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Overburden breakage and surface
damage evolution under high-
intensity mining of shallow coal
seams: evidence from Shendong
mining area
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During high-intensity mining of shallow coal seams, severe overburden movement and surface
subsidence can lead to geological hazards like ground fissures. This study investigates these
phenomena at a representative working face in the Shendong mining area. Numerical simulations
were conducted to analyze overburden displacement, stress distribution, fracture evolution, breakage
characteristics, and surface subsidence under varying mining advance distances. A theoretical model of
overburden breakage and surface subsidence was developed, revealing the key mechanisms involved.
Results indicate that overburden breakage and collapse occur in distinct stages. The presence of key
strata is essential for maintaining the rock layer stability and controlling surface subsidence. Initial
roof breakage occurs at an advance distance of 80 m, with periodic intervals of 40 to 60 m. Stress
distribution evolves through three stages: overall pressure relief, single-peak stress concentration, and
double-peak stress concentration. Fractures propagate through the overburden, ultimately reaching
the key strata and surface. Once the key strata are fractured, a “voussoir arch” structure suppresses
further fracture expansion. The theoretical model and simulations align closely with field data,
providing a scientific basis and technical support for controlling subsidence and facilitating surface
ecological restoration during high-intensity mining.

Keywords Shallow Thick Coal Seam, Overburden Breakage, Structural Evolution, Fracture Development,
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Coal mining plays a crucial role in Chinas energy infrastructure and has significantly contributed to the
socioeconomic development of the country over the past few decades. However, coal resource exploitation
has profoundly and extensively impacted the ecological environment. During most coal mining operations,
the overburden above the goaf undergoes uncontrolled collapse, resulting in the movement, deformation, and
destruction of the rock layers from the coal seam to the surface. These layers are categorized into three zones: the
caving zone, the fracture zone, and the bending subsidence zone. In areas with shallow coal seams, only the caving
and fracture zones may develop!?. Fractures formed in these zones can lead to secondary issues, including water
inrush, gas outbursts, and damage to the surface environment®~°. In the ecologically fragile Shendong mining
area, high-intensity mining of shallow, thick coal seams has caused severe damage to the surface environment.
This includes depletion of water resources, frequent geological disasters, vegetation degradation, and soil erosion,
all of which seriously threaten the ecological security of the mining region. The unique geological conditions of
the Shangwan Mine in the Shendong area, characterized by shallow and highly variable coal seam burial depths,
exacerbate these issues”®. Mining-induced subsidence exhibits distinctive discontinuous damage characteristics,
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such as stepped collapse and dense ground fissures, which amplify ecological damage and complicate restoration
efforts. These challenges significantly hinder ecological conservation and the high-quality regional development.

Previous research on overburden breakage and surface damage caused by coal mining has primarily
concentrated on overburden movement, fracture formation, surface deformation, and the development of
ground fissures. Studies utilizing field analyses and simulations have dynamically analyzed variations in surface
damage caused by high-intensity mining of shallow, thick coal seams. Based on these analyses, principles for
road alignment and slope stabilization under mining-induced dynamic conditions have been proposed®!2.
Wang et al. employed physical similarity simulation experiments to investigate overburden movement and
fracture development during shallow coal seam mining!*!%. It was concluded that after the initial breakage of key
strata, the fragmented rocks above settle synchronously until a hinge structure forms, followed by collapse. After
settlement ceases, periodic fracturing of key strata results in the formation of “voussoir beam” structures. Yuan
et al. utilized numerical simulations to model mining dynamics and observed that caving, fracture development,
and bending subsidence zones develop during the mining of thick unconsolidated coal seams!>16. It was found
that due to the lower density of the unconsolidated zones, fractures develop more prominently. The segmented
compacted backfill technique was proposed as an effective method for controlling severe roof collapse and
surface subsidence in goaf areas. It was suggested by Hu et al. that as mining progresses, the compaction strength
of the overlying strata in the central goaf gradually increases!”. Simultaneously, displacements of the immediate
roof and the compacted strata above the goaf also increase, while peak stresses in the stress concentration zones
on both sides decrease. This observation aligns with the findings of Wang et al., who combined numerical
simulations with field measurements to reveal the pressure characteristics during mining.!®. Xu et al. reported
a parabolic relationship between the width-to-depth ratio of shallow coal seams and the surface subsidence
coefficient, with ground fissure development exhibiting a "double-cycle + stable phase" dynamic evolution!®. Li et
al. noted that as the working face advances, vertical stress concentration zones shift to deeper strata, resulting in
shear failure under high stress. This also results in significant settlement and tensile failure of the mining roof’.
Hou Enke et al. validated the feasibility of utilizing the particle flow code (PFC) method to simulate surface
discontinuous deformation and studied patterns of ground fissure development during coal seam mining?!.

Although the morphological characteristics and spatial distribution patterns of ground fissures have
been the primary focus of prior studies, limited attention has been given to the characteristics of overburden
breakage and surface damage??~%°. These gaps are particularly evident under conditions of significant coal seam
thickness, shallow burial depth, and rapid mining advancement. In particular, the dynamic evolution of fracture
development and surface deformation across different stratigraphic layers as the working face advances warrants
further investigation. To address this gap, this study focuses on the Shendong mining area, using a typical working
face as the engineering background. The characteristics of overburden displacement, stress distribution, fracture
evolution, breakage patterns, and surface subsidence are investigated under varying advance distances during
the high-intensity mining of shallow, thick coal seams. This research aims to provide new scientific insights
into subsidence control and ecological restoration in goaf areas under these conditions. The characteristics of
overburden displacement, stress distribution, fracture evolution, breakage patterns, and surface subsidence are
investigated under varying advance distances during the high-intensity mining of shallow, thick coal seams. This
research is aimed at providing new scientific insights into subsidence control and ecological restoration in goaf
areas under these conditions.

