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Abstract
Rib spalling is one of the main factors restricting the safe and efficient production of the fully mechanized mining face in 
gangue-bearing coal seams, and the gangue has significant influence on the occurrence of rib spalling. In this study, the 
instability process and mechanical mechanism of rib spalling in gangue-bearing coal seams were studied, and the sensitiv-
ity of gangue parameters to rib spalling was analyzed. The simulation test of rib spalling under different gangue parameters 
was carried out by orthogonal tests. The width and depth of rib spalling were taken as evaluation indexes, and the influence 
of gangue parameters on the rib spalling was analyzed by variance analysis and significance tests. The results show that the 
failure process of rib spalling is characterized by the fracturing failure of the lower coal body, shear failure of the gangue layer, 
and the falling off of the upper coal body caused by the gravity; the gangue parameters (thickness, density, joint inclination, 
and internal friction angle) have an important influence on the sliding instability of the coal wall. In the sensitivity analysis, 
the influence of gangue parameters on the width of rib spalling is ordered as gangue density > joint inclination > gangue 
thickness > internal friction angle; the influence of gangue parameters on the depth of rib spalling is ordered as gangue den-
sity > joint inclination > internal friction angle > gangue thickness. Besides, the greater the gangue density, the less damage 
caused by stress concentration, and the lower the risk of rib spalling.

Keywords Gangue-bearing coal seams · Slip instability · Gangue parameters · Sensitivity analysis · Orthogonal tests · 
Variance analysis

Introduction

Thick coal seams are mainly extracted in the large coal bases 
of China, and thick coal seam mining is the main technical 
means to realize high-yield and efficient mining in China 
(Yu et al. 2015 and Song et al. 2015). With the gradual 
improvement of coal mining equipment and production 
management, the mining thickness of the working face also 
gradually increases, resulting in the change of stope stress 
and the difficulty in the stability control of coal walls. In 
this case, the accidents such as rib spalling and roof flaking 
are easily caused, which threatens the safety of personnel 
and equipment in the working face and seriously affects the 
production of coal mines (Tewari et al. 2018, Majdi et al. 
2012 and Shabanimashcool and Li 2012).

In recent years, researchers have conducted in-depth research 
on the causes, formation process, and prevention technology of 
rib spalling in coal mining face, and studied the characteristics, 
mechanism, and control measures of rib spalling. The formation 
mechanism and influencing factors of rib spalling are analyzed, 
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and relieving the roof pressure of coal walls is the most effective 
measure to prevent the failure of coal walls (Wang et al. 2015 and 
Liu et al. 2020, 2021). There is a great relationship between rib 
spalling and coal wall support strength, and obtained the relation-
ship expression between them (Ma et al. 2022a, b, c and Guo et al. 
2019). Stability of coal face are mainly affected by coal cutting 
height, support strength, coal friction, and so on (Kong et al. 2019a, 
b). A safety evaluation system is developed for the mechanical 
models of coal wall instability under different wall trace lines (Yin 
et al. 2015). The influence of the working face dip angle on rib 
spalling, and found that the deformation of rock beam in the mid-
dle and upper part of the working face was the largest, this study 
reveals the influence mechanism of mining thickness on coal wall 
stability (Behera et al. 2020 and Zhu et al. 2021). The spalling 
characteristics of coal wall rib in large dip angle and mining height 
is mainly shear slip failure mode (Lu et al. 2019 and Wu et al. 
2016). Mining failure surface of hard coal in the jointed coal seam 
is the conjugate surface composed of shear failure surface and 
joint tensile failure surface (Yang et al. 2012 and Li et al. 2022). 
The quantitative expression of limit equilibrium boundary of top 
coal is obtained through mechanical analysis of continuous fail-
ure medium (Lang et al. 2021). Grouting reinforcement becomes 
one of the main technical means to prevent and control coal wall 
spalling, which identifies a grouting material for coal seam floor 
crack reinforcement with good usage effect (Zhang et al. 2019). 
The mechanical model of coal wall slip instability was established 
and the risk coefficient equation of slip on the slip surface was 
deduced (Liu et al. 2019, Wang et al. 2021 and Li et al. 2020). 
Through theoretical analysis and numerical simulation, the spatial 
location of coal wall prone to sliding failure is analyzed (Bai et al. 
2014, 2016 and Yao et al. 2017).

