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Abstract
The abnormal evolution and highly accurate prediction of mining-induced fractures in extra-thick coal play an important role 
in mine water disaster prevention and ecological environment protection. The evolution mechanism of mining-induced frac-
tures during the mining of extra-thick coal in weakly cemented strata has attracted wide attention. In this paper, the fracture 
propagation test and PFC numerical simulation are carried out to analyze the evolution rule of overburden fractures in extra-
thick coal mining. Based on the elastic foundation beam and fracture damage theory, we derive a trapezoidal fracture model 
and realize automatic calculation. Finally, taking the 61,605 working face mining of Longwanggou Coal Mine (LWGCM) 
as an engineering background, the failure characteristics of overburden are studied and verified by microseismic dynamic 
monitoring. The results show that the overburden failure in mining face is trapezoidal evolution, including shear fractures 
(93.8%) and tensile fractures (6.2%). The overburden failure height predicted by the trapezoidal fracture model is consist-
ent with the numerical simulation and microseismic monitoring, the relative errors are − 1.1% and − 2.7%. This provide a 
new method for the accurate prediction of overburden failure height in extra-thick coal mining in weakly cemented strata.

Highlights

1. Fracture propagation mechanism and simulation of weakly cemented rock.
2. Trapezoidal fracture model and fracture evolution rule of mining overburden.
3. A new method for calculating the overburden failure height of extra-thick coal mining in weakly cemented strata.
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Abbreviations
ΣM  Cumulative mining thickness [m]
Hew, Hw, Hmh, Hh  Height of overburden failure is 

extremely weak, weak, medium 
hard, and hard overburden, respec-
tively [m]

Htf, Hmh, HPFC, Hmm  Height of overburden fracture 
predicted by trapezoidal fracture 
model, empirical formula, PFC, and 
microseismic monitoring, respec-
tively [m]

Krat  Normal-to-shear stiffness ratio 
[GPa]

Emod  Effective modulus [GPa]
Kn  Normal stiffnesses [GPa]
Ks  Shear stiffnesses [GPa]
Pb_kn  Parallel bonding norma [GPa]
Pb_ks  Parallel bonding shear stiffnesses 

[GPa]
li, li+1, hi  Bottom length, top length, height of 

composite rock layer i, respectively 
[m]

δ  Fracture extension angle [°]
l′
i
  Coal (rock) pillar length [m]
L  Goaf length [m]
q�
i+1

  Uniform load of composite rock 
beam [MPa]

qi+1  Uniform load of overburden [MPa]
H  Coal seam depth [m]
Hi  Distance between composite rock 

beam and coal floor [m]
Η  Stress concentration coefficient [-]
�c  Average density of composite rock 

beam [kg/m3]
ωi (l)  Rock group deflection [m]
Mi (l)  Bending moment [KN·m]
φi (l)  Angle [°]
Fi (l)  Shear force [N]
Ei  Flexural stiffness [N·m2]
I  Inertia moment  [m4]
ki  Elastic foundation coefficient [-]
λ  Characteristic coefficient [-]
σimax  Maximum tensile stress [MPa]
Mimax  Maximum bending moment [KN·m]
σ’  Effective stress [MPa]
σ  Non-damage stress [MPa]
[

�i

]

  Average tensile strength [MPa]
D  Damage degree [-]
V1  Volume of mined coal  [m3]
V2  Volume of rock mass  [m3]
b1  Width of working face [m]
bi  Width of composite rock beam [m]

M  Mining thickness [m]
kρ  Expansion coefficient of rock [-]

1 Introduction

Mine water disaster is one of the main hazards to produc-
tion safety for a long time (Yin et al. 2018). In China, more 
than 80% mine water disasters are caused by mining-induced 
fractures connecting water-rich aquifers (Liu et al. 2022; 
Zhang et al. 2023). The development of ultra-high water-
conducting fractures of overburden in extra-thick coal min-
ing has a profound influence on the occurrence and migra-
tion of groundwater, which can easily lead to water inrush 
disaster and ecological environment damage, resulting in 
property losses and personal casualties (Banerjee et al. 2020; 
Dong et al. 2024; Liu et al. 2021; Queiroz et al. 2022; Yu 
et al. 2015). How to accurately predict the height of mining-
induced fracture in advance is the key to mine water disaster 
prevention and control.

Many researchers have studied the failure behavior of 
mining rock mass and obtained different results (Rezaei et al. 
2015; Redondo-Vega et al. 2017). Hasenfus divided the over-
burden failure into four parts: goaf, highly fractured zone, 
composite rock beam zone, and surface zone (Hasenfus et al. 
1998). Kang proposed that the caving zone is parabolic and 
the water-conducting fracture zone is saddle-shaped (Kang 
et al. 2001). Wang suggested that the overall supporting 
structure of the overburden is a stepped structure of plate 
shell combination and that the shape of the horizontal sec-
tion has a rounded rectangle shape (Wang et al. 2019). Liu 
proposed that the subsidence area of coal seam mining over-
burden layer is trapezoidal, and puts forward the trapezoidal 
collapse model, which promotes the research of trapezoidal 
fracture model of mining overburden (Liu et al. 2022). Meng 
proposed that the weak bedrock after mining is an asym-
metric trapezoidal failure pattern, and the thick loose topsoil 
shows an inclined funnel-shaped failure pattern (Meng et al. 
2023). Cheng monitored the temporal and spatial evolution 
of overburden deformation during coal mining, revealed 
the formation, expansion, closure, and reconstructed the 
fractures (Cheng et al. 2022). Feng studied the rule of rock 
fracture propagation under different temperature conditions, 
and revealed ability to fracture toughness and resist fracture 
propagation of sandstone (Feng et al. 2018). These results 
have practical significance for understanding the failure 
characteristics of mining overburden and guiding the safe 
mining of coal mine.

