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ABSTRACT 7 

The law of mining pressure and the characteristics of strata movement are the key factors affecting the safe and efficient 8 

mining of coal mines. Using numerical simulation via the Mohr–Coulomb model in FLAC3D and physical analog modeling, 9 

the mining pressure and strata movement of the mining area during the mining process of five adjacent goafs in the case 10 

study (Yangchangwan Coal Mine, China) was comprehensively evaluated. The stress distribution characteristics and the 11 

laws governing overlying rock movement and failure during the panel's mining process were investigated. The research 12 

results indicate a clear pattern of complex, asymmetric mining pressure during the panel's mining process. When the panel 13 

was close to the 1202-1 goaf, energy accumulation led to a significant increase in mining pressure intensity, with the 14 

maximum stress reaching 28 MPa and a stress concentration factor of up to 4.48. The lower area of the 1202-2 panel, along 15 

the dip direction, experienced overall pressure relief, with a stress peak of 50% of that in the upper area, while the transition 16 

area showed stress-concentration characteristics. The stress variations in the 14 m coal pillar (where the headgate was 17 

located) were complex, manifested as stress concentrations in the area of coal seam thickness variation, in the coal pillar 18 

area between the 1201 and 202-1 goafs, and in areas of high mining pressure. Based on the research results, the key 19 

influencing factors of the law of mining pressure and strata movement in the isolated panel were discussed and analyzed. 20 

The results obtained provide theoretical substantiation for the study of mining pressure laws and control in similar isolated 21 

panels.  22 

Keywords Island panel, Mining pressure evolution, Asymmetric fracture, Numerical simulation, Physical analog 23 

modeling  24 

Coal, as China's primary energy source, accounts for approximately 60% of the energy mix 1. In 2025, China's raw 25 

coal production reached 4.85 billion tons. Still, long-term large-scale development has led to a gradual reduction in 26 

recoverable resources and a decline in the reserve-to-production ratio. Due to technological limitations and other 27 

factors, the mining method of "mining thick and discarding thin " in some mining areas has resulted in significant 28 

resource waste 2,3, with abandoned resources in thick coal seams particularly widespread. In this context, re-mining 29 

of residual coal resources has become an important means to extend mine service life and improve resource recovery 30 

rates. The reserves of thick coal seams account for 38% of the country's recoverable resources, with an annual output 31 

of over 1.5 billion tons, and their resource value is increasingly prominent 4. The isolated panel of thick coal seams 32 

is generally under high stress concentration. The mining of the panel faces severe challenges: the irregular distribution 33 

of old goaf areas leads to a reduction in the effective bearing width of coal pillars, and significant stress concentration 34 

in the surrounding rock of the roadway; Due to the synergistic effect of the overlying rock structure in multiple goaf 35 

areas, the isolated coal body is in a bi-directional or triaxial stress superposition environment, forming a "dual force 36 

source" structural feature, with a high peak value of advanced support pressure and a large impact range. Research 37 

has shown that the mining pressure intensity of an isolated panel is 2.3 to 3.5 times that of an ordinary panel. During 38 

the mining period, the deformation rate of the surrounding rock of the roadway increases significantly, which can 39 

easily trigger dynamic disasters such as rock bursts.5, 6 40 



 

 

Regarding mining pressure laws and control in isolated island panels, relevant scholars have conducted some 41 

research. Some scholars used a combination of numerical simulation and on-site measurements to analyze the 42 

asymmetric expansion law and the evolution mechanism of the plastic zone in the surrounding rock of the mining 43 

roadway in an isolated island panel. They revealed the damage mechanism of the roadway surrounding rock.7 44 