At present, the research on rib spalling in thick gangue-
bearing coal seams mainly focuses on the characteristics, influ-
encing factors, and prevention measures of rib spalling. How-
ever, there is the lack of in-depth research on the mechanism 
of the gangue itself on the coal wall of the gangue-bearing 
coal seam. Therefore, this paper discusses the destabilization 
mechanical process and sensitivity degree of gangue param-
eters on the coal wall flake gang of gangue-bearing coal seam, 
the width and depth of the rib spalling were taken as evalua-
tion indexes, and the sensitivity of the gangue parameters to 
the rib spalling of gangue-bearing coal seams was analyzed 
by numerical calculation and theoretical analysis. This study 
provides a meaningful theoretical basis for the prevention and 
control measures of the rib spalling of the thick coal seam.

Rib spalling characteristics and main gangue 
parameters in the working face

Under different mining parameters and stress conditions, the 
coal wall presents different forms of rib spalling. Accord-
ing to the different occurrence positions, rib spalling can 

be divided into upper rib spalling, middle rib spalling, and 
middle-upper rib spalling (Xu et al. 2021a, b). Buertai coal 
mine is located in Ordos City, Inner Mongolia Autonomous 
Region, China, and it is known through the on-site obser-
vation of 42,105 working face in mining area 1 of Buertai 
coal mine. Figure 1 shows the coal wall failure observed 
in the on-site working face of gangue-bearing coal seams 
in the Buertai coal mine. The working face is supported by 
hydraulic supports, and 115 hydraulic supports are arranged 
in the whole working face, including 103 middle supports 
and 12 auxiliary supports. The middle support selects 
ZFY18000/25/39D double-column shield top-coal caving 
hydraulic support produced by Zhengzhou coal machine. 
From the field observation, it can be found that the slabbing 
rid spalling mainly occurs in the middle of the coal wall. 
Referring to the research on the slabbing rib spalling of the 
coal wall in the existing working face (Zhou et al. 2015, Died-
erichs et al. 2004 and Du et al. 2015), it is concluded that the 
occurrence of the slabbing rib spalling is closely related to 
the hardness of coal seams, mining height of the working 
face, mine pressure, support strength, equipment manage-
ment, and other factors. The essence of rib spalling is the 
process that the coal wall breaks its original stability and 
collapses into the working face under the comprehensive 
action of multiple factors. If some special circumstances are 
encountered, such as complex geological conditions, basic 
roof weighting, improper selection of mining techniques, and 
insufficient equipment management, then rib spalling is easily 
caused after the tensile stress or shear stress of the coal wall 
exceeds its limit bearing capacity. It can be seen from the 
field diagram that due to the different thickness of the gangue 
in different positions of the coal seam, the stability of the coal 
wall also shows a large difference, indicating that the change 
of the gangue parameters has an important influence on the 
stability of the coal wall of the working face.

Figure 2 shows the schematic diagram of rib spalling in 
the working face. According to the above analysis, the main 
control factors affecting the occurrence of rib spalling in 
the gangue-bearing coal seams are as follows. (1) Gangue 
density. The greater the density of the gangue layer, which 
means that the unit volume of the gangue gravity increases, 
to ensure that the geological conditions are the same case, 
the greater the density of the parting coal wall spalling pos-
sibility. (2) Gangue thickness. The greater the thickness of 
the gangue layer, the higher the proportion of gangue in the 
whole coal wall height, the lower the proportion of the weak 
surface (coal seam) and the possibility of rib spalling. (3) 
Internal friction angle, the change of internal friction angle 
changes the strength of the gangue layer, which affects the 
range of the potential rib spalling. (4) Joint inclination. The 
greater the joint inclination of the gangue layer, the greater 
the downward tensile stress component, and the greater the 
possibility of gangue slip.

