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Abstract: Fracturing hard roofs by ground hydraulic action is an important control technology for
the strong mine pressure in the stope. In this paper, a new simulation method, “separate + interface,”
is proposed, and two physical simulation experiments are conducted; the phenomenon of increased
goaf pressure and decreased front abutment pressure is discovered after fracturing in the key strata,
and then the influence of different fractured crack shapes on the front abutment pressure and the
goaf stress is revealed. The results are as follows: Firstly, the separation under the high-level hard
strata blocks the transmission of overburden load to the goaf, leading to the high-stress concentration
of the coal seam, which is the main reason for the large deformation of roadways and the breakage of
a single hydraulic prop in the roadway. Secondly, the weakening effect of mine pressure differs when
hard rock strata are fractured artificially with different types of cracks. The peak value of abutment
pressure is reduced from 24.91 to 20.60 MPa, 17.80 MPa, and 16.13 MPa with the vertical crack spacing
of 20 m, 15 m, and 10 m, respectively, and the related goaf pressure is increased from 2.61 to 3.54 MPa,
3.91 MPa, and 4.34 MPa, respectively. The peak value of abutment pressure decreased from 24.79 to
22.08 MPa, 19.88 MPa, and 17.73 MPa. The related goaf pressure increased from 2.61 to 3.39 MPa,
3.81 MPa, and 4.43 MPa, respectively, with the key strata also fractured into two horizontal layers,
three horizontal layers, and four horizontal layers with horizontal fractures. Thirdly, after the hard
roof is fractured above the No. 8202 working face, the first breaking step distance of the main roof
decreased from 112.6 to 90.32 cm, while the first breaking step distances of KS2 and KS3 decreased
from 106.3 and 135.8 cm to 93.5 cm and 104.8 cm, respectively, and the goaf pressure also increased.
Compared to the adjacent unfractured No. 8203 working face, the mine pressure intensity of the No.
8202 working face is significantly reduced. The research results can provide useful guidance for the

treatment of strong mine pressure.

Keywords: hard roof; ground fracturing; mining-induced stress; load transfer; mine pressure control

1. Introduction

As one of the most basic fossil energy sources, coal provided 29% of the world’s
primary energy demand, 41% of the world’s electricity, and 44% of the direct input of
industrial production in 2015 [1,2], and coal will maintain this level for a long time due to the
characteristics of extensive coal resources, huge reserves, and low mining costs [2]. Coal is a
non-renewable resource, and improving its recovery rate positively impacts energy savings,
enterprise efficiency, and the sustainable development of human society. The safe and
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efficient mining of coal resources has always been a research hotspot in mining. The strong
mine pressure due to the fracture and movement of the hard roof layer seriously affects mine
safety. It will induce a series of disasters, including crushed hydraulic supports, rock bursts,
coal and gas outbursts, etc., causing property damage and casualties. This adverse effect is
even more severe under the dual influence of ultra-thick coal seams and hard roofs [3,4].
Given the research on the inducing mechanism of strong mine pressure behavior and
the hard roof fracturing weakening method, many fruitful studies have been conducted,
which provides an essential reference for further in-depth research in this paper. Xu Bin
et al. derived the calculation expression of the breaking angle of the key stratum based on
elasticity and rock mass mechanics [5]. Zhu et al. proposed a structural mechanics model of
a “triangular plate,” revealing the fracture characteristics of high-level key strata [6]. Jiang
et al. established a mechanical model of the structure of high-level hard and thick rock
strata and proposed that a small energy microseismic is mainly distributed in the strata
below the high-level thick key stratum. In contrast, the enormous energy microseismic
activity occurs in the process of fracture and instability of the thick key stratum [7,8]. Yu
et al. obtained the relationship between fracturing area with fracturing time and flow rate
through the hydraulic fracturing test of large-scale authentic triaxial in situ specimens [9].
Based on the theory of the key stratum, Li et al. investigated the broken blocks’ rotational
speed of voussoir beam structures. Then, the effect of rotational speed on the occurrence
of strong rock pressure in stope was revealed [10-13]. Gao et al. explored the weakening
impact of ground hydraulic fracturing technology on a high-key stratum through in situ
monitoring and numerical simulation [14,15]. Adequate research on the breaking laws of
hard roof, structure morphology formed by the broken blocks [16-19], factors affecting
the stability of the structure [20-25], the blasting and hydraulic fracturing methods of the
hard roof [26-30], expansion characteristics and influence factors of hydraulic fracturing
fractures [31-34], a quantitative description method for crack propagation law [35-37],
movement characteristics of key strata after fracturing and the influence of fracturing
cracks morphology on structural stability [38—41] etc., have been conducted.

