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Abstract: Mine pressure at the working face is severe due to it being directly covered by a thick hard
roof. To further investigate the technology of controlling the mine pressure of a thick hard roof, the
upper working face of 13,121 in Gubei mine of Huainan mining area was used as the engineering
background, and similar simulation experiments, mechanical analysis, numerical simulation, and
engineering applications were used to obtain the structure of a pre-cracked cut roof cut falling body,
as well as establishing the mechanical model of hydraulic brace support resistance and direct covering.
The results of the numerical simulation combined with the 20 m step pre-cracked top cutting showed
that the cantilever length of the roof plate in the mining area was shortened by 25.61%, the stress
concentration was reduced by 31.74%, and the stress level of the hydraulic brace was reduced by
26.59-28.38%, destroying the integrity of the thick hard rock body. According to the field monitoring
data analysis, the working face’s initial pressure step and periodic pressure step were reduced, and
the average dynamic load coefficients of the initial pressure and periodic pressure were 1.43 and 1.33,
respectively, with a small dispersion of the dynamic load coefficient of the bracket. The pressure
at the working face is regulated, and the chosen support equipment, in conjunction with the roof
cutting scheme, can meet the thick hard roof’s support needs.

Keywords: directly covered thick hard roof; pre-fracturing and roof cutting; hydraulic support; cut
falling body; mine pressure control

1. Introduction

As a source of China’s energy and industrial raw materials, coal plays a crucial role in
China’s energy security and economic development [1]. However, coal resources in China
are widely distributed, the geological structure is complex, and safety problems often occur
during mining. Roofing accidents are the most serious safety issue and they account for as
much as 33% of coal mine accidents [2—4]. As a key factor in roofing accidents, thick hard
roofs under a violent pressure have always been the focus of coal mine disaster prevention
and control [5]. In the process of coal seam mining, the thick hard roof can easily form
a large cantilever structure, which accumulates a lot of energy in the rock strata. The sudden
breaking of the thick hard roof often causes a huge energy release and a strong dynamic
load effect, which easily leads to support damage, face collapse, rock emergencies and
other strong power disasters, which seriously threatens the safety of people and equipment
in the face [6-8].

Jianjun Ma et al. [9-11] found that the larger the underground space, the worse its
stability. By establishing a coupled thermo-elastic-plastic damage model of concrete un-
der dynamic load, it is noted that this model can be upgraded to anisotropic damage
response or large deformation in further research, which provides a mechanical calcula-
tion basis for studying the breaking performance of a thick and hard roof. To study the
strong mineral pressure control technology for thick hard roofs in more details, Kaige
Zheng et al. [12] developed multistage hydraulic fracturing technology for hard and thick
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roofs, and established a mathematical model of hydraulic fracturing locations, and a syner-
gistic support system consisting of a collapse fill, coal column, and pressure-bearing layer.
The results showed that hydraulic fracturing effectively reduced the periodic pressure
step and stress level. Jianquan Tang et al. [13] proposed using pre-cracked blasting to
control the thick hard top slab, and studied the effects of charge structure and charge
amount on the prefracture blasting effect through underground blasting tests, and finally
determined suitable prefracture blasting parameters. Chen Zhang et al. [14] simulated the
deep hole blasting process of a thick hard top slab by using finite elements and discrete
element methods. After blasting, the small-energy mining seismic signal within 20 m
of the top slab suddenly increased and gradually shifted to the hollow area and the front
of the workings. At the same time, the disruption of high-level rock layers released
a large amount of strain energy, and the stress of the roof was obviously reduced. Baobao
Chen et al. [15,16] established a mechanical model of periodic damage of a thick hard
roof based on the roof load and rock block destabilization characteristics, and studied the
relationship between the blast spacing, blast angle and bracket working resistance and the
optimal parameters. Numerical simulation software was also used to analyze the crack
evolution law and the transport pattern of the thick hard roof, and the best pre-cracking
parameters were determined. Junce Xu and other scholars [17] studied the stability of
rock formations in underground engineering, and further researched the stability of rocks
under dynamic load by establishing a decay function model to analyze and explore the
mechanical behavior of sandstone under static load. Chengxing Zhao et al. [18] investigated
the sprouting and expansion of microcracks during the deformation and damage of rocks
using a triaxial system as well as AE techniques, and the results showed that pressurization
of rock microcracks facilitated the development and expansion of cracks, again verify-
ing that hydraulic pressurization and pre-cracking blasting can effectively damage thick
hard roofs.

Hydraulic brackets are a form of coal mining working face support equipment. The
long cantilever structure formed by a thick hard roof during coal seam mining, which
is difficult to collapse by itself, has put forward higher requirements on the working
resistance of hydraulic brackets at the working face. Experts and scholars in the industry
have never stopped exploring the relationship between the roof plate and the hydraulic
support. Guofa Wang et al. [19,20] believe that a reasonable bracket initial bracing force
and working resistance can not only keep the bracket with a certain stiffness and effectively
control the sinking amount of the roof plate but can also reduce the damage of the roof
plate to the bracket by actively relieving the pressure and maintaining the bracket and the
surrounding rock system in a dynamic balance.