Theoretical Model
Theoretical model of overburden breakage in shallow buried high-strength mining
Initial fracture of the immediate roof
As the working face advances along the strike direction from the open-off cut, the span of the immediate roof
gradually increases. When this span reaches its critical limit, the roof fractures. The span at this critical point is
referred to as the initial weighting step distance. Based on the principles of elasticity, the problem of immediate
roof fracture can be simplified to a plane strain problem when the working face advances to a certain distance.
Before the roof fractures, the immediate roof can be modeled as a fixed-end beam?®. In this model, the exposed
immediate roof is supported at one end by the coal seam near the working face and at the other end by the
boundary coal pillar?, as illustrated in Fig. 1.

The stress components within a clamped beam under a uniformly distributed load are determined using the
semi-inverse method of elasticity?®. The normal stress boundary conditions at the upper and lower boundaries
are as follows:

(Oy)ye—prye = —(0fy)y_prjp =0 (1)

Based on the stress boundary conditions, 0,= f(y) is assumed.

=l

'The stress function can be obtained as: ® = 22 f (y) + zf1 (y) + f2 (y) fromof, = %.
Substituting into the compatibility equation A*® =0 yields:

fy)=ay® + by’ +cy +df (v) = fy° + gy° + hy
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Fig. 1. Mechanical model before and after the initial fracture of the main roof.

The following results are obtained by substituting Eq. (2) into the stress component formulas o, = ‘ngff and

_ 9% .
Tfay = dzdy "

Ofz = % (6ay + 2b) + = (6fy3 +gy* + hy) — 2ay® — 2by® + 6iy + 2k
oy =ay® + by’ + ey +d (3
Tfey = —T (3ay2 + 2by + c) —3fy* =29y —h

The displacement component formulas are derived from the relationship between displacement and stress:

23(6a 6fy>+gy?+hy)a? .
uy = 26 é;+2b) i (6fy gy2 y)=2y —a:<2ay3 + 2by? +6zy—|—2k)]/E
u(ay®+by®+ey+d)
T Foy  tuo

vy = —p | @ (Bay® +2by) +a (Lf;ﬁ + 4 #) S SR
+2ky
+(ay4/4+by3/3+cy2/2+dy) JE 4wz + vo

In the formulas, a, b, ¢, d, f, & h, I, w, u, and v, represent undetermined coefficients, while E denotes the
elastic modulus. The following results are obtained based on the normal and shear stress boundary conditions
(fxy)y= +H/2=0:

2q

_ 0 e 3 4
a= H3’b_o’c_2H’d_

q

i ) f =0 y 9 = 0

The horizontal and vertical displacements of the clamped beam are expressed as:
Uz=+L;y=0 = 0, Vo=£L;y=0 = 0, Up=t1;,y=—r/2 =0

The results are derived as follows:

4qL% — 3H?*q (2 + Ly (4
aly q( N)Jg:O’w:q s (4+5p)

h=0,i= 12H3 OHE

,UOZO,UQZO

By substituting the determined coefficients into Eqgs. (3) and (4), the stress and displacement components are
obtained as follows:

Ofe = % (L?&‘ — 322+ 2y2) y— 73(224;)11?/
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In these formulas, T Tpy o and v, denote the horizontal stress, vertical stress, shear stress, horizontal
displacement, and Vertlcal Jlsplacement at any point within the basic roof, respectively. g is the total load on
the basic roof, including the overburden and self-weight, MPa. H is the thickness of the basic roof in meters,
m. 2L, is the span of the basic roof in meters, m. y is the Poisson’s ratio of the rock layer, and x and y are
the coordinates of any point within the clamped beam. Related studies indicate that the failure mode of the
rock beam is primarily tensile or shear failure?. The distribution patterns of the maximum principal stress and
maximum shear stress within the rock beam determine its failure mode. The expressions for the maximum
principal stress and maximum shear stress are given as follows:

2
o= : Tty \/(Uf 4afy) + Tray? )

2
Ofp — O
rpmne = 1 ®

According to the theory of material mechanics, the bending moment at the two fixed ends of a clamped beam
is M, :quZ/ 3. After the fixed ends fracture, the support conditions at both ends change to simply supported,
resulting in a bending moment at the center of the beam of M, =gL?2/2. Since the maximum principal stress at
the bottom center of the simply supported beam is typically greater tlljlan the maximum principal stress at the top
ends of the clamped beam under the same thickness-to-span ratio?, it is assumed that three fracture surfaces are
simultaneously generated in the beam. Based on the simplified boundary conditions, the vertical displacement
at each point of the clamped beam ends can be expressed as follows in Eq. (9):

2 3 2 P H2 3
wi = | 355 {(L? —2?)" —yt B2 oy | 327y 4yt LRy - 2,2 %y] } [we] > wy
wy |< Hy [we] < wy

In the formula, w, represents the displacement of the clamped beam in millimeters, mm. H, is the mining height
of the working face. [w/] is the critical deflection value for fracture of the clamped beam. When # approaches 0,
the clamped beam structure undergoes fracture and instability, and w,, , reaches its maximum value of H,. From
Eq. (9), the vertical displacement w,at any point on the clamped rock beam can be determined. The distribution
of w, is influenced by the thickness and span of the basic roof rock beam. Currently, the assumption of isotropy
is treated as a first-order approximation in the research. Future studies will incorporate layered anisotropic
characteristics through numerical modeling.

Periodic fracture of the immediate roof
After the initial fracture of the basic roof, periodic fractures occur as mining continues. At this stage, the
clamped beam model is inapplicable. Due to the large mining height in high-extraction working faces and the
implementation of the full caving method, the immediate roof collapses but does not completely fill the goaf. of
the full caving method, the immediate roof collapses but cannot completely fill the goaf. When the bearing key
strata are not subjected to the extrusion effects of the collapsed blocks, they can be treated as a cantilever deep
beam structure®. Thus, the periodic weighting of the basic roof can be simplified into a cantilever thick beam
model subject to uniform load, as illustrated in Fig. 2. uniform load!, as shown in Fig. 2.

The stress components within a cantilever beam subjected to a uniformly distributed load can be determined
using the semi-inverse method of elasticity. The normal stress boundary conditions at the upper and lower
boundaries are expressed as follows:

(Osy)ye—pryo = —U0sy)y_prjs =0 (10)

The stress boundary condition is assumed as: 0, = ).
2@

oy?”