In summary, the existing research primarily uses theoretical calculations and similar
simulation experiments to study the influence characteristics of the movement of thick
and hard key stratum on the appearance of strong mine pressure. Then, it provides the
corresponding control measures by combining underground hydraulic fracturing and high-
level hard roof ground fracturing. In the numerical simulation method, finite and discrete
elements are used to study the phenomenon of strong mine pressure and its weakening
effect on the working face before and after the fracturing of thick and hard rock strata,
respectively. However, what is the mechanical mechanism for reducing the intensity of
mine pressure after ground fracturing the high-level key strata? What changes will occur
in the distribution of mining-induced stress and load transmission path in the overlying
rock after fracturing of the high-level key strata? Further research is still needed to reveal
the mechanical mechanism of ground fracturing hard roofs to reduce the intensities of
mine pressure.

Because of this, the stress distribution and load transfer mechanism after fracturing
hard rock strata by ground hydraulic action have been thoroughly investigated. Firstly,
a new method is proposed to simulate the separation and fracture of key strata forma-
tion. Secondly, the distribution characteristics and transfer law of mining-induced stress,
especially the goaf stress and the front abutment pressure, are explored along with the
advancing of the mining working face. Thirdly, the effects of fracturing hard rock strata by
vertical cracks with different spacing and horizontal cracks with varying layer thicknesses
on load transfer and mining-induced stress distribution are further analyzed. Based on this,
the engineering practice of weakening mine pressure intensities through ground fracturing
in high-level key strata has been carried out in No. 8202, the working face of Tongxin Coal
Mine in Datong Mining Area, China. Variation patterns of the hydraulic support resistance
after fracturing high-level key strata indicate that the intensities of mine pressure behavior
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have been significantly reduced. This study provides essential guidance for formulating a
key strata fracturing plan and the efficient weakening of strong mine pressure.

2. Engineering Background

The Tongxin Coal Mine is located in the southern part of the Datong Coalfield in
Shanxi Province, China, as shown in Figure 1a. The No. 8202 working face is located in the
north second panel, with a strike length of 2100~2200 m and dip length of 200 m, an average
buried depth of 479.12 m, an average dip angle of 1.5° and an average thickness of 11~15 m.
The No. 8202 working face is the connecting working face of the No. 8203 working face,
both located in the north second panel, where the No. 8203 working face is the first mining
face of the entire second-panel area. The roof of the No. 8202 working face contains multiple
layers of sandstone with high thickness and strength, forming a hard roof group, and the
formation column is shown in Figure 1b. There is no aquifer in the overburden, and only
some areas have accumulated a small amount of water in the above goaf of the overlying
Jurassic coal seam, which has also been drained up ahead. Due to the widespread existence
of multi-layer hard roofs, intense mine pressure occurs frequently, such as support crushed,
hydraulic prop topple, and floor heave in the roadway, as shown in Figure 1c. Therefore, it
is urgent to reveal the influence of thick hard roofs on the distribution of mining-induced
stress and explore and develop corresponding control measures.