38714 Environmental Science and Pollution Research (2023) 30:38713–38727



1 3

Methods

Mechanical mechanism and sliding instability 
of coal wall failure in gangue‑bearing coal seams

Analysis of structural instability and failure process 
of gangue‑bearing coal seams

According to the macroscopic instability model of 

gangue-bearing coal seams in the working face, with the 
advancement of the working face, the advanced stress of 
the working face significantly increases the static load stress 
of gangue-bearing coal seams, and the breaking of the roof 
structure releases the dynamic load stress, as shown in 
Fig. 2. In addition, the gas stress inside the coal seam will 
also provide energy for the coal to move outward. At the 
same time, the mining of the working face provides a space 
for coal deformation. Therefore, under the superposition of 
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Fig. 1  Geographical location of the working face and the site map of the coal wall rib spalling
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static load stress, dynamic load stress, and gas stress, the 
instability failure of gangue-bearing coal seams is caused.

For simplicity, the coal body below the gangue is called 
the lower coal body, and the coal body above the gangue is 
the upper coal body. As shown in Fig. 3, due to the differ-
ence in the spatial relationship of the coal body, the static 

load stress of the lower coal body is larger than that of the 
upper coal body. Under the simultaneous action of large 
static load stress advanced stress and gas stress, a large 
number of cracks in the lower coal body are better devel-
oped, and the crack connection is easily caused, resulting in 
the fracturing failure of the lower coal body. Subsequently, 

Fig. 2  Site map of rib spalling 
in the working face
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the shear failure of the gangue layer can be induced due to 
the static load stress. Finally, after losing the support of the 
gangue layer, the upper coal body falls off by gravity. In 
summary, the failure order of the coal wall is as follows: 
fracturing failure of the lower coal body, shear failure of 
the gangue layer, and fall off of the upper coal body caused 
by gravity.

Mechanical mechanism of sliding instability of structural 
plane of gangue layer

Based on the occurrence characteristics of the gangue-
wearing coal seams in this analysis, it is assumed that the 
gangue is located in the middle of the coal seam, the thick-
ness remains unchanged, and the inclination angle of the 
contact surface between the coal body and the gangue is 0; 
thus, there is no risk of sliding and instability (see Fig. 3). 
If there is a joint forming an angle β (0 ≤ β < π/2) with the 
outer normal of the horizontal main plane in the gangue 
layer (see Fig. 4), under the action of roof pressure, the 
gangue with perforating structural plane may be destroyed 
along the structural plane path. Here, it is assumed that: 
(1) the gangue layer is an isotropic homogeneous body; 
(2) the sliding instability of its structural plane meets the 
Mohr–Coulomb strength criterion; (3) the horizontal and 
vertical directions are the main planes, σ1 and σ3 are main 
stress, and the maximum and minimum principal stresses 
are not distinguished; (4) σ and τ are the normal stress and 
shear stress on the structural plane, and the bonding force c 
between the structural planes is 0.

The plane mechanical model is established by tak-
ing rectangular micro elements at the structural plane of 

gangue-bearing coal rock, as shown in Fig. 5a. Based on 
the Mohr–Coulomb friction law (Shen and Chen 2006), the 
sliding shear strength limit of a structural plane is:

where �c is the internal friction angle of the structural plane.
According to the Mohr–Coulomb criterion, the mechani-

cal relationship between the load applied above the gangue 
layer and the strength curve of the structural plane can be 
represented by the Mohr stress circle, as shown in Fig. 5b. It 
can be seen that when the failure occurs along the structural 
plane, the strength curve of the structural plane intersects 
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Fig. 3  Schematic diagram of structural failure process of gangue-bearing coal seams
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with the point representing the stress state of the structural 
plane.

According to the geometric relationship between the 
strength curve of structural plane and the Mohr stress cir-
cle, the strength equation of structural plane is deduced as 
follows:

Through proper simplification, Eq. (3) can be obtained.

It can be concluded that the angle β between the struc-
tural plane and the maximum principal stress plane acts on 
the maximum principal stress, only the angle β satisfies: (1) 
� → �i or � → �∕2 , �1 → ∞ ; (2) only when 𝜑i < 𝛽 < 𝜋∕2 , 
the structural plane failure may occur.

When the normal stress acting on the structural plane 
gradually increases, the strength of the structural plane also 
increases. Therefore, the intersection points of the strength 
line and the stress circle can be obtained, which corresponds 
to the angles β1 and β2 of the structural plane.

According to the physical significance of β1 and β2, when 
the angle β of the structural plane ranges between β1 and 
β2, the structural plane of the gangue layer is damaged. 
When the angle β of gangue layer is within β1 and β2, the 
mechanical mechanism of structural plane sliding instability 
is analyzed.