Xiexing Miao and Minggao Qian [21,22] established an overall mechanical model
of quarry rock support, focusing on the coupling relationship between the bracket and
surrounding rock and the stability of the basic top rigid block stability, and revealed
the relationship between the bracket load and the average sinkage of the roof plate. On
this basis, Yajun Xu et al. [23] studied the coupling relationship between the hydraulic
bracket and surrounding quarry rock from the aspect of stiffness coupling. The coupling
equation between the hydraulic bracket and the surrounding rock was established, and
the hydraulic bracket support strength calculation formula was modified, which increased
the qualitative analysis of the coupling relationship between the hydraulic bracket and
surrounding quarry rock to the quantitative research level. Wang Dalong et al. [24] created
a numerical simulation model of a four-legged hydraulic brace using ADAMS software,
replacing the column with a variable stiffness spring for the simulation of the elastic
properties of the column. The response characteristics of the hydraulic bracket column
were obtained under different surrounding rock coupling states. Marcin Witek et al. [25]
studied the stress distribution of hydraulic supports under different working conditions
through finite element analysis and laboratory tests. The results show that the coupling
form of surrounding rock has an influence on the stress distribution of the support, and
better coupling conditions can reduce the stress concentration of the support.



Appl. Sci. 2023, 13, 2546

30f20

The aforementioned research findings indicate, to some extent, that hydraulic pre-
splitting or blasting pre-splitting has an obvious effect on the prevention of rock pressure
in thick hard roof faces. The coupling relationship between the support and surrounding
rock is also investigated, but there is a dearth of research on the stability of a thick hard
roof that is directly covered by hydraulic support.

2. Motivation and Novelties

At present, the research on top cutting of a thick hard roof is mostly limited to proving
that top cutting can effectively improve the stress environment of a stope, and the determi-
nation of a top cutting step is only based on field engineering experience, without further
discussion.

The first mining face is directly covered by a thick hard roof, so due to the research’s
content limitations, this paper combines the 13,121 upper working face as the specific
condition. To explore the structure after the roof is cut, FLAC3P numerical simulation
and physical similarity simulation are used extensively. The mechanical model between
the hydraulic support and the shear falling body of the hard thick roof is established in
accordance with the boundary conditions of the broken roof structure, and the relationship
between the reasonable length of the shear falling body of the hard thick roof and the
resistance of the hydraulic support is investigated.

3. Project Overview and Pressure Control Analysis of a Directly Covered Thick
Hard Roof

The upper working face of 13,121 in the Gubei Mine in the Huainan Mining Area is
directly covered by an 11.6 m thick hard main roof because it is the initial mining face.
A long cantilever construction frequently occurs as a directly covered thick hard roof. The
thick, hard roof plate will instantaneously fall when the cantilever length reaches its limit
length, releasing a significant quantity of energy. The main roof’s classification index can
be represented by the basic initial weighting equivalent of the roof, and Table 1’s specific
classification index is displayed. According to the method for calculating the initial pressure
equivalent of the roof plate [26], the degree of incoming pressure when the overlying thick
hard roof breaks can be quantitatively reflected:

P, = 241.31In(L) — 155N + 52.6hy, )

where P, is the main roof pressure equivalent; L is the initial pressure step of the thick hard
main roof, m; N is the ratio of direct roof thickness and coal seam mining height; and h;, is
coal seam mining height, m; the coefficients in the formula are obtained based on a large
number of field data.

Table 1. Basic top classification index table.

Basic Top Classification Appearance of Basic Top Pressure Grading Index
Level I Not obvious P, <895
Level II Obvious 895 < P, <975
Level III Strong 975 < P, < 1075
Level IV, 1075 < P, < 1145
Level IV Very strong Level IV;, P, > 1145

In a previous study on the directly covered thick hard roof at the 13,121 upper working
face, the initial breaking step was found to be 57.59 m [27], and the actual parameters of
the working face were substituted into Equation (1) as a means of obtaining its incoming
pressure equivalent of 1177.83 at the time of initial breaking. According to the main roof
classification index table in Table 1, it can be judged that the mine pressure in the working
face with a thick and hard roof is extremely severe, and it is easy to cause strong power
disasters, such as hydraulic support pressing.
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With the directly covered thick hard roof, the incoming pressure equivalent P, is
mainly related to L and h;;, while mining height ,, basically remains unchanged in the
coal seam recovery process, which can be simplified as Equation (2) and analyzed from the
relationship curve between P, and L.

P, =2413In(L) + A @)

where A is an undetermined formula related to L and h,,,.

