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In response to the frequent occurrence of coal face spalling affecting the working face production 
during the mining of extra-thick hard coal seams, this study investigates the characteristics of typical 
hard coal face damage. Coal face spalling is categorized into three stages: dynamic load influence, 
crack propagation, and bending instability phase. Employing the Rayleigh-Ritz method and the 
principle of stationary potential energy in conjunction with beam plate strength theory and maximum 
tensile stress strength theory, a displacement formula for coal face spalling has been developed. The 
formula has been validated using numerical simulation software. Additionally, a three-dimensional 
similitude modeling experimental platform was utilized to explore the development and failure 
patterns of spalling. Experimental results confirm the consistency between the theoretical derivation 
and the observed trajectories and locations of coal face spalling movement. The findings provide a 
theoretical foundation and technical reference for the management and prevention of spalling in extra-
thick hard coal seam faces.

Keywords  Extra-thick hard coal, Coal wall rib spalling, Slabbed spalling failure, Spalling prevention and 
control

Following the upgrade of equipment and the innovation of mining technology, the focus of resource extraction 
has gradually shifted to thick and extra-thick coal seams1–4. The increase of mining height and exposed space 
in extra-thick coal seam makes the problem of coal wall spalling become one of the main factors restricting the 
safe mining of thick coal seam5–9. Severe coal wall spalling not only disrupts normal production operations at 
the working face but also poses a significant threat to worker safety. Consequently, rib failure in extra-thick coal 
seams has emerged as a critical issue affecting the smooth progression of mining activities in recent years10–13.

Investigating the mechanism of coal wall rib failure and mitigating its effects have become paramount 
technical challenges for ensuring safe and efficient production in large mining height environment. Numerous 
studies have been undertaken in this field recently14–18. The article19,20 establishes a “wedge-shaped” sliding body 
stability model for “three soft” large mining face; the article21 analyzes the characteristics of coal wall disturbance 
with high integrity by combining with the “compression bar” theory; the article22 analyzed the risk of coal wall 
sliding and analyzed the depth of sliding coal wall sliding by Bishop method; the article23,24 proposed the form 
of “pulling-sliding” type of sliding gang in large mining height work; the article25,26 studied the morphology and 
mechanism of coal wall spalling in thick coal seam, and proposed the flexible reinforcement technology.

The aforementioned research has provided a comprehensive analysis of the rib spalling mechanism and 
spalling type in large mining walls, offering both theoretical insights and practical guidance for preventing and 
controlling rib failures in these environments27–30. However, rib spalling is a process of interaction between the 
mechanical strength of the material and the spatial environment in which it is located. The practice of extra-thick 
coal wall mining shows that rib spalling at the site is often manifested as “plate cracking” or “tetragonal” style, 
and the occurrence of central fracture is huge31–35. In the context of shear failure within extremely thick hard 
coal seams, it is crucial to consider the bending motion and energy release associated with the flexural failure 
of “pseudo-platelike” structures. This study innovatively adopts a layered plate perspective to analyze shear 
failure along coal faces, employing the Rayleigh-Ritz method supported by numerical and physical modeling 
experiments. The aim is to identify the initial location and extent of maximum flexural failure within the coal 
face. By doing so, this research seeks to provide a theoretical foundation for addressing shear failure in large-scale 
mining of extremely thick hard coal seams. Additionally, it offers managerial insights and preventive measures 
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as technical references for ensuring the safe management of coal face shear failure under similar geological 
conditions.

The failure characteristics of large mining height of coal wall
Caojiatan Coal mine, located in Yulin, Shaanxi Province, is a subsidiary of Shaanxi Coal Group. The main mine 
exploits the 2–2 coal seam, with a coal thickness ranging from 8.04 to 12.7 m, averaging 11.22 m, featuring 
a near-horizontal stratigraphic layout for mining. Currently, the 122,107 working face is being mined with a 
design extraction height of 6 m and a caving height of 5 m. The roof over the 2–2 coal seam consists of sandstone, 
exhibiting a compressive strength of approximately 31 ~ 39  MPa. The coal seam itself shows a compressive 
strength of about 17.9 ~ 30.8 MPa, indicating its high hardness and firmness. The lithologic characteristics of the 
2–2 coal seam and its roof and floor are illustrated in Fig. 1.