According to the spatial distribution characteristics of 
the advanced stress of the working face, the peak stress is 
generally a certain distance ahead of the working face, and 
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the probability of structural instability of the gangue layer 
in the coal body is high, resulting in the empty state of the 
gangue on the side of the coal. Based on the stress of the 
upper and lower coal seams, the mechanical analysis of the 
gangue layer is carried out. As shown in Fig. 6, the vertical 
height between the structural plane and the solid coal above 
(H) is composed of two parts: the thickness of gangue layer 
(H1) and the vertical height between the upper boundary of 
gangue and solid coal (H2); F(h) and K(h) are the horizontal 
normal stress and vertical shear stress acting on the struc-
tural plane by the combination of coal and gangue, and AB 
is the structural plane of gangue layer. In the stable state, the 
combination of coal and gangue is in the equilibrium state, 
and the mechanical equilibrium equation is established as 
follows:

Then, it can be obtained that:

(6)
∑

Fx = 0,
∑
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Fig. 5  Mechanical analysis of 
the structural plane
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Supposing that the horizontal normal stress and vertical 
shear stress of the gangue structure plane subjected to the 
combination are uniformly distributed loads, which are 
defined as d1σ and d2τa, respectively. Then the equation 
can be simplified as follows:

Equation (9) can be obtained.

According to Eq. (9), the ratio of shear stress to normal 
stress on the structural plane can be obtained as follows:

In the Eq. (10), H can be expressed as follows:

where σ is the vertical stress of gangue σ1 and its own 
gravity Gj. The value of Gj is related to gangue density ρj 
and gangue volume Vj, and Gj can be expressed as follows:

Then, it can be obtained that:

From Eqs. (9)–(13), the discrimination formula of slid-
ing instability of gangue and coal combined structure on 
gangue structural plane can be introduced as follows:
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According to Mohr–Coulomb friction law, the judgment 
condition of relative sliding instability of gangue layer on 
the structural plane is:

It should be noted that when discussing the influence 
of each gangue parameter on the sliding instability of the 
gangue layer, it is necessary to ensure that other parameters 
remain unchanged. According to the formula (15), with 
the increase of the dip angle of the structural plane β, the f 
value will gradually increase, which means that the possibil-
ity of relative slip instability of the gangue layer is higher. 
On the contrary, with the increase of internal friction angle 
φc, the possibility of relative slip instability is lower. With 
the increase of thickness H1, the value of f will decrease 
gradually, and the possibility of relative slip instability of the 
gangue layer is smaller. With the increase of density ρj, the 
value of f will become larger, and the possibility of relative 
slip instability will increase. As shown in Eq. (15), the rela-
tive sliding instability of the gangue layer on the structural 
plane is mainly affected by the inclination of the structural 
plane β, internal friction angle φc, thickness H1 and density 
ρj, and other parameters. The changes in these parameters 
affect the occurrence of the sliding instability of the gangue 
structural plane and its sliding degree, resulting in differ-
ences in the depth and width of rib spalling. Therefore, it is 
necessary to study the sensitivity of structural plane param-
eters (such as joint inclination and internal friction angle of 
gangue layer) and physical parameters (such as thickness and 
density of gangue) to the occurrence of rib spalling.

Establishment of numerical model of rib spalling 
and scheme determination

Establishment of numerical model

According to the field mining situation and numerical cal-
culation of the Buertai coal mine, the numerical model is 
simplified, and the simplified simulation diagram is shown 
in Fig. 7. Considering the influence range of main factors, 
the UDEC discrete element calculation software is used 
for the numerical simulation. The average buried depth of 
coal seam is set as 450 m, the thickness of the coal seam is 
6.7 m, the mining height is 3.7 m, and the top coal caving is 
3 m. Besides, the size required for numerical simulation was 
determined as length (x) × height (y) = 140 m × 52.5 m. The 
left, right, and bottom boundaries of the numerical model 
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are displacement boundaries. Specifically, left and right 
boundaries limit horizontal displacement, and the bottom 
boundary limits vertical displacement. The upper boundary 
is the free boundary, and an equivalent load is applied to the 
upper boundary of the model. The equivalent load of over-
burden rock is calculated by formula F = λH = ρpgH, where 
λ is the average unit weight of overburden rock, N/m3. ρp is 
the average density of overlying strata, which is 2060 kg/m3. 
g is the acceleration of gravity, which is 9.8 m/s2. H is the 
average buried depth of coal seam, which is 450 m from the 

front, therefore, F = 9 MPa is calculated. In this simulation, 
it is assumed that the gangue layer is located in the middle of 
the coal seam, and the calculation model is shown in Fig. 8.

