracturing

The presence of hard roofs at a high level is the main factor
that causes the strong ground pressure in the working face.
Furthermore, a large breaking step and an entire block
rotation are the internal inducements of the strong ground
pressure. Therefore, using a reasonable technology to
weaken the hard strata in far fields and change their
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Fig. 1 Strata structure and corresponding ground pressure

physical and mechanical properties, structural occurrence,
and fracture characteristics—thereby reducing the breaking
strength of the hard roofs and modifying the stress con-
centration in the stope—is an effective approach to pre-
venting strong ground pressure.

Years of research and practice have led to a set of hard-
roof control technologies based on underground hydraulic
fracturing and blasting (Lu et al. 2015; Ge et al. 2015; Yu
and Duan 2014; Yang et al. 2017; Yang and Liu 2017),
which are effective for controlling hard roofs at a low level
near the coal seam underground. However, the limitations
of the underground hydraulic fracturing equipment, tech-
nology, and construction conditions mean that it is gener-
ally only possible to weaken hard roofs that are less than
50 m above from the coal seam, and it is impossible to
control those at a high level.

Drilling GF technology is used widely to exploit oil and
gas, the principle being to use a hydraulic pump to create
cracks of a certain geometric size and conductivity artifi-
cially. Therefore, with reference to GF technology, we
innovatively proposed subjecting the hard roofs in a coal
mining area to GF. Moreover, GF equipment is used to
weaken high-level hard rock formation to reduce the
integrity and strength of the hard roofs and achieve ground-
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Fig. 2 Ground hydraulic fracturing of high-level hard roofs
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pressure control (Yu et al. 2019; Gao 2018). The idea is
shown schematically in Fig. 2.

Previous work has shown that hydraulic fractures
propagate perpendicular to the minimum principal stress
and parallel to the maximum principal stress (Sampath
et al. 2017). However, affected by the complex stress dis-
tribution of underground rock formations, the propagation
of cracks is uncertain, and complex cracks may appear with
horizontal, vertical, or other forms.

3 Simulation of ground pressure control
by ground fracturing

Water is mainly used to subject hard roofs to GF. The
direction of fracture propagation is related directly to the
distribution of the in situ stress field in the rock deforma-
tion. After fracturing, the crack distribution in the strata can
be divided into three situations: (1) the formation of one or
more horizontal cracks that reduce the effective thickness
of the strata and divide the complete rock layer into two or
more layers; (2) the formation of a vertical crack that cuts
the thick and hard roof into two independent structures; (3)
the formation of numerous disordered cracks that destroy
the integrity of the thick and hard rock strata, dividing them
into several sections. Herein, the length limitation means
that only the influence of vertical-crack occurrence on the
characteristics of the overburden structure and ground
pressure is discussed. By performing a physical similarity
simulation, a vertical crack is generated artificially in the
high-level hard roof of the model. By comparison and
analysis with a non-fracturing model, the overburden
structural characteristics and the rule governing the varia-
tion of the ground pressure are studied.

3.1 Physical model

Taking the 8101 working face in the Tashan coal mine as
the reference for the physical model, we build two models
in total. Model 1 is built according to the geological con-
ditions, and model 2 is based on model 1 but with a ver-
tical crack created artificially in the high-level hard roofs.
The carboniferous No. 3-5 coal seam is mined mainly in
the 8101 working face, and the average thickness, buried
depth, and inclination angle of the coal seam are 20 m,
470 m, and 1°-3°, respectively. The working face is 230-m
long, and the continuous mining length is around 1500 m.
The coal seam is covered with multiple layers of hard
roofs. The geometric size of the physical similarity model
is 25m x 0.2m x 1.47 m (length x width x height).
The similarity ratio of the model is 150:1, and the simu-
lated laying height is 220 m.