During the phase of periodic weighting of the roof, phenomenon such as spalling and rib breakage occur 
along the local coal wall. The spalling condition of the coal wall within the working face can be described as 
follows: At sites where rib spalling has occurred, the coal wall fractures into plates with longitudinal sliding. 
When ribs fail, longitudinal and transverse cracks within the coal wall, and upon exceeding the ultimate strength, 
the central portion of the slab slides down along the shear plane due to tensile stress. The thickness of the sliding 
slab typically ranges between 50 ~ 700 mm. Slide backward multiple hit the bottom of the rupture of coal block, 
plate crack block and is apart from the bottom is more close to the integrity, as shown in Fig. 2.

Analysis of coal plate cracking
Development of coal wall rib spalling
Based on the temporal factor, the process of coal wall rib spalling can be segmented into three phases: dynamic 
load influence, crack propagation, and bending instability phase. The specific analysis is as follows36,37.

Fig. 1.  Coal rock mass histogram.
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	(1)	 dynamic load influence.

When the coal wall is not affected by mining, the strength of the interlayer structural plane is high, and the 
fracture penetration phenomenon does not occur only under the action of ground stress and overburden stress. 
After mining, the coal wall under the influence of mining produces cracks under the influence of triaxial stress.

	(2)	 crack propagation.

This phase of coal wall cracks began, vertical cleat up under the maximum principal stress. Under the horizontal 
tensile stress caused by mining, the discontinuous longitudinal internal cutting groups in coal are extended 
and connected along the direction of maximum principal stress and parallel to the direction of excavation load 
surface to form a plate structure.

	(3)	 bending instability phase.

In this stage, the plate-like structure progressively overcomes the friction resistance between its internal surfaces 
and adjacent structural planes, leading to a sliding motion. Due to the existence of stable coal body in the lower 
part, the coal plate reaches the bending equilibrium state. When the upper tension fissure is expanded through, 
the plate body breaks and becomes unstable, and the whole slide to the lower part, as shown in Fig. 3.

Analysis of plate bending section
Based on the aforementioned analysis regarding the evolution of coal wall movement along the seam, the 
deformation zone can be subdivided into two segments characterized by slip and bending. Consequently, three 
assumptions are proposed: ① The direction of cracking of the coal seam is vertical downward, due to the extra-
thick hard coal body, bending stiffness is small, the stripping thickness is much smaller than the thickness of the 
coal body affected by mining; ② The coal seam contains obvious vertical cracks, the structure of the AC section 

Fig. 3.  Overall motion trend.

 

Fig. 2.  Coal rock mass histogram.
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of the coal wall does not produce a tendency to bending, there is a tendency to downward movement as a whole, 
the middle of the point in the bending fracture, but the location is unknown; ③ In analyzing the motion of the 
monolithic body, factors such as frictional forces and energy dissipation are disregarded. The analysis focuses 
solely on the static equilibrium during the motion process, as illustrated in Fig. 4.

Assume that L is the overall length of the slab, l is the length of the bending section, x is the parallel level 
coordinate axis, y is the perpendicular level coordinate axis, and γ is the overall weight of the rock formation. The 
overall mechanical model diagram is shown in Fig. 4 (a), and any micro-element body within the slip section AC 
is taken for force analysis, as shown in Fig. 4(b), which can be obtained from the geometric relationship:

	

{
Px = G sin θ

Py = G cos θ = σN
� (1)

	 τ=σN tan φs + cs.� (2)

 Where: σN is the positive stress at the level; τ is the shear strength of the coal wall along the layer; G is the self-
weight of the coal block; cs is the cohesive force; φs is the friction angle of the structural surface. The axial force 
at a point location Prx on the surface is:

	

Prx =
x∫

0

(G sin θ − τ)dx =
x∫

0

(G sin θ − σN tan φs − cs)dx=(γh sin θ − γh cos θ tan φs − cs)x.� (3)

