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Abstract

Coal face spalling is a major issue affecting the safety of a large-cutting-height mining face, especially in deep mining. In order to
analyze failure mechanisms and propose corresponding stability control measures in a large-cutting-height longwall face, panel 1303,
with a mining depth of 860 m, which is arranged and advanced distances of 300 m and over 1000 m along the dip and strike directions
of a coal seam, respectively, was selected as the engineering background. In addition to uniaxial compressive strength (UCS) tests,
triaxial compression tests under different confining pressures and loading methods were carried out to investigate the deformation
characteristics of the coal specimens. A mechanical model, the “coal face support roof”, was established to illustrate the factors
affecting the stability of the coal face. Combined with numerical simulation, the dominant factor was obtained, and the stress
distribution around the coal face at different advance distances was revealed. Based on the coal face failure mechanism, the pertinent
in situ measures of “‘manila + grouting” reinforcement technology for controlling coal face spalling were proposed. The results showed
that the coal face spalling depended mainly on vertical cyclic loading and horizontal unloading in both initial and periodic weighting. In
terms of deep mining, the surrounding stress distribution played a vital role in coal face failure and instability. Specifically, two
dimensions of loading conditions were found in the front 3 m of the coal face, and the principal stress oy, of the coal body was
significantly less than the other two principal stresses in the front 8 m of the coal face. In addition, the horizontal principal stress o,,, was
greater than the vertical principal stress o.. Therefore, the horizontal principal stress and strength of the coal body were the prominent
influencing factors in the large-cutting-height coal face. The mining height and support system working resistance were also of great
importance with respect to the stability of the coal face to some degree. Lastly, “manila + grouting” reinforcement technology proposed
in this study resulted in 70-80% reduced potential for the occurrence of coal face spalling and in the degree of failure of the coal face, as
well as grouting cost could be saved of 30-40% compared with pure grouting measures.
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(4) Proposed a new technology, “manila + grouting” reinforcement into a
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Introduction

With the acceleration of comprehensive mechanization of
mining and rising coal demand, numerous coal mines have
gradually been extended to deep-buried mining. For example,
the depth of exploitation or expansion of various mining areas
in China has now exceeded 800 m, and even 1000 m in
Jiangsu and Shandong provinces (Wang et al. 2017).
However, as a result of the high pressure, high temperature
and high stress characteristics inherent in deep mining, it is
more prone to the occurrence of various dynamic disasters
(Aguado and Gonzalez 2009; Zhao et al. 2017; Christopher
2016; Iannacchione and Tadolini 2016; Mazaira and Konicek
2015; Zhou et al. 2015; He et al. 2015). For example, it is
easier for roof failure and collapse to occur due to high crustal
stress in deep mines. The coal seam dip angle also influences
the stability of the coal mining face and the law of surface
subsidence (Yao et al. 2017; Alejano et al. 1999; Asadi et al.
2004). In addition, support systems cannot be fully mobilized,
causing weak stability at the end of the working face, and
exacerbating the degree of coal face spalling due to the larger
cutting height (Huang et al. 2011). In recent years, sudden coal
face spalling and roof collapse have been recognized as a
prominent issue restricting the stope stability in deep-buried
seams and larger-cutting-height mining faces (Kong et al.
2017; Suorineni et al. 2014; Peng and Chiang 1984).
According to the comprehensive work regarding the failure
type for coal face spalling by early on-site technicians, the key
point in controlling coal face failure is focused on improving
the corresponding support system measurements, such as
acoustic emission (ACE) guard equipment. With the success-
ful application of large-cutting-height mining technology, nu-
merous scholars have undertaken extensive research on failure
mechanisms and prevention technology for coal mining faces,
and have tackled some problems of coal face spalling disasters
(Changetal. 2015; Lietal. 2015; Pang and Wang 2017; Wang
et al. 2014; Wang et al. 2016; Gao and Stead 2014; Gao et al.
2014a, b; Lisjak and Grasselli 2014; Kazerani 2013; Zhang
and Einstein 2004; Li et al. 2016; Fan et al. 2015; Xuan et al.
2016). A systematic study investigating the failure mechanism
and control technology of coal face spalling revealed two
main failure types: shear failure and tensile failure (Wang
et al. 2015). It was determined that the intrinsic coal face
failure was the destruction of the wedge sliding body. In ad-
dition, the failure area of the coal body was obtained using slip
line theory to establish a mechanical model based on field
measurements (Wang et al. 2017). For effective and efficient
control of sudden coal face spalling and roof collapse, the
“manila + grouting” method of reinforcement technology
was proposed, and was been adopted and verified in an in-
clined, fully mechanized, top-coal caving mining face and a
large-cutting-height mining face (Yang and Kong 2015; Yang
et al. 2015).
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Clearly, current research is more focused on the fields
of theoretical analysis and practical application to control
coal face failure. However, obtaining the general failure
mechanism of a coal face is preferred, rather than consid-
ering the specific influencing factors such as mining depth
or mining and boundary conditions. For deep mining in
particular, horizontal stress cannot be neglected as a factor
influencing the stability of a coal mining face. Therefore,
combining theoretical analysis, numerical simulation and
field measurement, this paper investigates the failure
mechanism and stability control measures for a deep coal
mining face, fully taking into account the horizontal stress
and mining conditions.