Researchers developed a high-level rock fracture rotation mechanics model, revealing a positive correlation between 45 

the size of the overlying rock fracture block and the coal pillar support stress in an isolated panel of thick coal seams. 46 
8 Researchers studied the stress evolution law of the middle coal seam in the mining process of the isolated island 47 

panel, revealed the occurrence mechanism of rock burst when the panel was in overall instability, and deduced the 48 

limit advance distance when the panel was in a critical instability state.9 Researchers established a mechanical model 49 

of the overlying rock structure of an isolated panel, studied the movement characteristics of the overlying rock 50 

structure of an isolated panel, and determined the reasonable width of coal pillars. 10 Researchers studied the mining 51 

pressure behavior of an isolated panel in the goaf of deep, close-range coal seams, revealing differential 52 

characteristics in advanced support pressure and roof displacement between the overlapping and non-overlapping 53 

sections of the panel and the upper goaf.11 Researchers analyzed the dynamic changes and mechanical response of 54 

the roof structure of the goaf on both sides of the isolated panel under mining disturbance. They established a dynamic 55 

and static load estimation model and a support pressure estimation method.12 Existing research mostly focuses on the 56 

mining pressure law of a single isolated panel, the geological conditions are relatively simple, most of them are 57 

medium thick coal seams. There are very few studies investigating the spatiotemporal evolution of mining stress, 58 

roof fracture mechanism, and coordinated control of surrounding rock under complex isolated conditions. During 59 

repeated mining, a large number of irregulars, old goafs are present in the surrounding rock of the two roadways, and 60 

the load-bearing structure of the coal pillars in the sections is damaged. The residual coal pillars result in a complex 61 

stress distribution, and the movement law of the roof is difficult to predict. Therefore, systematic research on the 62 

mining pressure law of complex isolated panels in thick coal seams, revealing the interaction mechanism between 63 

overlying rock structure and mining stress, exploring targeted surrounding rock control technology, has important 64 

theoretical significance and engineering value for ensuring the safe and efficient recovery of residual coal resources 65 

in mines and promoting sustainable development of mining areas.  66 

This study was organized into the following sections: a review of rock mechanics and engineering geology 67 

conditions, a panel roadway layout. Using numerical and physical modeling, we investigated the laws governing 68 

mining stress and overlying rock movement during panel advancement. Then, the key factors affecting the mining 69 

pressure law of isolated mining faces in thick coal seams were analyzed and discussed in detail. The research results 70 

can serve as a reference for the safe and efficient mining of isolated panels in thick coal seams, especially affected 71 

by adjacent multiple goafs.  72 

Background and methods 73 

Research background 74 

The Yangchangwan Coal Mine is located in north-west China, in the Ningxia Hui Autonomous Region, China (about 75 

60 km from the regional capital Yinchuan. It belongs to the Ningdong Coalfield and contains nearly horizontal #2 76 

coal seams with an average thickness of 8.0 m and an average burial depth of 227 m. The roof of the coal seam is 77 

composed of siltstone and medium sandstone, with a thickness of 9.39 m, and is of medium-hard rock type and 78 

moderate stability. The coal seam floor is composed of siltstone and fine sandstone, with a few units belonging to the 79 

medium-hard rock type and a moderately stable rock layer. When the advancing distance of the 1202-2 panel to be 80 

studied is 0~250 m, the coal seam thickness is 8.0 m; when the advancing distance of the panel is 250~1164 m, the 81 



 

 

coal seam thickness is 5.0 m, which belongs to the panel with varying coal seam thickness. The goaf of the 1202-1 82 

panel is located 250 m in front of the open-off cut of the 1202-2 panel. The advancing length of the panel is 914 m, 83 

and the coal seam mining height is 3 m. The west side of the 1202-2 panel is adjacent to the goaf of the 1201 top coal 84 

caving panel (with a mining height of 8 m), the east side is adjacent to the goaf of the 1204 panel (with a mining 85 

height of 3 m), and the south side is adjacent to the goaf of the 1209 panel (with a mining height of 8 m). The north 86 

side is adjacent to major transportation and return air roadways.  87 

 88 

Fig. 1. The panel layout of the study area  89 

  90 

Fig. 2. Generalized stratigraphic column  91 

Numerical simulation 92 

FLAC3D, a commercial software package developed by Itasca Consulting Group, Inc., is widely used in mining 93 

engineering. The conventional Mohr–Coulomb model is used to summarize the problems causing damage to coal and 94 

rock. 13-15 As shown in Fig. 3, the numerical model assumes a length of 750 m in the strike direction, a width of 530 95 

m in the dip direction, and a height of 130 m based on the geological conditions of panel 1202-2. In the model, 96 

boundary coal pillars were considered and left to avoid the influence of model boundaries. The horizontal 97 
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displacements of four vertical planes of the model are restricted in the normal direction, and the vertical displacement 98 

at the base of the model is set to zero. According to the calculation of coal seam burial depth, a uniform equivalent 99 

load of 4.44 MPa is applied above the model. To determine the mechanical properties of rock and coal samples, 100 

different parameters were employed, adjusted, and scaled in a laboratory. The final parameters are presented in Table 101 