Substituting into the compatibility equation A*® =0, the following result can be obtained:

The stress function can be derived as: ® = 2%g (y) + zg1 (y) + g2 (v) from 05, =
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Fig. 2. Mechanical model of cantilever thick beam before main roof periodic cracking.
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9(y) = ay’ +by” +cy+dg (y) = fy° +9y° + hy

5 4
a b .
gz(y)=—%— %+zy3+ky2
The stress function ®:
2 3 2 3 2 ay5 by4 .3 2
O =z"(ay” +by" +cy+d)+z(fy” + gy +hy)f?f?+zy + ky (11)

2 2
By substituting Eq. (2) into the stress component formula o5y = 273) and Tezy = ng;’ the following result

can be obtained:

Tew = @ (6ay + 2b) + x (6fy° + gy + hy) — 95 — W0 4 g3 4y
osy =ay® + by’ +ey+d (12)
Tsoy = —& (3ay2 + 2by + c) —3fy* — 29y —h

The displacement component formula is:

=[2a (24 p) zy® — (2ax3 — 3fa* — 6iz + 2pcx) y + 2kx — 2udzx]/E
—[fe@+wy* +2(1+p) hy] /E+wy +uo (13)
vs = [—a (1 +2u)y*/2 — gZ,uaxQ — 3fx — 3iz + c) y? — 2uky + 2dy
+ax?/2 — fa® — (2+ p) cx?]/E — wy + vo

In the formula, a, b, ¢, d, f, g h, I, k, w, u, and v, are undetermined coefficients, and E represents the elastic
modulus. Based on the normal and shear stress boundary condition (T ) =0 the following results can be
obtained:

_ 29, _ 34 _ 2L _
a—ﬁb—O,C—ﬁ,d—O,f: ,g—O

According to Saint Venant’s principle, the following can be obtained:
bid H b2
2 2 2

qL?
(Tszy)pmo dy = —aLs [ (0s2),oydy = —= (0s2)ymo dy =0
_H _H _H
2 2 2
. 3qLs . 3¢(10L%2-H?
The result can be obtained as: h = 5%, i = f%, k=0

The horizontal and vertical displacements of the cantilever beam are specified as follows: Uz=0,y=0 = 0,
Vo=0,y=0 = 0, Ug=—1_ 4 7@52

It follows that: w = ?ﬁTJ ! ,vo = 0,u0 = 0.

Substituting the determmed undetermmed coeflicients into Egs. (3) and (4), the stress components and
displacement components are obtained as follows:

10L2—-H?
Osz = de — Hd;p y_|_ 12qL31.y+ ( H§3 )y
Usy = —H36yL—|— 2Hy3—z§ . (14)
Tsxy = HSQZy + ?.ISSy ﬁ - gHS
2 2
2 (2 +p) s, 6qL. o 34 (1003 H?) | g
" {H V' - o+ g o+ e /8
2Ly (2+ 1) 5 3qLs qLs (7 —5p)
— E —_—
+ |: 3H? Yy 2 Yy / + OHE
(15)
2
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'Us—[ 2H3 Y H3 H3 + 5H3 +4H Yy +2y
port | 2L’ 3¢ (L34 3L 4 30uH) 2% gL (T 5)
2H3 H3 20H3 6HE

In the equation, L, represents the span of the cyclic compression base, m; other variables are the same as those
for a fixed-ended beam. According to the theory of material mechanics, the bending moment at the fixed end
of the cantilever beam is given by M=qL /2. After the fixed end failure, the boundary condition at the fixed
end changes to a simply supported condition®”. Based on the simplified boundary conditions, the vertical
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displacement w_ (where w_=v) at any point along the fixed-supported beam is expressed by Eq. (15). However,
the current computational models do not consider progressive cracking and localized plastic deformation; these
factors should be incorporated in future research.

Theoretical model of surface subsidence in shallow buried high-intensity mining

The surface subsidence basin model of the gently inclined coal seam’s rectangular goaf area is utilized as the
deflection function of the key stratum controlling surface movement, based on the semi-inverse method of thin
plate theory to enhance the representativeness of the deflection function.

22 y2 d
w(z,y) = Wm [1 - (a% + 5

Wy, represents the maximum deflection of the plate in this stratum; is the dimension of the n-th rock plate in

the direction of the long axis, measured from the coal seam roof upwards; is the dimension of the rock plate

in the direction of the short axis; d is a parameter controlling the shape of the deflection curve along the z-axis.

The x-axis is defined as the direction of the coal seam strike, the y-axis as the dip direction, and the z-axis as
the direction vertically downward from the goaf area.

2 2

Y !

A
an? = by

ar, is the dimension of the n-th rock plate in the direction of the long axis, measured upwards from the coal
seam roof; b, is the dimension of the rock plate in the direction of the short axis.

The (n—1)-th layer exerts a reaction force on the n-th layer, which can be described using the Winkler
foundation reaction coefficient k¥. According to the elastic surface differential equation of a Winkler elastic
foundation plate:

Fww,y) 0twl,y)  Swy)  kwlwy) @
Ozt 0x20y? oy* D, D,

qo is the load applied to the n-th rock layer, which includes the self-weight of the n-th layer and the weight of
all the overlying rock layers; D, is the bending stiftness of the n-th rock plate; and k is the reaction coefficient of
the (n— 1)-th layer on the n-th rock layer.