Sand, calcium carbonate, and gypsum were used in the
laboratory for modeling, and the designed bulk density
ratio is 1.667:1. The motion time similarity ratio, stress
similarity ratio, and dynamic similarity ratio are calculated
to be 12.25:1250:1, and 5.63 x 106:1, respectively. The
model was excavated continuously to the boundary every
30 min, with 5 cm excavated each time. The thickness of
the overlying unarranged rock layer is 272.65 m, and the
compensation stress added to the upper part of the model is
calculated to be 0.027265 MPa. The boundary on each side
of the model was fixed to generate a certain horizontal
stress. The matching parameters of the rock layers obtained
in the model are listed in Table 1; the key strata are the
rock formations numbered 32, 27, 22, 16, and 9, which are
recorded as KS1-5, respectively. In this experiment, KS5
at a high level is mainly studied.

In model 2, to reduce the integrity of KS5, a crack was
set artificially therein at 90 m horizontally from an open-
off cut by a thin iron piece. A prefabricated crack was
formed in the model by placing a 0.2-mm-thick piece of
iron in the fractured target layer. Because the model was
20-cm wide, two 10 cm x 10 cm thin iron sheets were
used. The model and fracture setting scheme are shown in
Fig. 3a, b shows the scheme used to monitor the overbur-
den displacement. A Vic-2D noncontact strain monitoring
system was used; black speckles were sprayed on the
surface of the model, and the displacement of the overlying
strata was obtained by monitoring the displacement of each
scattered black point.

3.2 Analysis of results

3.2.1 Characteristics of overburden structure after ground
fracturing

The structural characteristics of the high-level KS4 and
KS5 are analyzed. The structural characteristics of KS4 and
KS5 before and after KS5 is fractured are shown in Fig. 4.

As shown in Fig. 4a, c, when the high-level KS5 is not
fractured, the breaking span of KS4 and KS5 is 170 and
175 m, respectively. The breakage of KS4 and KS5 causes
an unstable and synchronous rotation of the lower strata,
and the range of the motion space in the overburden is
wide. The vertical displacement of the cantilever beam
structure close to the working face caused by the breakage
of KS5 and KS4 is 0.48 and 2.5 m, respectively.

After KS5 is fractured, the first breaking step of the
high-level KS4 is reduced to 142 m, of which the length of
broken block A is only 47 m, and the displacement of the
immediate roof at the working surface is 0.45 m, as shown
in Fig. 4b. Compared to the KS5 unfractured model in
Fig. 4a, the KS4 breaking span is reduced after KS5 is
fractured; this is mainly because the bearing capacity of
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Table 1 continued

Water
(kg)

Gypsum
(kg)

Sand Calcium

Mass

Compression strength  Simulated strength Matching

Simulated

Thickness

(m)

Depth

(m)

Lithology

No.

carbonate (kg)

kg)

(kg

number

(kPa)

(MPa)

thickness (cm)

3.77

2.60

29.66 1.27

339

737

133.2

333

5.65 3.8

452.1

Sandy

33

mudstone

2.13
293
2.87
13.33

0.92
1.10
0.85
3.94

2.69
3.08
2.26
10.50

15.36
22.00

22.58

19.2
26.4
25.8
120

473
573
773

93.36
84.28

23.34
21.07
17.36
15.94

2.1

32
4.4

43

457.75

Conglomerate

34
35
36

29
29
13.3

460.95

Siltstone

69.44
63.76

465.35

Mudstone

105.00

773

20

469.65

#3-5 coal

37

seam

2.00

1.54

0.77

1543

637

175.48

43.87

2.0

3

489.65

Gritstone

38

KSS5 is reduced after fracturing. Moreover, the loads of
KS5 and its overlying strata are transferred to KS4,
increasing the load acting on KS4 and thereby decreasing
the breaking step. It can also be seen from Fig. 4b that after
KS4 is broken, KS5 also undergoes a large degree of
deflection and rotation by the fracturing action, but it does
not rotate synchronously with KS4 and still maintains a
certain structural stability.

As mining of the working face continues, KS5 continues
to rotate. However, its relatively slow rotation means that
the breaking and unstable energy release intensities are low
and have no impact on the underlying strata; the underlying
key layer structure remains stable. The rotation of the KS5
breaking block does not generate a ground pressure, as
shown in Fig. 4d.