1. 102 

The numerical simulation process contained the following steps: (i) calculate the initial state induced by gravity; 103 

(ii) model the excavation of panels 1202-1, 1204, 1209, 1201, and 1604; (iii) model the excavation of panel 1202-2 104 

step by step. During the mining process of the 1202-2 panel, four stress monitoring lines (Y=150 m, Y=347.5 m, 105 

Y=278 m, Y=195 m) are arranged along the strike direction to monitor the stress changes in the 14 m coal pillar, 106 

mining stope, mining stope above the 1604 panel goaf, and the 25m coal pillar, respectively. Four stress monitoring 107 

lines (X=350 m, X=455 m, X=485 m, X=505 m) are arranged along the dip direction to monitor the stress changes 108 

in front of the 1202-2 panel during mining, as shown in Fig. 3. 109 

 110 

Fig. 3. Conceptual numerical simulation model 111 

Table 1. Physical and mechanical parameters of rock strata used in numerical simulations. 112 

Strata Bulk modulus (GPa) Shear modulus (GPa) Cohesion (MPa) Tensile strength (MPa) Internal friction 

angle (degrees) 
Density (kg·m-3) 

Coarse sandstone 1.63 0.79 3.31 4.3 35.1 2630 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 
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#2 coal 3.51 1.41 2.22 0.71 25.45 1370 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Medium 
sandstone 

3.47 1.31 3.07 0.6 25.1 1576 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Coarse sandstone 1.63 0.79 3.31 4.3 35.1 2630 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Siltstone 1.30 0.67 1.39 0.545 34.7 1860 

#6 coal 3.51 1.41 2.22 0.71 25.45 1370 

Fine sandstone 4.10 2.81 3.58 4.525 36.2 2721 

Physical analog modeling  113 

In this study, a 2-D physical analog model (PAM) was established to investigate the characteristics of strata 114 

movement further and analyze stress evolution after coal seam mining. The PAM dimensions were as follows: a 115 

length of 2500 mm in the strike direction, a width of 300 mm in the dip direction, and a height of 1500 mm; the 116 

geometric similarity of simulation model was 1:200. According to the rock strength and PAM similarity theory, each 117 

rock was composed of different proportions of sand, calcium carbonate, gypsum, and water,16, 17 with a density 118 

similarity ratio is 1.667:1 and a stress similarity ratio is 333:1. A uniform equivalent load of 8.03 kPa was applied 119 

above the model. In this section, the mining scheme was designed similarly to that described earlier in section: first, 120 

mining was carried out on the 1202-1 panel, then on the 1604 panel, and finally on the 1202-2 panel. Each mining 121 

cycle involved excavating alength of 5.0 cm. During coal mining, 11 diaphragm earth pressure cell were installed 122 

every 210 mm at the main roof position to monitor stress changes. At the same time, BZ2205C static resistance strain 123 

gauge was used to record experimental data. Displacement in the overlying strata was monitored using the Matchid-124 

ID non-contact full-field strain measurement system.18 Physical analog model (PAM) and modeling process can be 125 

seen in Fig. 4. The similar materials and ratios of the main rock layers are shown in Table 2. 126 



 

 

 127 

 128 

Fig. 4. Physical analog model (PAM) and modeling process. 129 

Table 2 Similar materials and ratios of the main rock layers 130 

1
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0
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No. Lithology 
Similar materials and weight Thickness /cm Sand/kg Calcium carbonate/kg Gypsum/kg 