From Figure 1, the excessive breaking step of a thick hard roof leads to severe mine
pressure, and shortening the step of the roof is the most direct and effective measure to
improve the mine pressure. At the same time, the blasting method is more conducive to
energy release and the development of elastic layer cracks. Deep-hole blasting technology
has obvious effects on weakening the coal seam roof, preventing spalling and controlling
the mine earthquake induced by high-energy mining [14]. Therefore, according to the
engineering situation of the directly covered thick hard roof in Gubei Mine, advanced
deep-hole blasting caving can be used to control the directly covered hard sandstone roof.

Intense pressure g
1075 oy

975 g Strong pressure
895 s Obvious pressure

Not obvious pressure

Pe=241.3xInL+A4

Basic top pressure equivalent

20 40 60 80 100 120
First weighting step of basic roof/m

Figure 1. Relationship curve between P, and L.

Through the analysis of influencing factors of mine pressure in a thick and hard roof
stope, it is concluded that the mine pressure strength of a directly covered thick and hard
roof working face depends on the breaking step of a thick and hard basic roof and the size
of the stope. It is difficult for the thick, hard roof to immediately collapse under its own
weight after the coal seam has been mined. Industry experts say that the length of the
cantilever that the roof creates in the goaf and the size of the breaking step are both related
to the thickness of the roof. The risk of ground pressure in the working face also increases
noticeably due to the impact force produced by the movement of the thick, hard roof.
A directly covered thick and hard roof leads to a large range of rock pressure in the working
face, and a large impact load when unstable.

4. Analysis of Mining Instability of Roof Cut Falling Structure
4.1. Physical Form of Cut Falling Body of Directly Covered Thick Hard Roof

The upper working face of 13,121 in Gubei Mine is the first mining face, and the coal
seam thickness of 7.3~8.3 m layered mining is adopted, and the mining height is controlled
within 3.8 m during initial caving. The 13,121 upper working face adopts an inclined
longwall layout, with a face length of 205 m and a coal seam dip angle of 3~14°, with
an average of 8°. The false roof of the working face is missing, and it is directly covered by
the fine sandstone of the main roof.
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Based on the geological conditions on the 13,121 upper working face, physical simi-
larity simulation experiments of pre-cracking cut roofs were conducted. The model used
a 3.0 m by 0.3 m by 1.5 m model frame and primarily used sand as an aggregate, sup-
plemented with lime and gypsum as the cementing material, referencing the physical
and mechanical properties of rocks from the Gubei Mine for proportioning. The material
was laid layer by layer in a two-dimensional plane strain experimental table, and steel
plates were pre-placed in the thick hard top rock layer during the model laying as a means
of simulating a pre-cracked cut roof. Figure 2 shows the physical similar experimental
platform and the rock column chart.

Lithology Rock Thickness
Histogram Character (m)
; 8.4-154
Fine sandstone 1.6
Mudstone Partial absence
Defect
Upper coal seam 38
Lower coal seam 4.0
Sandy mudstone %
: Pre-cracked
— 1.4;1‘0.4 Steel Plate
] (B8 Wi
e — . e s B Prefabricated Cracks in Thick Hard Roof
~ BoundaryLine | "1 =
- s W e o 85 -
B A m——
Directly Covered Thick Hard Roof ~ “hc o

Physical Simulation Experiment Platform

Figure 2. Similar physical experiment platform and rock stratum histogram.

Through the observation of the physical form of the directly covered thick hard roof
during the experiment, it was found that after pre-cracking and cutting the roof, the thick
hard roof cut-off body was supported by the coal seam near the coal wall end, and the
support boundary was a simple support condition, and the support boundary was in a free
condition when it slipped directly near the mining area side. The overall combination is
a “Simple support—Free” structure, as Figure 3 demonstrates.
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Simple Support

Simple Support

(a) (b)

Figure 3. Cut falling body “Simple support—Free” structure: (a,b) are, respectively, the forms of roof
cut falling body when the model is excavated to different distances.

4.2. Analysis of the Bearing Capacity of the Roof Cut Falling Body—Hydraulic Support

In previous studies, the beam theory was often used to study the roof, but the beam
theory could not reveal the spatial movement of the roof. Therefore, researchers began
to pay attention to the application of slab theory in roof behavior [5,28]. Limited by field
observation means and existing experimental techniques, it is impossible to obtain the roof
structure after roof cutting through field observation. However, by combining a physical
similarity experiment with a numerical simulation, as illustrated in Figure 4, it is possible
to examine the crack development features following field pre-splitting blasting through
a rock stratum peeper and acquire the roof structure. Pre-cracking roof structure should
be examined.

UDEC 7.00

©2018 ltasca Congulting Group, Ing.

Blast Hole

Coordinated Subsidence of
Overlying Strata

Directly Covered

Roof Fracture Thick Hard Roof
Body

13121"°"*" Working Face

Pre-splitting slit
N Y A A

Tl

Penetraﬁon Fiss

()

Figure 4. Pre-split roof structure: (a) the overburdened structure after using UDEC software to
pre-split and cut a thick, hard roof; (b) the fracture development effect at a depth of 7.8 m; and (c) the
crack development effect at a depth of 14.85 m.