Near horizontal coal seam mining surface subsidence basin modeling using Winkler elastic foundation thin
plate theory as®*:

2

2 d 444
w(gj y) =(1— L — yf . qunbn
’ an?  by? 4D, d[(d + 1) (ant + bp*) +2(d — 1)an2b,?] + antb, k

(16)

The applicability of the theoretical model is validated by comparing it with field-measured surface settlement
data from the Shen Dong mining area®®. As illustrated in Fig. 3, both theoretical and measured data indicate that
surface subsidence increases rapidly before stabilizing as the working face advances. This finding demonstrates
that the theoretical model effectively captures the trend of subsidence variation. However, in the vicinity of the
excavation area (0-100 m), the measured subsidence is higher than the theoretical value. This discrepancy arises
from alocal mismatch between the model assumptions and actual engineering conditions. The theoretical model
isbased on the elastic foundation plate theory, while the overburden in the excavation area is influenced by mining-
induced fractures and weak bedding planes, exhibiting significant plastic yielding. In the region farther from the
excavation area (100-300 m), the theoretical and measured values align closely (RMSE =38 mm), indicating that
the model reliably predicts the overall bending subsidence of the overburden. This accuracy is attributed to the
stress regulation effect of the key layers. The high flexural stiffness of the primary key layer effectively suppresses
the upward transmission of stress, resulting in a more uniform subsidence distribution. Overall, the calculated
values derived from the theoretical model exhibit high reliability, particularly in the medium to far distance
regions, accurately predicting variations in subsidence in practical engineering applications.

Numerical model

Particle flow simulation principles

The Particle Flow Code (PFC) is a discrete element method (DEM) program that differs from continuum
mechanics-based methods. In contrast to finite element methods that rely on mesh and grid concepts, particle
flow theory links the microscopic mechanical properties of particles to their macroscopic mechanical behaviors.
The macroscopic state of the system is reflected through particle interactions. Therefore, the mesh and grid
concepts typically used in finite element analysis are not involved in PFC?¢. The movement of blocks in particle
flow theory is simulated by alternating between force-displacement laws and Newton’s second law. This process
enables the connection of two or more particles to form arbitrary configurations. Figure 4 illustrates the
computational cycle and analysis process utilized in PEC¥.

Scientific Reports |

(2025) 15:23152 | https://doi.org/10.1038/s41598-025-05177-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Distance from the open-off cut (m)

0 100 200 300
T T T
Rt —— Field measurement
& - A .
200 \ - - - Theoretical Value
\
\
\
__-1000 F N
E \
= N
S -1500 b
5 \ N
2 N
b )
2 2000 S
2500 |

Fig. 3. Variation curve of deflection with increasing distance from the open-off cut.
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Fig. 4. Schematic diagram of the PFC calculation cycle.

Model construction and parameter calibration

Model construction

In this study, the geological prototype of the overlying rock strata of the 12,401 working face at the Shangwan
Coal Mine in the Shen Dong mining area is utilized. The working face is characterized by a shallow burial
depth, large mining height, extensive area, and rapid advancement, classifying it as a typical high-intensity
mining area. The average burial depth of the coal seam is 180 m, with an average thickness of 8.8 m and an
actual mined thickness of 8.2 m. The length of the working face measures 300 m, and the advancement speed is
12 m/day. A two-dimensional particle flow model for mining-induced deformation is established based on the
gravity similarity criterion, experimental conditions, and actual site conditions, as shown in Fig. 5. The model
dimensions are 500 m x 220 m, incorporating a total of 150,100 particles are included. To simulate coal seam
mining, particles corresponding to the coal seam are removed from the model.

During the simulation, horizontal lateral displacements at the left and right boundaries were constrained,
while fixed support conditions were applied at the bottom. The upper boundary is set as a free boundary, with
gravity (g=9.8 m/s?) applied. Excavation commenced 120 m from the left boundary of the model, with each
advancement step measuring 10 m to simulate coal seam mining along the strike. After each excavation step,
equilibrium was considered reached if the average unbalanced force of the model was less than or equal to
1x107%. A total of 13 layers of coal and rock strata were incorporated into the model.

Parameter calibration

The particle flow discrete element software PFC features two types of bonding models: the contact bonding
model and the parallel bonding model. In the contact bonding model, specified normal and tangential bonding
strengths are assigned between particles. However, this model can only transmit forces and not moments, which
limits its ability to accurately simulate rock failure. Conversely, the parallel bonding model can be conceptualized
as a series of springs with constant normal and tangential stiffness, uniformly distributed across the contact
surface and centered at the contact points®®. The relative motion at the contacts generates both forces and
moments, thus meeting the requirements for simulating rock fracture. Therefore, the Parallel Bonded Model was
selected as the constitutive model for the numerical simulation®. The correct selection of mesoscopic parameters

is crucial for model construction. The mesoscopic mechanical parameters that simulate particle flow primarily
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Fig. 5. PFC model of 12,401 working face strike advance in Shangwan mine.

include the contact modulus (E.), the ratio of normal to tangential stiffness (’Z—:), the friction coeflicient, the
) — ) ) N T

bonding modulus (E.), the ratios of normal and tangential bonding stiffness ( = ), thenormal | ' ding strength

(), and the tangential bonding strength ((7). Given the numerous mesoscopic mechanical parameters involved

in the parallel bonding model, the following assumptions were made during the study*®*!:

1) Since the macroscopic and mesoscopic friction coefficients are similar, the particle friction coeflicient is set
equal to the macroscopic friction coefficient.

2) Considering that the specimen is a homogeneous material, the particle contact modulus is assumed to be
equal to the bonding modulus, i.e., (7). Additionally, the ratios of normal to tangential stiffness for the par-

allel bonding and contact models are set to be equal, i.e., (% = % ).

3) Given that circular particles are used in PFC, the actual cohesion of the coal body is less than that of the
model, while the internal friction angle is greater than that of the model. Therefore, the mesoscopic internal
friction angle and cohesion are used to replace the peak strength, with parameters equal to the macroscopic
cohesion and internal friction angle.

In the PFC particle flow software, there are notable differences between mesoscopic parameters and
macromechanical parameters, necessitating a scientific conversion. Initially, macromechanical parameters for
each rock layer are measured through laboratory tests. Subsequently, correlation regression analysis is performed
on the macro- and microscopic parameters, and empirical formulas for macro-mesoscopic conversion are used
to calculate the required mesoscopic parameters for simulation. A series of empirical formulas for macro-
mesoscopic parameters have been derived through extensive experiments and simulations, with the most
commonly used formulas listed as follows**:

EEC =a + bln (:—:) (17)
v=cln(kn/ks) +d (18)
ge _ ) e(z) +fz,0<Z<1 (19)
T i,z >1
o _ [ hEZ)’+kI0<Z<1 20)
o 5LE=>1

In the equations, E represents the elastic modulus (GPa), v denotes Poisson’s ratio, and the constants are defined
as follows: a=1.652, b=-0.395, ¢=0.209, d=0.111. The compressive strength is denoted as a, (MPa), while and
represent the normal and tangential strengths of the parallel bonding model, respectively (MPa). The constants
e=-0.965, {=2.292,1=1.327, and indicate the tensile strength (MPa) with h=-0.174, k=0.463, j=0.289.