Engineering background

The coal seam no. 13, with an almost horizontal buried depth
of 860 m and average thickness of 5.0 m, is the main coal
seam of panel 1303, which is arranged and advanced along the
dip and strike directions of the coal seam a total of 300 m and
over 1000 m, respectively. Backward longwall mining and
roof caving methods have been adopted in the whole mining
process as shown in Fig. 1. Additionally, Fig. 2 shows the
geologic column of panel 1303, which indicates that the roof
and floor strata are composed mainly of mudstone, carbona-
ceous mudstone, sandy mudstone and fine sandstone.
However, the main floor also consists of local soft rock with
a thickness of 2.5-5.5 m.

Failure mechanism of a deep-buried coal
mining face

Coal face spalling and roof caving occur frequently in the
mining of panel 1303 and have serious consequences, causing
a slow advance of 1.5 m per day. Also, massive coal or rock

Mining depth
860m

Thickness
5.0m

300m

Panel 1303

- 1000m >

Fig. 1 Schematic layout of panel 1303
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Fig. 2 The integrated histogram of coal and rock

masses falling on transport equipment can significantly reduce
the serviceability and service life of equipment, and threaten
personal safety. Therefore, an understanding of the failure
mechanism is critical in order to develop corresponding sta-
bility control measures in deep-buried large-section mining
faces.

Failure characteristics of the coal face

Based on the observation and images of panel 1303 in differ-
ent locations each day, the types of coal face failure are sum-
marized and sorted out, as shown in Fig. 3. A part of the top
zone and overall zone shear failure on the coal face are

Fig. 3 Failure features of coal
face spalling with top failure and
overall failure

revealed to be a result of the relative weakness of coal and
the rock mass. The direction of main stress changes, as the
horizontal stress is generally greater than the vertical stress in a
deep mine.

Failure mechanism of coal face spalling

Coal face spalling occurs in cycles as boundary conditions
change continuously throughout the mining process. Coal
face failure is related to the stress distribution influenced by
the cyclical process of loading and unloading of confining
pressure during each periodic weighting around the coal face.
An MTSS815 test system was used to investigate the deforma-
tion and failure of coal samples with triaxial and uniaxial tests
considering confining pressure and loading modes. The partial
coal specimens are shown in Fig. 4, and the stress—strain
curves under different loading conditions are represented in
Fig. 5.

Figure 5 demonstrates that peak strength reaches 50 MPa
when the axial strain is 2.5%, followed by residual strength
of 30 MPa until the axial strain reaches 6%, with a confin-
ing pressure of 12 MPa, in the triaxial loading test. In the
triaxial unloading test, the peak and residual strength of the
coal sample are reduced to 40 MPa and 20 MPa, with axial
strain of 1.5% and 2%, respectively. In terms of cyclic load-
ing, the peak and residual strength of the coal sample is
about 20 MPa and 12.5 MPa, with axial strain of 2% and

Failure
zone
Failure
{ zone
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Fig. 4 Partial coal specimens: (a) intact specimens, (b) failure specimens

2.5%, respectively, when the confining pressure is also
12 MPa. However, there is a significant decrease in the peak
and residual strength in uniaxial loading, with values of
8 MPa and 2.5 MPa, and axial strain of 0.5% and 1%,
respectively.

