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With the continuous increase in coal mining depth and intensity, the stress 
distribution in surrounding rock during multi-working face coordinated mining 
has become increasingly complex, significantly affecting the safe and efficient 
extraction of coal resources. This study takes the 22,214 and 22,215 working 
faces in Liuta Mine as the engineering background and employs FLAC3D 
numerical simulation to analyze the evolution of mining-induced stress and 
overburden fracture characteristics during coordinated mining of two adjacent 
faces. By establishing the stress superposition intensity index Iσ and the plastic 
zone evolution index IP, the mechanisms of stress superposition and cumulative 
plastic damage in multi-working face mining were quantitatively revealed. 
Simulation results indicate that the stress and plastic zone in the first-mined face 
exhibit a symmetric distribution, with the peak abutment pressure increasing 
as the face advances, reaching a maximum stress concentration factor of 1.8. 
In contrast, the subsequent face, influenced by the adjacent goaf and the 
coal pillar and key stratum structure, shows significant asymmetry in both 
strike and dip stress distributions. The stress concentration factor on the 
coal pillar side reaches a maximum of 2.3, and the stress increment within 
0–40 m ahead of the face is approximately 1.3–1.4 times that of the first-
mined face. The multi-working face advance process demonstrates a three-
stage evolution characterized by low superposition, medium superposition, and 
strong superposition. At an advance distance of 2,400 m, corresponding to 
the transition of the main key stratum from a suspended state to a fractured 
voussoir beam structure, the stage represents a strong superposition zone of 
stress and plastic deformation. In this zone, the plastic area on the coal pillar side 
connects with the goaf of the first-mined face, leading to a significant increase 
in the risk of surrounding rock instability. The study elucidates the mechanisms 
of stress transfer and plastic zone interconnection during coordinated multi-
working face mining and identifies the strong superposition stage as a critical 
period for rockburst prevention and control. Accordingly, a combined strategy 
of differentiated support and directional pressure relief is proposed to maintain 
surrounding rock stability, with emphasis on monitoring the strong plastic
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deformation superposition zone. The findings provide a theoretical reference 
for mining-induced stress analysis, stability control of surrounding rock, and 
rockburst prevention under similar geological and mining conditions.

KEYWORDS

coordinated mining, multi-working face, numerical simulation, plastic zone, stress 
evolution 

1 Introduction

With the continuous increase in mining depth and intensity 
of coal resources in China, the deep high-stress environment 
and intensive mining activities have led to increasingly complex 
stress states of underground surrounding rock. The strong 
disturbance of the mining-induced stress field and the large-
scale movement of overlying strata pose greater challenges to the 
stability control of surrounding rock (Hongpu and Gao, 2024; 
Feng et al., 2025; Yang et al., 2021). Intensive multi-face mining, as 
a primary method to enhance resource recovery and production 
efficiency, achieves high output and efficiency but also results 
in a mining-induced stress field distribution characterized by 
significant spatial correlation and temporal dynamics. In particular, 
mutual disturbances between closely spaced working faces can 
induce stress superposition and transfer, leading to regional stress 
concentration that severely affects the stability of surrounding rock 
(Zhang et al., 2021; Wang et al., 2023a). Therefore, an in-depth 
study of the spatiotemporal evolution of mining-induced stress and 
fracture zones under coordinated multi-face mining conditions is 
of great significance for revealing the mechanisms of surrounding 
rock instability, optimizing mining design, and achieving safe and 
efficient extraction.

In recent years, as mining depth and production intensity have 
continued to increase, especially with the large-scale application 
of high-intensity mining technologies, the distribution of mining-
induced stress fields has become more complex (Zhang et al., 2024a; 
Zhang et al., 2023a; Qian and Jialin, 2019), and the strong mining-
induced stress formed around working faces has a significant impact 
on the stability of the surrounding rock (Yan and Xue, 2024; 
Heping et al., 2015). Under repeated mining conditions, the 
layout of multiple working faces and their successive extraction 
subject the overburden to multiple mining-induced disturbances, 
causing continuous redistribution and superposition of the stress 
field and leading to increasingly pronounced cumulative damage 
in the surrounding rock (Minghui et al., 2023; Guo, 2023). In 
terms of repeated mining and coordinated multi-face extraction, 
Gao and Hui (2017) analyzed the spatiotemporal evolution of 
surface subsidence and ponding areas induced by multi-seam 
mining in the Huainan mining area, while Yan et al. (2023), using 
a combination of physical modeling and numerical simulation, 
revealed the dynamic behavior of overburden movement and 
deformation during repeated extraction of closely spaced coal 
seams. The stress redistribution induced during mining has also 
attracted wide attention (Zhang and Zhou, 2022). Tang and Junyi 
(2019) used numerical simulation to analyze the repeated mining 
behavior in a mine in the Yushen mining area of northern 
Shaanxi, and Wang et al. (2023b) investigated the instability 
mechanisms of deep stopes under repeated mining by integrating 

