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Abstract

Longwall top coal caving is one of the most effective methods for extracting steeply inclined
and ultra-thick coal seams. To investigate the influence of caving ratio (the proportion
between mining height and top coal thickness) on top coal recovery behavior and ground
pressure characteristics, this study employs both the Particle Flow Code (PFC) discrete
element method and a coupled FLAC3D–PFC3D numerical simulation approach. The
effects of different caving ratios (1:3, 1:3.2, and 1:3.4) on the top coal recovery ratio, stress
distribution, and gangue accumulation characteristics were analyzed. The results show
that the caving ratio has a significant impact on top coal recovery. At a caving ratio of 1:3.2,
adopting a two-cut-one-cave interval resulted in a top coal recovery ratio as high as 94.8%.
A stress-relief zone with an arch-like distribution formed above the goaf, while a stress
concentration zone developed ahead of the coal wall, where the coal–rock mass underwent
compression and failure. The roof displacement exhibited an arch-shaped distribution,
while the floor displacement was asymmetrical, with greater heaving observed at the
lower end. As the working face advanced, the horizontal development of the plastic zone
expanded rapidly, while the vertical extent changed only slightly. Throughout the caving
process, the top coal demonstrated favorable caving behavior with good flowability and
accumulation characteristics. These findings provide theoretical support for achieving high
mining recovery in thick coal seam operations and offer practical guidance for optimizing
caving process parameters in practice.

Keywords: top coal caving; PFC; caving ratio; ground pressure characteristics; top coal
recovery rate

1. Introduction
China is the world’s largest coal producer and consumer [1–3]. To meet the diverse

resource extraction requirements arising from varying geological conditions, multiple coal
mining methods have been developed [4]. Currently, techniques such as fully mechanized
mining [5], one-pass full-height extraction with large mining height [6], top coal caving [7],
and large mining-height top coal caving [8] have been widely promoted and applied in
Chinese coal mines. In particular, top coal caving [9] has emerged as one of the most
important approaches to improving coal extraction efficiency in thick coal seams and
complex geological conditions, due to its advantages of higher resource recovery rates
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and strong adaptability [10]. This technique enables efficient recovery of coal resources by
releasing the top coal and allowing it to naturally cave and flow downward [11].

At present, research into and applications of intelligent coal caving have been im-
plemented in longwall top coal caving faces with production capacities reaching tens of
millions of tons annually, indicating the maturity of China’s fully mechanized mining
technology. Tian Duo [12] investigated the relationship between caving interval and caving
ratio, and proposed an optimal adjustment scheme for caving interval based on top coal
thickness, which effectively improved the top coal recovery. Wang Jiachen [1–3] utilized
three-dimensional physical similarity simulations and PFC3D numerical simulations to
examine the morphology and influencing factors of top coal recovery in longwall top
coal caving. Wang further proposed an improved B–R model [13] to precisely describe
the theoretical geometry of the recovered top coal mass [14]. Sun Lihui [15] studied coal
caving processes and top coal flow characteristics in steeply inclined working faces by
constructing 15 caving models, concluding that the highest recovery rate was achieved
by combining a bottom-up caving sequence with a one-cut-one-cave strategy. However,
the recovery rate gradually decreased as seam inclination increased [16]. Wang Chao [17]
examined the impacts of mining height, caving interval, and caving methods on top coal
recovery rates, concluding that an optimal combination of mining height and caving strat-
egy significantly increased the top coal recovery rate while reducing gangue content [18].
Additionally, the effectiveness of dispersed coal caving varied considerably under different
seam inclination conditions [19].

However, the efficiency and safety of top coal caving are closely related not only to
the geological characteristics of the coal seam but also to mining methods, especially the
caving ratio. The caving ratio serves as a critical parameter controlling top coal recovery
and ground pressure stability, playing a significant role in optimizing the caving process
and ensuring mining safety [20].