Coal resources in Eastern China have been mined early. 
According to a large number of field measured data, some 
scholars have fitted the formulas (1), (2), (3), and (4) accord-
ing to the types of coal roof strata combination (extremely 
weak, weak, medium hard, and hard) (Coal Industry Bureau 
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of China. 2000). However, due to the influence of coal forming 
environment, the coal-bearing strata are different in the East-
ern and Western of China, and the evolution rule of mining-
induced fracture in overburden is also different (Dong et al. 
2022 a). We collected the measured data of mining-induced 
fracture height of overburden in the Eastern and Western 
regions of China, as shown in Fig. 1. When the mining thick-
ness exceeds 4.0 m, the fracture height of mining overburden 
in the Western region is generally greater than the empirical 
formula predicted value. In fact, there is still a lack of research 
on the fracture evolution characteristics of overburden in the 
mining of extra-thick coal seam in weakly cemented strata in 
Western China. In the Ordos Basin, the thickness of the Juras-
sic coal seam is larger, weakly cemented strata are developed, 
and the mechanical properties of the rock are poor, resulting 
in the abnormal increase of the development height of mining-
induced fracture (Miao et al. 2018). At present, the field meas-
urement methods of mining overburden failure mainly include 
geophysical monitoring (Su et al. 2017; Wang et al. 2021 b; 
Wilkins et al. 2020), optical fiber monitoring (Mekhtiev et al. 
2022), drilling double-end plugging leak detection, and bore-
hole imaging observation (Stricker et al. 2023). These methods 
have a good detection in thin coal mining, but the detection 
of ultra-high mining-induced fractures induced by extra-thick 
coal mining is often limited (Sun et al. 2019).

(1)Hew =
100

∑

M

5.0
∑

M + 8.0
± 3.0

(2)Hw =
100

∑

M

3.1
∑

M + 5.0
± 4.0

where ΣM is the cumulative mining thickness, m; Hew, 
Hw, Hmh, and Hh are the height of overburden failure when 
the roof lithology combination is extremely weak, weak, 
medium hard, and hard, respectively, m.

Numerical simulation is widely used in the study of min-
ing failure characteristics under various conditions, there are 
still few studies on the fracture development rule of mining 
overburden by using particle flow code (PFC) (Blixt et al. 
2022; Li et al. 2023; Satake et al. 2021; Zhang et al. 2021 b). 
Liu used PFC to reconstruct a rock’s macroscopic structure 
and microscopic mechanical behavior under uniaxial com-
pression (Liu et al. 2018). Ríos-Bayona constructed a rock 
shear test model, simulated the peak shear strength of hard 
crystalline rock, and characterized the shear joint profile and 
roughness (Ríos-Bayona et al. 2022). Zhang used PFC to 
study the evolution rule and distribution characteristics of 
mining-induced fractures and pores in overburden of goaf 
and proposed the distribution model of circular drum-shaped 
mining-induced fractures (Zhang et al. 2020). Therefore, 
using PFC to simulate the evolution of overburden fractures 
is a practical method. Since mining the Jurassic coal seam 
in Ordos Basin, many accidents have occurred such as roof 
water inrush, sand and mud burst (Dong et al. 2022b).

Based on above mentioned, this study takes the mining of 
extra-thick coal seam in LWGCM as the research object, and 
comprehensively analyzes the overburden fracture evolution 
rule of extra-thick coal mining in weakly cemented strata by 
fracture propagation test, PFC numerical simulation, and 
microseismic dynamic monitoring. Aim to (1) obtain the 
fracture propagation rule of weakly cemented rock under 
uniaxial compression, (2) reveal the trapezoidal evolution 
characteristics of overburden fracture in extra-thick coal 
mining, (3) propose a new method for calculating the over-
burden failure height of extra-thick coal mining in weakly 
cemented strata.

2  Background and Methods

2.1  Study Area

LWGCM is located in Jungar Coalfield on the Northeast 
edge of Ordos Basin (Fig. 2). The geographical coordinates 
are 111° 09′ 27′′ E—111° 16′ 57′′ E, 39° 48′ 01′′ N—39° 50′ 
45′′ N. The strata from old to new are Ordovician, Carbon-
iferous, Permian, Triassic, Neogene, and Quaternary strata. 

(3)Hmh =
100

∑

M

1.6
∑

M + 3.6
± 5.6

(4)Hh =
100

∑

M

1.2
∑

M + 2.0
± 8.9

Fig. 1  Comparison of measured height of mining-induced fracture in 
Eastern and Western China



 F. Dong et al.

The coal-bearing strata are monoclinic structure, strike SN, 
dip W, and dip angle less than 5°. There are seven layers of 
coal with an average thickness of 59.47 m and a coal-bearing 
coefficient of 48.9%. At present, it mainly mining 6rd coal, 
the average coal thickness is more than 20 m, belongs to 
extra-thick coal seam.