Based on Egs. (17) to (20), the required mechanical parameters were calculated based on the macromechanical
parameters of the rock layers. Subsequently, a trial-and-error method was employed to iteratively adjust the
mesoscopic mechanical parameters until the represented macromechanical parameters met the specified
requirements. The mesoscopic parameters for each layer are detailed in Table 1. The model is inclined at an angle
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of 0°, with particle radii ranging from 0.35 to 0.6 m. The initial porosity of the generated model is established at
0.01.

Results and discussion

Breakage and migration patterns of overlying strata under high-intensity mining of shallow
coal seams

In-depth research into the breakage, migration, and surface damage patterns of overlying strata during high-
intensity mining of shallow coal seams is deemed essential for minimizing and controlling mining-induced
damage. The breakage and migration of the overburden during high-intensity coal seam mining are directly
linked to the stability of the goaf and surface subsidence. Furthermore, the collapse and fracturing of the
overlying strata have a significant impact on the ventilation flow in the goaf and play a decisive role in gas
migration and methane extraction. Therefore, the influence of overburden breakage and fracture development
on gas flow must be investigated to optimize goaf ventilation, enhance methane extraction efficiency, and ensure
mine safety.

Overburden breakage and collapse

As the working face advances, the fracturing and collapse of the overburden undergo dynamic changes, as
illustrated in Fig. 6. Upon reaching 53 m, the immediate roof undergoes its initial collapse. Additional collapses
of the immediate roof occur as mining progresses. According to the critical layer theory proposed by Qian et
al*3, the 11th layer of fine-grained sandstone is identified as the first sub-critical layer. Upon reaching 80 m, the
10th layer of the basic roof begins to collapse, and by 100 m, initial fracturing of the basic roof occurs. At 120 m,
the basic roof enters its initial periodic fracturing phase, accompanied by some rotation, resulting in surface
subsidence. As the 10th layer of fine-grained sandstone completely collapses, the 9th layer of siltstone begins
to detach before fully collapsing, while slight subsidence is observed in the 8th layer of fine-grained sandstone.
This indicates that the 10th layer is the second sub-critical layer. Prior to the fracturing of the basic roof, cracks
form at a certain distance ahead of the working face and gradually develop into fractures as mining progresses.
At 140 m, fracturing and subsidence of the basic roof and the soft rock layers it controls continue. A distinct
“masonry beam” structure begins to form between the fractured blocks of the basic roof, as illustrated in the
figure. Delamination occurs between the soft rock and hard rock layers above the basic roof, which further
intensifies surface subsidence. As the working face advances, significant fracturing is no longer exhibited by the
8th layer of fine-grained sandstone and the layers above it, indicating that the 8th layer serves as the primary
critical layer. At 180 m, gradual subsidence of the hard rock layer above the basic roof and the soft rock layers
it controls occurs, while inter-layer delamination decreases. Delamination begins to appear between the hard
rock layers near the surface (the surface damage control layer) and the underlying soft rock layers. By 200 m,
delamination between the various rock layers largely closes, leading to gradual subsidence from the immediate
roof to the surface. At 220 m, inter-layer delamination is completely closed. At 260 m, the geological model
enters a state of over-extraction, resulting in maximum observed surface subsidence.

Field measurements indicate that the initial fracturing of the basic roof occurs at approximately 60 m, and
surface subsidence begins when the working face reaches approximately 100 m. The simulation results correlate
well with field observations*, confirming that the simulation accurately reflects the patterns of rock fracturing
and surface subsidence during coal mining.

Overburden stress and displacement

Overburden stress distribution

As shown in Fig. 7, with the gradual advancement of the working face, the stress distribution in the coal seam
roof and mined-out area exhibits a three-stage evolutionary pattern closely related to the characteristics of high-
intensity mining in shallow coal seams. Based on the calculations from Eq. (13) and a comparative analysis with

S/N | Litho logy Thickness (m) | Density (kg @ m™?) | E_(10°P,) ’,Z—'; Fric | Ec(10°)P_ 'Z=': #F0°P) | 7(10°P.) | Angle (°)
1 6.8 1580 1.29 0.99 |06 |1.29 0.99 | 1.23 1.86 29.5
2 | Fine-sandstone |27 2500 2.14 127 (04 |2.14 127 | 2.16 2.08 25.4
3 44 2460 2.84 143 |04 |2.84 143 |3.12 4.07 254
4 Fine-sandstone | 8 2500 2.7 1.16 | 0.7 |2.7 1.16 | 2.59 3.07 349
5 | Kernstone 9 2430 2.39 113 [05 |2.39 113 |5.19 5.26 30.4
6 | Fine-sandstone |7 2500 2.25 0.86 | 0.4 |2.25 0.86 | 1.45 1.87 25.7
7 7 2460 1.69 0.78 | 0.4 | 1.69 0.78 | 1.96 2.76 24.7
8 Fine-sandstone | 15 2500 1.45 127 {04 |1.45 1.27 | 1.51 1.53 26.4
9 20 2460 2.43 121 |05 |243 121 |2.03 2.14 247
10 | Fine-sandstone | 16 2500 1.69 201 |04 |1.69 2.01 | 2.83 2.42 32.6
11 | Pebblestone 12 2390 1.75 143 |05 |1.75 143 | 231 1.83 30.4
12 | 1-2 Coal Seam | 8.2 1480 1.68 157 (04 |1.68 1.57 |3.03 2.59 23.8
13 | Fine-sandstone | 40 2500 6.3 129 [07 |63 129 |37 3.96 32.4
Table 1. Parameters of macro-fine physical and mechanical properties of rock formation.
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Fig. 6. Breakage and collapse of the strike overburden of the 12,401 working face in Shangwan mine.