theoretical analysis, similarity simulation and numerical modeling. 
In the field of overburden movement and rock-mass control, 
similarity model tests have been employed to study the movement 
of overlying strata under different advancing speeds, and the 
mechanism of rockburst occurrence in deep roadways with double 
coal pillars under coupled dynamic and static loading has been 
further clarified (Pang et al., 2021; Fu et al., 2022). Yang Junzhe 
(Pendleton et al., 2022) examined the influence of coal pillar width 
on surrounding rock stress and plastic zone distribution, providing 
a basis for rational pillar design. Under ultra-long working face 
conditions, studies have shown that with increasing face length, the 
block size of broken key strata decreases and the manifestation of 
mine pressure tends to become more uniform (Wang et al., 2018). 
Working face length is also regarded as one of the main factors 
controlling the development height of the overburden fracture zone 
(Mingzhong et al., 2024), and the mine pressure distribution of ultra-
long working faces exhibits a distinctive three-peak characteristic, in 
which the face inclination pressure shows a pronounced undulating 
pattern during periodic weighting (Chen et al., 2022).

Building on these efforts, researchers have gradually shifted their 
focus from single working faces to coordinated multi–working-
face mining. Zhang et al. (2023b) developed an overburden 
structural evolution model for multi–working-face extraction 
and systematically revealed the dynamic transformation of the 
overburden structure from an I-shaped configuration to an O-
shaped configuration, together with the corresponding distribution 
of abutment pressure. Yizhe et al. (2023), based on engineering 
practice in the Yima mining area, proposed a regional coordinated 
mining scheme that effectively reduced the risk of rockburst. 
Zhi et al. (2016) found that the vertical stress peak at 10 m ahead 
of the working face can reach up to 2.3 times the original in situ
stress and increases with advancing step length. Wang et al. (2022) 
emphasized that remnant coal pillars in the goaf tend to trigger 
instability of the coal pillar–key stratum structural system.

Despite these important advances, most existing studies 
still concentrate on the mining response of a single working 
face or a local area, and systematic investigations on the 
spatiotemporal evolution of mining-induced stress, overburden 
structural movement and regional stress transfer mechanisms 
under coordinated multi–working-face conditions remain relatively 
limited (Zhipeng et al., 2023; Guo et al., 2018; Hao et al., 2022). 
Regional coordinated mining is an important technical approach 
to regulating the distribution of mining-induced stress and 
improving the stability of the surrounding rock. By optimizing 
working face layout, extraction sequence, advancing rate and 
coal pillar dimensions, it is possible to effectively reduce stress 
concentration and avoid unfavorable combinations of overburden 
structures (Guo, 2023). However, in current engineering practice, 
the design of multi–working-face layout and coordinated extraction 
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parameters still relies heavily on empirical experience, and a 
systematic design theory rooted in the coupled mechanisms of stress 
interaction and overburden dynamic response among multiple 
working faces has yet to be established (Wang et al., 2023c). 
Therefore, in-depth research on the evolution of mining-
induced stress and its impact on rock-mass stability under 
coordinated multi–working-face mining conditions is of great 
significance for improving the theoretical framework and technical 
system of surrounding rock control in deep, high-intensity
mining.

Taking the coordinated multi–working-face mining and 
underground reservoir construction at Liuta Coal Mine as the 
engineering background, this study employs numerical simulation 
to systematically investigate the distribution and transfer of mining-
induced stress, overburden failure characteristics and fracture-zone 
evolution during the coordinated extraction of working faces 22,214 
and 22,215. The work focuses on the dynamic evolution of abutment 
pressure along strike and dip, the pattern of stress concentration 
and pronounced asymmetry in the coal pillar, and the mechanisms 
of plastic-zone expansion and coalescence, thereby quantitatively 
revealing stress superposition effects and the cumulative damage of 
the surrounding rock under multi–working-face retreat. The results 
will be applied to stress–displacement monitoring and stability 
assessment of the underground reservoir dam at Liuta Mine under 
mining influence, and provide a theoretical basis and engineering 
reference for controlling mining-induced hazards and maintaining 
surrounding rock stability under similar geological and mining 
conditions. 