The coal-bearing strata in the mine belong to weakly 
cemented strata, which have the characteristics of easy 
weathering, low strength, and water softening. The lithol-
ogy is mainly sandstone, containing a small amount of 
argillaceous rock. The 6rd coal mining different degrees of 
roof water threats, mainly including thick sandstone water 
disasters, water and sand inrush disasters, and separated 
water disasters. The mine adopts the inclined shaft exploit 
method, fully mechanized top coal caving one-time mining 
full height process, and the whole caving method manages 
the roof. The main water filling source is the sandstone aqui-
fer of Shanxi and Shihezi strata. The mining of extra-thick 
coal seams leads to a high development height of overburden 
fractures. If the mining-induced fracture connects the strong 
water-richness aquifers, water inrush will occur. Therefore, 
based on the mining of 61,605 working face in LWGCM, 
we study the evolution and development height of mining 
overburden fractures, which provides a theoretical basis for 
the prevention and control of roof water disasters in similar 
mining areas.

2.2  Rock Fracture Propagation

The deformation and failure of overburden under the condi-
tion of mining are manifested as rock fracture propagation 
and penetration on the micro-scale (Deng et al. 2022; Scott 
et al. 2023; Yang et al. 2022; Zhang et al. 2020). The rock 
mechanical parameters such as density, porosity, compres-
sive strength, tensile strength, elastic modulus, and Poisson’s 
ratio were obtained by uniaxial compression, brazilian split-
ting, and porosity test of various rock samples. The simu-
lation test was carried out by PFC software to analyze the 
fracture propagation and failure evolution rule of rock under 
uniaxial compression, which provided a basis for the study 
of fracture development in mining overburden.

The uniaxial compression test was carried out using 
HCT206A microcomputer controlled oil-electric mixed 
pressure testing machine, as shown in Fig. 3a. The test 
equipment is mainly composed of main engine, oil source, 
and control system. The test machine’s digital closed-loop 
control and measurement system based on a high-speed DSP 
platform is adopted. The maximum compression space of 
the test machine is 320 mm, and the displacement resolution 
is 0.004 mm. The test force error, deformation error, and 
displacement error are within ± 0.5%. The size of rock speci-
men is Φ 50 × 100 mm. Displacement control was adopted in 
the test, and the loading speed was 0.01 mm/min.s

Fig. 2  The location of the study area: a Ordos Basin, b LWGCM, and c 61,605 Working face
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Discrete element analysis shows that the deformation and 
evolution of the whole medium are obtained by the compre-
hensive description of the displacement and motion state of 
each discrete individual (Kuva et al. 2012). PFC software 
bonds independent particle units together to simulate the 
mechanical behavior of continuous medium materials. Bond-
ing models mainly include contact bonding model (CBM) 
and parallel bonding model (PBM). The PBM is to bond two 
particles through a cuboid or disc of a certain thickness. The 
particle contact model and calculation principle are shown 
in Fig. 4. PBM can be regarded as a series of springs with 
normal and tangential stiffness, uniformly distributed on the 
contact surface of a certain width, which can resist the action 
of force and moment at the same time. Therefore, this paper 
chooses PBM to simulate the fracture propagation behavior 
during rock failure. According to the uniaxial compression 
test, the conceptual model is constructed (Fig. 3b). The PFC 
software is used to construct the numerical model, and the 

mesoscopic parameters are shown in Table 1. A particle 
system was created, and a total of 23,227 particles (Fig. 3c) 
and 108,251 contact points (Fig. 3d) were generated in the 
model, all compressive contacts.

2.3  Trapezoidal Fracture Evolution Model

Scholars in related fields have studied many similar material 
simulation experiments under different conditions of coal 
seam excavation (Cai et al. 2020; Liu et al. 2020; Zhang et al. 
2021a). Figure 5 shows similar materials’ simulation results 
in Shilawusu and Yingpanhao coal mine. Two coal mine are 
located in the Ordos Basin, belonging to weakly cemented coal-
bearing strata, and full-mechanized caving of coal seams, with 
similar geological conditions in the study area. In Shilawusu 
coal mine, the simulated mining thickness is 9 m, the mining 
depth is 650 m. After mining, the height of the mining-induced 
fracture zone is 196 m, and the fracture mining ratio is 21.78. 

Fig. 3  Uniaxial compression test and PFC numerical model: a electro-hydraulic servo pressure testing machine, b plane mechanical model dia-
gram of rock, c model particle distribution, and d model particle contact
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While, in Yingpanhao coal mine, the simulated mining thickness 
is 5.5 m and the mining depth is 550 m (Fig. 5a). After mining, 
the height of the mining-induced fracture zone is 115.5 m and 
the fracture mining ratio is 21 (Fig. 5b). The results show that 
the fracture of overburden is similar to the trapezoid with a wide 
bottom and narrow top in thick coal seam mining in weakly 
cemented strata. Based on this, we generalize the development 
process of mining-induced fracture in different excavation stages 
as Fig. 6. During the excavation of the coal mining, the immedi-
ate roof is deformation, bending, and cracking under the action 
of stress, resulting in an inverted “V” fractures (Fig. 6a). When 
the length of the overhanging roof is greater than the limit span 

of the rock layer, the immediate roof will caving (Fig. 6b). After 
the immediate roof caving, the basic roof is in a suspended state, 
breaking the stress equilibrium state. The basic roof bents under 
the combined action of overburden gravity and horizontal tec-
tonic stress (Fig. 6c). With the mining of the working face, the 
basic suspended area of the roof increases, cracking, and caving 
gradually (Fig. 6d and Fig. 6e). Based on the trapezoidal failure 
of overburden and the rule of rock expansion, we propose a new 
method for calculating the overburden failure height.