No. Thickness /m Depth /m Properties of strata

30 29 333.10 Coal seam
29 2 335.10 Sandy mudstone
21 1525 35475 Siltstone
| 2 | 165 | 356.40 | Medium sandstone |
25 15 357.90 Sandy mudstone

Siltstone

225 5 Fine sandstone

[ 19 [ 165 | 41560 |  Sandymudstone |
35

Fine sandstone

Medium sandstone
14 0.72 436.82 Coal seam

13 12,96 449.78 Siltstone (KS2)
12 3.99 453.77 Gravel

11 2.11 45588 Fine sandstone

Figure 1. A realistic view of the strong mine pressure and geographical location of No. 8202 working
face. (a) Location of Datong Mining Area; (b) strata columnar of No. 8202 working face; (c) support
crushed, hydraulic prop topple and floor heave in roadway.

3. Bearing Characteristics of Thick and Hard Strata
3.1. Influence of Key Strata on Strata Movement

According to the key stratum theory, the overlying strata present the characteristics
of the overall movement as a group, and the lowest stratum controls the overlying strata.
The key stratum is generally the strata with a larger thickness and higher strength, and
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the key strata in the overlying rock layer of the No. 8202 working face are marked in
Figure 1b. After the key stratum is broken, the overlying strata it controls will break and
sink synchronously, which has been verified by many scholars and engineering practices.
The key stratum theory is the most basic and essential strata control theory for underground
coal mining in China and has been widely used globally [42—44]. The control effect of key
strata is shown in Figure 2.
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Figure 2. Breakage and movement of key strata in overlying strata.

It can be seen that when the high-key stratum is suspended but has not yet reached
the limit breaking span, the separation will occur below the high-level key strata. At
this time, the high-level key stratum forms an elastic foundation beam, and the load of
the overlying strata controlled by the key stratum is transmitted downward through the
elastic foundation, developing abutment pressure of the working face finally, as shown
in Figure 3a. When the high-key stratum reaches the ultimate breaking span or has not
reached the ultimate breaking span but has been fractured ahead artificially, the deflection
of the key stratum will significantly increase, and the separation space below the key
stratum is gradually closed, inducing the overburden load transfers to the collapse strata
in goaf. Then, a new overburden load transfer path is formed, as shown in Figure 3b.
Therefore, to avoid colossal energy release and high-stress concentration caused by the
natural fracture of the high key stratum with a considerable span length, the high key
stratum is fractured artificially in advance, which is an essential means to reduce the
intensities of mine pressure.
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Figure 3. Influence of fracturing PKS on overburden load transfer and mining-induced stress
distribution. (a) Load transfer path before PKS break; (b) load transfer path after PKS fractured.

3.2. Key Stratum Fracturing Simulation Methods

In FLAC3P, the entities are composed of nodes, edges, faces, and zones, which can be
manipulated and processed by discretization and separation. GEN Separate can be used to
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separate entities and create new independent chunks, which are often adopted to simulate
the generation and evolution of rock mass fractures and groundwater permeability. Gen
separate is used to separate the defined group, and then there are two pink nodes on the
common plane, which can realize the division of the exact location point on the common
plane, as shown in Figure 4a. After this operation, the command “Interface” can be used
to generate a new interface, as shown in Figure 4b, which makes it possible to simulate
fracturing in key strata numerically.

Interface point

@

\

Interface
element

> Nodes
® represent regions

(b)

Figure 4. Numerical simulation method for KS fracturing. (a) Node opening and separation;
(b) contact surface node fusion principle.

3.3. Numerical Simulation Model

According to the mining geological conditions of the No. 8202 working face, a FLA
numerical calculation model is established, and the model length (X) x width (Y) x height
(Z) is 800 m x 600 m x 350 m, as shown in Figure 5a. The physical and mechanical
parameters of the rock formation in the numerical simulation are shown in Table 1.
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Figure 5. FLAC®P numerical simulation model and calibration of numerical simulation parameters
of No. 8202 working face. (a) Simulation model; (b) calibration of numerical simulation.
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Table 1. Numerical simulation of rock formation mechanical parameters.
Elastic Compressive Tensile Poisson’s Cohesion Internal Friction
No. Name Modulus Strength Strength Ratio C/MPa Angle