Shahani N.M [21] modeled a 12 m thick coal seam under caving ratios of 1:2 and 1:3,
and employed UDEC simulations to investigate the mechanism of longwall top coal caving
and vertical stress distribution at the working face. The results indicated that a caving ratio
of 1:3 generated a maximum vertical stress distribution favorable for face advancement,
suggesting the optimal caving ratio for the Thar coalfield to be 1:3. Lu Heng [22] analyzed
influencing factors of top coal caving behavior in fully mechanized longwall top coal
caving for extra-thick seams. By using FLAC3D numerical simulation, he focused on the
distribution characteristics of advanced abutment pressure and top coal failure patterns.
His research identified that at a mining height of 3.9 m, the advanced abutment pressure
reached its peak, enabling complete top coal failure, and determined that the corresponding
optimal caving ratio was 1:3.514.

Meng Xiangjun [23] employed theoretical analysis and numerical simulations to
explore the impacts of varying cutting heights on top coal recovery rate and coal wall
stability. He proposed a technology of ultra-large mining height with a small caving ratio
(1:1), providing effective solutions for high-recovery, high-production, and high-efficiency
mining of extra-thick hard coal seams, successfully addressing issues such as rock burst
impacts due to ultra-large mining heights, coal wall spalling, and arching of hard coal.

Liang Dongyu [24] studied the mining parameters of fully mechanized longwall top
coal caving in double-inclined, steeply dipping, extra-thick coal seams. Based on ellipsoid
theory, he proposed a model describing variations in the caving coal mass shape. His
research demonstrated that the top coal recovery rate decreased with increasing double-
incline angles, particularly influenced by the dip angle along the strike. With a caving ratio
of 1:3, caving step of 1.6 m, and multiple rounds of downward interval caving, the recovery
rate significantly improved compared to previous methods.
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Current studies mainly focus on caving ratios less than or equal to 1:3, lacking system-
atic understanding under conditions of larger caving ratios (greater than 1:3). Therefore,
in this paper, the Particle Flow Code (PFC) discrete element simulation combined with
FLAC-PFC coupled analysis is adopted to systematically investigate resource recovery
trends in lower-layer working faces, ground pressure characteristics, and the flow and
caving behaviors of top coal in goafs under caving ratios greater than 1:3.

2. Research Method
2.1. Engineering Geological Overview

The No. 5–2 seam designated for extraction in District 2 of the First Mining Area
at Chicheng Colliery, Huating Coal Industry Group, has a dip angle ranging from 32◦

to 44◦ and an average coal thickness of 10.5 m, classifying it as a steeply inclined, thick
coal seam. The seam structure is complex, containing 3 to 12 interbedded gangue layers
with thicknesses between 0.05 m and 1.5 m. The immediate roof of the No. 5–2 seam
consists of mudstone and sandstone, with an average thickness of 12.18 m, while the floor
is also composed of mudstone and sandstone and averages about 9.2 m in thickness. When
both the immediate roof and floor are mudstone, the rock mass quality falls into Class IV
(poor rock); if they are sandstone, the rock mass quality is classified as Class III (moderate
rock quality).

The designed mining height for the 1502-2 working face is 2.5 m, with a top coal thick-
ness of 10.5 m, yielding a caving ratio greater than 1:3. A fully mechanized, longwall, steeply
inclined, and stratified top coal caving method is employed, using a “two-cuts–one-cave”
production sequence. The shearer penetration depth is set at 0.6 m, and the caving interval
(caving step) is 1.2 m.

2.2. Numerical Model and Methodology
2.2.1. PFC Numerical Model Development

Based on data provided by the mine, the working face measures 104 m in length,
with 20 m-wide coal pillars retained at each end for support. A PFC 2D caving model
was constructed (Figure 1) with dimensions of 50 m × 48.2 m. In previous studies on
caving ratios exceeding 1:3, the ratio typically does not exceed 1:3.5 [25]. The selected
caving ratios of 1:3, 1:3.2, and 1:3.4 reflect both the practical operational range at the 1502-2
working face and the interval highlighted in previous studies. This range ensures relevance
to on-site conditions while maintaining engineering feasibility. Although the numerical
model allows for exploration of a broader spectrum of ratios, values outside this interval
are not considered practical for current mining operations. Considering the coal seam
thickness at the 1502–2 working face of Chicheng Colliery, this study sets the mechanized
mining height to 2.5 m and selects caving heights of 7.5 m (caving ratio 1:3), 8.0 m (1:3.2)
and 8.5 m (1:3.4). The overlying strata comprise 13.2 m of siltstone, 5.5 m of fine-grained
sandstone, and 12.5 m of coarse-grained sandstone.