Based on the data illustrated above, the coal mining
face from the open cut to the initial weighting is in a
three-dimensional stress state. This corresponds to the
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results of Fig. 5(a) which suggest that coal face spalling
is unlikely to happen in this process. With the working
face advancing continuously, it is determined that the con-
fining pressure and ultimate strength of the coal body
gradually decrease, corresponding with the results of
Fig. 5(b). Meanwhile, the coal face is in dynamic devel-
opment with cyclic loading and unloading in the axial
direction, keeping the confining pressure constant in the
support movement process, causing the strength of the
coal face to weaken. For certain special geological condi-
tions, the coal body is even in a one-dimensional stress
state, corresponding to the results of Fig. 5(d), with the
lowest failure strength for the coal mass. Therefore, the
stress state around the coal face plays a vital role in the
failure strength and features of the coal face. Throughout
the process, from the open cut to the initial weighting or
the duration of two periodic weightings, the stress state
presents gradually increasing axial pressure and decreas-
ing confining pressure, causing weakening of the coal
body failure strength, leading to easy occurrence of coal
face spalling.
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Fig. 5 Stress—strain curves of coal samples with different loading conditions: (a) triaxial loading, (b) triaxial unloading confining pressure, (c) cyclic

loading, (d) uniaxial loading
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Fig. 6 Numerical model (a)
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Analysis of the coal face stress environment
Model establishment
In order to determine the failure mechanism of a large-cutting-

height working face with a deep-buried coal seam, taking panel
1303 as an engineering background, numerical simulation was

used to analyze the stress environment of the coal face under
different advance distances by using FLAC3D [Fast Lagrangian
Analysis of Continua in 3 Dimensions] software. Therefore, a
model 200 m long, representing the advance distance, 200 m
wide and 100 m in height was established with horizontal dis-
placement restriction on the front, back, left and right planes,
and vertical displacement restriction on the bottom plane as

Table 1T Mechanical parameters of coal and rock mass
Rock Density Cohesion Internal friction Volume modulus Shear modulus Tensile strength
(kg/m3) (MPa) angle (GPa) (GPa) (MPa)
(@)

Coarse sandstone 2368 5.84 43 10.12 9.65 5.08

Medium sandstone 2500 59 42 7.38 6.96 4.56

Siltstone 2540 5.2 40 6.85 5.47 3.86

Fine sandstone 2600 4.38 39 5.27 4.69 3.35

Mudstone 2550 1.24 37 4.16 2.83 3.02

Seam 1350 0.5 30 3.95 22 1.04
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Fig. 7 Stress environment of coal face with different advance distances: (a) 10 m, (b) 20 m, (c) 30 m, (d) 40 m, (e) 50 m, (f) 65 m
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shown in Fig. 6. Moreover, because the buried depth of the coal
seam is 860 m, and the rock strata above panel 1303 in this
model is just 60 m thick, a vertical stress of 20 MPa was applied
on the top plane as gravity compensation to simulate the remain-
ing height of stratum when a bulk density of 25 kN/m® was
adopted for the overlying strata. At the same time, a monitoring
line was set up with 10 m in the joint position between the coal
mining face and immediate roof. Physical and mechanical pa-
rameters of the coal and rock mass were obtained through lab-
oratory tests. The tests were conducted on the TAW-2000 con-
trolled testing system with maximum axial load of 2000 kN,
maximum shear load of 500 kN, and maximum lateral pressure
of 500 kN. The uniaxial compressive strength, elastic modulus,
and Poisson’s ratio were obtained by conducting uniaxial com-
pression tests, while the cohesion and friction angle were esti-
mated by conducting triaxial compression tests. For each spe-
cific geological parameter, three specimens were tested to obtain
an average value. The mechanical parameters based on the re-
sults of these tests are shown in Table 1.

Simulation results and discussion

Figures 7 and 8 illustrate the monitoring results of three-
dimensional stresses in the front of the coal face at different
advance distances and plastic failure zones, respectively.