2 Engineering background and 
numerical simulation

In the numerical simulations, the geological conditions of 
working faces 22,214 and 22,215 in Liuta Coal Mine were used as the 
initial model inputs. Liuta Mine mainly exploits the Middle Jurassic 
Yan'an Formation, with burial depths ranging from 237.25 to 
329.01 m and an average depth of 282.66 m. According to lithologic 
assemblage, sedimentary cycles and coal-bearing characteristics, the 
formation can be divided into three subsections. The main coal 
seam is located in the upper part of the Yan'an Formation and 
extends from the coal seam roof up to the top boundary of the 
Yan'an strata. The overlying rocks are composed mainly of greyish-
white conglomeratic coarse sandstone and medium sandstone 
interbedded with dark grey siltstone, sandy mudstone and coal, with 
a total thickness of 49.37–117.61 m and an average thickness of 
70.14 m. The main coal seam is 0.67–6.37 m thick, with an average 
thickness of 2.79 m, and can be classified as a medium-thick seam. 
The coal seam structure is relatively simple, with local partings 
dominated by mudstone and sandy mudstone. The immediate 
roof is mainly composed of siltstone and sandy mudstone, while 
the floor is dominated by sandy mudstone and siltstone. In the 
simulations, the physical and mechanical properties of the in situ
rocks were taken as the initial model parameters. Rock-mechanical 
parameters were mainly derived from in situ test data obtained in 
the study area and were checked and supplemented using relevant 
published research. The physical and mechanical parameters of 

the coal and rock strata used in the model are summarized in
Table 1.

In this study, numerical modeling and analysis were carried out 
using the FLAC3D code. FLAC3D is based on an explicit finite-
difference scheme and is well suited to simulating large deformation 
and progressive failure in geomaterials. It can continuously and 
dynamically track the evolution of stress, strain and plastic zones 
throughout the computational domain under loading, and it is 
capable of reproducing the full mechanical process from initial 
elastic response through yielding and failure to overall instability. 
This capability is essential for investigating overburden movement, 
fracture development and mine pressure behavior induced by coal 
seam extraction. An elastic–plastic constitutive model combined 
with the Mohr–Coulomb yield criterion was adopted, owing to 
its wide acceptance in engineering practice, the relative ease 
of obtaining the required parameters and its ability to capture 
the macroscopic characteristics of shear failure in rock masses, 
thereby meeting the needs of analyzing the evolution of the 
mining-induced stress field and the development of plastic zones
(Zhao, 2000).

The full-scale numerical model established in this study 
is shown in Figure 1, with overall dimensions of 2048 m in length, 
4,300 m in width and 500 m in height. Excavation of the working 
faces starts 200 m away from the model boundary. An elastic–plastic 
constitutive model is adopted, with displacements in the X, Y and Z 
directions fixed at the model base, and an equivalent vertical load 
applied on the top surface to represent the overburden pressure. 
The maximum horizontal principal stress ranges from 19.96 to 
27.46 MPa, with an orientation between N26.48°W and N72.42°W, 
and the lateral pressure coefficient ranges from 1.31 to 1.57 with an 
average of 1.44. The model is discretized using four-node tetrahedral 
elements, with local mesh refinement in regions where significant 
deformation is expected, resulting in a total of 182,860 nodes and 
495,484 elements. Key computational parameters such as time step 
and damping coefficient are taken from verified default values 
in FLAC3D or adjusted based on numerical stability, so as to 
ensure convergence of the calculation and the reliability of the
results.

After applying gravity and boundary conditions and performing 
the initial equilibrium calculation, the initial stress distribution of 
the model was obtained, as shown in Figure 2. The model includes 
two working faces, 22,214 and 22,215, and the simulated mining 
sequence is consistent with actual production: the initial working 
face 22,214 is mined first, followed by coordinated extraction of 
the subsequent working face 22,215. A 60 m coal pillar is left 
between the two faces, and sufficiently wide protective coal pillars 
are reserved along the remaining boundaries to reduce boundary 
effects on the numerical results.

3 Analysis of numerical simulation 
results for the primary mining face

3.1 Stress evolution in the first-mined 
working face 22,214

The initial working face 22,214 has a total length of 320 m, and 
the evolution of its stress distribution along strike with advancing 
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TABLE 1  Physical and mechanical parameters of coal and rock.

Lithology Bulk modulus (GPa) Cohension (MPa) Friction (°) Tension (MPa) Density (kg/m3)

Surface layer 0.24 0.03 20.1 0.02 1800

Medium sandstone 8.57 3.08 31.3 2.25 2,633

Fine sandstone 12.45 2.52 31.6 2.68 2,288

Siltstone 11.56 2.62 35.3 3.18 2,188

Argillaceous siltstone 5.83 1.55 28.9 2.01 2,750

Coal 1.89 1.71 25.8 0.83 1900

distance is shown in Figure 3. After excavation, a stress-relief 
zone develops directly above the goaf, while stress concentration 
appears in front of the coal wall. As the face advances, the influence 
range, peak magnitude and position of the abutment stress change 
dynamically.

When the face has advanced to 800 m, as shown in Figure 3a, 
the influence range of the abutment stress is about 32 m, the stress 
concentration factor is 1.6, and the peak is located approximately 
14 m ahead of the coal wall. At an advance distance of 1,600 m, 
illustrated in Figure 3b, the influence range expands to 38 m, the 
stress concentration factor increases to 1.75, and the peak moves 
forward to about 10 m ahead of the coal wall. At 2,400 m, shown 
in Figure 3c, the influence range reaches 42 m and the stress 
concentration factor attains its maximum value of 1.8, while the 
peak position shifts slightly backward to around 12 m. At 3,200 m, 
shown in Figure 3d, the influence range contracts to 37 m, the stress 
concentration factor decreases back to 1.6, and the peak moves to 
about 17 m ahead of the coal wall. After completion of extraction, 
as shown in Figure 3e, the overall stress distribution becomes more
uniform.