Mechanized mining and top coal caving supports were simulated by deleting particles
in designated regions and generating corresponding wall boundaries [26]. A “listening
zone” was established at the discharge opening using FISH scripting to monitor particle
types in real time. When the proportion of gangue particles in the coal–gangue mix-
ture entering the floor-level discharge window exceeded 15% (by particle count), the
window was automatically “closed,” and the cumulative number of discharged coal
particles was recorded to calculate the top coal recovery rate (“window closing upon
gangue detection”) [27].
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(a) (b) (c) 

Figure 1. Numerical model for simulation: (a) caving ratio 1:3; (b) caving ratio 1:3.2; (c) caving
ratio 1:3.4.

Simulations were carried out for caving ratios of 1:3 (7.5 m coal seam thickness), 1:3.2
(8.0 m thickness), and 1:3.4 (8.5 m thickness), modeling both one-cut–one-cave sequences
(caving interval 0.6 m) and two-cuts–one-cave sequences (interval 1.2 m). To ensure
consistency of the total simulated caving distance, five cycles at 1.2 m intervals correspond
to ten cycles at 0.6 m intervals, resulting in ten caving intervals for the one-cut–one-cave
cases and five for the two-cuts–one-cave cases. The detailed scheme is listed in Table 1.

Table 1. Scheme Number.

Caving Step
Caving Ratio

1:3 1:3.2

0.6 m 13-06 132-06
1.2 m 13-12 132-12

The top coal recovery rate in the numerical experiments was determined by back-
analysis of the released ellipsoidal clusters using the software [28]. The movement and
release patterns of top coal and dispersed gangue during the simulation were observed.
The flow direction of the top coal during continuous face advancement, its fall through
the discharge window, and the flow boundaries during discharge and shield advance after
support installation were analyzed to characterize the discharge flow field under different
process parameters. Detailed mesoscopic physical and mechanical parameters of the coal
and rock layers are shown in Table 2.

Table 2. Microscopic Physico-Mechanical Parameters of Coal and Rock Layers.

Stratum Thickness/m Radius/m Normal Stiffness/MPa Shear Stiffness/MPa Friction Coefficient Density (kg/m3)

Coal seam 0.18~0.20 200 200 0.3 1500
Fine sandstone 1.7 0.20~0.25 200 200 0.4 2500

Siltstone 2.1 0.20~0.25 200 200 0.4 2400
Coarse sandstone 14.2 0.20~0.25 200 200 0.4 2500

The numerical model employed in this study is a 2D PFC representation of the work-
ing face, which inherently simplifies the complex three-dimensional behavior of coal caving.
Assumptions include homogeneous material properties within each stratum and idealized
boundary conditions, which may not fully reflect local heterogeneity or operational distur-
bances. To reduce computational cost, particle scaling and coarsening are applied, which
may slightly influence stress distribution and caving behavior. Despite these simplifications,
the model captures the main trends of top coal movement and recovery, and can provide
guidance for caving ratio optimization and mining practice.
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2.2.2. FLAC3D–PFC Coupled Model Development

In this study, the upper-layer seam of the 1502–2 working face at Chicheng Colliery,
Huating Coal Industry Group, has been completely mined. In the overlying goaf, the ini-
tially caved strata are typically in a loose, disordered state. As the working face advances,
these broken rock blocks are gradually compacted under their self-weight and the pres-
sure exerted by the overlying strata, while simultaneously providing a certain degree of
support to the overburden. During this compaction process, both the stress level and
elastic modulus of the caved zone rock mass progressively increase, although they seldom
return to their original intact state. This gradual compaction behavior can be simulated
numerically in FLAC3D using the Double-Yield model. Previous studies have demonstrated
that parameters such as density, elastic modulus, and Poisson’s ratio of the broken rock
mass exhibit exponential growth over time, and empirical evolution formulas have been
proposed. However, accurately correlating the model’s time dimension with actual geo-
logical time during practical modeling remains challenging. Therefore, based on existing
experimental research [29], Salamon’s fractured rock compaction theory is introduced to
define the stress–volumetric strain (σ-εv) relationship of the caved zone rock mass.