existing research, it is evident that the stress in the mined-out area transitions from overall depressurization
(53-120 m, stress <2 MPa) to a unimodal distribution (120-180 m, peak value 3.95 MPa), and then to a bimodal
structure (220-260 m, peak value 11.2 MPa). This transition is essentially a result of the dynamic load-bearing
and stress transfer between the critical layer and the coal pillar. It is noteworthy that the mechanical response
during the bimodal stress stage is similar to the stress field reconstruction phenomenon observed by Wang
et al. in deep multi-coal seam mining*": after the fracture of the main critical layer (8# fine sandstone, depth
110 m), its load-bearing function transfers to the adjacent coal pillars, while the central compaction zone forms
a secondary load-bearing structure through the compression of fragmented rock mass. This process aligns with
Brady and Brownss classic theory of coal pillar-roof collaborative load-bearing®, but this study further captures
the stress oscillation phenomenon at the moment of the critical layer fracture through PFC simulations. In
contrast to the static load-bearing assumption of the critical layer in previous studies, the stress redistribution in
the roof under dynamic disturbances exhibits significant nonlinear characteristics.

The above mechanism suggests that in high-intensity mining of shallow coal seams, stress transfer exhibits
a “bidirectional suppression” effect: the high-stress zone of the coal pillar transmits compressive force to the
overlying rock layers, while surface subsidence acts on the deep rock masses through the critical layer, ultimately
achieving subsidence equilibrium.

Overburden displacement variations
As the working face advances, a layered response in the distribution of overburden displacement is exhibited,
which shows a lag compared to changes in stress. The displacement of the overburden, as shown in the
displacement contour map in Fig. 8, is closely related to the expansion of the goaf and the breakage of the
overburden, propagating gradually from the immediate roof to the critical layers and the surface. From the start
of the mining operation until full extraction, overburden displacement undergoes a dynamic evolution from
local subsidence to full subsidence.

When the working face reaches 53 m, the goaf is relatively small, and only the immediate roof and basic roof
experience slight subsidence. The displacement of the immediate roof is approximately 100 mm, and the other
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Fig. 7. Strike overburden stress distribution of working face 12,401 in Shangwan mine.

layers remain largely unaffected, indicating that overburden deformation in this phase is concentrated in the
immediate roof area. As the working face progresses to 80 m, the goaf expands, leading to a significant increase
in subsidence of the immediate and basic roofs. The cumulative subsidence of the basic roof reaches 300 mm,
while other layers begin to experience slight subsidence. However, the surface and surface damage control layers
remain unaffected, and the overburden’s impact on the surface is still limited. At 100 m, the basic roof undergoes
its first periodic breakage and collapse. The fractured rock blocks experience small-angle rotation, and the
cumulative subsidence of the unfractured basic roof increases to 600 mm. At this point, the disturbance caused
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Fig. 8. Displacement distribution of overburden along strike of working face 12,401 in Shangwan mine.

by the breakage of the basic roof intensifies, leading to an expanded subsidence range. The goaf begins to affect

the surface.

By the time the working face reaches 140 m, another periodic breakage occurs in the basic roof, and the area
of overlying siltstone exposure nearly doubles compared to the previous stage. The subsidence of the siltstone
approaches that of the basic roof, indicating significant control of the siltstone subsidence by the basic roof.
Overall, a substantial increase in subsidence occurs across all layers. At 180 m, the range of overburden subsidence
expands further, and delamination between layers is almost eliminated. The overburden subsidence’s effect on
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the surface becomes more pronounced, with the maximum surface subsidence reaching 306 mm, signaling that
overburden subsidence has reached the surface and is gradually entering a stable subsidence phase. Finally, when
the working face advances to 260 m, the ratio of advancement to burial depth reaches 1.44. According to mining
subsidence theory, an over-extraction state is reached by the goaf, with both overburden and surface subsidence
attaining their maximum values for this geological condition. At this stage, the cumulative subsidence of the
basic roof and surface reaches 4158 mm and 443 mm, respectively, closely matching field measurements.

Overburden fractures and porosity

Development of overburden fractures

As illustrated in Fig. 9, fracture range, density, and connectivity progressively increase with working face
advancement, extending upward from the goaf through the overburden toward the surface. When the working
face reaches 80 m, fracture development is primarily concentrated within the goaf. Horizontal delamination
fractures predominantly occur between the immediate and basic roof, exhibiting low density. When the working
face reaches 140 m, fractures enter a rapid expansion phase. The periodic breakage of the basic roof significantly
enhances the development of vertical breakage fractures. At this stage, the breakage fractures begin to extend
below the main key layer, the fracture density increases significantly, and the distribution range and connectivity
of horizontal delamination fractures expand. Vertical breakage fractures near the surface begin to appear, but
they are weak and have limited direct impact on the surface. At 180 m, the fracture propagation range further
expands. Vertical breakage fractures penetrate the main key layer, progressively extending into overlying strata
and influencing near-surface overburden. During this phase, near-surface fracture density rises substantially,
vertical breakage fracture connectivity improves, and surface cracks initiate. Surface disturbance induced by the
goaf becomes more pronounced. Horizontal delamination fractures primarily develop between the basic roof
and main key layer, further accelerating overburden subsidence and deformation.

When the working face reaches 260 m, the goaf enters an over-extraction state, and the range of fracture
development stabilizes. Vertical breakage fractures penetrate the main key layer and extend through the layers
above it. The fracture density reaches its maximum below the main key layer, while the connectivity of fractures
near the surface significantly increases. Horizontal delamination fractures extend slightly above the key layer,
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Fig. 9. Distribution of overburden fissures along strike of working face 12,401 in Shangwan mine.
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resulting in an expansion of the range and scale of surface cracks. The maximum surface subsidence reaches
443 mm.