2.4  PFC Numerical Simulation

Taking 61,605 mining face of LWGCM as the background, 
the particle flow discrete element geological model is con-
structed using PFC software (Fig. 7a and b). The strata in 
the working face are generalized and divided into 31 layers 
(Fig. 7c). The size of the model is 600 × 450 m, the number 
of randomly generate particles are 130,677, and the contact 
points are 293,929. The initial displacement and stress are 
cleared after the rock layer is added gravity. There are 100 m 
protective coal (rock) pillars on both sides of the model. The 
length of the simulated excavation is 400 m, and the mining 
thickness is 23 m. Eight displacement measuring lines are 
arranged longitudinally on the coal seam roof, with a spac-
ing of 40 m. Displacement measuring points are arranged 
every 20 m on the transverse, and 120 measuring points 
are arranged. Four stress measuring lines are arranged in 
the longitudinal direction, with a spacing of 75 m. Stress 
measuring points are arranged every 25 m in the transverse, 
and 68 measuring points are arranged (Fig. 7d). To select 
accurate macro and micro mechanical parameters, we use 
PFC software to calibrate the mechanical parameters of the 
particles. At the same time, the microscopic parameters of 
each rock layer are corrected by an orthogonal test, primary 
effect analysis, and regression fitting method (Huang et al. 

Fig. 4  PFC particle contact model and calculation principle: a parallel bond model, and b bonding deformation and calculation principle

Table 1  Micro-parameters of uniaxial compression simulation

Parameters Parameters

R_max 6 ×  10–3 m pb_rmul 0.6
R_min 3 ×  10–3 m pb_ krat 1.5
dens 2.5 ×  103 kg/m3 pb_ emod 1.86 ×  103 MPa
fric 0.1 pb_ten 17.2 MPa
porosity 0.2 pb_coh 6.37 MPa
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2021). The macro and micro mechanical parameters of each 
stratum are shown in Table 2.

2.5  Microseismic Dynamic Monitoring

The KJ551 microseismic monitoring system is used in 
LWGCM to monitor the 61,605 working face mining. 
Twelve geophones are arranged in the main and auxiliary 
roadway. The distance between the geophones is 100 m. 
Four roof geophones and two floor geophones are installed 
in every roadway, the cross arrangement of roof and floor is 
adopted. When the mining to 20 m from the geophone, with-
drawn the geophone and installed backward to ensure more 
than four geophones are monitored the same microseismic 
event. The microseismic monitoring system of working face 
is shown in Fig. 8.

3  Results and Discussions

3.1  Rock Mechanical Properties and Fracture 
Propagation Mechanism

3.1.1  Mechanical Properties

There are 456 groups of rock samples collected from coal-
bearing strata of LWGCM, and rock mechanics tests were 
carried out. The mechanical parameters of coarse sandstone, 
fine sandstone, sandy mudstone, and coal are shown in 
Table 3. Generally, the uniaxial compressive strength, tensile 
strength, and cohesion of coarse sandstone and sandy mud-
stone are larger, indicating that the mechanical properties of 
rock are better. The variation characteristics of parameters 
(compressive strength, tensile strength, cohesion, internal 
friction angle, elastic modulus, Poisson’s ratio, density, and 
porosity) with buried depth are shown in Fig. 9. It can be 
seen that the mechanical parameters of same lithology have 

Fig. 5  Failure characteristics of mining overburden by similar materials simulate: a Shilawusu Coal Mine, and b Yingpanhao Coal Mine

Fig. 6  Failure evolution model of overburden in coal mining (revised from Liu et al. 2022)
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an increasing trend with buried depth. The uniaxial com-
pressive strength, tensile strength, and density increase most 
obvious.

3.1.2  Fracture Propagation Rules and Parameter 
Calibration

The development of mining-induced overburden fractures 
are caused by the propagation and penetration of micro-frac-
tures in the rock. Through the uniaxial compression test, the 
generation, propagation, and penetration of micro-fractures 
are observed during the failure of coal (rock). The experi-
mental process was generalized into a PFC numerical model 
to simulate the evolution rule of contact force, fracture 
state (tensile fracture and shear fracture), fracture number 
and direction during uniaxial compression. Moreover, the 
mechanical parameters of the particles are calibrated accord-
ing to the compressive strength, Poisson's ratio, and elastic 
modulus obtained by uniaxial compression test, including 
effective modulus, stiffness ratio, meso tensile strength, 
and meso cohesion. The effective modulus determines the 
macroscopic elastic modulus of the rock. The stiffness ratio 
determines the macroscopic Poisson’s ratio of the rock. The 

ratio of meso tensile strength to meso cohesion determines 
the failure mode of rocks, and the size of ratio determines 
the compressive strength.

Figure 10 shows the failure behavior during uniaxial 
compression and the development of fractures at different 
stages in PFC numerical model. The process of failure are 
divided into pore compaction (Fig. 10a), initial fracture 
(Fig. 10b), elastic stage (Fig. 10c), peak moment (Fig. 10d), 
and post-peak stage (Fig. 10e). The numerical analysis of 
the fracture development morphology in the post-peak stage 
is consistent with the uniaxial compression (Fig. 10f). The 
stress–strain-fracture variation curve can be divided into four 
stages (Fig. 11): (1) No fracture stage (I). The rock is in the 
compaction stage, with no fractures generated; (2) Micro-
fracture propagation stage (II). There are small number of 
micro-fractures are generated in the rock, and the fractures 
increases linearly, including initial fracture stage and elastic 
stage. There are 1184 micro-fractures are generated, includ-
ing 14 tensile fractures and 1170 shear fractures. The tensile 
fracture are mainly distributed at both ends of the specimen, 
while the shear fracture evenly distributed inside the speci-
men; (3) Micro-fracture accelerated propagation stage (III). 
Before the peak stage, many micro-fractures developed, and 