E/GPa o./MPa ot /MPa u f/°

1 Coarse sandstone 23 36.83 3.9 0.24 41 22

2 Medium sandstone 19.5 38.6 3.7 0.25 51 23

3 Siltstone 18.5 23.53 2.6 0.27 42 22

4 Fine sandstone 60 90.43 12.4 0.21 8.4 25

5 Siltstone 19.1 27.63 42 0.22 6.1 23

6 Coal seam 7.5 16.13 1.1 0.32 3.9 20

7 Mudstone 5.7 25.4 23 0.27 3.8 21

8 Carbonaceous 13 15.42 14 0.22 3.7 21

mudstone
9 Sandy mudstone 10.5 32.2 2.8 0.27 52 22

The displacement constraint is adopted for the surrounding and bottom boundaries
of the model, the upper part is the free boundary, and a 150 m compensation load is
applied to simulate the 500 m buried depth of the No. 8202 working face. To study the
load-bearing characteristics of the key stratum and its separation effects before fracture,
the aforementioned “move and remove method” is used to establish the contact surface.
The overburden’s key stratum, floor, and coal seam adopts the Mohr—Coulomb model.
Meanwhile, referring to the laboratory mechanical testing results of rock samples, the
numerical simulation parameters were calibrated using the trial-and-error method [45-47].
Due to space limitations, taking hard rocks and soft rocks as examples, it can be seen that
the numerical simulation parameters used can accurately reflect the bearing characteristics
of different overlying strata, as shown in Figure 5b.

4. Evolution Law of Front Abutment Pressure and Goaf Stress without
Fracturing Conditions

The corresponding goaf pressure and front abutment pressure with the advancing of
the No. 8202 working face are extracted, and the vertical stress in the coal seam is selected
as the monitoring indicator for the front abutment pressure. In contrast, the collapsed
coal gangue in the goaf is updated to the Salamon model, and the vertical stress of the
Salamon model is used as the goaf pressure, as shown in Figure 6. When the advancing
distance is 50 m, the KS1 is not broken, the goaf stress is basically equal to zero, the stress
concentration is formed at the working face, and the open—off cut and the peak value of
the front abutment pressure is 22.52 MPa, as shown in Figure 6a. When the advancing
distance is 100 m, the KS1 is broken, and KS1 and its controlled strata sink synchronously.
At the same time, there is an uncoordinated deformation between KS2 and its underlying
rock layer (that is, the strata controlled by KS1), and the separation appears. The width
of the stress recovery zone in goaf is 32 m, the peak value of goaf stress is 0.75 MPa, and
the peak value of the front abutment pressure is 20.76 MPa, as shown in Figure 6b. When
the advancing distance is 150 m, the peak value of the goaf stress increases to 1.43 MPa,
the width of the stress recovery zone rises to 81.5 m, and the peak value of front abutment
pressure is 21.83 MPa, as shown in Figure 6¢c. When the advancing distance is 200 m,
KS2 is broken, KS2 and its controlled rock layer sink synchronously, the peak value of
the goaf stress increases to 2.29 MPa, the width of the stress recovery zone rises to 146 m,
and the peak value of the front abutment pressure is 23.23 MPa, as shown in Figure 6d.
When the advancing distance is 250 m, the peak value of the goaf stress further increases
to 2.61 MPa, the width of the stress recovery zone rises to 198 m, and the peak value of
abutment pressure is 24.91 MPa, as shown in Figure 6e. When the advancing distance is
300 m, the peak value of the goaf stress further increases to 2.59 MPa, the width of the stress
recovery zone rises to 215 m, and the peak value of the abutment pressure is 25.32 MPa, as
shown in Figure 6f.
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Figure 6. Front abutment pressure and goaf stress with different advancing distances. (a) 50 m;
(b) 100 m; (c) 150 m; (d) 200 m; (e) 250 m; (f) 300 m.