 Analysing Eq. (3), if the uniaxial compressive strength of the coal body is less than the axial force, i.e., when 
Rc<Prx, the rib spalling is in the form of pressure-shear damage in the AC section; if the compressive strength is 
much greater than the axial force; when Rc > > Prx, the AC section does not produce damage. Considering its limit 
state can be deduced from Eq. (3) the critical length of AC section, the critical length lrx is:

	
lrx = Rc

(γh sin θ − γh cos θ tan φs − cs) .� (4)

 The coal wall will be damaged by pulling from the middle CD section of the coal wall if the coal wall is not 
damaged in the AC section. According to the physical constraint conditions of the plate body, the C end is 
regarded as a rigid slider, the D end is regarded as a fixed constraint, and the slider is limited to move freely only 
in the slip surface, and due to the constraint effect of the upper and lower coal bodies and the internal stress, the 
bending and bulging occurs along the normal outward direction of the unbroken plate body. Rayleigh-Ritz is 
used to establish the trial function, and the bending deformation shape function is constructed under satisfying 
the boundary conditions (Eq. (5)), where a is the displacement point of the shape function, and the equations 
are as follows:

	

x = 0, y = 0, y′ = 0
x = l, y = 0, y′ = 0

}
� (5)

Fig. 4.  Integral Mechanical Model and Slip Surface Model.
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y = a

2

(
1 − cos 2πx

l

)
.� (6)

 Calculate the analytical formula of the total potential energy function of the bending model, the formula 
establishment process ignores the shear strain energy and the energy consumed by the slip of the coal plate 
along the main cleavage line, and the formula includes two parts: the deformation energy U and the work of the 
external force W, and the functional expression is as follows:

	

∏
= U + W = U + W1 + W2 + W3.� (7)

 Where W1 is the work done by the concentrated force in the AC section; W2 is the work done by the component 
of gravity at the parallel level, and W3 is the work done by the component of gravity at the perpendicular level. 
Bringing in the work in the three directions and the elastic strain energy, the total potential energy can be 
obtained as:

	

∏
=EI

π4a2

l3 + Prc
π2a2

4l
+ Px

π2a2

8 − Pyla

2 .� (8)

 Bringing the potential energy standing value condition into the total potential energy equation and solving 
for the shape function, it can be derived based on the strength theory that the coal plate unit body reaches the 
ultimate deflection ymax when x = 2/l:

	
ymax = 4P yl4

8π4EI + 2π2PrBl2+π2Pxl3 .� (9)

 That is, the maximum value of the bending moment, Mmax, and the maximum value of the tensile stress, σmax, 
are obtained at the point of maximum deflection:

	

Mmax=ymaxPrc +

l/2∫

0

Px(ymax − y)dx+

l/2∫

0

Py( l

2 − x)dx = ymaxPrc + ymaxPx
l

4 + Py
l2

8
� (10)

	
σmax=Mmax

h

2I
− Prc

A
− Px

A
= 6Mmax − hPrc − hPx

h2 = f(l∗).� (11)

 The research results illustrate that σmax is associated with the potential damage point l* of the coal plate unit 
body, and when σmax > σt, the coal wall bending section undergoes tensile damage. Since coal wall rib spalling is 
an instantaneous process, the length of the coal wall bending section under its differential structural unit body 
cannot be accurately predicted, so the bending section l is assumed to be an unknown quantity, and the relevant 
physico-mechanical parameters (Table 1) are brought into the theoretical prediction model for verification.