σ =
E0εν

1 − εν/εm
ν

(1)

where E0 is the initial tangent modulus of the rock mass, and the maximum volumetric
strain after fragmentation εm

ν is determined by Equation (2):

εm
ν =

b f − 1
b f

(2)

The bulking coefficient bf of the caved rock mass is determined from the uniaxial
compressive strength of the immediate roof, σi according to Equation (3), or alternatively
from the mining height hm and caving zone height hc, as given by Equation (4).

b f = 1 + α
√

σi (3)

b f =
hc + hm

hc
(4)

In Equation (5), the initial tangent modulus of the rock mass, E0 can be obtained from
laboratory tests or calculated using the following expression:

E0 =
10.39σ1.042

c

b7.7
f

(5)

E0 = 0.31 × 103 × σc (6)

In the Equation, σc denotes the uniaxial compressive strength of the rock.
In the “three-zone” structure of a goaf, the height of the caving zone plays a critical

role in controlling stress distribution, deformation characteristics, and surface subsidence
patterns. However, conventional methods that estimate caving-zone height solely from
the bulking coefficient of the immediate roof often incur large errors. To more accurately
delineate the extent of the caving zone, extensive field measurements are conducted to
collect large datasets, which are then analyzed using statistical regression. Empirical models
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or regression formulas derived from this analysis enable reliable prediction of caving-zone
height with higher accuracy and broader applicability.

hc =
100hm

c1hm + c2
(7)

In the Equation, c1 and c2 are the strength coefficients of the respective strata.
The influence of the caving zone on overburden subsidence and stress redistribution is

most pronounced, whereas the effect of the fractured-zone strata above the caving zone is
comparatively minor. Therefore, in the present numerical model, the fractured zone strata
are neglected.

Express σ in FLAC3D using the bulk modulus K and shear modulus G, and represent
Equation (1) as:

σ =

(
K +

4G
3

)
× εν (8)

Assuming a Poisson’s ratio of ν = 0.2 [29], hence G = 3K/4, Equations (1)–(8) can be
further expressed:

σν =

(
K +

4
3
× 3

4
× K

)
× εν = 2Kεν (9)

Thus, K, G and σv can be expressed as functions of the vertical strain εv

K =
4G
3

=
σν

2ε
=

E0

2(1 − εν/εm
ν )

(10)

After establishing that the working face caving ratio exceeds 1:3, and in order to
clarify the patterns of ground pressure manifestation as well as to characterize the flow
and accumulation behavior of top coal caving in steeply dipping seams, a FLAC3D–PFC
coupled numerical model was employed [30]. Based on the geological conditions of the
1502–2 working face at Chicheng Colliery, the model simulates the interaction between
the overlying strata and the collapsed rock mass in the upper-layer goaf acting upon the
lower-layer seam.

The FLAC3D built-in Double-Yield model was used to represent the collapsed rock in
the upper goaf, while the deformation and failure characteristics of all other strata were
described using the Mohr–Coulomb criterion [31]. During the simulation, FISH scripting
within FLAC3D was employed to modify the mechanical parameters of the caving-zone
rock mass according to Equations (1) and (10), thereby enabling a secondary development
of the Double-Yield model. On this basis, the progressive compaction of the caved rock
mass and its supporting effect on the overlying strata were simulated. Vertical strain ε in
the goaf was monitored at fixed time intervals, with data recorded after each interval. The
detailed finite-difference procedure is illustrated in Figure 2.

In the FLAC3D-PFC coupled numerical model the coal seam within the top-caving
range is represented by balls in PFC3D, while the other strata are modeled as zones in
FLAC3D; a wall-zone interface is used to bridge and couple FLAC3D with PFC. Protective
coal pillars are left at both ends of the mechanized seam in the Y-direction to investigate
ground pressure manifestation and top-coal caving behavior during face advance.

According to the above modeling scheme and the mine’s data, the working face length
is 104 m, with 20 m-wide protective coal pillars left at each end—giving a model length of
144 m in the X direction. The advance direction (Y direction) length is 400 m, and, based
on a seam dip of 38◦ and the integrated stratigraphic column, the Z direction height is
176.7 m. Thus, the model measures 144 m long, 400 m wide, and 176.7 m high. The
caving height and caving interval were determined based on the values corresponding
to the optimal extraction-to-caving ratio obtained from the previous experiments. To
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improve computational efficiency, the strata immediately surrounding the coal seam are
densified. Displacement constraints are applied on all four sidewalls and the floor, while
a vertical stress of 11.158 MPa—simulating the overburden pressure—is applied at the roof,
with a lateral pressure coefficient of 0.8 on the sidewalls. The numerical model is shown
in Figure 3.