3.2.2 Strata movement control by ground fracturing

Taking KS4 and KSS5 as the research objects, the vertical
displacement was obtained during the breakage of KS4 and
KS5 under the conditions of the occurrence and non-oc-
currence of KS5 fracturing, as shown in Fig. 5. The
abscissa represents the positions of the measurement points
along the mining direction.

As shown in Fig. 5a, in the absence of KS5 fracturing,
when KS4 breaks, the maximum vertical displacement of
KS5 is 1.2 m, and the KS5 structure remains stable. After
KSS5 is fractured, when KS4 breaks, the KS5 structural
integrity is reduced, being affected by the weakening of the
GF, and a large bending subsidence of 1.73 m occurs in
KS5. However, the KS5 structure does not sink with KS4
synchronously, and it can maintain structural stability and a
certain separation space with the underlying rock forma-
tion. As mining of the working face continues, KS5 settles
slowly to stability.

It can be seen from Fig. 5b that when KSS5 is not sub-
jected to GF, its integrity is strong, and the breaking span is
175 m. The large rotary movement and high strength
during KS5 breakage causes a synchronous movement of
the underlying strata. Taking KS4 as an example, KS5
breakage causes the vertical displacement of KS4 to reach
1.68 m. When KSS5 is fractured, its rotation is no longer a
fast high-intensity movement process but one of slow
deflection and sinking. The strength and energy release
during KS5 breakage are low, which has a weak impact on
the underlying rock formation. The rotation of KS5 after
GF barely causes synchronous movement of the underlying
rock formation, the vertical displacement of KS4 hardly
changes, and the KS4 structure remains stable. As can be
seen, the GF reduces significantly the strength of the hard-
strata movement.

In addition, after KS5 is fractured, its reduced bearing
capacity means that KS4 bears some of the overburden
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Fig. 3 Physical model layering and monitoring scheme: a model
diagram; b schematic of displacement monitoring

Coal seam

ynergic movement |
it large space

Coal seam

weight, thereby increasing the load acting on KS4 and
decreasing the KS4 breaking step. In the experiment, it was
found that the KS4 breaking step reduced to 142 m, which
is 28 m less compared to the model with KS5 unfractured.
Moreover, the degree of the strong mine pressure indeced
by KS4 breaking is reduced.

The vertical displacement of the immediate roof next to
the supports during the breakage of KS4 and KSS5 in the
absence and presence of KS5 fracturing is shown in Fig. 6.
As can be seen, when the high-level KSS5 is not subjected to
GF, the breakage of KS4 results in a maximum sinking of
2.5 m in the immediate roof, which will probably cause the
supports to crash on the working face. After KS5 is frac-
tured from the ground, the vertical displacement of the
immediate roof caused by the breakage of KS4 is reduced
significantly to 0.45 m, and the KS5 rotation process cau-
ses barely any motion of the underlying strata. Subjecting
the high-level hard strata to GF has a significant effect on
reducing the strong mine pressure in the working face.

G/.V ertical plane

KS2
KS1

Coal seam

"\ . Structure KS3
Stabilization

KS2

KS1

Coal seam

Fig. 4 Characteristics of overburden breaking: a the first breakage of KS4 (KS5 unfractured); b the first breakage of KS4 (KS5 fractured);
c the first breakage of KS5 (KS5 unfractured); d the first breakage of KS5 (KS5 fractured)
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3.2.3 Control effects of overburden movement space
The experimental research shows that subjecting the high-

level KS5 to GF helps to reduce the breaking step of KS5
and the lower key strata, thereby reducing the influence
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Vertical displacement caused by KS5 fracturing: vertical displacement changes during a KS4 and b KS5 breaking

range during the breakage of high-level thick and hard rock
strata and avoiding the formation of excessive structures in
the overlying large space. The degree of strong ground
pressure in the working face is reduced, and the spatial
structure of the overlying rock before and after KS5 frac-
turing are shown in Fig. 7.