Combined with the working conditions of the 13,121 upper working face as the first
Mining Face, the roof model can be simplified as two opposite edges clamped, one side
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simple support, the other side free plate (hereinafter this boundary condition is referred to
as CSCF). The CSCF roof model can be seen in Figure 5.

Clamped
Clamped a

~

-b

1312y WD Ny (3 Simple Free  Simple &

Support a X Support

Clamped Clamped

y

Figure 5. Mechanical model of the CSCF plate.

The mechanical roof plate model takes the middle of the working face as the coordinate
origin, the direction of the working face arrangement as the x-axis, the direction of the coal
wall towards the goaf as the y-axis, the long side of the model as 24, the short side as b
(2a > b), the thickness of the roof plate as /1, the modulus of elasticity as E, Poisson’s ratio
as y, the deflection surface of the plate as w, and the force that acts on the overlying rock
layer of the roof plate of the working face as the uniform load gp.

The key layer discrimination method [26] is used for determining the overburden
bearing key layer:

Elh?'ﬁ (7ihi)

(Gm) = ————
L Eil? 3)

(am)y <@

where: (4,,)1 is the load of the mth rock layer on the first rock layer and +;, is the volumetric
weight, E;, is the elastic modulus and #; is the thickness of the rock layer. From Equation (1)
it can be determined that the directly covered thick hard roof is the critical layer, and the
uniform load gg on it is 0.765 MPa. The mechanical parameters of the rock formation are as
follows: the thickness is 11.6 m, the bulk weight is 26.8 kN /m3, the modulus of elasticity is
29 GPa, the tensile strength is 7.21 MPa, and Poisson’s ratio is 0.31.

The boundary conditions of the CSCF plate are determined based on the model setting
condition as:

_n 2 _
w|x::|:u - 0’ % x=-+a - 0’
2
w|,_ =022 =0,
|y_0 ayz y=0
) . 4)
9w “w _
(5 +n3e) ’yzb =0
Pw Pw _
[W + (Z_V)ayaxz} y=b 0

According to the boundary conditions, the following equation is selected for the
deflection surface of the CSCF plate.

w=C- [1+COS(%)} -sinz(%) (5)
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Based on the principle of minimum potential energy and the Ritz method [29], the
total potential energy of the CSCF plate is determined from Equation (5) as:

2
5 fj ( axc;] ) dxdy — fj 32;;} . Fw e <§;§Jy> dxdy — ff gqowdxdy  (6)
A

where A is the integral boundary condition, x € [—a, a], y € [0, b]. Equation (6) is used
to obtain:

DC27t*(3a* + 242b* + 3b*)
Ep = — 7
P 164303 Cabgo @
Deflection coefficient C is obtained thus:
_ 8a*b*qo ®)
~ Dr*(3a* + 2a2b2 + 3b*)

where D is the bending stiffness of the plate, N/m. This is calculated from the
following equation:
EH®
YT R ©
where E is the modulus of rock elasticity, GPa; and H is roof thickness, m. The CSCF plate
deflection surface equation is then:

96(1 — u?)a*b*qo

“= EH37t4(3a* 4 242b? 4 3b*)

: [1 +cos(%)} ~sin2(7zr—by) (10)
The hydraulic bracket acts as a form of working face support equipment, carrying
the load of the overlying roof plate, and the overlying rock movement affects the working
state and bearing characteristics of the bracket and roof after pre-cracking blasting; the
roof plate bends and sinks under the action of multiple factors and acts directly on the
hydraulic bracket. With the movement of the broken roof, combined with the deflection of
the overlying roof and the change of the stiffness of the support, the support resistance can
be obtained [30]. Considering the effective bracket support efficiency, the brace resistance
can be expressed as:
F=K-Aw/y (11

where F is hydraulic bracket support resistance, kN; K is bracket stiffness, N/m; Aw is the
degree of overburden roof deflection change, m; and 7 is effective bracket
support efficiency.

According to Equation (10), the roof deflection surface can be derived during the
excavation of the working face.

The three-dimensional surface of roof deflection in Figure 6 shows that the deflection
deformation of the clamped edge and simple support edge is small in the process of coal
seam mining, and the maximum deflection area is concentrated in the middle of the free
edge. According to the reflection of the top deflection surface, the maximum deflection
position of the roof (x = 0) is in the middle of the working face, as modelling and analysis
of the thick hard top cut fall and hydraulic support shows that pressure sinks.

In Figure 7, I is the hydraulic bracket control roof distance, m; b is the cut-off body
length, m; and wy, is the degree of roof end movement, m. The relationship between
hydraulic support resistance and roof cut falling body is then as follows:

192(1 — u?)a*b*Klgo sin (Zb)
EnH374[3a* 4 2a2b? + 3b*]

F=K- w(O,l)/W = (12)

In the above equation, hydraulic support resistance F is related to working face length
2a, cut falling body length b, roof thickness /1, and the lithological parameter E.