The staged excavation is performed in the coal seam, with 
each excavation of 10 m and a total of 100 m. The 20-m 
coal pillars are reserved on both sides of the model. On the 
premise of meeting the accuracy and effectiveness of the 
calculation, the composition of rock strata within the scope 
of the calculation model is simplified, and the rock strata 
with similar physical properties are treated as single rock 
formations. According to the field mining data, the model is 
divided into 5 layers, and the lithology parameters of each 
rock stratum are shown in Table 1.

Simulation scheme

The purpose of this study is to determine the sensitivity of 
gangue parameters to the influence range (depth and width) 
of rib spalling. Due to a large number of numerical simula-
tion calculation models and influencing factors, single cal-
culation will result in complicated calculation. To effectively 
reduce the workload of calculation, the orthogonal experi-
mental method (Chen 2005) was adopted to determine the 
experimental simulation scheme by designing the orthogonal 
table. Through the above analysis of the influence of the 

Fig. 7  Schematic diagram of working face mining
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Table 1  Physical and 
mechanical parameters of coal 
rock

Lithology Thickness (m) Density (g/cm3) Tensile 
strength 
(MPa)

Cohesion (MPa) Internal 
friction 
angle (°)

Siltstone 37.1 2325 4.89 22.43 27
Sandy mudstone 4.31 2403 6.66 27.79 26
Coal 6.56 1274 1.38 2.51 30
Coarse-grained sandstone 1.98 2232 2.04 8.65 28
Fine-grained sandstone 1.99 2301 5.61 30.91 20
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gangue parameters on the rib spalling, the main control fac-
tors of the gangue are the gangue thickness, gangue density, 
the joint inclination, and the internal friction angle.

Due to the high randomness of the distribution of the 
structural surface inclination in the gangue layer, a larger 
range of values is taken to cover as many structural sur-
faces as possible. After indoor tests, most of the values of 
the internal friction angle are around 30°, and the values 
are taken around this value. From the site work surface 
gangue thickness measurement can be seen, gangue thick-
ness basically in 0.1 ~ 1.2 m between, so the value of the 
gangue thickness in the range to take the value. The density 
is taken mainly according to the density of the gangue rela-
tive to the coal body, which may be larger or smaller, so the 
value is taken around the density of the coal body. Combined 
with the actual situation and mining geological condition 
parameters of the Buertai coal mine, the horizontal values 
of the main influencing factors are determined, as shown in 
Table 2.

In a sensitivity analysis of gangue parameters to the fail-
ure index of coal wall, the interaction between different fac-
tors is not considered. Therefore, the orthogonal table L16 
 (45) with 5 factors and 4 levels is used for scheme design, 
as shown in Table 3. The column numbers in the table are 
corresponding to the test factors, based on which the simula-
tion test scheme of each main control factor is established.

Results

Sensitivity analysis of gangue parameter to rib 
spalling width

Variance analysis

The coal wall rib spalling is the damage phenomenon that 
occurs when the vulnerable area inside it is nurtured for a 
long time and develops to the limit of collapse. In order 
to reduce the influence of time and improve the reliability 
of the test results, the test results when the advancing dis-
tance is 50 m are selected here for analysis. According to 
the proposed numerical calculation model, the width of rib 
spalling under different test model, the width of rib spalling 
under different test conditions is obtained through simula-
tion calculation. According to the orthogonal test theory, 
the simulation test data are analyzed and processed by vari-
ance analysis. The test results and data analysis are shown 
in Table 4.