The evolution of the strike-direction stress distribution along 
working face 22,214 is consistent with the dynamic overburden 
evolution described by key stratum theory. At the early stage 
of advance, for example, at an advance distance of 800 m, the 
overlying key stratum is in a cantilever state, and its own stiffness 
together with the underlying support system jointly carry the 
overburden load. The resulting stress concentration factor is 
relatively low and the peak stress is located farther from the 
coal wall. As the face advances to between about 1,600 m and 
2,400 m, the exposed area of the roof increases, the deflection 
of the key stratum grows and load transfer to the coal ahead 
of the face is enhanced. Consequently, the stress concentration 
factor rises and the peak position moves closer to the coal 
wall. When the advance distance reaches around 2,400 m, the 
stress concentration factor attains its maximum value of 1.8, 
corresponding to the initial failure of the sub-key stratum, and 
the loss of stability causes a sharp transfer of load to the coal 
ahead of the face. After failure, the key stratum transforms into a 
masonry-beam type structure and enters a relatively stable stage, 
the stress is redistributed and the peak position shifts slightly
backward.

3.2 Stress distribution along the dip 
direction of working face 22,214

The evolution of the stress distribution along the dip direction of 
working face 22,214 with advancing distance is shown in Figure 4. 
After excavation, a distinct stress-relief zone develops directly 
above the goaf, while symmetric stress concentration zones form 
at the coal walls on both sides, exhibiting a bimodal distribution. 
At an advance distance of 800 m, as shown in Figure 4a, initial 
stress concentration appears on both sides of the coal wall, the 
stress-relief zone remains relatively intact, and the dip-direction 
stress distribution is still in a developmental stage. When the 
face advances to 1,600 m, as shown in Figure 4b, the degree of 
stress concentration increases markedly, the influence range extends 
deeper into the coal, and the width of the stress-relief zone 
becomes larger. At 2,400 m of advance, as illustrated in Figure 4c, 
stress concentration becomes more pronounced and the peak 
stresses on both sides further increase, indicating that intensified 
roof activity has a stronger impact on coal wall stability. When 
the advance reaches 3,200 m, as shown in Figure 4d, the stress 
concentration zones tend to stabilize, and changes in peak stress 
and influence range slow down, suggesting that the surrounding 
rock is gradually approaching a new mechanical equilibrium. By 
the end of extraction, as shown in Figure 4e, the dip-direction stress 
distribution is basically stable; although the stress concentration on 
both sides remains at a relatively high level, the overall distribution 
pattern does not change significantly.

3.3 Evolution of fractured zones in working 
face 22,214

The development of the plastic zone not only reflects the yielding 
and failure process of the rock mass under mining disturbance, but 
also reveals the stability of the overlying strata structure and the 
characteristics of energy release. The evolution of the plastic zone 
above working face 22,214, as shown in Figure 5, exhibits a clear 
stage-wise behavior (Jiang et al., 2017).

At an advance distance of 800 m, as shown in Figure 5a, the 
plastic zone is mainly concentrated in the immediate roof above 
the goaf and is discontinuous, indicating that the roof has not 
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FIGURE 1
Numerical model: (a) Whole model; (b) Working face.

yet undergone through-going failure. When the advance reaches 
1,600 m, as shown in Figure 5b, large-scale shear failure occurs 
in the immediate roof, forming an incipient caving zone, while 
tensile fractures appear in the strata beneath the sub-key stratum 
and a fracture zone begins to develop. At 2,400 m of advance, as 
shown in Figure 5c, the plastic zone expands rapidly, the height 
of the fracture zone extends up to the key stratum, and the rock 
mass experiences structural instability. At 3,200 m, as shown in 
Figure 5d, the development of the plastic zone enters a stable stage, 
and the height of the fracture zone reaches its maximum and tends 
to stabilize. By the end of extraction, as shown in Figure 5e, a 
continuous plastic zone is formed in the central part of the goaf, 
delineating a complete mining-affected zone.

As the initial working face, the plastic zone above the goaf of 
22,214 displays an overall symmetric pattern, which reflects the 
symmetric transmission of the mining-induced stress field and 
provides a basis for the layout of adjacent working faces.

4 Numerical analysis of the 
subsequent working face

4.1 Strike-direction stress distribution in 
working face 22,215

The subsequent working face 22,215 has a length of 320 m, 
and the evolution of its strike-direction stress distribution with 
advancing distance is shown in Figure 6. Compared with the 
initial working face 22,214, working face 22,215 is a successive 
face and exhibits higher stress concentration and different evolution 
characteristics.

