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Abstract. Rib spalling is a major issue affecting the safety of steeply inclined coal seam. And the failure coal face and support
system can be affected with each other to generate a vicious cycle along with inducing large-scale collapse of surrounding rock
in steeply inclined coal seam. In order to analyze failure mechanism and propose the corresponding prominent control measures
of steeply inclined coal working face, mechanical model based on coal face-support-roof system and mechanical model of coal
face failure was established to reveal the disaster mechanism of rib spalling and the sensitive analysis of related factors was
performed. Furthermore, taking 3402 working face of Chen-man-zhuang coal mine as engineering background, numerical
model by using FLAC3D was built to illustrate the propagation of displacement and stress fields in steeply inclined coal seam
and verify the theory analysis as mentioned in this study. The results show that the coal face slide body in steeply inclined
working face can be observed as the failure height of upper layer smaller than that of lower layer exhibiting with an irregular
quadrilateral pyramid shape. Moreover, the cracks were originated from the upper layer of sliding body and gradually developed
to the lower layer causing the final rib spalling. The influence factors on the stability of coal face can be ranked as overlying
strata pressure (P) > mechanical parameters of coal body (e.g., cohesion (c), internal fraction angle (¢)) > support strength (F) >
the support force of protecting piece (F’) > the false angle of working face (©). Moreover, the corresponding control measures to
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maintain the stability of the coal face in the steeply inclined working face were proposed.
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1. Introduction

At present, numerous coal mines gradually extend to
exploit steeply inclined coal seams due to the special
occurrence in many western areas of China, such as
Huainan, Xinjiang, Chongqing, Guizhou, Ningxia, Gansu,
where have become the major mining producing areas.
Meanwhile, 17% of the key state-owned coal mines in
China have been performing the mining of steeply inclined
coal seams. Of course, foreign coal mines will also face
steeply inclined coal seam mining in the future, such as
India, Poland and so on (Jawed et al. 2018, Zorychta et al.
2008, Cheng et al. 2018, Liu ef al. 2018, Liu et al. 2019,
Zhang et al. 2019, Zhao et al. 2020, Zhao et al. 2021).
Therefore, researching on mining steeply inclined coal seam
can be listed on a high priority to maintain the sustainable
development of coal industry. Obviously, compared with
mining horizontal coal seams, the great significant
difference of mining steeply inclined coal seams can be
demonstrated in the fields of mining method, overlying
strata structures, mine pressure and displacement rules,
stability control of supports (Ma et al. 2011, Hu et al. 2018,
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Lou et al. 2021). Especially, the surrounding rock control in
steeply inclined coal seam was emphasized through the
structure of the overlying strata along the inclination, which
was also the main base of stope support design (Liu ef al.
2015, Chris et al. 2019, Cheng et al. 2019a, b, Lv et al.
2019, Liu et al. 2020).