Fig. 7  Theoretical model and simulation model: a plane model, b profile model, c numerical analysis model, and d location distribution of 
monitoring points
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the number of fractures increased nonlinearly. Many micro-
fractures developed and tended to be connected, resulting 
in 3151 micro-fractures, including 27 tensile fractures and 
3124 shear fractures; (4) Post-peak fractures coalescence 
failure stage (IV). The micro-fractures inside the specimen 
expand rapidly, the micro-fractures are connected, and the 
macroscopic fracture surface appears. A total of 34,194 
micro-fractures are generated when the specimen is failured, 
including 2021 tensile fractures and 32,173 shear fractures. 
The number of fractures after the peak point accounts for 
about 94% of the total fractures in the whole failure pro-
cess. It can be seen from Table 4 and Fig. 11 that the rela-
tive errors of peak stress, elastic modulus, and Poisson’s 

ratio between experimental and simulated results are 0.06%, 
1.46%, and 0.0%, respectively. PFC simulation results can 
effectively characterize the deformation and failure process 
of rock.

In fact, the generation and propagation of fractures in 
rocks are closely related to the ability of rock materials to 
resist failure (Feng et al. 2018, 2020; Wang et al. 2019). 
According to the failure morphology and fractures devel-
opment of specimens at different stages (Fig. 10), fractures 
first occur in the stress concentration area, resulting in 
tensile fractures. The internal fractures of the specimen 
continue to expand before the peak point, showing a trend 
of more at both ends and less in the middle, and some 
fractures penetration. After the peak point, the fractures 

Fig. 8  Microseismic monitoring system of 61,605 Working face in LWGCM

Table 3  Rock mechanics parameters of LWGMC

Coarse sandstone Fine sandstone Sandy mudstone Coal

Range Median Range Median Range Median Range Median

Compressive strength (MPa) 2.70–52.50 15.42 3.03–47.70 9.19 1.23–53.80 14.55 2.40–53.80 6.20
Tensile strength (MPa) 0.10–9.78 1.03 0.10–4.21 0.93 0.10–5.51 1.14 0.20–0.94 0.62
Cohesion
(MPa)

0.30–17.50 3.70 0.20–12.30 2.95 0.50–14.60 4.80 0.50–7.30 4.40

Internal friction
angle (°)

32.35–43.02 37.04 23.17–43.02 37.48 25.98–38.72 35.65 34.12–38.72 36.28

Elastic
modulus (GPa)

0.53–4.69 1.24 0.38–7.94 2.17 0.45–4.44 2.49 2.03–3.81 2.51

Poisson’s
ratio

0.08–0.76 0.23 0.06–0.42 0.19 0.08–0.63 0.23 0.08–0.42 0.18

Density (kg/m3) 2359–2938 2643 2492–2770 2647 2143–2992 2643 2256–2830 2576
porosity (%) 1.90–36.23 16.66 0.39–34.83 15.61 0.20–29.83 9.40 4.57–12.40 7.81
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developed rapidly from both ends to the middle, and the 
fracture development rate reached the peak value until the 
specimen is a failure. The specimen does not suddenly 
failure at the peak point but the micro-fractures accelerate 
development and penetration (Fig. 11). When the micro-
fractures converge to form a complete fracture surface, the 
rock specimen suddenly failure.

3.2  Calculation of Overburden Failure Height Based 
on Trapezoidal Fracture Model

3.2.1  Model Derive

Figure 12 is the schematic diagram of trapezoidal fracture 
model of overburden. The model is divided into n composite 

rock beams. According to the geometric relationship of the 
composite rock beam of the layer i:

where li, li+1, hi are the bottom length, top length, height of 
composite rock layer i, respectively, m; li′ is the correspond-
ing coal (rock) pillar length, m; L is the goaf length, m; δ is 
the fracture extension angle of the roof strata, °. The δ can 
be obtained by actual measurement after mining, while it is 
generally obtained by similar material simulation, numeri-
cal simulation, or empirical value before mining. This paper 

(5)li+1 = li − 2
hi

tan �

(6)l
�

i
=

L − l
i

2

Fig. 9  The 3D intersection diagram of mechanical properties of coal (rock) strata: a compressive and tensile strength, b internal friction angle 
and cohesion, c elastic modulus and Poisson’s ratio, and d density and porosity
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Fig. 10  The failure behavior and fracture development in different stages: a pore compaction, b initial fracture, c elastic stage, d peak time, e 
post-peak stage, and f experimental result

Fig. 11  The stress–strain-
fracture variation curve of the 
experimental and simulated
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mainly adopts numerical simulation to obtain the value is 
65°.

The stress above the coal (rock) pillar of the layer i com-
posite rock beam, simplified as a uniform load, qi+1� is the 
gravity of the overburden. The Eq. 7 as follows:

where qi+1� is the uniform load of composite rock beam, 
MPa; H is the coal seam depth, m; Hi is the distance between 
composite rock beam and coal floor, m. η is the stress con-
centration coefficient above the coal (rock) pillar; �c is the 
average density of composite rock beam, kg/m3.

When the coal (rock) pillar is deformed and failed, the 
subsidence deflection is generated locally in the overburden. 
According to E. Winkler’s elastic foundation theory (Chauhan 
et al. 2023; Zhang et al. 2022), the deflection of the rock group 
above the coal (rock) pillar of the layer i composite rock beam 
can be calculated by Eq. 8.

where ωi (l) is the deflection of the rock group; Ei is the 
flexural stiffness, N·m2; I is the moment of inertia,  m4; ki is 
the elastic foundation coefficient, ki = Ei/hi.