Figure 2. Flowchart of the Finite Difference Algorithm.

Figure 3. FLAC3D-PFC coupled numerical model.

https://doi.org/10.3390/pr14050776

https://doi.org/10.3390/pr14050776


Processes 2026, 14, 776 8 of 19

3. Numerical Simulation Analysis
3.1. Effect of Different Caving Ratios on Top Coal Recovery Rate

The process of top coal caving can be regarded as the flow of a loose mass. Field
practice indicates that both the top coal and portions of the fractured immediate roof,
situated above or behind the goaf roof beam and acting solely under self-weight, exhibit
loose-medium behavior and thus cannot effectively transmit overlying strata or frontal
ground pressure. Accordingly, employing the PFC particle-flow code to investigate top coal
caving recovery ratio is appropriate. It should be noted that, due to boundary condition
effects, this simulation does not include the recovery rate of the initially released coal.

The simulation results shown in Figure 4 indicate that for caving ratios greater than 1:3,
after 6 m of caving both the one-cut–one-cave and two-cuts–one-cave methods effectively
transport the top coal to the discharge opening, demonstrating good caving behavior. As
illustrated in Figures 5 and 6, the maximum top coal displacement across all six simulation
schemes shows no significant differences, further confirming that caving ratios above 1:3
exhibit the fundamental caving performance required by the top coal caving process.

As shown in Figure 5, under the same caving ratio, the two cuts–one cave sequence
(red) achieves a markedly higher discharge efficiency and leaves fewer unreleased coal
particles compared to the one cut–one cave sequence, a finding also confirmed by the
recovery rate bar chart in Figure 6. When comparing scenarios with identical caving
intervals, the 1:3.2 ratio stands out: under the one cut–one cave condition, 535 particles
were initially modeled in the study area, of which 51 remained after cyclic caving—yielding
a cyclic recovery rate of 90.5%. Under the two cuts–one cave condition, 482 particles entered
the discharge zone and only 25 remained after cyclic caving, corresponding to a 94.8%
recovery rate. These results indicate that, for the 1502-2 working face at a caving ratio of
1:3.2, the two cuts–one cave method delivers the best top coal release performance.

3.2. Flow and Accumulation Characteristics of Top Coal

As shown in Figure 7, under the selected caving ratio of 1:3.2, combined with the
“two-cut, one-cave” method and a top-down sequential multi-cycle caving process, the top
coal collapses and subsequently moves downward as the hydraulic supports advance along
the working face. This phenomenon is primarily driven by the self-weight of the coal mass,
which exerts a downward movement or sliding force on the coal body. Consequently, it can
be observed that, upon completion of the caving operation, the upper coal mass has shifted
downward toward the lower section, gradually becoming compacted in the lower part.

(a)13-06 (Initial state) (b) 13-06 (Final state)

Figure 4. Cont.
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(c)13-12 (Initial state) (d)13-12 (Final state) 

  
(e) 132-06 (Initial state) (f) 132-06 (Final state) 

  
(g) 132-12 (Initial state) (h) 132-12 (Final state) 

  
(i) 134-06 (Initial state) (j) 134-06 (Final state) 

Figure 4. Cont.
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(k) 134-12 (Initial state) (l) 134-12 (Final state) 

Figure 4. Top-coal movement characteristics.

Figure 5. Remaining top-coal particle count versus number of coal release operations.

Figure 6. Release rates and maximum displacements under different schemes.

https://doi.org/10.3390/pr14050776

https://doi.org/10.3390/pr14050776


Processes 2026, 14, 776 11 of 19

Figure 7. Collapse Pattern of Roof Coal in the Working Face.