It can be seen from Fig. 7a, ¢ that when KS5 is not
fractured, the large structural dimensions in the overburden
after the high-level key layers KS4 and KS5 break are 210
and 165 m and 225 and 165 m, respectively, and after KS5
is fractured, the structural sizes are reduced to 210 and
135 m and 225 and 120 m, respectively. The GF action
reduces the spatial influence range of the high-level hard
strata breakage. The area of the overlying strata that acts on
the working face supports is denoted as S, and the values
for § after KS4 and KS5 breakage before and after KS5
fracturing are given in Table 2.

Table 2 shows clearly that the GF decreases the area
S in KS4 and KS5 breakage, and the area S of KS4
breakage is reduced to 81.3%. The GF has the most
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Fig. 7 Overburden space structure associated with breakage of KS4 and KS5: a breakage of KS4 (KS5 unfractured); b breakage of KS4 (KS5
fractured); ¢ breakage of KS5 (KSS5 unfractured); d rotation of KS5 (KS5 fractured)

Table 2 Statistics for overburden area S (m?)

No. Item KS4 breakage KS5 breakage
KS5 unfractured S; =4643.78 S, = 6638.08
KSS5 fractured Sy = 3774.06 Sy =1062.97
3 Ratio (S'/S) 81.3% 16.01%

significant control effect on the mine pressure caused by
KSS5, and the area S of KS5 breakage is reduced signifi-
cantly to 16.01%, which reduces significantly the longwall
hydraulic support load.

In summary, it can be seen that after KS5 is subjected to
GF, the broken structure of KS5 is changed, and its
stable rock stratum structure is no longer present. The
rotation process of the KS5 structure is sluggish, which
significantly reduces the pressure effect of KS5. In addi-
tion, after KS5 is fractured, the load acting on the under-
lying strata is increased, thereby decreasing the breaking
span. However, KS5 does not rotate synchronously with
the underlying strata, and so it does not increase the
pressure strength of the underlying strata. By contrast, the
pressure strength of the underlying hard strata (i.e., KS4)
decreases with the decrease in the breaking step.

@ Springer

4 Engineering application

The 8218 working face of the Tashan coal mine in the
Datong mining area was selected as the test site. The
geological conditions of that working face are similar to
those of the 8101 working face. The 8218 working face is
230-m long, the strike length is 2894 m, and the thickness,
burial depth, and inclination of the coal seam are 15-22 m,
414.5-632.1 m, and 2°, respectively. Top-coal caving is
used as the mining method. The coal seam is covered with
multiple hard rock layers that are mostly lithologically
compact and medium-sized and coarse-grained sandstones.
In particular, there is 20-m-thick hard sandstone at 110 m
vertically above the coal seam. According to Yu et al.
(2019) and Gao (2018), when mining an extra-thick coal
seam, when the ratio of the distance between the hard strata
and coal seam to the coal seam thickness is 5.3-7.3, the
mine pressure of the hard strata breaking is the strongest.
This is the main factor causing the strong mining pressure
of the working face, based on which the 20-m-thick hard
rock formations are targeted as the fractured layers.

A horizontal well can realize multistage fracturing, for
which the control range is wide and the fracturing effect is
good. Given the need to achieve high-efficiency control of
high-level thick and hard rock layers, a horizontal well is
adopted in this experiment.
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Fig. 8 Structural representation of hydraulically fractured well:
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4.1 Fracturing process and equipment

The horizontal fracturing well comprises a vertical section,
a deflecting section, and a horizontal section. The wellhead
is located 99 m from the stop line of the working face,
105 m from the return airway, and 125 m from the intake
airway. The horizontal section of the fracturing well
extends parallel to the mining direction of the working face
but opposite to the mining advancing direction. The ver-
tical section of the fracturing well has a three-level struc-
ture: the first level is drilled to 30 m with a ¢444.5-mm
drill bit, and a ¢339.7 mm x 9.65 mm surface casing is
inserted; the second level is drilled to 120 m with a ¢
311.5-mm drill bit, and a $244.5 mm x 8.94 mm inter-
mediate casing is inserted; the third level is drilled to
650 m with a ¢216-mm drill bit, and a ¢139.7 mm x

Fig. 9 Layout of construction site for ground fracturing (GF)
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Fig. 10 Position layout of detectors

7.72 mm intermediate casing is inserted. The deflecting
section is 330-m long and the horizontal section is 200-m
long. The relative positions of the fracturing well and
working face and the fracturing well structure are shown in
Fig. 8.