Appl. Sci. 2023, 13, 2546

9 of 20

Roof deflection /m

e

<>

Coal wayy

Figure 6. Roof deflection surface.

Oy

Pressure position of working face

Figure 7. Main roof pressure sinking structure.

4.3. Factor Analysis of Brace Bearing Performance

In the Gubei Mine 13,121 upper working face in the Huainan Mining area, the directly

covered thick hard roof thickness is 8.4~15.4 m, with an average thickness of 11.6 m.
The relevant parameters of the working face and the directly covered thick hard roof are
2a=205m; H=11.6 m; E =29 GPa; g9 = 0.765 MPa; | =5 m; y = 0.31; K =1.65 X 10° kN/m;
and 7 =0.9.

The effect each variable factor has on the influence of support resistance F was analyzed

using the control variable method and the following conclusions were reached.

@

@)

®G)

The relationship graphs between the aforementioned six indicators and F show that
the stent resistance will increase with the length of the broken body following pre-
cracking and top cutting.

Figure 8a—d show that when one of the other factors, such as roof load gy, face length
2a, bracket stiffness K, or the top control distance /, is changed, the result is an increase
in support resistance F, proving that all of the other factors are positively correlated
with bracket resistance.

The slope of each element in the four graphs (a—d) indicates how sensitive that factor is
to the impact of hydraulic support resistance. Working face length is not the primary
element that determines the increase in brace resistance for the directly covered thick
hard roof working face because the brace resistance responds more visibly to changes
in K, I, and go while the slope of the change in working face length is flatter.
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(4) In Figure 8e/f, the hydraulic support resistance at the working face is negatively
correlated with the strength and thickness of the roof rock layer. The required working
face bracing resistance will be smaller the stronger and thicker the roof plate is,
indicating that the thick hard roof plate bears the overlying rock in addition to its own
load on the coal seam within a range, reducing the load acting on the coal seam and
the required bracing resistance.

13,500,
Mw.-‘a"‘ 20,000
WA—A
12,000
> — Z15,000—
10,500} s
= s =
. =)
9,000+ 10,000~
et
73008 o 5,000
160 180 200 220 240 260 4.0 45 5.0 5.5 6.0
2alm l/m
15,0007
12,000
€
=
9,000
6 G““ 1 L 1 1 N 4,{\,{\,9 1 i L 1 L L 1
i 1.4 1.5 1.6 1.7 1.8 0.6 0.7 0.8 0.9 1.0 1.1 1.2
K/x10°kN/m q,/GPa
() (d)
20,000, [
20,000
16,0007
15,000
Z
12,0001 Z
= == 10,000
=
8,000 5,000
4,000— : : : : 0— . . : . .
20 25 o 35 40 10 12 14 16 18 20

E/GPa

(e) ()

—o— b=15m —e— p=17.5m —o— b=20m —o— b=22.5m —*— b=25m

Figure 8. Analysis of influencing factors of support resistance F: (a) Relationship curve of F and 24;
(b) Relationship curve of F and [; (c) Relationship curve of F and K; (d) Relationship curve of F and qg;
(e) Relationship curve of F and E; and (f) Relationship curve of F and H.

Hydraulic brace working resistance is affected by the directly covered thick hard roof.

The above analysis demonstrates that bracket stiffness, top control distance, thick hard roof
load, lithological strength of the roof and roof thickness affect the working resistance of the
hydraulic bracket.
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In combination with the working face support equipment support parameters and
coal rock strength conditions, calculation software was used to invert Equation (12) to find
the length of the cut falling body and the maximum length of the calculated cut falling
body was 20.42 m.

5. Determination and Verification of the Structure Size of the Cutting Block

In pre-cracking blasting roof cutting of a thick hard roof, the height of roof cutting and
roof cutting step pitch are important technical factors that affect the roof cutting effect, and
the height of roof cutting should be greater than the thickness of the main roof. According
to the collapsed rock fragmentation and expansion characteristics, the height of roof cutting
satisfies the relationship [31]:

hy > (13)

ky—1
where J is the depth of presplitting blasting hole, m; M is the thickness of coal seam in the
upper working face of 13,121, m; kp is the coefficient of rock fragmentation and expansion,
and the value of the fragmentation and expansion coefficient of hard rock is between 1.2
and 1.6.

For the thick hard roof, the fragmentation and expansion coefficients are not too large
following the collapse of the cut roof. Considering the main roof lithology and the actual
site situation, the calculated cut roof height is taken to be 16 m.