According to Eq. 7 and Eq. 8, the general solution of the 
deflection equation of the layer i rock beam in the range of 
0 ≤ l ≤ l

′

i
 can be obtained as follows:

where λ is the characteristic coefficient, � =
4
√

kib∕4EiI ; A1, 
B1, C1, and D1 are the constants.

The goaf formed after coal mining makes overburden in a 
suspended state. The uniform load qi+1 on the composite rock 
beam of layer i of overburden is calculated by Eq. 10:

where qi+1 is the uniform load of overburden, MPa.

(7)q�
i+1

= ��cg
(

H − Hi

)

(8)EiI
d4�i(l)

dl4
i

+ ki�i(l) = ��cg
(

H − Hi

)

(9)

�i(l) = e�li
(

A1 cos �li + B1sin�li
)

+ e−�l
(

C1 cos �li + D1sin�li
)

+
��cg

(

H − Hi
)

ki

(10)qi+1 = �cg
(

H − Hi

)

Both sides of the boundary coal (rock) pillar are set as fixed 
boundaries, and the composite rock beam of overburden can be 
regarded as a fixed beam. The deflection equation of the layer i 
composite rock beam in the range of li� ≤ l ≤ li∕2 as follows:

According to Eq. 10 and Eq. 11, the general solution of 
the deflection equation of the composite rock beam in the 
range of l�

i
≤ l ≤ l

i
∕2 as follows:

where A2, B2, C2, and D2 are constants.
According to the trapezoidal beam model structure and 

load symmetrical distribution characteristics, the deflec-
tion ωi (l), bending moment Mi (l), angle φi (l), and shear 
force Fi (l) are equal at the symmetric position of the 
composite rock beam. When � → 0 , � → 0 , the bound-
ary conditions of the composite rock beam of layer i are 
as follows:

According to E.Winkler’s elastic foundation theory, the 
relationship between ωi (l), φi (l), Fi (l), and Mi (l) of com-
posite rock beams as follows:

According to the theory of maximum tensile stress (Li 
et al. 2019; Wang et al. 2021a; Zhu et al. 2023), when the 
maximum tensile stress of the material exceeds its ultimate 
value, the material failure. The maximum tensile stress 
of the composite rock beams can be obtained by Eq. 15 
based on the theory of rectangular section beam (Zhang 
et al. 2022).

(11)EiI
d4�i(l)

dl4
i

= �cg
(

H − Hi

)

(12)�i(l) =
�cg

(

H − Hi

)

l4
i

24EI
+

A2l
3
i

6
+

B2l
2
i

2
+ C2li + D2

(13)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

�i

�

l = li
�

= 0

Fi

�

l = li
�

= 0

�i

�

l = li
�

= 0

�i

�

l = li + li�
�

= 0

�i

�

l = li + li�
�

= 0

(14)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Mi(l) = −EI
d�2

(l)

dl2

Fi(l) = −EI
d�3

(l)

dl3

�i(l) =
d�(l)

dl

(15)�imax =

|

|

|

|

|

6Mi max

h2
i

|

|

|

|

|

Table 4  Comparison of simulation values with experimental values

Peak stress (MPa) Elastic 
modulus 
(MPa)

Poisson’s ratio

Experimental 
results

17.18 1370 0.25

Simulation results 17.17 1350 0.25
Relative error (%) 0.06 1.46 0.0
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Fig. 12  Mining-induced fracture evolution of overburden in working face
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where σimax is the maximum tensile stress of the composite 
rock beam, taking the weighted average tensile stress of the 
rock strata inside the composite rock beam, MPa; Mimax is 
the maximum bending moment of the composite rock beam, 
taking the weighted average bending moment, kN·m.

According to the geometric damage theory, the damage of 
the material is caused by the deterioration of the mechanical 
properties caused by the micro-fractures and micro-pores 
inside the material, resulting in the decrease of effective 
bearing capacity. The relationship between the effective 
stress and the non-damage stress is expressed as follows:

where σ’ is the effective stress, MPa; σ is the non-damage 
stress, MPa; D is the damage degree, which is usually 
obtained from the field measurement. In the absence of 
field measurement, the value can be obtained according to 
the complexity of the geological structure of the site. The 
structural development of coal-bearing strata is simple in the 
study area, and the D is calculated by 0.1.

The maximum effective tensile stress of composite rock 
beam failure considering the degree of damage:

where �′

imax
 is the maximum effective tensile stress, MPa.

According to the characteristics of coal mining and over-
burden failure, the volume of coal extracted from the work-
ing face is V1:

where V1 is the volume of mined coal,  m3, b1 is the width of 
the working face, m, M is the mining thickness.

After the failure of the composite rock beam, the volume 
of caving rock mass is V2:

where V2 is the volume of rock mass,  m3, bi is the width of 
composite rock beam, m, kρ is the expansion coefficient of 
rock.

Iterative calculation, when the layer i rock beam satisfies 
Eq. 20, the fracture will occur and the process will continue 
to transmitted upward. When one of the conditions in Eq. 20 
is not satisfied, the rock beam does not failure.

(16)�
�
=

�

1 − D

(17)�
�

imax
=

|

|

|

|

|

6Mimax

(1 − D)h2
i

|

|

|

|

|

(18)V1 = Ml1b1

(19)V2 =
1

2

n
∑

i=1

(

li + li+1
)

bihi
(

k
�
− 1

)

(20)

{

V
1
≥ V

2

�
′

i max
≥
[

�
i

]

where 
[

�i

]

 is the average tensile strength of the composite 
rock beam, MPa.