The coal seam dip angle influenced the stability of coal
mining face as well as caused the ability of support cannot
be mobilized (Yao et al. 2017, Alejano et al. 1999, Asadi et
al. 2004, Mandal et al. 2016, Cheng et al. 2020). Many
scholars have paid more attention on investigating the
problems of surrounding rock control, the failure
mechanism of rib spalling, the failure shape and type of
coal body in steeply inclined coal seam through
comprehensive research methods (spatial stress analysis,
shearing slip model, physical simulation, field
measurement). Meng (2013) proposed the concepts of
stress-control and structure-control instability mechanism of
steeply inclined larger mining height working face through
investigation and statistics, theoretical analysis and
numerical simulation methods. Tu et al (2015)
comprehensively introduced the main difficulties of fully
mechanized mining technology in coal seam with steeply
inclined, such as surrounding rock and equipment stability
control. Wu et al. (2016) proposed the main failure mode of
steeply inclined coal working face was shear-slip interface
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mainly occurring in the middle and upper part of working
face with irregular quadrilateral pyramid of failure coal
shape. Meanwhile, the rib spilling caused overlying strata
caving followed by support tilting and floor sliding. Wang
(2016) performed a study on the support stability of thick
coal seam with steeply inclined, analyzed the unstable mode
of the support and the equilibrium state of the street, and
clarified the influence of the supporting force on the
stability of the support, as well as the influence of the roof’s
failure movement on critical supporting force of the
support. Li et al. (2017) studied the roof structure and
support stability of longwall top coal caving face in steeply
inclined coal seams by means of physical simulation and
theoretical analysis, indicating that the roof is easily formed
into a three-hinged arch structure above the coal seam with
steeply inclined. With the growth in the dip angle, the
sinking of the arched foot formed above is significantly
reduced, which reduces the possibility that the roof
structure becomes unstable due to large deformation. Liu
(2017) described the rules of overlying strata collapse and
stress distribution in steeply inclined larger mining height
working face. Through theory analysis and numerical
simulation, Yun et al. (2018) revealed the failure
mechanism of rib spalling with special geological condition
(e.g., false inclined arrangement working face). Wang et al.
(2018) analyzed the influence of mining thickness on the
stability of steeply inclined working face and determined
the relative critical instability conditions based on the
mechanical model of coal face. Zhang (2019) concluded
that the characteristics of alternating evolution, slippage and
rotary can be observed in steeply inclined coal working
face. The serious rib spalling was occurred under the
various factors (e.g., mining height, false angle and repeat
dynamic load). Das et al. (2017) evaluated and analyzed the
stability of coal mining surrounding rock based on the
inclination angle of coal seams, and studied various
parameters through numerical simulation.

It can be seen that there were various studies to reveal
the influence of mining height, false angle, overlying strata
self-weigh, mechanical parameters of coal body and repeat
dynamic load on the failure mechanical of rib spalling. And
based on these main factors, the corresponding control
measurements were also proposed. However, there are limit
references to consider the asymmetry rib spalling shape in
steeply inclined coal working face and take coal face-
support-roof as a whole system, which includes the support
force of protecting piece to coal face.

Therefore, in this study, the mechanical model based on
the system of coal face-support-roof is established to
analyze the failure mechanism of rib spalling in steeply
inclined coal seam. Moreover, sensitive analysis is also
performed to obtain the prominent influence factors on rib
spalling. Meanwhile, taking 3402 working face of Chen-
man-zhuang coal mine as engineering background, the
proposed failure mechanism is further verified through
numerical simulation.

2. Failure mechanism of rib spalling

In general, with the advance of working face, the stress

redistribute of surrounding rock can be observed along with
the occurrence of initial and periodic weightings, and the
suspend of main roof was applied on the coal body in the
front of the working face and the gangue in the goaf,
respectively (Jaszczuk et al 2017). Meanwhile, the
overlying load of immediate roof can be directly borne by
the coal body and support (Kong et al. 2019, Xia et al.
2019, Tien et al. 2020, Wang et al. 2020a). However, in
terms of steeply inclined coal seam, the overlying strata can
be observed asymmetric characteristic in dip direction
seeming like shell structure due to the gangue falling from
the upper part of working face sliding to the lower part
(Wang et al. 2020b, Tu et al. 2017). Therefore, it causes a
large hanging area of the upper roof along with the
occurrence of rib spalling in middle and upper part of
working face. For this zone, a mechanical model with coal
face-support-roof system is established to obtain the criteria
of rib spalling in steeply inclined coal working face.
Meanwhile, the prominent factors influencing on the
instability of coal face in steeply inclined coal seam are
obtained through sensitive analysis.

2.1 Mechanical model of coal face-support-roof
system

Fig. 1 illustrates the mechanical model of coal face-
support-roof system. As mentioned before, in the middle
and upper part of working face, the stresses of immediate
roof, the main roof and overlying strata directly applying on
the support and coal body in the front of working face can
be expressed as follows

G,cosa+qLB=2f + P,

IEPI+Lf +HT =%(qLB+Glc05a)

(1
f=uT

G, =yHLB

where G| is the self-weight of the main roof, P; is the overly
strata acting on immediate roof, y; is the unit weight of the
main roof, H is the thickness of the main roof, L is the
periodic weighting interval of the main roof, B is the center
distance of the support, ¢ is the load intensity of the
overlying strata, f'is the friction of broken rock blocks, x is
the friction coefficient, T is the horizontal stress of broken
rock blocks, a is the dip angle of coal seam, / is the hanging
length of the immediate roof.