Simulation results indicate that throughout the caving process, the top coal exhibits
good caving behavior, with favorable flow and accumulation characteristics. The sliding
path of the coal mass gradually changes from a primarily vertical fall-and-accumulation
mode to an inclined sliding mode, forming a “compound sliding–accumulation” structure
in which downward sliding along the coal wall interacts with central accumulation. During
movement, this structure demonstrates excellent particle mobility and self-stability in
accumulation. The top coal collapses rapidly, forming a loose filling zone, and the recovery
rate increases significantly to 94.8%. The simulation results further reveal that moderately
increasing the caving ratio within a certain range can improve the coal mass movement
structure and optimize caving efficiency. These findings verify that at a caving ratio of 1:3.2,
the top coal can be fully recovered, with overall good caving behavior during the caving
process, thus meeting the conditions for achieving high-recovery, safe, and efficient mining
of thick coal seams.

3.3. Manifestation Characteristics of Ground Pressure in the Working Face

A mining simulation was conducted for the selected Scheme 132-12, with a coal dis-
charge height of 8.5 m and a drawing step of 1.2 m. Under these conditions, 100 m of mining
advancement was simulated, and the strata behavior patterns within this range were ana-
lyzed. The cross-sections along the face inclination were taken at the midplane of the mining
range; for example, when the face advanced 20 m, the mining range in the Y-direction was
20–40 m, and the cross-section was taken at Y = 30 m. During face advancement, the vertical
stress distribution along the face strike and inclination is shown in Figure 8, displacement
characteristics in Figure 9, and plastic zone characteristics in Figure 10.

As shown in Figure 8, when the working face advances to 20 m, a pronounced stress
concentration is observed in the coal wall front, with a concentration factor reaching
1.44. Meanwhile, in the upper and lower zones of the goaf, stress shows a decreasing
trend, forming an “arched” distribution of the pressure relief zone, with localized areas
accompanied by tensile stress. The formation of new mining space and the caving failure
of the immediate roof result in localized tensile stress. Along the dip direction of the
working face, due to the relatively large coal seam dip angle, the pressure relief ranges at
the upper and lower ends of the face are asymmetrically distributed. The upper end has

https://doi.org/10.3390/pr14050776
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a larger pressure relief range, with a significant zone of 50 m, while the lower end shows
a significant zone of 18 m. The stress concentration area in front of the coal wall at the
lower end is located above the lower section of the working face. The distribution range
of the pressure relief zone is larger at both ends of the face, and the stress concentration
zone in front of the coal wall at the lower end is deeper, with a wider affected range and
higher stress magnitude. The concentrated loading region at the upper end of the face is
also biased toward the lower section.

(a) dip (Y = 30) (b) strike (X = 72)

(c) dip (Y = 50) (d) strike (X = 72)

(e) dip (Y = 70) (f) strike (X = 72)

(g) dip (Y = 90) (h) strike (X = 72)

(i) dip (Y = 110) (j) strike (X = 72)

Figure 8. Distribution characteristics of vertical stress during working face advancement.

When the working face advances to 40 m, the range of mining-induced disturbance
continues to expand, and the “arched” low-stress zone above the goaf gradually extends.
At 100 m of face advancement, roof caving in the goaf further enlarges the pressure relief
zone. Along the dip of the working face, the stress concentration in front of the coal wall
reaches 64.82 MPa, with a concentration factor as high as 4.4. Although the abutment
pressure increases, the growth rate slows significantly. With increasing distance along the
strike, the tensile stress zone above the goaf continues to expand, forming—from bottom
to top—a tensile stress zone, a tensile–compressive mixed stress zone, and a compressive
stress zone.

https://doi.org/10.3390/pr14050776
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(a) dip (Y = 30) (b) strike (X = 72)

(c) dip (Y = 50) (d) strike (X = 72)

(e) dip (Y = 70) (f) strike (X = 72)

(g) dip (Y = 90) (h) strike (X = 72)

(i) dip (Y = 110) (j) strike (X = 72)

Figure 9. Distribution characteristics of vertical displacement during working face advancement.