The height of the overburden failure as follows:

where Htf is the height of overburden fracture, m, Hi is the 
distance between the rock beam of layer i and the coal floor, 
m, M is the mining thickness.

It can be seen that the height of mining-induced overbur-
den fracture is mainly controlled by the mechanical proper-
ties of overburden, the volume of mined coal, and the expan-
sion coefficient of rock. The weakly cemented strata, large 
mining thickness, and large mining width in the mining area 
of Western China are the main reasons for the ultra-high fail-
ure of overburden. The evolution process of the trapezoidal 
fracture model of overburden includes bending, cracking, 
and caving of the immediate roof, and then the failure of the 
basic roof successively, until the caving rock fills the whole 
mining space, and the overburden fracture stops developing 
upward. The trapezoidal fracture evolution is similar to Liu 
et al. (2022) trapezoidal collapse model, but the derivation 
process of the theoretical model is different. The model is 
derived based on the composite rock beam theory of founda-
tion, which conforms to the failure rule of mining overbur-
den. The introduced variable parameters are mainly the basic 
mechanical parameters of rock, which are easy to obtain. 
Considering the fracture failure characteristics of rock strata, 
and the concept of damage degree is introduced to improve 
the calculation accuracy. In addition, the iterative calculation 
process can be run with computer assistance, which greatly 
improves the computational efficiency.

3.2.2  Study Case

The 61,605 working face of LWGCM is 1156 m long and 
255 m wide, with a mining thickness of 23 m. The bur-
ied depth of the coal seam is 421.3–512.7 m, and the roof 
strata of the coal are mainly mudstone, sandy mudstone, fine 
sandstone, medium sandstone, and coarse sandstone. The 
mine adopts fully mechanized caving technology. Taking the 
failure height of overburden in 61,605 working face mining 
as an example, the expansion coefficient (kρ) of mudstone, 
sandy mudstone, and sandstone are 1.10, 1.15, and 1.20, 
respectively, and the characteristic coefficient (λ) is 1.008. 
The fracture extension angle of the roof strata (δ) is 65°. The 
iterative calculation is realized by Matlab, and the end con-
dition of the iteration is that the calculation results does not 
satisfies Eq. 20. Calculating the overburden failure height of 
61,605 working face is 180 m.

(21)Htf = Hi −M
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3.3  Numerical Simulation Analysis

Figure 13 is the numerical simulation results of extra-thick 
coal mining in weakly cemented strata. When the working 
face is mined to 100 m, the basic roof is caved, as shown in 
Fig. 13a. There are 593 fractures, including 27 tensile frac-
tures and 566 shear fractures, many water migration path-
ways began to form. When the working face is mined to 
200 m, as shown in Fig. 13b. The overburden fracture gradu-
ally transmits upward, the failure range begins to develop in 
an approximately symmetrical “trapezoid”, and the height 
of overburden failure is 125 m. The fracture growth rate of 
the roof gradually increases, the fractures at the bottom of 
the trapezoidal zone are concentrated, and the groundwater 
migration channels begin to connect. Currently, 4059 frac-
tures were generated, including 244 tensile fractures and 
3815 shear fractures. When the working face is mined to 
300 m, as shown in Fig. 13c, the height of the overburden 

fracture is 182 m. There are 12,719 fractures were gener-
ated, including 827 tensile fractures and 11,892 shear frac-
tures. The fractures at the bottom of the trapezoidal zone are 
gradually compressed, the middle and upper fractures are 
developed in large numbers, and the main fracture channels 
are gradually connected. When the working face is mined to 
400 m, as shown in Fig. 13d. The maximum fracture height 
of overburden is 182 m, and the range of the trapezoidal fail-
ure zone is expanding. A total of 17,912 fractures were gen-
erated, including 1111 tensile fractures (6.2%) and 16,801 
shear fractures (93.8%). The overburden has experienced 
extensive caving, and the height of the caving zone is about 
55 m. The caving rock is gradually compacted at the bottom 
of the goaf, and the fracture channels are closed. The main 
fracture channels are distributed on both sides of the trap-
ezoidal failure zone, forming the main groundwater migra-
tion channels. In different excavation stages, the fracture 
extension angle is not exactly the same, with an average of 

Fig. 13  Stress evolution of overburden in working face
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65°. The difference in the development of fracture extension 
angle when mining overburden fracture develops into a new 
stratum group.

The stress evolution of overburden during the mining 
process of the working face, as shown in Fig. 14. The mon-
itoring points from 121 to 137 are located at the height of 
350 m in the model, as shown in Fig. 14a, the stress curves 
of monitoring points regularly increase with the excavation 
steps, with the maximum stress reaching 4.0 MPa. It shows 
that the vertical stress of the working face propagates to 
the position of 350 m, but the disturbance is small, and the 
rock stratum is not failured. The monitoring points from 
138 to 154 are located at the height of 275 m in the model. 
The stress curves of most monitoring points fluctuate reg-
ularly, as shown in Fig. 14b. When the model is mined 
to 300 m, the stress suddenly increased at 139 and 151 
points, indicating that the rock stratum failure occurs. The 
rock stratum near the monitoring line is obviously affected 

by mining, but only local failure occurs. It is inferred that 
the failure height of the overburden fracture is 185 m. The 
monitoring points from 155 to 171 are located at the height 
of 200 m in the model, as shown in Fig. 14c. When the 
working face is mined to 100 m, monitoring points stress 
gradually changes, and the stress curve fluctuates disor-
derly. With the excavation, the fluctuation of the stress 
curve is more obvious, indicating that the rock stratum 
near the monitoring line has a large range of failure.