According to Eq. (1), the overly strata pressure acting on
the immediate roof can be obtained as Eq. (2).

_ HLB(y,H cosa +q) + 1qLB(L -1)
B H+ u(L-1)

R 2)

Therefore, the total bearing resistance of support () and
coal body (P) consists of two parts with the gravity of
immediate roof and overlying strata acting on immediate
roof can be illustrated as shown in Eq. (3).

{PI+GZCOSa=P+F

G, = 7,hiB ®
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Fig. 1 Mechanical model of coal face-support-roof system
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Fig. 2 Mechanical model of coal face failure

where G is the self-weight of the immediate roof; y; is the
unit weight of immediate roof, % is the thickness of
immediate roof. Combined with Egs. (2) and (3), the total
overlying strata acting on coal body in the working face can
be derived as Eq. (4).

P=PB +G,cosa—-F (4)

Obviously, with the increase of support resistance, the
overlying strata pressure acting on coal face decreases,
which contributes on the stability of working face.

2.2 Mechanical model of coal face failure

Based on the previous study of coal face failure and the
theory and research of rock shear strength (Ren et al. 2008;
Barton et al. 1978, Sheorey 1997, Ran et al. 1994), the
mechanical model of coal face can be established as shown
in Fig. 2 to obtain the shear slip failure criterion of rib
spalling.

In terms of the false arrangement working face in
steeply inclined coal seam, two mainly factors of the
overlying strata pressure on coal face (P) and the self-
weight of coal body (G) contribute on the failure and sliding
of coal face with the formation of two weak planes (abc and
ade as shown in Fig. 2). Therefore, an irregular
quadrilateral pyramid sliding body (abcde) can be created
due to the damage of two weak planes along a certain
direction and height when the external force is greater than
the failure strength of coal face. Under this condition, the
sliding body failure planes of abc and ade are defined as
upper layer and lower layer, respectively.

As shown in Fig. 2, the relationship of false dip angle of
working face () with the dip angle of coal seam («) and the
oblique angle of working face (#) can be expressed as
follows

S =arcsin(sin a cos®) ®)

Based on the mechanical model of coal face-support-
roof system, the protecting piece of support still has a
certain horizontal force F’ on the coal face, which is
decomposed into F’cosf along the vertical direction of the
coal face. Therefore, the maximum normal stress on the
shear plane of abc and ade can be expressed as o1 and oo,
respectively.

o, =Psind + F'cosec055+Gcos(%—6) 6)

o, =Psino + F'cos@cos s +Gceos fsin o @)

o=nld—pl2 (8)

where 0 is the angle between shear slip plane and coal face,
@ is the internal friction angle of coal body.

According to Mohr-coulomb theory, the corresponding
shear resistance of two shear slip planes can be expressed as
71 and 72, respectively.

7, =0, tan p+ch seco )

7, =0, tan ¢ +ch,seco (10)

where ¢ is the cohesion of coal body, 41 and 4, are the
failure height of coal face on the weak plane abc and ade,
respectively.

Combined with Eqgs. (6) and (7), the shear resistance of
shear slip plane can be expressed as follows

7 :[Psinfﬂ F‘cochosé+Gcos(§—5)}tan p+chsecs (11)

7, =(Psin&+ F'cos9cos 5 +Gcos AinS)tan p+ch,secs  (12)

Therefore, the slide force of each shear slip plane is
calculated as S; and S, respectively.
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Fig. 3 Sensitive analysis of influencing factors

S, = Pcoss — F'cosfsin 5+Gsin(%—5) (13)
S, =Pcosd — F'cos@sin 6 + Gcos Scoso (14)