Combining the previous analysis and the lithological characteristics of the 13,121 upper
working face, theoretical analysis was performed in relation to cutting the hard roof of the
Gubei Mine. Considering the safety and economic benefits, deep hole blasting is used to
pre-crack the roof, and the specific construction plan of the directly covered section of the
thick hard roof is shown in Figure 9.

neleld 1-2# 1-3# g4y Ldp 138 124 1=1i
E
>
ol bt 128 13 gy opgp 134 10s Ll
S
helelif 124 138 g4y pgp 138 128 L1t
E
H
Lif 12 138y e 13 124 114
[N NN NN NN
13121V face
(b)
| 205m
N LZSm L25m ], 325m_| [20m] |._325m_|. 25m_]| 25m_]
g %
=
.
Haulage Ventilation

\
Face " piast Hole . Directly Covered
Layout Thick Hard Roof

(a) (©)

Roadway Roadway

Figure 9. Schematic diagram of top cutting of a directly covered thick hard roof: (a) Schematic
diagram of the overall effect of top cutting; (b) The top view effect diagram of the working face top
cutting scheme; (c) A schematic cross-sectional view of the top cutting scheme.

In order to verify the feasibility of the presplitting scheme, the effect of an uncut top
and a 20 m step pitch cutting top is simulated by numerical simulation.

The numerical simulation model was constructed based on the actual geological
conditions on the upper working face of coal 13,121 in the A group of the Gubei Mine,
and the calculation range of the entire model was 300 x 146 m. An equivalent uniform
load of 10.6 MPa was applied in the vertical direction for the rock layer not simulated on
the top of the model. At the same time, to eliminate boundary influence, 50 m was left as
boundary coal columns at both ends of the model. The bottom boundary and the left and
right boundaries were constrained by displacement fixed conditions.
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The main rock mechanics parameters that were studied in the model can be seen in
Table 2:

Table 2. Physical and mechanical parameters of rock strata.

. H 0% E oy

Lithology (m) (KN/m?) & (GPa) (MPa)
Medium sandstone 8.2 26.2 31° 24 GPa 6.50 MPa
Sandy mudstone 1.7 25.6 29° 11 GPa 2.47 MPa
Fine sandstone 6.2 26.8 36° 29 GPa 7.21 MPa
Sandy mudstone 5.2 25.6 29° 11 GPa 2.47 MPa
Fine sandstone 11.6 26.8 36° 29 GPa 7.21 MPa
Upper coal seam 3.8 14 20° 1 GPa 2.00 MPa
Lower coal seam 4 14 20° 1 GPa 2.00 MPa
Sandy mudstone 2.3 25.6 29° 11 GPa 2.47 MPa
Silty sand rock 54 26.1 33° 24 GPa 6.20 MPa
Siltstone 7.2 26.7 33° 25 GPa 6.60 MPa

5.1. Collapse Displacement Analysis

When the roof was not cut, the directly covered thick hard top roof exhibited good
integrity, as can be seen in Figure 10a, and the first collapse of the thick hard top occurred
at 80 m of excavation. At this time, the maximum sinking of the roof was 3.43 m, the
compaction of the collapse of the roof plate in the goaf area lagged behind, and the
distance from the full compaction position to the mining position of the working face
was approximately 68.5 m.
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Figure 10. Displacement cloud image before cutting top: (a) is the displacement state when the
working face is first broken when the top is not cut; (b) is the displacement state when the working
face is excavated for 120 m when the top is not cut; (c) is the displacement state when the working face
is excavated for 160 m when the top is not cut; and (d) is the displacement state when the working
face is excavated for 200 m when the top is not cut.

Figure 11a shows how cutting the roof reduces the integrity of the thick hard roof.
Pre-cracking the cut top speeds up the settlement process of the thick hard roof and reduces
the cantilever distance of the roof. The initial collapse step was 60 m, and the top slab
settled to a maximum of 3.69 m. The collapse compaction lag distance of the thick hard
roof was decreased to roughly 41 m after the roof cutting treatment, thereby decreasing
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it by 40.15% and demonstrating that cutting the roof shortens the length of the top slab
collapse body.
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Figure 11. Displacement cloud image after cutting the roof: (a) is the displacement state when the
working face is first broken after cutting the roof; (b) is the displacement state when the working face
is excavated for 120 m after cutting the roof; (c) is the displacement state when the working face is
excavated for 160 m after cutting the roof; and (d) is the displacement state when the working face is
excavated for 200 m after cutting the roof.

5.2. Stress Analysis

As is shown in Figure 12a—d, the thick hard roof was not treated, and the stress
concentration peak in front of the coal wall was 29.4 MPa during the thick hard roof
initial collapse. During the subsequent development of the overburden collapse, the stress
peak was between 38.2~43.4 MPa, and the stress concentration degree was approximately
equivalent to 3.60~4.09 times the original stress level of the rock. For a thick hard roof
directly covering a working face, an overly high stress concentration will increase the risk
of coal wall damage.