The above parameters are substituted into Eqs. (10) and (11), and the results are calculated using mathematical 
software as shown in Fig. 5. With the continuous increase in tensile stress, the damage location point (l*) of the 
coal wall increases approximately exponentially until it reaches the limit value corresponding to the tensile 
strength of the coal body, at which point damage initiates. The tensile strength range for field coal samples is 
situated between 0.7 ~ 1.1 MPa, with an average of 0.92 MPa, represented by point C in the figure. Prior to this 
calculation, the bottom of the band was initially stored at the bottom of the 1 m DB section. The tensile strength 
of the coal body reaches its critical point at C, where the maximum tensile stress causes damage at a distance of 
3.5 m from the plate’s bottom. After using the theoretical model established by the Rayleigh-Ritz method, the 
result is similar to the actual damage effect in the field, but there is still an error with some field phenomena. 
The reason for this may be that the brittle damage of the coal plate occurred before reaching the maximum 
tensile strength value, or the influence of other microstructural surfaces was neglected in the model, so further 
discussion is needed.

Analysis of numerical simulation results
Numerical simulation serves as a pivotal bridge between theoretical analysis and field observations, enabling 
the elucidation of the evolution mechanism of complex engineering problems in a shorter period. The use 
of simulation software to study the destruction process of the coal wall can better elucidate the rib spalling 
mechanism of the coal wall. Taking the 122,107 working face of the Caojiatan coal mine as the research 
background, numerical simulation was carried out to analyse the development process of the plastic zone of the 
coal wall, and the parameters of the model materials are shown in Table 2.

L/m h/m θ/° γ/(kN·m-3) cj/MPa φj/MPa

6 1 85 24.5 0.042 25.35

Table 1.  Mechanical parameters of coal wall rib spalling.
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The numerical simulation model has dimensions of 200 m × 300 m × 80 m (width × length × height). The 
Mohr-Coulomb constitutive model was employed to describe the material behavior within the model. Boundary 
conditions were set as follows: fixed boundaries along the x-axis and y-axis, with the lower boundary of the 
z-axis also fixed. A vertical load of 7.51 MPa was applied to the top boundary of the z-axis, while a uniform 
horizontal pressure of 6.25 MPa was applied across the entire model. For the critical research area, specifically 
the No. 2–2 coal seam, a refined mesh was utilized to enhance the accuracy of the simulation results. Figures 6 
and 7 illustrate the cross-sectional views of the model and the effects over time steps, respectively.

The time-step effect is a fundamental concept in numerical simulation, referring to the discretization of 
the simulated system over time. In the context of coal wall mining, the simulation’s time step is progressively 
divided as the process evolves, allowing for convergence towards the true evolutionary behavior of the system. 
Within this model, the computational steps are set and dynamically adjusted to ensure that the simulation 
accurately reflects the spalling development process at various intervals, with the evolution trend of its plastic 
zone illustrated in Fig. 7 (b).

When calculating Fig. 7 (a), the simulation results can be seen that the working face 0.5 ~ 1 m from the roof 
plate firstly appears the plastic zone penetration. Analysing the reason, the soft structural surface in the coal 
body has low shear strength, and a shear plastic zone appears after reaching its limit value, with the increase 
of calculation steps, the area of the plastic zone gradually develops (Fig. 7b); after that, the area of plastic zone 
extends downward, and it reaches the maximum in the middle of the working face (Fig. 7c); the development 
of the plastic zone on the left and right side of the working face has a spatial penetration (Fig. 7d); with the 

Rockiness Density /(kg•m− 3) Elastic modulus /GPa
Shear modulus
/GPa

Cohesion
/MPa

Tensile strength
/MPa

internal friction angle
/(°)

Sandstone 2400 4.1 3.7 8.4 2.5 39

Siltstone 2300 3.2 3.1 7.8 2.3 39

2–2 Coal 1250 1.2 0.9 4.5 1.5 38

Mudstone 2300 1.7 1.4 7.5 2.2 37

Siltstone 2350 2.8 2.6 8.4 2.5 39

Table 2.  Model material parameters.

 

Fig. 5.  Relationship between coal wall damage locations and maximum tensile stresses.
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continual extension of the plastic zone to the lower part, the unit slips along the smooth layer structural surface. 
Bending deformation occurs in the middle position, and the plastic zone is connected through (Fig. 7e); with the 
increase of bending deformation, the tensile plastic zone on the surface of the coal wall expands sufficiently and 
connects with the shear plastic zone, and finally the coal wall is unstable, and tensile cracking damages occur.