2.3 Sensitive analysis of the stability of coal face

The occurrence of rib spalling depends on whether the
slide force of shear slip plane (S) is larger than that of shear
resistance (z). Therefore, the stability coefficient K can be
defined as the ratio of 7 to S. in terms of two shear slip
planes, both stability coefficients are less than 1 causing rib
spalling formed with an irregular quadrilateral pyramid
sliding body. If either the stability coefficient K; or K> is
less than 1, the corresponding shear slip plane can be

observed the occurrence of fractures with a slight rib
spalling. Combined with Egs. (11)-(14), the stability
coefficient expressions of coal face (K; and K3) are as
follows

[(P+G)tan & + F'cos@]tan ¢+ ch, sec* 5
P+G—-F'cosftan o

[(P+Gcos B)tans + F'cos f]tan ¢ +ch, sec® &
P+Gcosf—F'cos@tan &

K, =
(15)

K, =

It can be seen that the influence factors on the stability
of coal face are overlying strata stress acting on coal face,
cohesion and internal friction angle of coal body, support
working resistance, the support force of protecting piece,
and the false angle of working face. Actual data of coal face
at working face P = 2.1 MPa, ¢ = 1 MPa, ¢=20°, F = 0.75
MPa, 8 = 10°. Under the premise of keeping other
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parameters unchanged, different values of the above
parameters are taken to study the influence of each
parameter on the stability coefficient. Sensitive analysis
about these factors is performed as shown in Fig. 3.

(1) As shown in Fig. 3(a), with the increase of overlying
strata stress acting on the coal face (P), the stability
coefficient (K) of coal face decreases causing the easier
occurrence of rib spalling. When the overlying strata stress
at the coal face increases to about 1.8 MPa, there are K> 1,
K> = 1, then the coal face is in a critical state to cause the
occurrence of fracture; When the overlying strata stress at
the coal face is between 1.8 MPa and 2.3 MPa, there are
K> 1, K><1, the coal face fractures can be observed from
ade surface; When the overlying strata stress at the coal
face reaches 2.3 MPa or more, there are K; <1, K, <1, the
coal face will undergo shear slip failure along the weak
surfaces of the abc and ade joints, and then form a rib
spalling.

(2) As shown in Fig. 3 (b), with the increase of cohesion
(c) in coal, the stability of coal face is better. In the above
figures, under the same conditions, With the increase of
cohesion in coal seam, the stability coefficient (K) of coal
face increases. When the coal seam cohesion is less than
0.95 MPa, there are K; <1, K> <1, then the coal face is
prone to spalling; When the coal seam cohesion is between
0.95 MPa and 1.26 MPa, there are K;> 1, K» <I, then the
coal face fractures can be observed from the ade surface;
When the coal seam cohesion is 1.26 MPa, there are K> 1,
K, =1, the coal face is in a stable critical state.

(3) As shown in Fig. 3 (c), with the increase of internal
friction angle (¢) of coal body, the stability coefficient (K)
of the coal face increases to improve the stability
performance of coal face and avoid the potential occurrence
of rib spalling. When the friction angle in the coal seam is
less than 17 °, there are K; <1, K, <I1, then the coal face is
prone to spalling; When the friction angle in the coal seam
is between 17 © and 31 °, there are K;> 1, K, <1, then the
coal face fractures can be observed from the ade surface;
When the friction angle in the coal seam is 31°, there are
K> 1, K> = 1, then the coal face is in a stable critical state.

(4) As shown in Fig. 3(d), with the increase of support
strength (F), the stability coefficient (K) of coal face
increases along with the low possible occurrence of rib
spalling. When the supporting strength is less than 0.62
MPa, there are K; < 1, K»< 1, then the coal face is prone to
spalling; When the support strength is between 0.62 MPa
and 1.2 MPa, there are K; > 1, K, <1, then the coal face
fractures can be observed from the ade surface; When the
supporting strength is 1.2 MPa, there are K;> 1, K= 1, the
coal face is in a stable critical state.

(5) As shown in Fig. 3(e), the support force of protecting
piece has limit effect on the stability of coal face with the
increase of F. In the picture, there are K> 1, K, <1, the
coal face fractures can be observed from the ade surface,
and there will be no large-scale rib spalling.