The area around the target fractured strata was perfo-
rated by drilling numerous small holes in the walls of the
fracturing well; these allow the fracturing fluid to expand,
thereby achieving the fracturing purpose. The target strata
were designed to be fractured in three stages in the hori-
zontal section. To ensure the fracturing effect, the perfo-
ration density in the fractured zone was designed to be as
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Table 3 Coordinates of detectors

Detector X (m) Y (m) Z (m)
Wellhead 498,150 4420,432 1490
Al 498,064 4420,648 1452
A2 498,036 4420,649 1446
A3 498,004 4420,655 1438
A4 497,976 4420,654 1434
A5 497,954 4420,656 1435
A6 497,929 4420,672 1438
A7 497,896 4420,677 1434
A8 497,860 4420,686 1429
Bl 497,971 4420,500 1512
B2 497,963 4420,514 1514
B3 497,807 4420,575 1496
B4 497,830 4420,585 1482
B5 497,936 4420,511 1479
B6 497,922 4420,557 1485
B7 497,829 4420,463 1523
B8 497,848 4420,530 1492
C1 498,004 4420,417 1545
Cc2 497,973 4420414 1540
C3 497,937 4420,438 1540
C4 497,902 4420,443 1520
C5 497,885 4420,460 1521
Cc6 497,880 4420,484 1519
C7 497,878 4420,520 1488
C8 497,775 4420,466 1536

high as 16 per meter. When the GF was performed, five
pump trucks, one sand mixer, one instrument vehicle, five
liquid tank trucks, and one sand tank truck were used. The
reserve fracturing water was 2000 m>. The GF site con-
struction is shown in Fig. 9.

In the first, second, and third stages, the maximum
bursting pressure was 12.46, 10.00, and 10.33 MPa,
respectively, and the total liquid volume was 470.9, 549.0,
and 576.9 m’, respectively.

4.2 Analysis of fracturing effect
4.2.1 Monitoring of crack propagation

To describe the law governing the hydraulic crack propa-
gation, detectors were placed on the ground to monitor the
microseismic wave signals during the fracturing process.
Taking the fracturing well as the center, the detectors were
arranged around the fracturing well as shown in Fig. 10.
The positions of the detectors are listed in Table 3. The
detectors were positioned accurately with high-precision
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GPS (the maximum uncertainty of which is 3.0 m), and the
detectors were buried deeper than 30 cm.

After the first stage of fracturing, the crack propagation
pattern was monitored, as shown in Fig. 11a; this shows
that the crack propagation direction was NE90°, with the
length of 134 m and 62 m in two different direction,
respectively. After the second stage of fracturing, the crack
propagation was monitored, as shown in Fig. 11b; this
shows that the crack propagation direction was NE55°, the
crack spread in two opposite directions, the expansion
lengths were 98 and 118 m, respectively, and the total
length of the crack was 216 m. After the third stage of
fracturing, the crack propagation was monitored, as shown
in Fig. 11c; this shows that the crack propagation direction
was NES0°, the cracks extended in two opposite directions,
the expansion lengths were 118 and 98 m, respectively,
and the total crack length was 216 m.

The morphological characteristics of the cracks after
fracturing thrice in the horizontal section are listed in
Table 4. The fracturing crack that extended in the hori-
zontal direction was 216-m long, which exceeds the length
of the working face. The expansion direction was approx-
imately perpendicular to the horizontal section of the
fracturing well. The crack that extended in the vertical
direction was around 50-m long, and the crack expansion
range was wide, completely covering the thickness range of
the fractured target layer.