In this table, Ki is the sum of test indexes of the 
same level of each factor, i = 1, 2, 3; T  is the sum of 
n test indexes; C is a specific number of corrections, 

Table 2  Horizontal values of main influencing factors

Level Factor

Density (g/cm3) Thickness (m) Joint incli-
nation (°)

Internal 
friction 
angle (°)

1 1000 0.2 0 10
2 1350 0.4 20 20
3 1650 0.6 40 30
4 2000 0.8 60 40

Table 3  Orthogonal design 
scheme

Test number Thickness (m) Density (g/cm3) Inclination (°) Internal friction 
angle (°)

1 1(0.2) 2(1350) 1(0) 3(30) 3
2 1 3(1650) 4(60) 2(20) 4
3 1 4(2000) 3(40) 1(10) 2
4 1 1(1000) 2(20) 4(40) 1
5 2(0.4) 4 1 1 2
6 2 1 2 4 3
7 2 2 3 3 1
8 2 3 4 2 4
9 3(0.6) 1 2 4 1
10 3 2 3 1 2
11 3 3 4 2 4
12 3 4 1 3 3
13 4(0.8) 2 3 1 2
14 4 3 4 2 4
15 4 4 1 3 3
16 4 1 2 4 1
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C = T2∕n ; Sj is the sum 
(
SASBSC

)
  of squares of a factor, 

Sj =
(
K12 + K22 + K32

)
∕3 − C ; ST is the sum of squares of 

total deviation, ST =
∑n

i=1
y2
i
 ; and Se is the sum of squares of 

error deviation, Se = ST − SA − SA − SC.

Significance test

The ratio of the square sum of the average deviation of each 
factor to the square sum of the average deviation of the error 
is recorded as the F value, which reflects the influence of 
each factor on the test results. The calculation formula of 
the F value is:

where Sj and fj are the sum of deviation squares and variance 
of each factor; Se and fe are the sum of squares of experi-
mental error deviation and variance. According to Eq. (16), 

(16)F =
Sj∕fj

Se∕fe

the F values of factors A, B, C, and D can be calculated, 
respectively (Table 5).

In this table, (1) F0.01(4, 8) = 7.01; F0.05(4, 8) = 3.84; 
(2) when Sj < 2Se, the calculated sum of deviation squares 
and variance are incorporated into the sum of deviation 
squares and variance, which are recorded as errors eΔ , so 
as to increase the sum of deviation squares and variance 
and improve the sensitivity of F test; (3) F > F0.01(4, 8), 
this factor is highly significant, expressed in **; (4) F0.05(4, 
8) < F < F0.01(4, 8), this factor is significant, expressed by *; 
and (5) F < F0.05(4, 8), this factor is not significant. Table 7 
shows the same results.

As shown in Table 5, the sensitivity analysis of various 
gangue parameters shows that factor A is highly signifi-
cant, factor B and factor C are significant, and factor D is 
not significant. The influence of gangue parameters on the 
rib spalling width is A-C-B-D, that is, the sensitivity order 
of gangue parameters to the rib spalling width is gangue 
density > joint inclination > gangue thickness > internal 

Table 4  Simulation test scheme 
and data analysis of rib spalling 
width

Test scheme Factor Simulation results 
of rib spalling width 
(m)A B C D E

Thickness (m) Density (g/cm3) Joint incli-
nation (°)

Internal fric-
tion angle (°)

1 1(0.2) 2(1350) 1(0) 3(30) 3 1.5
2 1 3(1650) 4(60) 2(20) 4 2.1
3 1 4(2000) 3(40) 1(10) 2 1.7
4 1 1(1000) 2(20) 4(40) 1 1.7
5 2(0.4) 4 1 1 2 1.6
6 2 1 2 4 3 1.5
7 2 2 3 3 1 2.5
8 2 3 4 2 4 1.7
9 3(0.6) 1 2 4 1 2.3
10 3 2 3 1 2 2.5
11 3 3 4 2 4 2.4
12 3 4 1 3 3 1.7
13 4(0.8) 2 3 1 2 2.5
14 4 3 4 2 4 2.6
15 4 4 1 3 1 2.0
16 4 1 2 4 3 2.6
K1 7.0 8.1 6.8 8.3 8.5 T = 32.9
K2 7.3 9 8.1 8.8 8.3
K3 8.9 8.8 9.2 7.7 7.3
K4 9.7 7 8.8 8.1 8.8
K12 49.0 65.6 46.2 68.9 72.5 T2 = 1082.4
K22 53.3 81 65.6 77.4 68.9
K32 79.2 77.4 84.6 59.3 53.9
K42 94.1 49 77.4 65.6 77.4
Sj 1.2 4.7 0.6 0.1 0.3 C = 67.7
ST 7.6
Se 0.8
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friction angle. It indicates that gangue density is the main 
influencing factor of rib spalling width of gangue-bearing 
coal seams. The increase of gangue density leads to the 
close arrangement of the structure of the gangue layer, the 
stability of the coal rock mass formed by the combination 
of gangue and coal body is improved, and the influence on 
the rib spalling width is reduced. Otherwise, the structural 
stability of the gangue layer decreases, the compressive 
strength of coal rock decreases, and the failure range of 
rib spalling increases.