5. Weakening Effect of Different Fracturing Schemes on Mining-Induced Stress

5.1. Vertical Fractures with Different Spacing

A large number of engineering practices show that fracturing in the high-level key stra-
tum is an effective means to alleviate the intensity of strong mine pressure behavior [48,49],
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and the different fracturing schemes of the high-level key stratum also have a significant
impact on the distribution of the front abutment pressure and the goaf stress. Taking the
advancing distance 250 as an example, those mentioned above in the “Separate + interface”
method are used to cut the PKS to form different crack schemes artificially. Then, the
corresponding change patterns of the front abutment pressure and the goaf stress are
investigated. The method of vertical cracks with different spacing to cut PKS is shown in
Figure 7.

&

(a) (b) (c)

Figure 7. Schematic diagram of vertical fracture fracturing with different spacing in PKS. (a) Fractur-
ing spacing 10 m; (b) fracturing spacing 15 m; (c) fracturing spacing 20 m.

The corresponding distribution curve of the front abutment pressure and the goaf
stress are shown in Figure 8. When the PKS is not fractured, the peak value of front
abutment pressure is 24.91 MPa, as shown in Figure 8a, the width of the stress recovery
zone in the goaf area is 198 m, and the peak value of goaf stress is 2.61 MPa, as shown in
Figure 8e,f. After fracturing the PKS with a vertical crack spacing of 10 m, the peak value
of front abutment pressure is reduced to 16.13 MPa, as shown in Figure 8b. In comparison,
the width of the stress recovery zone in the goaf area is increased to 220 m, and the peak
value of goaf stress is increased to 4.34 MPa, as shown in Figure 8e f. After fracturing the
PKS with a vertical crack spacing of 15 m, the peak value of the front abutment pressure is
reduced to 17.80 MPa, as shown in Figure 8c, the width of the stress recovery zone in the
goaf area is increased to 217 m, and the peak value of goaf stress is increased to 3.91 MPa,
as shown in Figure 8e,f. After fracturing the PKS with a vertical crack spacing of 20 m, the
peak value of the abutment pressure is further reduced to 20.60 MPa, as shown in Figure 8d,
the width of the stress-recovery zone in the goaf area is increased to 215 m, and the peak
value of goaf stress is increased to 3.54 MPa, as shown in Figure 8e,f.
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\ertical fracture
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Artificial fracturing

Figure 8. Cont.
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Figure 8. Cloud and curve diagrams of vertical stress with different vertical fracture spacing in the
PKS. (a) PKS has not been fractured yet; (b) fracturing spacing 10 m; (c) fracturing spacing 15 m;
(d) fracturing spacing 20 m; (e) vertical stress in goaf; (f) front abutment pressure.

It can be seen that the vertical subsidence of the high key stratum and its control rock
layer increase fleetingly after fracturing PKS with a vertical fracture. At the same time,
a new stress transfer path is formed with the closure of the separation space below PKS,
which leads to more overlying rock loads being transferred to the collapsed rock mass in
the goaf, resulting in the increase in goaf stress and the decrease in the front abutment
pressure. This is the mechanical essence of reducing the front abutment pressure of the
working face after fracturing the high-level key stratum, which also reasonably explains
why the mine pressure of the roadway of the working face can be alleviated after fracturing
the high-key stratum.

5.2. Horizontal Fractures with Different Layer Thicknesses

Based on those above-mentioned high-level key stratum cutting simulation methods,
the high PKS is also cut with different thicknesses of horizontal fractures; the horizontal
fracture cutting scheme is shown in Figure 9, in which PKS was divided into two/three/four
layers through one/two/three horizontal fracture surfaces. The distribution of the mining-
induced stress is shown in Figure 10a-d, respectively, and the corresponding front abutment
pressure and goaf stress are shown in Figure 10e,f.