Overall, a persistent “arched” low-stress belt develops above the goaf, which diverts
the overlying strata stress to both sides, forming a central pressure relief zone. This reduces
the vertical confinement on the caved coal, allowing it to slide more easily and accumulate
rapidly. Such a stress pattern also demonstrates that the accumulation body formed after
top coal caving provides effective cushioning and support to the roof, mitigating the
direct impact of the overlying strata on the supports. The arched structure channels the
overlying strata stress to the sides, forming a central unloading zone, which facilitates
vertical coal collapse and rapid accumulation. The stress concentration in front of the coal
wall remains within the designed load-bearing capacity of the supports, and both the peak
vertical stress and stress concentration factor stay below the safety limit, indicating that the
supports can reliably carry the load under this caving ratio. As the working face advances,
the stress reduction zones expand evenly in both the strike and dip directions, and their
asymmetric distribution characteristics are consistent with the typical laws of top coal
caving mining, confirming the predictability and consistency of stress release under the
current process parameters.
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(a) dip (Y = 30) (b) strike (X = 72)

(c) dip (Y = 50) (d) strike (X = 72)

(e) dip (Y = 70) (f) strike (X = 72)

(g) dip (Y = 90) (h) strike (X = 72)

(i) dip (Y = 110) (j) strike (X = 72)

Figure 10. Distribution characteristics of plastic zones during working face advancement.

As shown in Figure 9, when the initial 20 m of mining is completed, the overburden
vertical displacement along the strike of the working face presents an arched subsidence
pattern. Along the dip direction, the floor displacement is asymmetrically distributed,
with a larger floor heave occurring at the lower end of the inclined working face, consistent
with the characteristics of uneven stress distribution in inclined faces. When the working
face advances to 40 m, roof displacement in the rear of the goaf increases significantly,
indicating that the roof has undergone its initial caving and that the first weighting of the
main roof has been completed. The affected area of the roof continues to expand with the
increase in mining distance.

At an advancement of 60 m, the magnitude of roof subsidence increases markedly,
and the displacement zone of the overburden extends over a larger area ahead of the
working face. When the face advances to 100 m, the subsidence rate of the top coal begins
to slow, reflecting that in the early stages of extraction, the subsidence rate is strongly
affected by the advancement distance. After the substantial roof caving caused by the
initial disturbance is completed, this influence gradually diminishes with further mining,
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although the initial movement point of the top coal continues to shift farther ahead of the
coal wall.

In summary, as the working face advances, the influence range of overburden dis-
placement in the stope gradually increases, and the displacements of the roof and floor
within the goaf become more pronounced. The subsidence zone exhibits a typical “arched”
distribution, and the variation amplitude of overburden displacement in the goaf is signifi-
cant. Both the arched distribution pattern and the displacement rate are consistent with
the typical behavior of top coal caving mining. Furthermore, the maximum displacement
value remains within the design tolerance of the supports, confirming that under a caving
ratio of 1:3.2 and the specified caving step and method, the support system can fully ensure
roof stability and working face safety.

As shown in Figure 10, during the advancement of the working face, the plastic zone
expands along both the dip and strike directions, progressing synchronously with the face.
The lower part of the overlying strata above the goaf first undergoes tensile–shear failure,
which gradually develops upward. The upper part is primarily dominated by tensile
failure. Under the action of supports, the overlying strata after mining can be generally
divided from top to bottom into five failure modes: intact zone, plastic deformation zone,
tensile fracture zone, tensile failure zone, and localized tensile zones. Overall, shear failure
is dominant, and most plastic zones remain in a reversible deformation stage without
large-scale instability.

Along the dip direction of the working face, the development range of the plastic zone
gradually expands with face advancement. When the face advances from 20 m to 60 m,
the plastic zone near the upper end of the inclined working face is larger than that near
the lower section. Subsequently, as the face continues to advance, the plastic zone near the
lower section rapidly expands, and the overburden damage range increases sharply. Along
the strike direction, the horizontal development range of the plastic zone increases with
face advancement, while the vertical range changes little. Only when the face advances to
100 m does the plastic zone continue to extend upward. This trend is consistent with the
distribution characteristics of shear stress and vertical stress, indicating that the supports
and the accumulation body still effectively control the damage to the surrounding rock.