1 Coarse sandstone 234.79 54.79 23.47 16.17 

2 Fine sandstone 19.03 3.33 1.43 1.41 

3 Siltstone 27.46 4.81 2.06 2.00 

4 Fine sandstone 6.75 1.18 0.51 0.50 

5 Medium sandstone 58.79 8.23 3.53 4.18 

6 Siltstone 7.14 1.25 0.54 0.52 

7 #2 coal 74.43 6.62 1.65 4.00 

8 Fine sandstone 28.63 5.01 2.15 2.12 

9 Siltstone 7.00 1.23 0.53 0.51 

10 Fine sandstone 86.15 15.08 6.46 6.38 



 

 

Results  131 

Numerical Simulation Results  132 

After the formation of adjacent goafs on the panel, the stress distribution in the mining area is shown in Fig. 2. 133 

After the adjacent panels of the 1202-2 panel are sequentially mined, the stress evolution process of the surrounding 134 

rock in the goaf is shown in Fig. 5. 135 

 136 

Fig. 5. Evolution process of surrounding rock stress in the goaf 137 

According to Fig. 5, after the mining of the 1202-1 panel, there is a significant concentration of stress in the 138 

surrounding coal and rock mass of the goaf, with a peak vertical stress range of about 18~22 MPa. After mining the 139 

1204 panel, stress increased and transferred, mainly concentrated in the 25 m coal pillar between the two panels, 140 

reaching a peak of 23 MPa. After mining the 1209 panel, due to the relatively large distance, the stress values and the 141 

impact range of the surrounding rock are relatively small. After mining the 1201 panel, the overall surrounding rock 142 

stress in the mining area increased, particularly along the 14 m coal pillar between the goaf of the 1201 panel and the 143 

goaf of the 1202-1 panel, with a peak stress of 34 MPa and a stress concentration factor of 5.6. Finally, after the 144 

mining of the 1604 panel, the stress in the upper 1204 panel goaf, 25 m coal pillar, and some areas of the 1202-1 goaf 145 

decreased significantly, with a peak stress of about 10~12 MPa, indicating that the mining of this panel has a certain 146 

press. relief effect on the overlying rock strata.  147 

The stress distribution and evolution of the 1202-2 panel when advancing to 75 m, 150 m, 200 m, 250 m, 300 m, 148 

and 350 m are shown in Fig. 6. The stress distribution along the vertical sections of A-A, B-B, C-C, and D-D during 149 

the progress of the panel is shown in Fig. 7. The corresponding stress evolution curve is shown in Fig. 8.  150 
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  151 

(a) advancing 75 m                        (b) advancing 150 m 152 

  153 

(c) advancing 200 m                        (d) advancing 250 m 154 

  155 

  156 

(e) advancing 300 m                        (f) advancing 350 m 157 

Fig. 6. Stress distribution and evolution during the 1202-2 panel mining 158 
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(a) advancing 75 m                        (b) advancing 150 m 160 

   161 

(c) advancing 200 m                        (d) advancing 250 m 162 

  163 

(e) advancing 300 m                        (f) advancing 350 m  164 

Fig. 7. Sectional diagram of stress distribution along the strike of the panel 165 
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   166 
(a) A-A                                     (b) B-B 167 

   168 

(c) C-C                                      (d) D-D 169 

Fig. 8. Stress curves of different profiles during the 1202-2 panel mining 170 

Fig. 6 shows that when the 1202-2 panel is advanced to 75 m, the peak stress at the advanced support of the panel 171 

is about 20 MPa, and the stress concentration factor is 3.20, located about 10 m in front of the panel's coal wall. When 172 

the panel is advanced to 150 m, the peak stress at the advanced support further increases to 26 MPa, and the stress 173 

concentration factor increases to 4.16. When the panel is advanced to 200 m, the stress in the coal seam ahead 174 

increases further, and the stress concentration is significant, with a maximum factor of 4.48, mainly due to the 175 

decrease in coal pillars near the 1202-1 goaf. When the panel advanced to 250 m, the coal seam with a thickness of 176 

8 m was fully mined, and a significant triangular stress concentration zone was formed in the open-off cut area of the 177 