When the advance reaches 800 m, as shown in Figure 6a, 
the influence range of the abutment stress is about 35 m, the 
stress concentration factor reaches 1.7, and the peak stress 
is located roughly 12 m ahead of the coal wall. Relative to 
working face 22,214 at the same advancing distance, the influence 
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FIGURE 2
Initial stress distribution.

range increases by 3 m and the concentration factor rises by 
0.1, indicating that the supporting effect of the coal pillar 
has begun to affect the mechanical distribution along the
face.

At an advance distance of 1,600 m, as shown in Figure 6b, 
stress concentration is further intensified, the influence range 
expands to about 42 m, the stress concentration factor increases 
to 1.9, and the peak position moves forward to about 8 m ahead 
of the coal wall. Compared with working face 22,214 at this 
stage, the concentration factor is higher by 0.15, reflecting the 
superposition effect of the stress field induced by the adjacent
goaf.

When the face advances to 2,400 m, as illustrated in Figure 6c, 
the influence range reaches a maximum of about 46 m, the stress 
concentration factor rises to 2.1, and the peak position shifts 
backward to about 10 m, which reflects the cumulative effect of stress 
concentration in the coal pillar. At an advance distance of 3,200 m, as 
shown in Figure 6d, the influence range begins to contract to about 
43 m, the concentration factor decreases to 1.9, and the peak moves 
to approximately 15 m ahead of the coal wall. After the completion 
of extraction, as shown in Figure 6e, the overall stress distribution 
tends to stabilize, but the coal pillar region still maintains a relatively 
high residual stress, with the stress concentration factor remaining at
about 1.8.

4.2 Dip-direction stress distribution in 
working face 22,215

The evolution of the dip-direction stress distribution of working 
face 22,215 with advancing distance is shown in Figure 7. 
Compared with working face 22,214, working face 22,215 exhibits 
a clearly asymmetric dip-direction stress pattern, and the coal 
pillar region remains in a state of high stress concentration 
throughout (Guichen et al., 2022).

When the face advances to 800 m, the stress-relief zone begins 
to form. Influenced by the 22,214 goaf, stress concentration on the 
left coal pillar side is more pronounced, with a concentration factor 
of 1.8, while that on the right coal wall side is 1.6, indicating the 
onset of asymmetry. At 1,600 m, the stress asymmetry becomes 
more evident, the concentration factors continue to increase, the 
influence range expands, and elevated stresses appear in the floor, 
showing that mining-induced effects are propagating to greater 
depths. At 2,400 m, the asymmetry of the stress distribution reaches 
its maximum: the stress concentration factor on the left coal pillar 
side rises to 2.3, while that on the right side is 1.8, giving a difference 
of 0.5. When the advance reaches 3,200 m, the degree of stress 
concentration begins to ease but the asymmetric pattern remains 
obvious, with concentration factors of 2.1 on the left side and 1.7 
on the right. By the end of extraction, the dip-direction stress 
distribution tends to stabilize, while the left coal pillar region still 
has a concentration factor of about 2.0 and the right side about 1.6, 
indicating that high stress in the coal pillar is long-lasting.

The above stress asymmetry mainly arises from the instability 
of the key strata above the 22,214 goaf. After extraction of working 
face 22,214, the key strata over the goaf on that side fracture and 
cave, losing their capacity to transmit load, so the overlying load is 
redistributed laterally toward the retained coal pillar and the side of 
working face 22,215. On the opposite side of 22,215, the key strata 
remain relatively intact and retain a stronger load-bearing capacity, 
resulting in a clear contrast in dip-direction stress distribution 
between the two sides. The analysis indicates that working face 
22,215 is mined under a single-side goaf condition and its stress field 
is significantly influenced by the adjacent 22,214 goaf. Because the 
coal pillar is subjected to superposed mining-induced loads from 
both sides, the stress concentration in this region is particularly 
high. In the later stage of mining, floor deformation increases, and 
the high stress concentration promotes the development of plastic 
zones in the floor strata, which in turn may trigger floor heave and 
related instability problems.
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FIGURE 3
Stress along the strike of 22,214 working face at different 
advancements: (a) 800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of 
advance, and (e) after full extraction.

FIGURE 4
Stress along the inclination of 22,214 working face at different 
advancements: (a) 800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of 
advance, and (e) after full extraction.
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FIGURE 5
Plastic zone of 22,214 working face at different advancements: (a)
800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of advance, and (e) after 
full extraction.

FIGURE 6
Stress along the strike of 22,215 working face at different 
advancements: (a) 800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of 
advance, and (e) after full extraction.

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2026.1738703
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Bai et al. 10.3389/feart.2026.1738703

FIGURE 7
Stress along the inclination of 22,215 working face at different 
advancements: (a) 800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of 
advance, and (e) after full extraction.