Figure 9. Schematic diagram of horizontal fracture fracturing with different slice thicknesses in PKS.
(a) Two layers; (b) three layers; (c) four layers.
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Figure 10. Cloud and curve diagrams of vertical stress with horizontal layering of different thick-
nesses. (a) PKS has not been fractured yet; (b) horizontal crack cutting with two layers; (c) horizontal
crack cutting with three layers; (d) horizontal crack cutting with four layers; (e) vertical stress in goaf;
(f) front abutment pressure.

When the PKS is divided into two layers, the width of the stress recovery zone in the
goaf area is 211 m, the peak value of goaf stress is 3.39 MPa, and the peak value of front
abutment pressure is 22.08 MPa, as shown in Figure 10b,e f. When the PKS is divided into
three layers, the width of the stress recovery zone in the goaf is 213 m, the peak value of
goaf stress is 3.81 MPa, and the peak value of the front abutment pressure is 19.88 MPa, as
shown in Figure 10c,e,f. When the PKS is divided into four layers, the width of the stress
recovery zone in the goaf area is 216 m, the peak value of goaf stress is 4.43 MPa, and the
peak value of front abutment pressure is 17.73 MPa, as shown in Figure 10d—f. With the
increase in the number of horizontal fracture surfaces, the width of the stress recovery
zone in the goaf after fracturing increases, the goaf stress increases, and the peak value of
front abutment pressure decreases accordingly. It indicates that the greater the degree of
fracturing and fragmentation of the high key stratum, the greater the sinking amount of the
high key stratum, which promotes the transfer of the PKS overlying load to the collapse
rock mass in the goaf.
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6. Physical Simulation for Weakening Mine Pressure by Key Strata Fracturing
6.1. Physical Simulation Model and Key Strata Fracturing Scheme

Similar simulation studies are carried out according to the similarity simulation theory,
and the weakening effect of overlying key strata fracturing on the mine pressure behavior
is further explored. Two sets of similar models are produced: the geometric similarity ratio,
the density similarity ratio, the stress similarity ratio, and the Poisson’s ratio, which are
1:200, 1:1.60, 1:320, and 1:1, respectively.

Similar simulation experiments mainly use the primary materials of sand, gypsum,
calcium carbonate, and water. Different proportions of these materials are mixed and laid
in the model frame to simulate the fracture and movement characteristics of the overlying
strata above the coal mining face. Based on the above-mentioned rock mechanics test
results, a proportioning experiment was conducted on similar simulated materials, and the
material proportioning was ultimately obtained, as shown in Table 2.

Model 1 is a control group in which the key strata are not fractured, as shown in
Figure 11a. Model 2 is the experimental group in which the key strata will be fractured
before mining, and an embedded hose with holes is placed in KS2 and KS3 in the production
process. Red water is injected into KS2 and KS3 through the grouting pump through the
small hole on the hose, which can simulate the weakening effect of the key strata, as shown
in Figure 11b,c. During this process, the flow rate of the injected water is constant to realize
the weakening effect on the material parameters of the key stratum. On this basis, the thin
film stress distributed sensor monitors the goaf stress after the overlying strata collapse.
The stress test film size is 6 cm X 6 cm, the size of a single measurement point microelement
is about 1.5 mm x 1.5 mm, and the distribution density of stress test points is 36/cm?.
The range of a single stress measurement point microelement is 1000 Pa, and 1600 stress
measurement points are integrated with a test film, as shown in Figure 11d. The weakening
effect of key strata fracturing on mine pressure behavior is analyzed by comparing the
fracture characteristics of key strata and the goaf stress in models 1 and 2.

sy = e
= S

Artificial-hydraulic

Aru_ﬁcnal hydrauhc fracturing section in KS3

in KS2 2

Carboniferous coal seam

Figure 11. Test plan and related monitoring instruments. (a) Key strata unfractured; (b) key strata
fractured; (c) prefabricated hoses and water injection fracturing; (d) vertical stress test with thin film
stress tester in goaf.
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Table 2. Mixture ratio of similar material of each stratum.
No. Name Sand (kg) CaCOj; (kg) Gypsum (kg)
1 Coarse sandstone 23.28 5.43 2.33
2 Medium sandstone 9.10 0.46 1.06
3 Siltstone 26.25 2.63 0.90
4 Fine sandstone 14.35 0.86 2.63
5 Siltstone 23.63 2.36 2.36
6 Coal seam 21.00 2.70 0.30
7 Mudstone 17.68 2.47 1.06
8 Carbonaceous mudstone 9.70 1.36 0.58
9 Sandy mudstone 20.68 3.56 2.15