4. Field Application Results
Based on the simulation results, Scheme 132-12 was selected as the improved on-

site caving method. From October 2023 to February 2024, the original Scheme 13-12
with a caving ratio of 1:3 was applied for extraction on-site; from March to July 2024,
the operation switched to Scheme 132-12 with a caving ratio of 1:3.2. Monthly advancement
distances were recorded to calculate the original top coal reserves within the corresponding
section, and based on this, the volume of caved top coal was determined. The caving
rate was defined as (volume of recovered coal and rock/total top coal volume within the
advancement distance during the period) × 100%. The adjustment of the caving ratio
during different periods was mainly due to variations in geological conditions, strata
pressure behavior, and production scheduling. In the initial stage, the enterprise continued
with the original scheme to ensure safe and stable mining, and once the conditions allowed,
the optimized scheme (132-12) recommended by the numerical results was gradually
implemented to improve recovery efficiency.

As shown in Figure 11, under the same caving scheme, the actual working face caving
rates are generally lower than the simulation values due to factors such as operational
differences on-site, geological heterogeneity, residual coal left unmined, and incomplete
extraction of top coal at the face ends and above roadways. Additionally, the simulation
assumes an ideal gangue content based on the “gangue cutoff” criterion, whereas in
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production, excessive gangue is often generated. Despite these discrepancies, the temporal
trends of caving rates for both schemes show a high degree of consistency, demonstrating
the reliability and accuracy of the simulation results.

Figure 11. Comparison of simulated and field-measured coal release rates under a mining-to-caving
ratio of 1:3.2.

To further assess the validity of the model, the simulated caving heights, recovered
top coal volumes, and advance distances were systematically compared with the field
measurements. Potential uncertainties in the validation include local variations in coal
seam thickness, changes in surrounding rock properties, equipment operational differences,
and simplifications in the PFC model and boundary conditions. Nevertheless, the overall
agreement in trends and relative differences between schemes indicates that the model
can effectively capture the key behaviors of top coal caving and provide guidance for
optimizing on-site mining operations.

Figure 12 illustrates that compared with the original Scheme 132-06, the optimized
Scheme 132-12 obtained through simulation significantly improves the working face
caving rate.

Figure 12. Field-measured coal release rates for different mining-to-caving ratio schemes.
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5. Discussion
The established model is directly calibrated for the 1502-2 working face, and the

results are representative for cases with similar geological and mining conditions. For
markedly different settings, parameter re-calibration or further adjustment would be
required to ensure applicability. Nevertheless, the adopted methodology and caving
ratio classification provide a clear framework for analyzing top coal caving behavior
under controlled conditions. This discussion clarifies the factors that may limit direct
transferability and highlights how the modeling approach can be adapted to different
working faces, seam thicknesses, and mining conditions.

The findings of this study also provide practical guidance for optimizing caving ratios
in thick coal seam mining, which can help improve top coal recovery and operational
efficiency under field conditions. In practice, the proposed FLAC3D–PFC3D coupled mod-
eling framework can inform on-site decision-making, support mining design adjustments,
and anticipate potential strata behaviors. For future research, the methodology can be ex-
tended to three-dimensional or finer-scaled simulations to capture more detailed coal–rock
interactions and local heterogeneities. Furthermore, it could be applied to other mining
scenarios, including different seam geometries, mechanized mining methods, or other re-
source extraction processes, enabling broader applicability and the integration of intelligent
optimization techniques.

6. Conclusions
(1) Under the two-cut, one-cave caving step, a caving ratio of 1:3.2 yields the highest

top coal recovery rate, reaching up to 94.8%. Therefore, it is recommended to adopt a caving
ratio of 1:3.2 with the two-cut, one-cave method in production for coal extraction.

(2) It is confirmed that throughout the entire caving process, the top coal exhibits good
caving behavior with favorable flow and accumulation characteristics. This indicates that
the current caving technique is feasible, and a caving ratio of 1:3.2 can achieve safe and
efficient mining of thick coal seams while ensuring a high recovery rate.

(3) The simulation studied the ground pressure manifestation characteristics of work-
ing face 1502-2. Within a specific range ahead of the face, a stress concentration zone forms
where the rock mass undergoes failure due to compression, and the plastic zone distribu-
tion shows similar characteristics. Above the goaf, a stress reduction phenomenon with
an approximately “arched” distribution pattern is observed. As the working face advances,
the subsidence rate of the top coal gradually decreases, while the distance between the
initial movement point of the top coal and the coal wall ahead of the face increases. The
overlying strata also exhibit subsidence, and the range of subsidence gradually expands
with increasing advancement distance.
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