(6) As shown in Fig. 3 (f), with the false angle (6) of
working face increases, the stability coefficient of the coal
seam is almost unchanged, but slightly decreased, and the
stability of the coal face becomes worse. In the picture,
there are K> 1, K, <1, the coal face fractures can be
observed from the ade surface, the coal face is subjected to

gravity, and the gravity component points to the direction of
the goaf. Therefore, the greater the false angle, the greater
the possibility of spalling occurrence on the coal face.

Based on the above analysis, the overlying strata
pressure has the prominent role on the stability of coal face.
With the increase of overlying strata pressure, the condition
of coal face becomes worse. Subsequently, with the increase
of the mechanical parameters of coal body (e.g., cohesion,
internal fraction angle), the stability of coal face can also be
of great significant improvement. Similarly, the borne
pressure of coal face decrease with providing enough
support strength to undertake the overlying strata pressure.
Thus, the potential occurrence of rib spalling can also
decrease. However, the stability of coal face can be hardly
maintained only with the increase of the support force of
protecting piece. The pseudo-inclined layout of the working
face, although the false angle has little effect on the stability
of the coal face, but the larger the false angle, the greater
the possibility of rib spalling due to the gravity component
of the coal face. In total, the influence factors on the
stability of coal face can be ranked as overlying strata
pressure (P) > mechanical parameters of coal body (e.g.,
cohesion (c), internal fraction angle (¢)) > support strength
(F) > the support force of protecting piece (F’) > the false
angle of working face (6). It should be noted that K is
always larger than K, with the same geotechnical condition,
which indicates the weak surface ade more likely to be
failure than weak surface abc. Therefore, the initial cracks
are generated from the upper part of sliding body to the
lower part of sliding body and finally causing the
occurrence of rib spalling.

2.4 Stability control measurements of coal face in
steeply dipping coal seam

According to the failure mechanism of coal face in the
coal face-support-roof system and the influencing factors
affecting the stability of coal face, the following control
measures in steeply inclined coal seam are proposed.

(1) Increasing the initial working resistance of support
properly. Based on the mechanical model of coal face-
support-roof system, the overlying strata pressure acting on
coal face can decrease if support can undertake large partial
overlying strata pressure. Therefore, ensuring the support
has sufficient strength and fully attaches to the roof
contributing to the stability of coal face.

(2) Increasing the support force of protecting piece on
coal face. Normally, the steeply inclined working face
adopts false layout with a certain false angle causing
support protecting piece cannot sufficient contact with coal
face. Therefore, it is necessary to design anisotropic
(parallelogram) support or adjust the angle of support
protect piece to ensure fully contacting with coal face.
Meanwhile, the appropriate increase of the area of support
protecting piece can also contribute to the better
performance of coal face in steeply inclined coal seam.

(3) Reasonable determination of false inclined angle.
The coal face stability coefficient K is inversely
proportional to false Angle. Therefore, it is necessary to
reduce the false angle of working face for avoiding the
occurrence of rib spalling.
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(d) Support No. 64

Fig. 4 Rib spalling in 3402 working face

Table 1 Physical and mechanical parameters of coal and rock formations

Rock strata U/raé ;\;fril}g)ht Elasti/cGr;l;)dulus Bulk/glg);iulus Shea; érll)c;dulus Cohesion /MPa F rictic;il angle ;{:;f;lti Thickness (m)
(MPa)

Medium sandstone 2680 39 20.31 10.83 3 37 3.17 20
Mudstone 2800 28 15.56 11.67 1 30 1.79 4
Sﬁiﬁ;ﬁ‘e 2680 40 20.83 16.95 33 37 40 6
Siltstone 2690 22 13.1 9.02 1.26 33 1.47 5
Mudstone 2800 28 15.56 11.67 1 30 1.79 2

Coal 1800 10 8.33 3.85 0.5 20 1.00 3
Mudstone 2800 28 16.09 11.57 1.1 29 1.80 2
Fine sandstone 2700 26 14.44 10.83 2.5 37 1.9 8

(4) Increasing the mechanical parameters of coal body
(e.g., cohesion and internal friction angle). In the failure
zones of working face, the cementing agent can be properly
filled in coal fractures through high pressure to increase the
mechanical parameters of coal body. Furthermore, the shear
resistance and stability of coal body can be enhanced.