Figure 12e-h illustrates that, following roof cutting, the peak stress concentration in
front of the coal wall was 20.2 MPa. After that, the stress concentration was reduced to
2.47-2.78 times the rock’s initial stress level, or a reduction of about 31.74%. The peak
stress in front of the working face was 26.2~29.5 MPa. The stress propagation path was
interrupted by a visible stress release area at the cut, which also lowered the apparent
strength of the mine pressure in the working face.

A simulation of the brace force was also conducted and the statistical results of
this can be seen in Figure 13. The observation and analysis found the bracket working
resistance started increasing significantly with the advancement of the working face. The
hydraulic bracket reached peak working resistance when the roof initially collapsed, and
then the bracket working resistance exhibited dynamic “wave” changes as the working
face continued advancing. When top cutting was not performed, bracket support force was
between 17,115~18,953.4 kN, and the maximum value was 18,953.4 kN. After performing
top cutting, bracket working resistance changed more smoothly during the coming pressure
period than prior to the roof being cut, and the overall force level was smaller than it was
before the roof was cut. After the roof was cut, and the overall bracket force level was
13,332.02~14,972.4 kN; the overall decrease was 26.59~28.38%.
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Figure 12. Variations in the stress cloud diagram: (a) is the stress state when the working face is first
broken when the roof is not cut; (b) is the stress state when the working face is excavated for 100 m
when the roof is not cut; (c) is the stress state when the working face is excavated for 160 m when
the roof is not cut; (d) is the stress state when the working face is excavated for 200 m when the roof
is not cut; (e) is the stress state when the working face is excavated for 60 m after cutting the roof;
(f) is the stress state when the working face is broken for the first time after cutting the roof; (g) is the
stress state when the working face is excavated for 60 m after cutting the roof; and (h) is the stress
state when the working face is excavated for 200 m after cutting the roof.

The results of the numerical simulation analysis show that cutting the top ina 20 m
step effectively reduces the high stress concentration brought on by the thick hard top slab,
reduces the cantilevering degree of the roof plate in the goaf area, and significantly lowers
the working resistance of the hydraulic bracket. In conclusion, under conditions of thick
hard top slabs, the pre-cracked cutting roof can control mine pressure on the working face.
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Figure 13. Force comparison of support before and after cutting the roof.

6. Analysis of the Bearing Performance of the Working Face Site Bracket

For the 13,121 upper working face in the Gubei Mine, some brackets were selected as
monitoring points, and the “KJ216B Coal Mine Roof Dynamic Monitoring System” was
used for monitoring the hydraulic brackets, including the incoming pressure step, the
hydraulic bracket working resistance and the change of initial bracing force, and other
working face pressure indicators.

Monitoring substations were set up in each ministry of the working face at intervals
of eight hydraulic supports, totaling fifteen hydraulic supports. So as to better detect and
analyze the pressure change of the top plate during the process of recovery, at the same
time, the monitoring data of each substation was transferred to the ground computer for
storage and analysis in time. The corresponding position of monitoring substations and
brackets is shown in Table 3.

Table 3. Monitoring sub-station corresponding location.

Station No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Support No. 8 16 24 32 40 48 56 64 72 80 88 96 104 112 120
Working surface area ~ Upper part of working face Middle of working face Lower part of working face

Statistics of the monitored data of each measuring point are shown in Table 4 and Figure 14,
and we analyzed the data in the chart to reverse the real-time roof weighting situation.

From the above data, it can be seen that the initial pressure step of the working face
was 31.1~33 m, with an average of 40.8 m (8.5 m for open-off cut). In the statistical process
of 18 cycles of pressure, the entire working face cycle pressure step range was between
17.4~21.3 m, with an average of 19.6 m, thereby proving that the site pre-cracked top cutting
had a better breaking effect.

Working resistance and dynamic load coefficient of hydraulic support, as two technical
indexes of hydraulic support, can better reflect the mine pressure situation of the working
face. The changes to working resistance and the dynamic load coefficient of hydraulic
support are shown in Figure 15. After cutting the top, the working resistance of the
hydraulic bracket in each part fluctuated when the basic top came to pressure for the first
time, the working resistance of the hydraulic bracket ranging from 25 to 41.6 MPa. The
average working resistance of the hydraulic bracket before the first time to pressure was
26.2 MPa, and the average working resistance in regard to pressure was 36.8 MPa. There
were some differences with the dynamic load coefficient of each part for the first time
to pressure, and the distribution range was 1.09 to 1.67, and the average dynamic load
coefficient was 1.43. The working resistance of the hydraulic bracket during the period of
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coming to pressure ranged from 24.12 and 37.74 MPa, and the average dynamic load factor
was 1.33.
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(b) is the middle working face periodic pressure step; and (c) is the lower working face periodic
pressure step.
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Table 4. Statistics of the initial incoming pressure step of the roof.
S - Working
Monitoring Position Support No. Face Retreat/m Remarks
8
16
Upper part of working face 24 31.1

32

40

48

%6 Kerf width

Middle of working face 64 32.6 erf widt

7 8.5m
80

88

96

Lower part of working face 104 33
112
120
Initial pressure step 40.8
Dynamic load coefficient Dynamic load coefficient
—>— Working resistance before pressing —— Working resistance before pressing

—>— Working resistance after pressing
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Figure 15. Change of support resistance and dynamic load coefficient: (a) is the change curve of
dynamic load coefficient of each station stand when the initial pressure comes after the roof is cut;
and (b) is the change curve of dynamic load coefficient of each station stand when the pressure comes
periodically after the roof is cut.