The principal stress in the x direction within 2 m of the coal
face is far less than the other two principal stresses due to exca-
vation causing unloading in the x direction. In addition, the min-
imum value of oy is less than 1 MPa. The principal stress oy in
the horizontal direction within 7.5 m from the working face is
greater than the principal stress o, in the vertical direction, while
the opposite results are found beyond 7.5 m from the coal face.

Vertical stress can be regarded as the maximum principal
stress, with a value o 30.78 MPa 9 m from the coal face when
the advance distance is 10 m. However, the peak point of the
maximum principal stress gradually moves away from the
coal face with the working face continuously advancing, and
its value also increases to 41.62 MPa with an advance distance
of 50 m where the initial weighting occurs. The maximum
principal stress is 41.17 MPa with an advance distance of
65 m, which indicates the occurrence of the first periodic
weighting; as a result, the periodic weighting distance is 15 m.

Therefore, it is concluded that the coal body within a range
of 3 m in the front of the coal face is basically loaded in two
dimensions. The horizontal principal stress oy, is greater than
the vertical principal stress o,,, followed by the principal
stress oy if the range extends to 8 m. In addition, the behavior
of the floor is intense in a large-cutting-height mining face
with a deep-buried seam; as a result, a serious degree of coal
face spalling usually occurs in the initial weighting and peri-
odic weighting.

Ruptured

zone

Fig. 8 Plastic damage zone of coal face
Main controlling factors of coal face spalling
Mechanical model

In terms of the structures of the overlying strata in the stope,
two types were formed—"solid coal-collapse gangue” when
the entire roof rock is supported by the support system, and
“coal face-support-caving waste rock” when the upper roof
rock adjacent to the coal seam is supported by the support
system—in the advance direction after the excavation of coal
mass in the working face. Therefore, the coal face and support
system mainly absorb the roof pressure if the immediate and
main roof are unstable. Figure 9(a) illustrates the mechanical
model with a “coal face-support-roof™ to investigate the stabil-
ity of the coal face, and a simplified type is shown in Fig. 9(b).
Assuming that the height of sliding coal M, reaches the max-
imum value M, which is the mining height of the working face,
the shear force S and normal force N of the sliding surface, the
shear force 7" on the failure face can be shown as follows.

S = [(0-P+ G)cosf + (f~0y)sinf] (1)
N = [(Q-P+ G)sind + (f~0y)cosf] @)
T = [(Q—P + G)sinf + (f—0Q,)cosf]tanp + cMsecs  (3)

where Q is the pressure of overlying strata; P is the support
system working resistance; G is the gravity of the sliding
body; f'is the friction between the coal body and immediate
roof; Qp is the force acting on the coal face caused by the
support plate; 3 and  are the failure angle and internal friction
angle of the coal body, respectively; c is cohesive force; and M
is the mining height.

Combined with Egs. (1)—(3), the stability coefficient K of
the coal face can be defined as follows.
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Fig. 9 Mechanical model: (a) (a)
coal face-support-roof, (b) simple
model
Y
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T Secondly, the coal face and support system jointly bear the
K= K pressure of the overlying strata. Therefore, the pressure of the

_ [(O=P + G)sinf + (f—Qy)cosSB|tany + cMsec[3 @)
B [(O—P + G)cosf + (f—Q,)sinf3]

Clearly, many factors together determine the stability coef-
ficient according to Eq. (4). Firstly, as the value of roof pres-
sure Q increases, the likelihood of coal face instability in-
creases as well. The former is related to mining height and
mining depth, which affect the value of horizontal stress.
Therefore, it can be said that the stability of the coal face is
directly dependent on the mining height and horizontal stress
in the working face.

@ Springer

coal face bore and the friction between the coal body and
immediate roof are minimal if a good support system can fully
be mobilized to increase the stability of the coal face.