4.3 Evolution of fractured zones in working 
face 22,215

The evolution of the plastic zone above working face 22,215, as 
shown in Figure 8, is characterized by early onset, strong intensity 
and pronounced asymmetry. Compared with working face 22,214, 
the plastic zone of 22,215 is significantly wider at the same advancing 
distance; at an advance of 800 m, the width increases by about 18 
percent, as shown in Figure 8a. As the face continues to advance, 
the plastic zone on the side close to the 22,214 goaf, that is, the 
left side, develops much faster than on the opposite side, as shown 
in Figures 8b,d. At an advance distance of 2,400 m, as shown in 
Figure 8c, the width of the plastic zone on the left side is about 40 
percent greater than on the right side and shows a clear tendency 
to connect with the plastic zone above the 22,214 goaf. By the 
end of extraction, as illustrated in Figure 8e, the plastic zones of 
the two faces are fully connected, forming a continuous plastic 
failure belt. These observations indicate that under the influence 
of the asymmetric stress field, the goaf of working face 22,215 
enters plastic yielding and failure earlier and more readily, and 
the damage is more severe on the side adjacent to the 22,214
goaf.

On the basis of key stratum theory, when the secondary working 
face is mined, the key strata on the side adjacent to the goaf have 
already been destabilized by the extraction of the primary face, 
which weakens the lateral confinement of the overlying strata and 
promotes the initiation and growth of fracture zones. At the same 
time, the uneven transfer of load causes the coal pillar region to 
become a high-stress channel and a concentration zone for plastic 
deformation. The asymmetric coalescence of the plastic zone further 
undermines the integrity of the coal pillar and reduces its long-term 
load-bearing stability.

In summary, the numerical simulation results show that the 
overburden evolution above the primary and secondary working 
faces differs significantly due to mining-induced effects. The 
overburden above the primary working face is controlled by the key 
strata and undergoes essentially symmetric fracturing. In contrast, 
the secondary working face is subjected to asymmetric boundary 
conditions imposed by the goaf of the primary face, so that the 
overlying load is transferred laterally toward the coal pillar, causing 
distortion of the stress field, asymmetric development of the plastic 
zone, and eventual coalescence between the plastic zones above the 
two adjacent goafs.

5 Discussion of overlying strata stress 
evolution characteristics in 
coordinated multi-working face 
mining

This study uses numerical simulation to elucidate the evolution 
of overburden stress and the development of plastic zones under 
coordinated multi-working-face mining. The results show that 
the primary working face exhibits a largely symmetric stress 
distribution and plastic-zone evolution during its advance, whereas 
the secondary working face is strongly disturbed by the adjacent 
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FIGURE 8
Plastic zone of 22,215 working face at different advancements: (a)
800 m, (b) 1,600 m, (c) 2,400 m, (d) 3,200 m of advance, and (e) after 
full extraction.

goaf, leading to pronounced asymmetry in stress distributions along 
both strike and dip, high stress concentration in the coal pillar 
region, and coalescence of its plastic zone with that above the 
primary goaf.

To quantify the differences in stress distribution between the 
primary and secondary working faces, stress concentration factors 
at different advancing distances were compared, as summarized in 
Table 2. On this basis, the vertical stress within the coal wall in the 
zone 0–40 m ahead of the face was extracted from the numerical 
results for both faces, and the corresponding stress–distance curves 
were plotted, as shown in Figure 9. Taking the in situ stress σ0
as the reference, a normalized stress increment curve was σn(x) =
[σ(x) − σ0]/σ0, and the area under this curve was calculated as Iσ =
∫40

0 σn(x)dx,where Iσ  is defined as the stress superposition index. 
To emphasize the relative differences between advancing stages, 
the value of Iσ  for the primary working face 22,214 at an advance 
of 800 m was set to 1.0, and the indices for the other stages 
and for the secondary working face were nondimensionalized by 
proportional scaling of the curve area, as illustrated in Figure 10, 
which shows the variation of the coal-wall stress superposition index 
with advancing distance.

According to Table 2 and Figures 9, 10, as the advance of the 
primary working face 22,214 increases from 800 m to 2,400 m, 
both the peak value of the advance abutment pressure along strike 
and the stress increment within 0–40 m ahead of the face increase 
gradually, and the corresponding stress superposition index Iσ  rises 
from 1.00 to about 1.25. When the advance reaches 3,200 m, the 
peak stress concentration factor drops to 1.6 while Iσ  remains almost 
unchanged, indicating that the mining-induced stress has entered 
a relatively stable stage and that the overburden stress evolution 
is generally consistent with the numerical results for deep high-
stress faces reported by Lei Yanzhi (Wang and Yang, 2023; Qi 
and Jianhao, 2018). In contrast, the stress–distance curves of the 
secondary working face 22,215 are overall higher than those of the 
primary face at all advancing stages; at 2,400 m the Iσ  within 0–40 m 
ahead of the face is about 1.3 times that of the primary face and 
the corresponding peak strike-direction stress concentration factor 
reaches 2.1. In the dip direction, the stress concentration factor in the 
coal-pillar area adjacent to the goaf further increases to 2.3, giving a 
left–right difference of 27.8%. These results show that an advance of 
about 2,400 m corresponds to the stage of strongest multi-face stress 
superposition and load redistribution, which is also the key interval 
for controlling surrounding-rock stability and optimizing support 
parameters.