4.2.2 Ground-pressure control effect

To monitor the rock mass deformation and stress concen-
tration in the stope after the GF in the range of crack
expansion, the hydraulic supports in the middle of the
working face were selected to note the resistance of the
working face in the normal mining section and fractured
crack extension section. The roadway-deformation moni-
toring points were also arranged at intervals of 10 m in the
normal mining section and fractured crack extension area
in the roadway, and they were recorded as No. 1-6,
respectively, to monitor the deformation of the roadway, as
shown in Fig. 12.

The roadway deformation and support resistance before
and after the working face entered the GF control zone are
shown in Fig. 13. The deformation characteristics of the
roadway in front of the working face at 20 m are shown in
Fig. 13a. The roadway deformation at measuring points
No. 1 and 3 were large, mainly due to the large mining
thickness of the coal seam. The roadway deformation was
significant in the advanced 20 m of the working face, and
the extent of the roof-to-floor and two-side convergence
was more than 1500 mm. The phenomenon of single prop
bended was obvious. When the working face entered the
GF control zone, the roadway deformation in advance was
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Fig. 11 Crack expansion in the three fracturing stages: crack expansion in a TL1, b TL2, and ¢ TL3

Table 4 Crack morphology statistics of the three stages

No. Stage Crack length (m) Crack height (m) Propagation direction (°)
Left Right Upward Downward
First stage 134 62 22 21 NE90
Second stage 98 118 24 26 NES5
Third stage 118 98 22 25 NE50
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Fig. 13 Characteristics of a roadway deformation and b support
resistance influenced by GF

highly controlled. Taking measuring point No. 5 as an
example, the roadway deformation was less than 300 mm,
no prop exhibited bending, and the roadway maintenance
was in excellent condition.

The characteristics of the support resistance before and
after the working face entered the GF control zone are
shown in Fig. 13b. This shows clearly that the periodic
weighting pace of the working face was in the range of
35-55 m before the working face entered the GF control
zone. Affected by the breakage and instability of the hard
roofs, the compressive strength was up to 43 MPa, which
had an obvious influence on the working face. When the
working face was mined into the GF control zone, there
were no obvious weighting step characteristics, and the
maximum shield pressure dropped to 30 MPa.
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In summary, after the high-level hard and thick strata
were subjected to GF, their integrity and structural char-
acteristics were destroyed, which reduced the energy
intensity of the strata breakage. The surrounding rock
failure and compressive strength of the supports were
controlled significantly. As can be seen, GF reduced the
stress environment in the stope and controlled the defor-
mation of the surrounding rock. This is a new and powerful
approach to controlling hard roofs in coal mining areas.

5 Conclusions

The present research has shown that when mining an extra-
thick coal seam, the breaking and instability of thick and
hard strata at a vertical distance of 100 m above the coal
seam are the main causes of strong ground pressure. This
paper has proposed using GF to weaken the high-level hard
roofs using only clear water, which is economical and
environmentally friendly and has operability.

Physical simulation studies showed that the action of
ground-fractured high-level hard strata reduces the break-
age steps and changes the structural characteristics of the
strata. The breakage of the high-level hard strata is no
longer a fast high-intensity process but rather one of slow
rotation, which reduces the strata breaking strength and
mining pressure. The control effect of GF is remarkable.

A horizontal fracturing well was used for an on-site
fracturing test. The targeted fracturing layer was 20-m
thick and located 110 m vertically above the coal seam.
The fracturing process was performed in three stages.
Microseismic monitoring showed that the horizontal
extension length of the fracturing crack reached 216 m, the
height reached 50 m, and the expansion range was wide.
The GF released the strata stress concentration and chan-
ged the strata structure and its mining pressure action.
After the GF, the roadway deformation and support resis-
tance of the 8218 working face were highly controlled, and
the GF control effect was remarkable.

The successful test with the horizontal fracturing well
shows that the control range and fracturing effect of GF are
remarkable, which provides a new approach for controlling
high-level hard and thick strata in coal mines and is of
tremendous significance. Also, horizontal fracturing wells
can achieve multistage fracturing with strong controlla-
bility and operability, and they have broad application
prospects.
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