Thirdly, the cohesion and internal friction angle of the coal
mass also play a vital role in the stability of the coal face. The
weak strength of the coal mass is prone to cause coal face
failure easily. Therefore, a large-cutting-height working face
with a deep-buried seam is likely to cause coal face spalling
due to the low strength of coal and rock mass in a deep coal
mining face.

mmary, horizontal stress, mining height, support system
working resistance and coal strength act on the stability of
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Table 2  Joint mechanical parameters of coal and rock mass
Rock Jkn Jks Jfri Jcoh Jten
(MPa) (MPa) ©) (MPa) (MPa)

Coarse sandstone 6368 5840 25 3.12 2.08
Medium sandstone 5500 5960 22 2.38 1.56
Siltstone 4540 4800 19 1.85 0.86
Fine sandstone 3600 4380 18 1.27 0.75
Mudstone 2550 2240 17 0.86 0.22
Coal seam 2350 2320 15 0.45 0.04

the coal face together. However, it is difficult to analyze the
main controlling factors using only theoretical methods.
Therefore, in order to develop specific control measures for
resolving coal face failure, it is necessary to perform numeri-
cal simulation to investigate the relative importance of these
factors.

Analysis of the main factors affecting the stability
of a coal mining face

Taking panel 1303 as engineering background, the two-
dimensional Universal Distinct Element Code (UDECzD)
software program was used to investigate the influence of
cutting height, horizontal stress, support working resis-
tance, and the cohesion and internal friction angle of a
coal mass on the stability of the coal mining face.
Figure 10 presents the basic numerical model. The me-
chanical parameters of the coal and rock mass are shown
in Table 1 as well. Following the work of some scholars
(Cai et al. 2013), in combination with the laboratory test-
ing results, the joint physical and mechanical parameters
of the coal and rock mass are shown in Table 2.

Fig. 10 Numerical simulation
model
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Mining depth

The mining depth was simulated in the numerical model by
changing the vertical loading and lateral pressure.
Specifically, a vertical loading coefficient of 20, 15, 10 and
5 MPa and a lateral pressure coefficient of 1.6, 1.2, 0.8 and 0.4
were adopted to simulate different mining depths of 800, 600,
400 and 200 m, respectively.

As shown in Figs. 11 and 15(a), which illustrate the influ-
ence of mining depth on the failure characteristics of a coal
mining face, the maximum failure depth and failure zone of
the coal mining face is 0.5 m and 1.2 m?, respectively, if the
mining depth is 200 m. An increase from 0.8 m to 1.1 m
followed by 1.5 m, and from 2.3 m? to 3.6 m* followed by
5.6 m?, are revealed in terms of the maximum failure depth
and failure zone, respectively. Therefore, it is concluded that
the failure depth and failure zone increase significantly with
increased mining depth. However, the shear failure in the top
part of the coal mining face occurs mainly at a shallow burial
depth, while the occurrence of coal face spalling with the
entire height of the coal mining face combined with tensile
and shear failure can be demonstrated with a continuous in-
crease in mining depth.

Mining height

Four different mining heights were utilized in numerical sim-
ulation, and the results with an advance distance of 50 m are
shown in Fig. 12. The maximum failure depth and failure zone
increase from 0.7 m to 1.0 m, 1.5 m and finally to 1.7 m, and
from 1.5 m? to 3.4 m?, 5.6m” and finally to 7.4 m?, respec-
tively, with the increase in mining height from 3 m to 4 m,
5 m, and finally to 6 m, as shown in Fig. 15(b). Clearly, the
failure depth and failure zone area of the coal mining face
increase marginally with an increase in mining height, and

Fine sandstone

Mudstone

Coal

= Medum sandstone
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Fig. 11 Failure features of the
coal mining face with mining
depths of (a) 200 m, (b) 400 m, (c)
600 m, (d) 800 m
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all four mining heights cause failure of the whole height of the
coal face. Meanwhile, the adjustable range of mining height is
also limited in a specific mining face. Therefore, the mining
height plays a minor role in coal face spalling; as a result,
reducing the mining height does not fundamentally change
the degree of failure of the coal mining face.