Overburden porosity distribution patterns

The preceding fracture development analysis yielded critical insights into overburden structural changes. As
shown in Fig. 10, with the advance of the working face, the distribution of porosity is gradually expanded from
the goaf to the key layers and the surface. High porosity zones are mainly concentrated in the delamination range
and collapse zones. When the working face reaches 53 m, the high porosity zone is concentrated within the goaf,
with a maximum value ranging from 0.8 to 1.0. At this stage, vertical fractures are initially developed but have not
yet connected to the key layers, and porosity in areas above the key layer remains relatively unchanged, around
0.2. By the time the working face reaches 140 m, the distribution range of porosity is significantly expanded, and
the porosity density below the key layers is greatly increased. The high-stress concentration zones on both sides
of the goaf further drive the formation of fractures. Porosity reaches its peak in the delamination zone, and the
connectivity of fractures is significantly enhanced. When the working face reaches 180 m, the range of porosity
changes extends above the key layers. Porosity near the surface layers is increased to 0.5, indicating that changes
in porosity are beginning to affect the surface. At this point, the rock layers above the key layer experience
overall subsidence, and the delamination zone is gradually compacted and closed. The connectivity of vertical
fractures further enhances the porosity in the high porosity regions. When the working face reaches 260 m,
the goaf enters an over-extraction state, and the range of porosity change is further expanded above the main
key layer. Near-surface hard-rock porosity escalates to 0.7. Concurrent with surface subsidence and cracking,
high-porosity connectivity propagates to the surface. Meanwhile, closed delamination zones exhibit declining
porosity, whereas fracture-zone porosity stabilizes at ~ 0.6, corroborating fracture-porosity synergy.

The results indicate that during various stages of the working face advancement, porosity gradually
expands from high values in the delamination zone to the caving zone, critical layers, and the surface. The
8# fine-grained sandstone of the main critical layer plays a dominant role in the synergistic evolution of roof
fractures and surface damage under high flexural strength and stress conditions. As shown in Fig. 6f, when
the working face advances to 180 m, the masonry beam structure formed by the fracture of the main critical
layer generates a self-stabilizing arch effect above the mined-out area. The horizontal thrust component of this
structure inhibits further delamination of the overlying rock layers. This also results in the development of only
localized microcracks above the main critical layer, which is consistent with Yuan et al.'s findings regarding the
energy barrier effect of essential layers“. This study further quantifies the relationship between the horizontal
thrust component of the masonry beam and the crack suppression effect. As illustrated in Fig. 7d, after the
fracture of the main critical layer, its load-bearing capacity transfers to the adjacent rock layers, which explains
the migration of surface cracks toward the edges of the mined-out area. Compared to the simply supported
beam model proposed by Cun et al.%, this study reveals the stress reversal characteristics before and after the
fracture of the critical layer more accurately through fixed boundary conditions. This includes the transition
from tensile stress zones to compressive stress zones, providing a new theoretical basis for the "critical layer-coal
seam" cooperative disaster control theory in shallow coal seam mining and deepening the understanding of the
chain reaction behavior of roof fractures.

Figure 11 presents the variation curves of porosity and fracture count as a function of increasing lag distance.
It is evident that both porosity and fracture count show a significant upward trend with increasing lag distance,
indicating a strong correlation between the two. As the lag distance increases from 53 to 260 m, porosity rises
from 6.95% to 7.88%, while the number of fractures surges from 1,523 to 45,803, demonstrating an exponential
growth relationship between the two. Further analysis reveals that the rate of change in porosity is 0.0035% m!,
while the growth rate of fracture density is 183.6 m™!, with a correlation coeflicient reaching 0.92. This indicates
that porosity serves as a quantitative representation of the connectivity of the fracture network. During the initial
mining phase (53-100 m), the limited disturbance range results in only localized damage, leading to a relatively
slow growth rate of both fracture count and porosity. Once the lag distance exceeds 100 m, the growth rates of
fracture count and porosity accelerate significantly. This is attributed to the instability and failure of the key layer,
which enhances the occurrence of widespread fracture connectivity and expansion, resulting in decreased overall
integrity of the rock mass and an increase in flow pathways, causing the pore structure to loosen rapidly. Notably,
the increase in fracture count far exceeds that of porosity. For instance, between 120 and 220 m, the number of
fractures nearly doubles, while porosity only increases from 7.26% to 7.68%. This indicates that although the
number of fractures rises significantly, many of these fractures are small and dispersed, contributing minimally
to the overall volume.

Surface Damage Patterns Under High-Intensity Mining of Shallow Coal Seams

To comprehensively investigate overburden breakage, migration, and surface damage patterns during high-
intensity mining of shallow coal seams at varying extraction distances, additional monitoring lines were
deployed for surface damage assessment.A total of seven measurement lines were established above the coal
seam, with 17 columns along the strike. The horizontal distance between displacement reference points was
set at 1000 mm. Vertical spacing measured 8 m between Lines 1-6 and 10 m between Lines 6-7. Line 1 was
positioned 2 m below the surface, with Column 1 situated 100 m from the model boundary. Monitoring results
are presented in Fig. 12.

When the working face advanced to 80 m, subsidence was observed in all overburden layers, except the
surface and the surface damage control layer. Basic roof subsidence peaked at 6098 mm, whereas other strata
exhibited minimal subsidence (< 150 mm). When the working face reached 120 m, surface subsidence of 121 mm
was recorded. At this point, the basic roof experienced its first periodic breakage and collapse. The broken
rock blocks exhibited some rotation, although the rotation angle was small, and the subsidence continued to
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Fig. 10. Porosity distribution of the strike overburden rock of the 12,401 working face in Shangwan mine.