The numerical simulation results indicate that the plastic zone within the coal face initially develops in the 
upper-middle region before spreading toward the top and central sections, eventually impacting approximately 
two-thirds of the coal face’s surface area. The spatial distribution of the plastic zone shows a distinctive pattern 
characterized by a broader central area that tapers off towards the ends, consistent with the spalling characteristics 
observed during field inspections. Moreover, theoretical analysis confirms that peak tensile stress-induced 
damage typically occurs around 2.5  m beneath the roof strata. This evidence supports the hypothesis that 

Fig. 7.  Spatial development of plastic zone of coal wall.

 

Fig. 6.  Mesh Model Advancement Profile.
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deterioration of the coal face begins in the middle region and advances upward. The observed behavior aligns 
with the common tensile fracture mechanism associated with thick, hard coal seam spalling.

Similar simulation of coal wall spalling in large mining height working face
At present, domestic and international research into coal wall rib spalling primarily emphasizes theoretical 
analysis and numerical simulation, along with a limited number of two-dimensional planar physical models. 
However, there have been few three-dimensional experimental studies focusing on rib spalling in extra-thick 
hard coal seams. In light of this situation, three-dimensional similar material simulation experiments were 
conducted.

Tests were carried out using the three-dimensional similarity simulation test platform at the mine 
pressure similarity simulation laboratory38. The test platform is an approximately long box type, the front 
section is equipped with an instrument placing platform, the total external dimensions of the platform box 
is 1.5 m×0.8 m×1.3 m, and the internal material filling box size is 0.8 m×0.8 m×0.6 m. Similar materials were 
prepared by mixing river sand, gypsum, and lime in a ratio of 50:5:5 by weight. Water was added to the mixture 
at 7% of the total weight, resulting in a solidified composite material with sufficient strength. The mechanical 
parameters of the coal body from the Caojiatan 1,222,107 working face served as the basis for the design of the 
experimental model. A geometric similarity ratio of 1:10 and a dynamic similarity ratio of 1:1.6 were adopted to 
ensure accurate representation of the in situ conditions.

The lateral deformation of the coal wall is crucial for assessing the extent of coal wall damage. In this 
experiment, a CCD industrial camera was utilized to monitor the surface displacement of the coal wall, with 
subsequent data export of surface point movement accomplished via numerical scattering software. The 
experimental loading system employs an equivalent fixed load method, incrementally increasing the load blocks 
to simulate actual mine pressure levels.

The development and damage law of coal wall fissures under equivalent concentrated force is shown in Fig. 8. 
At the initial stage of loading, fissures were generated at the junction of coal wall and roof; as the pressure of 
roof increases, the fissures on the surface of coal wall expand and penetrate, and the coal wall bulges outward 
obviously under the action of roof plate pressure, and the skin peels off in the middle, producing local rib 
spalling phenomenon (Fig. 8a, b); after that, the coal wall fissures and local rib spalling expand under the action 
of mine pressure, and spread from the middle of the model to the upper part, and the strength of the model 
was damaged and enhanced (Fig. 8c); with the expansion and penetration of the model fissures, a large area of 
rib spalling occurred in the right part of the model, the fissures began to spread to the left part, and the fissures 
expansion phenomenon appeared in the upper left coal wall (Fig. 8d); the whole coal wall after rib spalling is 
shown in Fig. 8(d).

Under loading, the initial manifestation was localized rib spalling in the coal wall’s midsection. As the fissures 
expanded and penetrated, deformation and structural instability ensued within the coal wall. Upon reaching 
the limit value for structural instability, rapid accumulation of smaller vertical and horizontal deformations 
led to overall rib spalling along the working face coal wall under loading. This motion sequence aligns with the 
theoretical slabbing-bending derivation previously discussed.

During testing, strain gauges were embedded within the coal body and connected to the DH3816 static strain 
test system for data to the transmission to a computer. Through software analysis, the strain value were recorded 

Fig. 8.  Simulated test charts for similar materials.
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and subsequently converted into stress data during post-processing. Studying stress changes facilitates a deeper 
understanding of the coal body behavior. The layout of the strain gauge measurement points is shown in Fig. 9.