i.: e e S '.:._-»._...;-- T IR . R P T St

Suspended span length

6.2. Comparative Analysis of Test Results
6.2.1. Influence of Hydraulic Fracturing on the Breaking Step of Key Strata

During the excavation process, the Jurassic coal seam was first mined, and then
KS2 and KS3 were fractured in model 2, while model 1 did not perform water-injection
fracturing on the key strata. Finally, the carboniferous coal seam is excavated. The strata
breakage and movement of these two models are shown in Figure 12. In model 1, when
the working face advances to 112.6 cm, KS1 undergoes the first break. When the working
face goes to 171.6 cm, KS2 and KS3 experience the first break, and the maximum overhang
length of both is 135.8 cm and 106.3 cm, respectively, as shown in Figure 12a,c. In model 2,
KS1 undergoes the first break when the working face advances to 90.32 cm, and KS2 and
KS3 break when the working face advances to 131.6 cm, with a maximum overhang length
of 104.8 cm and 93.5 cm, as shown in Figure 12b,d. It can be seen that after fracturing, the
bearing capacity of the key strata is significantly reduced, and the maximum overhang
span length and breaking step are reduced considerably. This valuable physical simulation
has also been used in the literature to prove the influence of key strata fracturing on the
fracture characteristics [50].

=g e

- 63.34cm - LRt 2#

Figure 12. Influence of water injection fracturing on the breaking of key strata. (a) First break of KS1
in model 1; (b) first break of KS1 in model 2; (c) first break of KS2 and KS3 in model 1; (d) first break
of KS2 and KS3 in model 2.
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6.2.2. Influence of Hydraulic Fracturing on Goaf Stress

The strata movement results of the two models are shown in Figure 13, and the goaf
stress is extracted according to the thin film stress gauge. The results show that in model
1 without hydraulic fracturing, the total number of stress measurement points with data
is 99 in thin film stress gauge No. 1, as shown in Figure 13b, the total compressive area is
about 222.75 mm?, and the combined pressure value is 3271 Pa. The total number of stress
measurement points with data is 80 in thin film stress gauge No. 2, as shown in Figure 13c.
The total compressive area is about 180 mm?, and the combined pressure value is 3149 Pa.
In the fractured model 2, the total number of stress measurement points with data is 219
in thin film stress gauge No. 3, as shown in Figure 13e, the total compressive area is
about 492.75 mm?, and the combined pressure value is 9209 Pa. The total number of stress
measurement points with data is 281 in thin film stress gauge No. 4, as shown in Figure 13f.
The total compressive area is about 632.25 mm?, and the combined pressure value is
12,951 Pa. The total number of stress measurement points with data is 275 in thin film stress
gauge No. 5, as shown in Figure 13g. The total compressive area is about 618.75 mm?,
and the combined pressure value is 26,728 Pa. It can be seen that the overlying rock layer
collapses more fully after the key strata are fractured; the overlying load is transferred
more to the collapsed rock in the goaf area, which is consistent with the above-mentioned
numerical simulation results.
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Figure 13. Influence of water injection fracturing on the stress in goaf. (a) Thin film stress tester in
model 1; (b) vertical stress of thin film stress tester No. 1; (c) vertical stress of thin film stress tester
No. 2; (d) thin film stress tester in model 2; (e) vertical stress of thin film stress tester No. 3; (f) vertical
stress of thin film stress tester No. 4; (g) vertical stress of thin film stress tester No. 5; (h) comparative
analysis of vertical stress in goaf before and after key strata fracturing.
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7. Engineering Practices