Sensitivity analysis of gangue parameters to rib 
spalling depth

Variance analysis

When the advance distance is 50 m, the depth range of 
rib spalling is selected for data analysis. Table 6 shows 
the simulation test scheme, simulation test results, and 
data analysis of gangue parameters on the depth of rib 
spalling, and Table 7 shows the variance analysis for the 
significance test.

Through sensitivity analysis, it can be concluded that 
the influence of gangue density and joint inclination on 
the depth of coal walls is highly significant. The sensitiv-
ity of the internal friction angle to the rib spalling depth 
is significant, and the order of the gangue parameters is 
B-C-D-A, that is, the influence of the gangue parameters 
on the rib spalling depth is gangue density > joint inclina-
tion > internal friction angle > gangue thickness. It indi-
cates that the main influencing factor of the rib spalling 
depth of gangue-bearing coal seams is gangue density. 
The increase of gangue density increases the compres-
sive strength of the gangue layer itself and improves the 
stability of the coal rock mass formed by the gangue and 
coal body. When the gangue layer breaks, the extension 
distance is smaller. Otherwise, the structural stability 
of the gangue layer decreases, the compressive strength 
decreases, and the fracture extension distance of the 
gangue layer increases.

Analysis of gangue density on stress distribution 
characteristics of coal body

According to the above sensitivity analysis, it is found that 
the gangue density has the greatest influence on the width 
and depth of the rib spalling. Limited to the space, the test 
numbered 5–8 is selected to analyze the influence of the 
gangue density on the stress distribution characteristics of 
the coal. When the advanced distance is 50 m in front of 
the coal wall, the stress distribution in the x-direction and 
y-direction is discussed.

As shown in Figs. 9 and 10, when the gangue density 
is 1000 g/cm3 and 2000 g/cm3, the stress difference in the 
x-direction is 4 MPa and 1 MPa at the gangue position, 
and the gangue density is small, there are more local stress 
concentration area, while the density is larger, the number 
and range of stress concentration areas are significantly 
decreased, indicating that with the increase of gangue den-
sity, its structural stability is improved, its resistance to fail-
ure is enhanced, and the stress distribution is relatively uni-
form. With the decrease of gangue density, the stress peak 
in the y-direction has a long lead distance. It indicates that 
as the density of gangue decreases, the hardness of gangue 
decreases gradually, and it is more prone to structural fail-
ure, resulting in the stress peak region in the y-direction 
moving forward. Therefore, under the same thickness of 
gangue, gangue density has a great impact on the stress dis-
tribution in the x- and y-directions in front of the coal wall. 
The greater the gangue density, the more uniform the stress 
distribution, the less damage caused by stress concentration, 
and the lower the risk of rib spalling.

Discussion

In this study, the instability failure process and mechani-
cal mechanism of gangue-bearing coal seams structure are 
analyzed, the sensitivity of different gangue parameters to 
rib spalling is discussed by numerical simulation, and the 
sensitivity of gangue parameters is evaluated by variance 
analysis and significance test.