3. Numerical simulation
3.1 Engineering background

Taking Chen-man-zhuang coal mine as engineering
background, the thickness and average mining height of 3*
coal seam are 0.7~4.6 m and 3 m respectively, with soft
coal body and plenty of cracks. Moreover, the lithology of
immediate roof is mudstone with low strength and
developed joints, while the main roof is siltstone with an
average thickness of 5.2 m and high compressive strength
(80-110 MPa). In terms of 3402 working face arranged in 3*
coal seam, the length, false slanting angle and total
advancing distance are 80 m, 10° and 884.8m, respectively.
In the mining process, 3402 working face was difficult to be
controlled with the occurrence of rib spalling in the middle
and upper parts, especially in the zones of supports 8#~24%

32#~35" 50"~53" and 60*~65" as shown in Fig. 4. It can be
observed the failure characteristics of coal face presenting
large height, wide range and irregular tetrahedron in most of
sliding blocks caused as a result of large overlying strata
pressure, low mechanical properties of coal body and
insufficient support strength, which seriously affects the
normal progress of working face and threatens the safety of
equipment and even staff. Table 1 summarizes the related
input physical and mechanical parameters of 3402 working
face in simulation model.

3.2 Numerical model

The stability of coal face-support-roof system mainly
depends on the organic interaction of each part. However,
the overlying strata pressure is difficult to be controlled
under a specific working face. Therefore, as mentioned
above, numerical model, which is length 160 m, width 210
m and 240 m with totally units and nodes of 192900 and
230303, respectively, was established to explore
the  influence of the properties of coal body and support
strength on the stability of coal face-support-roof system
based on Mohr-Coulomb constitutive model as shown in
Fig. 5. And the physical and mechanical parameters of each
layer are listed in Table 1. Meanwhile, the inclined length of
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Fig. 5 Numerical model

SZZ(MPa)

5.6726E-01

-2.5225E+00
-5.6122E+00
-8.7020E+00
-1.1792E+01
-1.4881E+01
-1.7971E+01
-2.1061E+01
-2.4151E+01
-2.7240E+01
-3.0330E+01
-3.3420E+01
-3.6510E+01
-3.9599E+01
-4.2689E+01

SZZ(MPa)

1.1599E+00
-2.2496E+00
-5.6591E+00
-9.0686E+00
-1.2478E+01
-1.5888E+01
-1.9297E+01
-2.2707E+01
-2.6116E+01
-2.9526E+01
-3.2935E+01
-3.6345E+01
-3.9754E+01
-4.3164E+01
-4.6573E+01

ZDISP(mm)

4.0929E+01
3.3224E+01
2.5520E+01
1.7815E+01
1.0111E+01
2.4063E+00
-5.2982E+00
-1.3003E+01
-2.0707E+01
-2.8412E+01
-3.6116E+01
-4.3821E+01
-5.1525E+01
-5.9230E+01
-6.6934E+01

ZDISP(mm)

3.9327E+01
3.1404E+01
2.3482E+01
1.5560E+01
7.6378E+00
-2.8444E-01
-8.2066E+00
-1.6129E+01
-2.4051E+01
-3.1973E+01
-3.9895E+01
-4.7818E+01
-5.5740E+01
-6.3662E+01
-7.1584E+01

(b) Support failure

Fig. 7 Displacement nephogram of surrounding rock

working face is 80 m with the protective coal pillars of 50
m. In terms of boundary conditions, top surface is applied
the equivalent stress of stratum load about 20 MPa, while

fixed displacement is applied on other surfaces. Without
considering tectonic stress, the horizontal stress is 1.5 times
of vertical stress.