To further clarify the transfer path of stress from the goaf of 
the primary working face to the coal pillar and the coal mass 
ahead of the secondary face, a section A–A′ was arranged along the 
line “22,214 goaf–coal pillar–area ahead of the 22,215 face” in the 
numerical model, and the field of maximum principal stress vectors 
was extracted for analysis, as shown in Figure 11. After the extraction 
of 22,214, the overlying key strata above the goaf undergo composite 
failure and form a cantilever–voussoir beam system whose arch 
foot is located above the coal pillar; within this structure, stress 
trajectories rotate from being nearly vertical in the central part of 
the goaf to obliquely downward toward the pillar, indicating that 
the residual load is concentrated onto the pillar along the broken 
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TABLE 2  Comparative analysis of stress concentration factors in working faces.

Stress concentration 
factor

Advancing distance 
(m)

First-mined working 
face

Subsequent working 
face

Difference rate (%)

Strike peak value

800 1.6 1.7 +6.3

1,600 1.75 1.9 +8.6

2,400 1.8 2.1 +16.7

3,200 1.6 1.9 +18.8

Dip-left peak value 2,400 1.8 2.3 +27.8

Dip-right peak value 2,400 1.8 1.8 0

FIGURE 9
Stress–distance curves of coal wall at different advancing distances.

FIGURE 10
Iσ variation with advancing distance for the 22,214 and 22,215 
working faces.

key strata. When the advance of 22,215 reaches about 2,400 m, both 
the density and magnitude of the vectors increase markedly in the 
upper part of the pillar and within 0–30 m ahead of the face, and 
high-stress vectors converge in a fan-shaped pattern from left to 

FIGURE 11
Maximum principal stress vectors along the A-A′ section.

right: they first point from the residual bearing zone of the 22,214 
goaf to the hinged position above the pillar, then bend along the 
combined pillar–floor structure and finally point toward the coal 
mass ahead of 22,215, forming a continuous high-stress channel 
from the 22,214 goaf through the coal pillar to the front of the 
22,215 face. Combined with the strike-direction stress curves and 
stress concentration factors, these results indicate that the overlying 
key-strata assemblage evolves from a cantilevered configuration on 
the primary-face side to a hinged configuration on the secondary-
face side during multi-face sequential mining, leading to lateral 
load transfer and secondary superposition on the coal pillar and 
the coal ahead of the secondary face, which is consistent with the 
load-transfer behaviour of low-position key strata under multi-face 
mining revealed by Zhang et al. (2024b).

To characterize the evolution of the plastic zone, the areas of 
plastic failure in the central part of the goaf Ac, in the plastic zone 
above the left coal pillar Al, and in the plastic zone above the right 
coal pillar Ar  were calculated at different advancing distances based 
on an element yield criterion. Taking the total plastic area at the 
800 m stage of the primary working face as the reference value Ao, a 
plastic zone evolution index IP was defined as IP=(Ac + Al + Ar)/A, 
and its variation with advancing distance is shown in Figure 12. 
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FIGURE 12
Ip variation with advancing distance for the 22,214 and 22,215 
working faces.

For the primary working face, IP increases slowly with advance and 
becomes essentially stable after 2,400 m, whereas for the secondary 
working face, IP grows much more rapidly and reaches about 1.4 
times that of the primary face at 2,400 m. At the same time, the 
area ratio of the plastic zones on the left and right sides of the coal 
pillar Al/Ar  increases from nearly 1.0 in the early stage to about 1.6, 
which is consistent with the conclusion in Section 4.3 that the plastic 
zone on the side adjacent to the primary goaf connects with the 
goaf, while the other side remains relatively weak. On this basis, the 
advancing process of multiple working faces can be quantitatively 
divided into three stages: low superposition, medium superposition, 
and strong superposition. When both the stress superposition index 
Iσ  and the plastic zone evolution index IP exceed approximately 1.3 
times the corresponding values of the primary face, the system enters 
the strong superposition stage at an advance of about 2,400 m. In 
this stage, the coal pillar and floor bear highly concentrated stresses, 
are prone to severe deformation and rockburst, and therefore form 
a key zone that must be strictly controlled under coordinated 
multi-face mining. The observed evolution of the plastic zone is 
consistent with the dynamic transformation of the overburden 
structure from an I-shaped to an O-shaped configuration reported 
in previous studies (Pang et al., 2021).