Cohesion of the coal mass

Figure 13 illustrates the failure features of the coal face with
different values of coal body cohesion. The sliding surface is
marked by the red line, which reveals that the maximum fail-
ure depth and failure zone area decreased from 2.1 mto 1.5 m,
and from 8.3 m? to 5.6 m>, respectively, if the cohesion of coal
mass increased from 0.5 MPa to 1 MPa. There was almost no
apparent failure in the working face with the cohesion increas-
ing to 3 MPa, as shown in Fig. 15(c). Therefore, the weak
strength of a coal body in deep mining can also be regarded
as the main reason for coal face spalling. The stability of the
coal face can be significantly improved and controlled with an
increase in coal mass cohesion.

Support strength

In terms of a support system, the support strength can also
affect the stability of a coal face to some degree, as shown in

@ Springer
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Fig. 14. The maximum failure depth and failure zone are 1.5 m
and 5.6 m?, respectively, without support strength. If the sup-
port strength increases from 1.0 MPa to 1.25 MPa, and finally
to 1.5 MPa, the corresponding maximum failure depth and
failure zone decrease from 1.3 m to 1.1 m, and finally to
0.8 m, and from 4.5 m? to 2.8 mz, and finally to 2.3 m2,
respectively, as shown in Fig. 15(d). It is concluded that the
degree of failure of a coal face can be reduced with an increase
in support strength, and its rate decreases. Therefore, the role
of increasing support strength to improve the stability of a coal
face is also fundamentally limited.

For demonstrating the main factors affecting the failure
depth and failure zone area of a coal mining face in detail,
the normalization method was adopted to deal with different
factors in the range of 0 to 1 using Eq. (5), as shown in Fig. 16.

* X" Xmin

X =— (5)

Xmax " Xmin

where x" and x are the normalization value and reality value of
different main factor parameters, respectively. X and Xpax
are the minimum and maximum values of each factor param-
eter, respectively.

As shown in Fig. 16(a), cohesion (C) mainly contributes to
the increase in the degree of failure depth (FD). The mining
depth (MD) and mining height (MH) exhibit a similar trend to
restrict the occurrence of coal face spalling, while the weakest
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Fig. 12 Failure features of the coal mining face with mining heights of (a) 3 m, (b) 4 m, (¢) 5 m, (d) 6 m

impact factor on the failure depth of a coal mining face is
illustrated by the support strength (SS). However, in terms
of failure area (FA), with the most predominant and weakest
factors unchanged, the influence of mining height on failure
area is greater than that of mining depth. Thus it can be con-
cluded that the four main factors influencing coal face stability
can be ranked as follows: cohesion (S)>mining height
(MH) > mining depth (MD) > support strength (SS).

Stability control technology for a coal face

Based on the results of numerical simulation, it can be con-
cluded that the strength of a coal body, mining height and
mining depth are of great importance to the stability of a coal
face, while support strength has limited influence. Therefore,
targeted measures can be proposed and implemented for con-
trolling coal face spalling in a large-cutting-height mining face
with a deep-buried seam. In general, a zone with no serious
failure in a coal face adopts general control measures as
follows:

1) Firstly, it is necessary to determine the reasonable mining
height and the length of the working face as well as

2)

3)

advance speed. Obviously, the potential for coal face fail-
ure is positively correlated with mining height influencing
the action range of abutment pressure and the length of
the working face influencing roof pressure, while increas-
ing advance speed can reduce the action time of roof
pressure on the coal face to further improve the stability
of'the coal face. On the other hand, mining height and the
length of the working face are crucial parameters to guar-
antee the production capacity of a coal mining face.
Therefore, the selected values of mining height, the length
of the working face, and advance speed need to be bal-
anced for both safety and production capacity.

Secondly, improving the initial support strength can be
effective in maintaining the stability of a coal face be-
cause the strength of a coal face bore decreases.
Moreover, the mobilization of a support plate can change
the stress state of a coal body from two dimensions to
three dimensions, further increasing the strength of a coal
body. Therefore, the effective control of coal face spalling
and the sliding zone in a coal face can be realized by
taking full advantage of support plates.