Table 5  Variance analysis of rib 
spalling width

Variance source Sum of 
deviation 
square

Variance Sum of average 
deviation squares

F Fa Significance

Thickness 1.2 4 0.3 4 F0.05(4, 8) *
Density 4.7 4 1.2 15.7 F0.01(4, 8) **
Joint dip 1.3 4 0.3 4.3 F0.05(4, 8) *
Internal friction angle 0.1 4 0.03 0.3
Error e 0.3 4 0.08
Error eΔ 0.4 8 0.05

38723Environmental Science and Pollution Research (2023) 30:38713–38727



1 3

In this study, the proposed mechanical model 
is mainly discussed under the homogenization of 
mechanical parameters such as gangue density and 
thickness. However, further research is needed under 
complex conditions such as non-uniformity of gangue 
distribution. For example, there are great differences 

in the thickness and density of the gangue layer with 
different spatial positions, while these parameters are 
simplified in our study. In addition, only the two-
dimensional simulation of rib spalling is carried out, 
and the depth and width of rib spalling are discussed 
and analyzed in our study. The solution methods such 

Table 6  Simulation test scheme 
and data analysis of rib spalling 
depth

Significance test

Test scheme Factor Test results 
(rib spalling 
depth/m)A B C D E

Thickness (m) Density (g/cm3) Joint incli-
nation (°)

Internal fric-
tion angle (°)

1 1(0.2) 2(1350) 1(0) 3(30) 3 3.5
2 1 3(1650) 4(60) 2(20) 4 3.2
3 1 4(2000) 3(40) 1(10) 2 3.1
4 1 1(1000) 2(20) 4(40) 1 2.3
5 2(0.4) 4 1 1 2 1.2
6 2 1 2 4 3 3.1
7 2 2 3 3 1 3.2
8 2 3 4 2 4 2.2
9 3(0.6) 1 2 4 1 2.1
10 3 2 3 1 2 3.3
11 3 3 4 2 4 4.3
12 3 4 1 3 3 1.2
13 4(0.8) 2 3 1 2 2.9
14 4 3 4 2 4 3.3
15 4 4 1 3 1 1.2
16 4 1 2 4 3 3.5
K1 12.1 10.5 11.0 7.1 8.8 T = 43.6
K2 9.7 13.0 12.9 11.0 10.5
K3 10.9 9.1 13.0 12.5 11.3
K4 10.9 11.0 6.7 13.0 13
K12 146.4 110.3 121.0 50.4 77.4 T2 = 1901.0
K22 94.1 169 166.4 121.0 110.3
K32 118.8 82.8 169.0 156.3 127.7
K42 118.8 121.0 44.9 169.0 169.0
Sj 0.73 6.5 5.4 2 2.3 C = 118.8
ST 16.9
Se 2.3

Table 7  Variance analysis of rib 
spalling depth

Variance source Sum of 
deviation 
square

Variance Sum of average 
deviation squares

F Fa Significance

Thickness 0.7 4 0.18 2.3
Density 6.5 4 1.6 21.7 F0.01(4, 8) **
Joint dip 5.4 4 1.4 18 F0.01(4, 8) **
Internal friction angle 2.0 4 0.5 6.7 F0.05(4, 8) *
Error e 2.3 4 0.6
Error eΔ 3.0 8 0.4
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as spatial failure mode and inf luence range of r ib 
spalling still need to be improved. In summary, new 
research methods are needed to fur ther study and 
analyze the sensitivity of gangue parameters under 
complex conditions.

Conclusion

In this study, the structural instability and failure process of 
gangue-bearing coal seams and the mechanical mechanism 
of gangue parameters on the rib spalling of gangue-bearing 

Fig. 9  Stress nephogram in 
x-direction in front of coal wall
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Fig. 10  Stress nephogram in 
y-direction in front of coal wall
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coal seams are analyzed. The results show that the failure 
process of rib spalling is characterized by the fracturing 
failure of the lower coal body, shear failure of the gangue 
layer, and falling off of the upper coal body caused by grav-
ity. Besides, the parameters such as thickness, density, joint 
inclination, and internal friction angle of gangue have a great 
influence on rib spalling.

Variance analysis and significance test are used to analyze 
the sensitivity of gangue parameters to the width and depth 
of rib spalling. It is concluded that the influence of gangue 
parameters on the rib spalling width is ordered as gangue 
density > joint inclination > gangue thickness > internal fric-
tion angle, and the influence of gangue parameter on the rib 
spalling depth is ordered as gangue density > joint inclina-
tion > internal friction angle > gangue thickness.

The gangue density has a great impact on the stress dis-
tribution in front of the coal wall. With the increase of the 
gangue density, the stress distribution tends to be more 
uniform, and the stress concentration hardly occurs, which 
reduces the risk of rib spalling.
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