The stress measurement point data were extracted, and the stress change graph of the measurement point 
under different coal wall pressures was obtained after collation and calculation, as shown in Fig. 10. The graph 
curve shows an overall upward trend with the increase of coal wall roof pressure, the front part of the curve 
grows linearly, and the back end tends to flatten, the coal wall is destroyed after reaching the limit pressure it can 
withstand, and the curve undergoes a rapid decline, but the residual coal body has part of the strength, and the 
internal strain points of the coal body still retain their values.

When the working face is loaded with pressure, the change of its measuring point is shown in Fig. 10. The 
maximum point of stress change in the upper part is A5, with the maximum value of 5.59 MPa; the maximum 
point of stress change in the middle measuring point is B4, with the maximum value of 5.58 MPa; the maximum 
value of change in the lower part is C2, with the maximum value of 5.61 MPa. Comparison of the stress change 
reveals that the stress change in the upper part of the measuring point is generally higher than that in the middle 
and in the lower part of the model, and the change in the middle part of the model is generally higher than 
that in the two ends. The stress change in the middle of the model is generally larger than that in the two ends. 
The maximum stress change of the whole model is A2. Combined with the analysis of the coal wall rib spalling 
pattern in Fig. 8, it can be seen that the working face was cracked in the middle and then the cracks in the body 
quickly penetrated to the upper part, and then destabilization occurred.

Fig. 8.  (continued)

Fig. 9.  Test Strain Gauge Point Arrangement.
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Conclusion

	(1)	 Based on the characteristics of hard coal rib spalling observed in the field, the movement process of rib 
spalling has been subdivided into three phases: dynamic loading influence, crack propagation, and flexural 
instability. A comprehensive mechanical model for the entire structure and a specific model for the bending 
section were established according to the deformation evolution mechanism of stratified tensile cracking in 
the coal rib. The displacement formula for coal rib spalling was derived using the Rayleigh-Ritz method, the 
principle of stationary potential energy, combined with beam plate strength theory and maximum tensile 
stress strength theory.

	(2)	 Mathematical analysis software was employed to calculate the relationship between the location of coal rib 
damage and the maximum tensile stress. Incorporating the specific parameters of the mine, it was deduced 
that the maximum tensile stress damage in the coal rib of the 122,107 face occurs approximately 2.5 m be-
low the roof. Considering the time step effect, numerical simulations were used to analyze the full develop-
ment process of the plastic zone in the coal rib. The results indicate that substantial tensile cracking failure 
is predominant in thick hard coal rib spalling.

	(3)	 Similarity simulation experiments revealed that cracks initiate from the middle-upper part of the coal rib 
and propagate upwards, leading to rib spalling. The trajectory of rib spalling can be described as originat-
ing from mid-rib cracks that trigger localized spalling which rapidly evolves into overall spalling. Strain 
measurement analyses demonstrated that after experiencing strength instability, the coal rib undergoes 
structural instability. The overall research findings provide technical references for prevention and control 
of similar mine rib spalling and offer theoretical foundations for calculating the breakage location of coal 
ribs in analogous working faces.

Recommendations
The findings obtained in this study, including the detailed subdivision of the coal rib spalling movement process 
and the derivation of the coal rib spalling displacement using theories such as the Rayleigh-Ritz method and 
the principle of stationary potential energy, lay a foundation for future research. It is hoped that more scholars 
will investigate thick hard coal rib spalling from diverse perspectives to achieve a more precise determination of 
the coal rib breakage location and a more accurate description of the spalling characteristics. Moreover, while 
the three-dimensional similarity simulation experiments in this study simplified the immediate roof as a rigid 
structure subjected to continuous loading, it should be noted that the impact of dynamic loading due to face 
advance is also a critical factor in the field. Future studies should aim to refine the modeling of the roof structure 
in 3D similarity simulations to better replicate actual site conditions, thereby obtaining simulation results that 
more closely mimic real-world scenarios.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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