3.3 Results and analysis

3.3.1 Support conditions

The influence of support conditions (effective support
and failure support) on the stability of coal face is explored
under a specific overlying strata load. And slicing the model
along the strike (upper part of working face) is performed to
obtain the stress and displacement nephograms under
different support conditions with the advancing distance of
100 m as shown in Figs. 6 and 7, respectively. It can be
observed that the vertical roof pressure of 0.75 MPa
(average support strength) is applied on in the range of 600
mm ~ 4590 mm (within support protecting range) behind
coal face.

Fig. 6 illustrates the maximum stress at coal face
reaching 42.69 MPa when the working face support is
effective, and the maximum pressure at the lower roof
above the support is about 8.70 MPa; When the working
face support failure, the maximum stress at the coal face up
to 46.57 MPa, the maximum pressure at the lower roof
above the support is about 9.07 MPa. According to the
vertical displacement distribution shown in Fig. 7, when the
working face support is effective, the maximum
displacement of the lower roof can reach 67 mm, and the
maximum displacement at the coal face is about 28 mm;
when the working face support failure, the maximum
displacement of the lower roof can reach 72 mm, the
maximum displacement at the coal face is about 32 mm.

It can be seen that after the support of the working face
failure, the stress at the lower roof above the support and
coal face will increase, and the stress at the coal face will
increase more, the corresponding vertical displacement of
the lower roof and coal face will also increase. This means
that when the support of the working face failure, the
stability of the roof and coal face will be reduced, and roof
structure instability and rib spalling are prone to occur,
which threatens the stability of the "coal face-support-roof"
system.

3.3.2 Different influence factors of coal face

Keeping effective support, the influence of coal mining
height (2 m, 3 m, 4 m and 5 m), coal body cohesion (0.5
MPa, 1 MPa, 1.5 MPa and 2 MPa) and coal seam
inclination (10 °, 20 °, 35 °© and 45 °) on the stability of coal
face is illustrated with working face advancing 100 m as
shown in Figs. 8-12.

(1) Mining height

Figs. 8 and 9 reveals the stress and displacement of
surrounding rock in steeply inclined coal seam with
different mining heights. It can be observed that the
maximum stress at coal face is 44.50 MPa, 42.69 MPa,
39.67 MPa and 37.95 MPa with mining height 2 m, 3 m, 4
m and 5 m, respectively, while the related maximum
pressure at lower roof above support is correspondingly
12.29 MPa, 870 MPa, 5.16 MPa and 4.95 MPa,
respectively. And the stress at upper roof decreases greatly
with the increase of mining height, while the peak stress
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Fig. 8 Stress nephogram of surrounding rock

point is constantly away from working face. Fig. 9
illustrates the maximum vertical displacement of
surrounding rock increases with the increase of mining
height. To be specific, the maximum displacement at coal
face is 19 mm, 28 mm, 38 mm and 40 mm, while the
corresponding maximum displacement at lower roof is 62
mm, 67 mm, 70 mm and 73 mm with mining height 2 m, 3
m, 4 m and 5 m, respectively. As a result, the first weight
distance increases with the increase of mining height to
form a large space in goaf zone.

The overlying strata load is jointly borne by support and
coal face. With the increase of mining height, the vertical
stress at lower roof applied on support sharply decrease
causing coal face bearing large pressure. It is accompanied
with the increase of vertical displacement at lower roof and
coal face. Therefore, in the mining process, the roof
structure and coal face are prone to failure and rib spalling,
respectively, which seriously affects the stability of the coal
face-support-roof system.

(2) Cohesion of coal body

With the increase of cohesion of coal body, Fig. 10
illustrates the maximum displacement of surrounding rock
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Fig. 9 Displacement nephogram of surrounding rock

in steeply inclined coal seam has a slight decrement. To be
specific, the maximum displacement at lower roof is 67
mm, 64 mm, 59 mm and 52 mm, while the corresponding
value at coal face is 28 mm, 20 mm, 17 mm and 15 mm
with cohesion 0.5 MPa, 1 MPa, 1.5 MPa and 2 MPa,
respectively. And the occurrence of rib spalling can be
easily observed with the large vertical displacement of coal
face and lower roof. Therefore, it can be regards as the
mechanical parameters of coal body directly affecting the
vertical displacement of surrounding rock and low strength
of coal body can accelerate the destruction of roof structure
causing the occurrence of rib spalling at coal face.