At the height of 300 m, 210 m, and 150 m, the displace-
ment monitoring curves are shown in Fig. 15a, b, and c. 
With the excavation of the working face, the displacement 
at the height of 300 m in the model increases slowly in a 
“step” shape, and the maximum displacement is 3.4 m. At 
the 210 m height of the model, the displacement increases 
rapidly from 150 m of the model, and the displacement of 
66, 67, and 68 measuring points reaches 22.0 m. At the 
height of 150 m, the displacement of monitoring points are 

Fig. 14  Displacement evolution of overburden in working face
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generally large, and the position of the displacement muta-
tion point moves forward, with the maximum displacement 
reaches 22.5 m. After the mining of the working face, the 
connections of all displacement monitoring points are shown 
in Fig. 15d. It can be seen that the displacement of measur-
ing points decrease from the middle of the goaf to both sides, 
showing a “U” shape distribution. The farther the distance 
from the coal seam roof, the smaller the displacement of 
the rock stratum. There is no obvious displacement at the 
measuring points from 1 to 30, which also shows that the 
model above 300 m is less affected by mining.

3.4  Microseismic Dynamic Monitoring Analysis

The monthly advancing lengths of the 61,605 working face 
in LWGCM are 107.5 m, 106 m, 102.4 m, 108 m, and 106 m, 
respectively. Figure 16 is the microseismic event distribution 
of vertical mining direction with advance of working face. 
The temporal and spatial distribution rule of microseismic 
events in surrounding rock during mining are revealed. A 
total of 29,036 microseismic events were monitored, includ-
ing 5566 events in the roof, 22,038 events in the coal seam, 
1432 events in the floor, and the total energy released was 
9676.037 kJ. With the mining of the working face, the fre-
quency and energy of microseismic events increases, reveal-
ing that the failure range of surrounding rock is expanding. 
The microseismic events are distributed in strips along the 
mining position to both sides. The density of microseismic 
events near the coal seam and the immediate roof position 
is high, and high-energy events occur frequently.

To better display the vertical distribution of microseismic 
events, it is superimposed with the geological section of the 
main transport. The failure range and profile of the roof along 
the transport section are shown in Fig. 17. The distribution of 
microseismic events is trapezoidal, with a height of 185 m. 
The density of microseismic events gradually decreases from 
the bottom to the top of the trapezoid. The density of micro-
seismic events is larger in the range of 168 m above the coal 
roof, and there are few microseismic events in the range of 168 
to 185 m. Therefore, it is inferred that the maximum devel-
opment height of mining-induced fractures in overburden is 
185 m, and fractures are more developed in the range of 168 m 
above the coal roof.

3.5  Comparison and Verification of the Height 
of Overburden Fracture

The overburden failure height of 61,605 working face in 
LWGCM are calculated by trapezoidal fracture model, 
empirical formula, PFC numerical simulation, and micro-
seismic dynamic monitoring, and the results are shown in 
Table 5 shows the comparative analysis of overburden fail-
ure height. According to the rock mechanics test results of 
LWGCM, the compressive strength of the 6rd coal roof rock 
is 1.23–53.8 Mpa, and the tensile strength is 0.1–9.78 Mpa. 
Therefore, the overburden belong to the medium hard type. 
Equation 3 is used to calculate the overburden failure height 
is 62.5 m and the relative errors are − 65.7 and − 66.2%, 
which is seriously inconsistent with the actual. The calcula-
tion results of the trapezoidal fracture model are consistent 
with the numerical simulation and microseismic monitoring, 

Fig. 15  Schematic diagram of trapezoidal fracture of mining overburden



Trapezoidal Failure Behavior and Fracture Evolution Mechanism of Overburden in Extra‑thick…

the relative errors are − 1.1% and − 2.7%, indicating that the 
model calculation results are more accurate and reliable.

4  Conclusions

1. Based on the rock fracture propagation tests, the mac-
roscopic and microscopic mechanical behaviors of rock 
strata under uniaxial compression is simulated and 
reconstructed. The failure process of weakly cemented 
rock is divided into four stages: No fracture stage, 
Micro-fracture propagation stage, Micro-fracture accel-
erated propagation stage, and Post-peak fractures coa-
lescence failure stage. Fractures develop rapidly after 
the peak point, accounting for about 94% of the whole 
failure process.

2. Based on the optimized rock mechanics parameters, 
a numerical model of extra-thick coal mining is con-
structed. The overburden fracture in mining face is 
trapezoidal evolution, including shear fractures (93.8%) 
and tensile fractures (6.2%). Mining-induced fractures 
are mainly distributed on both sides of the trapezoidal 
failure zone, forming the main groundwater migration 
channels.

3. According to the elastic foundation beam and fracture 
damage theory, the calculation method of overburden 
failure height in extra-thick coal mining is derived. The 
model predicts that the overburden failure height of 
61,605 working face in LWGCM is 180 m, and the rela-
tive errors are − 1.1% and − 2.7%.

4. The microseismic monitoring results show that a total 
of 29,036 microseismic events occur during the min-

Fig. 16  Microseismic event distribution of vertical mining direction with advance of working face
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ing process of the working face, releasing energy 
9676.037 kJ. The roof microseismic events are trapezoi-
dal distribution with a maximum development height of 
185 m, which further verifies the accuracy of the trap-
ezoidal fracture model and PFC simulation results.
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