From the perspective of crack evolution, the staged change of 
the plastic zone can be given a physical interpretation. A large 
number of rock-mechanics and acoustic-emission experiments have 
shown that brittle rocks containing multiple flaws generally undergo 
a staged evolution under uniaxial or true-triaxial loading, including 
crack initiation, formation of crack clusters, development of crack 
bands and final coalescence into through-going fractures (Zhang 
and Zhou, 2020; Zhou and Zhang, 2021; Niu et al., 2020). In 
this study, the numerical results exhibit a similar pattern: the 
plastic zone evolves from localized plastic damage to continuous 
plastic bands and ultimately to a coalescent plastic failure corridor. 
This spatiotemporal evolution is broadly consistent with the 
experimentally observed process of crack initiation, propagation 
and coalescence, indicating that the plastic-zone penetration 
revealed in this paper is physically reasonable and in line with 
existing research. It should be noted, however, that due to 
the assumptions of a continuum constitutive model and the 

limitation of mesh resolution, the present simulations cannot 
explicitly capture individual crack trajectories or the detailed timing 
of acoustic-emission events; the conclusions mainly reflect the 
characteristics of plastic failure at the engineering scale. Future work 
will therefore combine underground microseismic and acoustic-
emission monitoring with higher-resolution numerical modelling to 
carry out more refined comparative studies.

Based on the above analysis, the pronounced asymmetric stress 
distribution and the early, intense and through-going development 
of the plastic zone on the coal-pillar side of the secondary working 
face can be controlled in practice by combining differentiated 
support with directional destressing. For the roadway on the coal-
pillar side of the 22,215 working face, an asymmetric reinforced 
support system can be adopted by appropriately increasing the 
length and density of rock bolts and cables along the side adjacent to 
the 22,214 goaf, in combination with steel arches or cable–steel strip 
support and simultaneous floor reinforcement, so as to enhance the 
overall stiffness and shear resistance of the surrounding rock in the 
coal-pillar area. At the same time, directional roof pre-splitting can 
be implemented within about 10–20 m above the coal pillar along 
the bottom boundary of the key stratum, and destress blasting holes 
or directional destress boreholes can be arranged 20–30 m ahead of 
the working face near the coal-pillar side, in order to reduce local 
peak stresses and interrupt the continuity of the plastic failure zone.

Building on this work, future research can integrate multi-
source data from microseismic monitoring, stress-field evolution 
and plastic-zone development to construct a multi-parameter 
coupled early-warning model for coordinated multi-working-face 
mining, thereby quantitatively characterizing the coupling among 
key-stratum failure, stress transfer and rockburst occurrence and 
providing more robust theoretical support and technical tools for the 
prediction, early warning and mitigation of rockbursts under deep 
multi-working-face mining conditions. 

6 Conclusion

This study employs numerical simulation to investigate the 
evolution of mining-induced stress and overburden failure under 
coordinated multi-working-face mining, and compares the strike- 
and dip-direction stress distributions, plastic zone development, 
and their interaction mechanisms between the first-mined working 
face 22,214 and the subsequent working face 22,215. The main 
conclusions are as follows. 

1. The strike-direction stress distribution of the working faces 
exhibits pronounced dynamic evolution. For the first-mined 
working face 22,214, both the peak value and the influence 
range of the abutment pressure ahead of the face increase with 
advancing distance and then tend to stabilize, with a maximum 
stress concentration factor of 1.8. For the subsequent working 
face 22,215, which is affected by the goaf of 22,214, the 
overall stress level is higher and the stress superposition 
index Iσ is about 1.3 times that of 22,214, indicating that 
coordinated multi-working-face mining significantly amplifies 
the superposition of mining-induced stress.

2. The dip-direction stress distributions of the two working 
faces differ markedly, and the stress field of the subsequent
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face shows strong asymmetry. For 22,214, the dip-direction 
stress is approximately symmetric, whereas for 22,215 the coal 
pillar side adjacent to the goaf exhibits a maximum stress 
concentration factor of 2.3, compared with about 1.8 on the 
opposite side, giving a left–right difference of about 27.8%. This 
asymmetric stress distribution leads to significantly enhanced 
stress release and deformation in the floor on the coal pillar 
side and is a primary factor controlling the stability of the 
surrounding rock of the subsequent working face.

3. The mining sequence and stress superposition jointly control 
the morphology and extent of the plastic zone. For 22,214, the 
plastic zone expands in an essentially symmetric manner and 
the evolution index Ip increases slowly before stabilizing. For 
22,215, Ip increases more markedly and shifts toward the goaf 
of the first-mined face, eventually coalescing with the plastic 
zone of the 22,214 goaf, which weakens the coal pillar strength 
and increases the likelihood of rockburst.

4. Under similar geological conditions and burial depth, the 
advancing stage during which the main key stratum transforms 
from a cantilevered configuration to a broken voussoir-
beam structure can be regarded as a key control segment 
characterized by strong superposition of mining-induced 
stress and plastic deformation. This segment should be treated 
as a priority zone for surrounding rock stability control and 
support parameter optimization, where a combination of 
differential reinforcement support and directional destressing 
measures can be adopted for hazard prevention and control.
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