In the process of coal seam mining, the working resistance of each support increases,
and the statistics of the working resistance frequency of the support are shown in Figure 16.
After roof weighting, the working frequency of the support resistance is below 30 MPa,
and the frequency of the resistance is between 30 MPa and 40 MPa, which is 9.6%. The
opening value of the hydraulic valve of the support is 41 MPa, accounting for only 0.9%.
The field performance is that the pressure relief is only generated locally when the support
is weighted, which is not seen.

In conjunction with the force analysis of the previous bracket, it can be seen that the
braced cover type ZZ13000/24/50 bracket chosen for the 13,121 upper working face fully
satisfies and can be tailored to the requirements for safe production after pre-cracking and
cutting the top of the 11.6 m directly covered hard slab with a 20 m step.
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7. Discussion

Because of its high strength, the thick hard top plate is not easy to break and collapse
independently in the coal production process, resulting in long breaking steps and a long
cantilever structure. A long cantilever structure often causes hydraulic brackets to be
overwhelmed, rock explosions, coal wall flake gangs and other violent dynamic load
phenomenon. It does not satisfy the working face’s safety production criteria. Following
a thorough analysis of the thick hard roof of the quarry, it is common practice to use pre-
cracking blasting, roof cutting, hydraulic fracturing, and other technical means to weaken
the thick hard roof’s rock layer, to shorten the pressure step of the roof, and to shorten the
roof cantilever in order to control mine pressure on the working face.

The working face’s hydraulic bracket can most accurately reflect the law of mine
pressure. On the basis of regulating mine pressure, acceptable measures and a roof cut-
ting scheme can better maintain the bracket at the working face in a stable functioning
condition for directly covered thick hard roofs. Additionally, based on the working face
support capability, it offers recommendations for the pre-cracking program for thick hard
roofs. In order to determine the appropriate top cutting step for the bracket in reverse,
this paper conducted research on the top cutting scheme of directly covered thick hard
roofs in accordance with the working face bracket situation. It also provided theoretical
and technical support for related engineering situations by establishing the mechanical
relationship between the hydraulic bracket and roof cutting fall.

In contrast to earlier research findings on the effectiveness of roof cutting in reducing
the stress environment of the stope, most current research is mainly focused on roadway
roofs, seeking to compromise the integrity of roof overburden. In contrast to the pre-
splitting scheme in this research, which is parallel to the working face, the determination
of the roof cutting step is carried out theoretically according to support selection. This
provides the calculation basis for the selection of a roof cutting step in the directly covered
working face with a thick and hard roof. The determination of a roof cutting step is
frequently selected according to empirical equations.

8. Conclusions

(1) The directly covered thick hard roof fracture step is too long, which is the main cause
of the work surface seeming to have intense ore pressure, according to analysis of the
equation of incoming pressure equivalent of the roof plate. For the working face of
a thick hard roof plate, using technical means to shorten the pressure step is
an effective method for controlling mine pressure at the mining site.
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(2) The pre-cracked cut top effectively reduces cantilever length, and the cut fall body
is a “simple supported—free” structure, according to modeling investigations using
physically similar materials.

(3) A mechanical model of a thick hard roof cut falling body is developed using the plate
structure theory, and mechanical analysis is carried out based on how the bracket and
roof interact. It was discovered that the hydraulic bracket resistance F of the working
face has a negative correlation with the strength E and thickness H of the rock layer
and a positive correlation with the working face length 24, cut falling body length b,
control roof distance I, bracket stiffness K, and roof load qj.

(4) The overhanging distance of the thick hard top slab in the mining hollow area can
be effectively reduced by 40.15% thanks to pre-cracking roof cutting, which also
reduces the stress concentration degree by 31.74% and the overall stress level of the
hydraulic bracket by 26.59-28.38%, according to numerical simulation results. This
significantly raises the thick hard top slab just above the working face’s incoming
pressure intensity.

(5) After cutting the roof, the initial pressure step was 40.8 m, the pressure dynamic load
coefficient was 1.43, the cycle step was 19.6 m, the pressure dynamic load coefficient
was 1.33, and the hydraulic bracket working resistance was only 0.9% in the pressure
bracket hydraulic valve. These measurements are combined with site engineering
practice and an analysis of the monitoring results. To meet the demands for safe
production at the working face of the Gubei Mine in the situation of a direct covered
thick hard roof, the working face chooses the ZZ13000/24/50 support cover type
brace with a 20 m step pre-cracking roof cutting.
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