Given the problem of controlling the strong mine pressure behavior of the No. 8202
working face, ground hydraulic fracturing on high-level key stratum is carried out, as
shown in Figure 14a. At the middle of the No. 8202 working face, the fracturing well
is drilled vertically downward from the surface to the fracturing high-level key stratum.
The drilling hole is first drilled from the surface to a stable bedrock section of 10 m by a
®311 mm drill bit, which is followed by a ®244.5 mm x 8.94 mm casing, a $215.9 mm
drill bit drilled to the end, and a $139.7 mm X 7.72 mm casing. The first perforation
and fracturing are carried out in the high key stratum with a total thickness of 39.15 m.
Multiple small holes are first perforated in the entire thickness of the PKS so that the
fracturing fluid can expand through the small holes to achieve fracturing. Fracturing is
mainly divided into two steps as follows. Firstly, the initial fracturing is carried out by
50 m3 acid; the acid composition is 12% HCI + 5% HE. The acid solution’s strata dissolution
reduces the rock’s mechanical properties and promotes the splitting and propagation of
the high-pressure acid in the fracture. Secondly, nearly 510.0 m® of water containing about
10 m? of quartz sand with a particle size range of 0.225~0.45 mm is used to fracture the
key strata further, which has a vital role in enhancing the fracturing effect, effectively
supporting the crack propagation and preventing the crack from closing. The resistance
of the hydraulic support of the No. 8202 working face and No. 8203 working face are
shown in Figure 14b, respectively. It can be seen that the front abutment pressure of the
No. 8202 is significantly smaller than that of the adjacent No. 8203 working face with the
high key stratum unfractured. This engineering practice, which has also been mentioned in
the literature [51], has provided substantial proof that key strata fracturing can effectively
weaken the mine pressure behavior.
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Figure 14. Fracturing practice and weakening effect of mine pressure appearance. (a) Field engineer-
ing; (b) comparison of mine pressure.

8. Conclusions

(1) The mechanism of weakening mine pressure behavior after the fracturing of key
strata is revealed. After the key strata are cracked, the separation space below the key strata
is closed, and the key strata are in contact with the fallen rock mass below, transferring
overburden load to the collapsed rock mass in the goaf. This is the main reason why the
goaf stress increases and the abutment pressure decreases after the key strata are fractured,
which also reasonably explains the phenomenon that the degree of strong mine pressure in
the working face can be reduced after the key layer is fractured.

(2) Numerical and physical simulations on the fracturing of key strata to weaken
mine pressure are carried out. After the vertical crack fracturing of the key strata, the lead
abutment pressure of the working face can be significantly reduced, and the vertical stress in
the goaf can be increased. Compared with the lead abutment pressure of 24.91 MPa and the
goaf stress of 2.61 MPa when the key strata were not fractured, the peak abutment pressure
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was reduced to 20.60 MPa, 17.80 MPa and 16.13 MPa when the vertical crack spacing
was 20 m, 15 m and 10 m, respectively. In comparison, the stress in the goaf increased
to 3.54 MPa, 3.91 MPa and 4.34 MPa, respectively. At the same time, the key strata are
also fractured into two horizontal layers, three horizontal layers, and four horizontal
layers with horizontal fractures. The peak abutment pressure decreased from 24.79 to
22.08 MPa, 19.88 MPa, and 17.73 MPa, respectively, while the goaf stress increased from
2.61 to 3.39 MPa, 3.81 MPa and 4.43 MPa, respectively. Fracturing the key strata promotes
the transfer of overlying load to the goaf, leading to the increase in goaf stress and decrease
in abutment pressure, which was verified by physical simulation.

(3) Field engineering practices for weakening mine pressure behavior through key
strata fracturing are conducted. The results show that compared to the adjacent No. 8203
working face, where key strata are not fractured, the pressure of the hydraulic support in the
No. 8202 working face is significantly reduced, and the intensity of mine pressure behavior
is greatly alleviated, effectively ensuring the safe mining of the No.8202 working face.
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