increase, reaching 7850 mm. The subsidence in the overlying siltstone layer reached 6100 mm, while the fine-
grained sandstone layer above the basic roof showed comparatively less subsidence. Despite the working face
advancing to 120 m, the angle of rock layer breakage and the hinge effect between broken rock blocks after the
basic roof’s periodic collapse kept the suspended length of the overlying siltstone small, preventing significant
subsidence of the fine-grained sandstone layer. When the working face advanced to 180 m, all layers continued
to exhibit grouped subsidence. The subsidence of the basic roof and its overlying siltstone reached 7981 mm and
6234 mm, respectively. The layers 75.8 m, 54 m, and 33.8 m below the surface subsided by 2490 mm, 365 mm,
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and 342 mm, respectively. Delamination subsidence diminished relative to the 100 m advancement stage. By
the time the working face reached 260 m, the subsidence of the basic roof and surface increased to 7728 mm
and 557 mm, respectively, marking the transition into an over-extraction state. Surface subsidence attained its

geological maximum under these conditions.
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To further validate the reliability of the PFC rock layer model, a comparative analysis was conducted on
the subsidence of overburden at different depths (68 m, 115 m, and 141 m) as a function of lag distance, with a
detailed discussion of subsidence characteristics at varying depths. As shown in Fig. 13, the subsidence of the
overburden significantly increases with depth, indicating that deeper rock masses are more sensitive to mining
disturbances. At a depth of 141 m, the maximum subsidence reaches 5389.18 mm, which is approximately
3.05 times the depth factor?” at 68 m (1765.61 mm). Additionally, subsidence at all depths stabilizes after a lag
distance of 150 m.

Notably, in the vicinity of the excavation area (0-50 m), the pattern observed is PFC simulated
values > theoretical values > measured values. This discrepancy is primarily due to the particle flow model not
accounting for stiffness degradation caused by near-field rock fracturing, which leads to an overestimation of the
rate of layer separation development under dynamic disturbance?®. In the region farther from the excavation area
(50-200 m), the observed values exceed the theoretical values, which in turn exceed the PFC simulated values.
This is primarily due to the rheological effects of weak interlayers during the compaction of the overburden
(Fig. 9h), which promote continuous subsidence. The theoretical model does not incorporate a viscoplastic
constitutive relationship, leading to an underestimation of long-term subsidence. Additionally, the PFC model
uses parallel bonding parameters to characterize intact rock but does not account for slip at the weak interlayer
interfaces, resulting in lower simulated values compared to measured values®. Despite the local discrepancies,
the overall trends among the three datasets are consistent. At a depth of 141 m, the root mean square error
(RMSE)*® among the three values is approximately 260 mm.

The analysis indicated that the surface cracks induced by high-intensity mining primarily exhibit a band-
like distribution above the boundary of the mined-out area. Furthermore, the density of these cracks shows
a nonlinear positive correlation with the distance of the working face advancement. Based on the subsidence
curves of different depth rock layers, it is evident that the area 50-150 m from the excavation face is a zone of
dense cracking, while the rock layers at depths of 110-142 m are identified as the critical fracture layers. The
main subsidence profile coincides with the region of dense surface cracks, suggesting that crack propagation
is driven by the energy released from roof fractures. Both the numerical and theoretical models effectively
represent the overall trend of increasing subsidence with the increase in lag distance.

Although the theoretical and numerical models developed in this study effectively characterize the overburden
failure patterns and surface damage under high-intensity mining of shallow thick coal seams in the Shendong
mining area, their applicability still requires further validation under specific geological and mechanical
conditions. The assumption of an elastic, homogeneous, and continuous medium does not adequately consider
the influence of discontinuities such as joints and bedding on the failure process. Meanwhile, the PFC model,
based on a two-dimensional plane strain assumption, inherently lacks the ability to represent stress release effects
in the inclined direction and the three-dimensional propagation of fractures. Notably, As shown in Figs. 6 and
9, the proposed model quantitatively captures the coupling mechanism between high-intensity mining (12 m/d)
and the thickness-to-span ratio of key strata, laying a solid foundation for future studies. Future research may
focus on innovations in multi-scale modeling, such as coupling PFC micro-simulations with continuum finite
element analysis to accurately simulate fracture network propagation under complex geological conditions,
thereby enhancing the model’s applicability in complex mining areas with high in-situ stress and multi-seam
extraction.

Conclusion
This study, conducted in the Shen Dong mining area using a typical working face as the engineering background,
investigates the overburden displacement and stress distribution characteristics, fracture evolution, breakage
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and collapse behavior, and surface subsidence patterns under high-intensity mining conditions of shallow, thick
coal seams at various mining distances. The main conclusions are as follows:

As the working face advances, the fracture and collapse of the overlying rock exhibit staged changes. The ini-
tial fracture distance of the basic roof is approximately 80 m, with periodic fracture spacing ranging from 40
to 60 m. The main critical layer significantly influences the stability of the rock strata and surface subsidence.
The simulation results align closely with field observations, indicating that the model can effectively reflect the
fracture and collapse patterns of the rock layers during coal mining.

The stress evolution in the mined-out area is divided into three stages: the overall depressurization stage
(stress <2 MPa), the unimodal stress concentration stage (peak value of 3.95 MPa), and the bimodal stress
concentration stage (peak value of 11.2 MPa). The displacement of the overlying rock exhibits a layered re-
sponse in subsidence, extending from the immediate roof to the critical layer and surface. Ultimately, during
the stage of excessive mining, the surface subsidence reaches 443 mm, while the cumulative subsidence of the
basic roof totals 4158 mm. The consistency between the subsidence range and measured results indicates that
the synergistic effect of stress and displacement facilitates the fracturing of the overlying rock.

The fractures in the overlying rock primarily consist of horizontal layers and vertical breaks. After fractur-
ing, the critical layer forms a “masonry beam” structure that suppresses further crack propagation through
horizontal compressive forces. The distribution of porosity is controlled by layering, compaction, and closure
processes. The high flexural strength of the critical layer (8# fine sandstone) provides a significant barrier
effect against crack propagation.

Although the model still has limitations in accounting for the rheological effects of weak interlayers—result-
ing in slightly lower simulated subsidence values than the measured data in the 50-100 m range—the con-
structed theoretical and numerical models of overburden fracturing and surface subsidence effectively cap-
ture the overall deformation trend. The predicted surface subsidence shows a high degree of correlation with
the measured values in the mid-to-far field (150-300 m). Through the calibration of microscopic parameters,
the numerical model accurately simulates the fracturing behavior of key strata during coal seam extraction.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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