Thirdly, injecting water into a coal seam to improve the
cohesion of a coal body increases the strength of a coal
mass and also enhances the stability of the coal face

@ Springer
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Fig. 13 Failure features of a coal
mining face with cohesion values
of (a) 0.5 MPa, (b) 1 MPa, (c)
1.5 MPa, (d) 3 MPa
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Fig. 14 Failure features of a coal
mining face with support strength
of (a) 0 MPa, (b) 1.0 MPa, (c)
1.25 MPa, (d) 1.5 MPa
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Fig. 15 Main factors affecting the failure depth and failure zone area of a coal mining face: (a) mining depth, (b) mining height, (c) cohesion, (d) support

strength

because the bearing capacity of a coal face depends on the
strength of the coal mass, and leads to different forms of
failure, such as tensile failure or shear failure.

In terms of some specific engineering geology condi-
tions, such as a large-cutting-height and deep-buried min-
ing face with the failure characteristics of asymptotic, pe-
riodic and larger deformation, the general control measures
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Fig. 16 Normalization of main factors affecting the stability of a coal
mining face

like those mentioned above are not sufficient to maintain
the stability of a coal face. Therefore, the technology using
“manila + grouting” reinforcement into a coal mass is pro-
posed to control the serious area in a coal face and roof
caving, as shown in Fig. 17. The principle for proposing
the “manila + grouting” reinforcement technology is that
the slurry of flexible reinforcement can densely fill the coal
body in plastic and fracture zones to improve the integrity
of the coal face; it also restores the coal body to an approx-
imately elastic state. Thus the principal factor of cohesion
can be significantly increased by adopting this technology,
and it can be effective and efficient for resisting the passive
effect of plastic deformation.

1) Aroofbolter with a 42-mm bit diameter is used to drill the
length and angle in a vertical direction to 5 m and 10°—
15°, respectively, at a position 3 m from the floor. The
horizontal distance and offset between two holes are 5 m
and 10°-15°, respectively.

2) The tensile strength and elongation of manila adopted
with the diameter of 12 mm are 3—8 MPa and 12-15%,
respectively, and the grouting pressure is in the range of
3-8 MPa. The grouting pipe is made of plastic material
with a diameter of 20 mm. Figure 17(b) represents the
arrangement of manila and grouting pipe in the form of
a tangent circle.
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Fig. 17 The site operation of
“manila + grouting”
reinforcement technology: (a)

drilling arrangement, (b) the
connection arrangement between
manila and grouting pipe
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Compared with only the general measures adopted, coal
face stability improved significantly by applying “manila +
grouting” reinforcement into the coal body in panel 1303,
with the maximum failure depth and failure zone greatly re-
duced. Furthermore, the potential for coal face spalling and
the failure degree of a coal face are reduced by 70-80%, and
grouting costs are reduced by save 30-40%.

Conclusions and future work

Based on the engineering background of panel 1303, this pa-
per presents the failure mechanism and stability control mea-
sures of a large-cutting-height coal mining face with a deep-
buried seam combined with laboratory experiments, theoreti-
cal calculation, numerical simulation and field application.
The following conclusions can be drawn from the present
study.

The stress environment of a coal face plays a vital role in
coal face spalling because it is caused by the cyclic normal
stress as well as the continuous unloading of confining pres-
sure in the process of excavation. Especially before the period
of initial weighting, the strength of a coal mass gradually
decreases due to the stress state of the coal face changing from
three dimensions to two dimensions, or even one dimension,
causing the instability of the coal face. In terms of panel 1303,
two-dimensional loading can be revealed in front of the coal
face within 3 m. Moreover, the principal horizontal stress o,
is greater than the principal vertical stress o, followed by o
in the front of a coal face within 8 m.

The strength of a coal mass, mining height and mining
depth can be regarded as the main factors influencing the
stability of a coal face in a large-cutting-height working face
with a deep-buried seam compared with support strength.

@ Springer

Compared with conventional control measures for coal
face spalling with no obvious effects, the failure degree of a
coal face is reduced 70-80%, and grouting costs are reduced
by 30-40% with the use of the ‘manila + grouting’ reinforce-
ment into the coal face. Therefore, it can be concluded that this
technical innovation exerts an apparent inhibitory effect on the
occurrence of coal face spalling.

However, it should also be noted that these conclusions are
focused on the failure mechanism and stability control mea-
sures of a large-cutting-height coal mining face using engi-
neering knowledge obtained from panel 1303. Therefore, pos-
sible effects may be caused by other mechanical inputs that
should be analyzed in further studies.
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