(3) Inclination angle of coal seam

Four conditions (10°, 20°, 35°, and 45°) are selected to
explore the influence of inclination angle of coal seam on
the stress and displacement distribution of surrounding
rock. Fig. 11 illustrates the maximum stress of surrounding
rock decreases with the increase of inclination angle of coal
seam. Specifically, the maximum stress at coal face is 48.02
MPa, 46.97 MPa, 44.46 MPa and 42.69 MPa, while the
maximum stress at lower roof'is 10.16 MPa, 9.90 MPa, 9.21
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Fig. 11 Stress nephogram of surrounding rock

MPa and 8.70 MPa with inclination angle of coal seam 10 °,
20°, 35°, and 45°, respectively. In term of vertical
displacement, the maximum value dramatically decreases
with the increase of inclination angle of coal seam as well.
At coal face, this value is 36 mm, 33 mm, 30 mm and 28
mm when inclination angle is 10°, 20°, 35° and 45°,
respectively. Correspondingly, the maximum vertical
displacement is 114 mm, 100 mm, 80 mm and 67 mm,
respectively.

Normally, a space shell stable structure of rock layer is
easier to be formed under a large inclination angle of coal
seam. And coal face and support bear small overlying strata
pressure with a stable roof shell structure. Therefore, rib
spalling is easily to be occurred with small inclination angle
of coal seam leading to high stress at coal face in the mining
process. On the other hand, with the continuously increase
of inclination angle of coal seam, it is damaged to the
related equipment (e.g., support) in working face.
Therefore, under the premise of ensuring the stability of the
support, the appropriate geotechnical condition of large
inclination angle of coal seam is favorable to keep the
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Fig. 12 Displacement nephogram of surrounding rock

safety of coal face-support-roof system.

Three influence factors of coal face (mining height,
cohesion and inclination angle) are considered to analyze
the stability of coal face-support-roof system. If the
condition of coal face is poor or even rib spalling is
occurred, it can accompany with the failure of support and
the instability of roof structure.

4. Conclusions

1) The mechanical model considering coal face-roof-
support system in steeply inclined coal seam is established
to obtain the overlying strata pressure. With the increase of
support working resistance, overlying roof pressure applied
on coal face can be reduced to improve the stability of coal
face. The influence factors on the stability of coal face can
be ranked as overlying strata pressure (P) > mechanical
parameters of coal body (e.g., cohesion (¢), internal fraction
angle (¢)) > support strength (F) > the support force of
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protecting piece (F”) > the false angle of working face (6O).

2) The stability coefficient of surface ade (K) is always
larger than the stability coefficient of surface abc (K>) with
the same geotechnical condition, which indicates the weak
surface ade more likely to be failure than weak surface abc.
Therefore, the initial cracks are generated from the upper
part of sliding body to the lower part of sliding body to
form irregular pyramid coal block and finally causing the
occurrence of rib spalling.

3) With the increase of mining height, the maximum
stress and vertical displacement significantly increase, and
the first weight distance increases as well to form a large
space in goaf zone, while the peak stress point is constantly
away from working face. On the other hand, the vertical
stress at lower roof applied on support sharply decrease
causing coal face bearing large pressure, which is prone to
occur rib spalling.

4) The maximum displacement of surrounding rock in
steeply inclined coal seam has a slight decrement with the
increase of cohesion of coal body, which is beneficial to
keep the stability of coal face-support-roof system.
Moreover, the maximum stress and vertical displacement
greatly decrease with the increase of inclination of coal
seam, a space shell stable structure of rock layer is easier to
be formed under a large inclination angle of coal seam
contributing to the stability of coal face-support-roof
system. However, with the continuously increase of
inclination angle of coal seam, it is damaged to support
stability
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