1201 goaf on the west side. When the panel advances to 300 m, the coal seam mining thickness is 5 m, and the stress 178 

is significantly reduced. The stress on both sides of the coal pillars shows clear asymmetry, with the peak vertical 179 

stress in the west coal pillar about 28 MPa and in the east coal pillar about 22 MPa. When the panel advances to 350 180 

m, the surrounding rock stress is relatively stable.  181 

From Fig. 7, it can be seen that when the advancing distance of the panel is 0~200 m, as the advancing distance 182 

increases, the peak value of the advance support pressure shifts forward, and the range of the high-stress zone 183 

gradually expands. When the panel advanced to 200 m, only 50 m of coal pillars remained from the 1202-1 goaf, and 184 

the peak support stress ahead of the panel in the B-B section increased to 30 MPa. Comparing the vertical stress 185 

between the B-B and C-C profiles, the C-C profile is affected by the lower 1604 panel goaf, which releases the stress 186 

in the coal rock mass and reduces the overall stress level compared to the B-B profile. When the advancing distance 187 

is 250~350 m, the roof becomes a 1202-1 goaf, forming a stress relief mining area. At this point, the peak and range 188 

of front stress in front of the panel have significantly decreased, and the stress concentration factor is close to 1.0.  189 

It can be inferred from Fig. 8 that the 1202-2 panel is affected by the 1604 panel goaf, and the stress peak in the 190 

C-C profile stress monitoring curve is significantly lower than that in the B-B profile, by 50%. The initial stress of 191 

the 25 m coal pillar is generally high due to the 1204 panel goaf effect, and shows an upward trend as the panel 192 
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advances. The stress at measuring point #2, located in the transition section, rapidly increased from 12 MPa to about 193 

27 MPa, indicating a significant local stress concentration near the coal thickness change during mining. In contrast, 194 

the stress evolution on the 14 m coal pillar side is more complex. The initial stress at measuring point #6, located 195 

between two goaf areas, is significantly higher than that at measuring points #4 and #5. The stress growth of the 196 

measuring point on the 14 m coal pillar is slow before the coal thickness changes as the panel advances. When the 197 

panel advances to 300 m, and both sides are goaf areas, the stress increases to 21.2 MPa. 198 

The stress at positions 15 m, 35 m, 55 m, and 75 m ahead of the panel during the mining, the different sectional 199 

diagrams of stress distribution along the dip of the panel can be seen in Fig. 9. The lateral stress distribution curves 200 

of I-I, II-II, III-III, and IV-IV profiles are plotted in Fig. 10. 201 
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  206 

(e) advancing 300 m                         (f) advancing 350 m 207 

Fig. 9. Sectional diagram of stress distribution along the panel dip 208 

  209 

(a) I-I                                  (b) II-II 210 

  211 

(c) III-III                                (d) IV-IV 212 

Fig. 10. Lateral stress distribution curves of different profiles 213 

From Fig. 9, it can be seen that when the panel advances by 75 m, 150 m, and 200 m, the stress distribution shows 214 

a "low on both sides and high in the middle" pattern. As the mining distance increases, the stress concentration in the 215 
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panel's middle area becomes more pronounced. In contrast, the pressure relief in the panel's goaf area is more 216 

pronounced, with no stress concentration. When the panel advances to 250~350 m, the pressure relief effect of the 217 

goaf above significantly improves the surrounding rock environment, with stress ranging from 0 to 10 MPa. The 218 

stress from the overlying rock strata is transferred to the isolated coal pillars on both sides, resulting in stress 219 

concentration within them. At this stage, the coal pillars on both sides maintain a relatively stable, high-stress state 220 

at different positions. This indicates that after the overlying goaf structure stabilizes, the influence of the panel's 221 

advanced stress on the front coal wall is significantly reduced, and the lateral support stress becomes the dominant 222 

factor. 223 

Fig. 10 shows that during the initial stage of advancing the panel, the peak support pressure in front of the coal 224 

gradually increases from 12.41 to 21.93 MPa, indicating a significant stress concentration. Due to the 1604 panel 225 

goaf, a significant trough appeared in the stress curve, resulting in stress concentration in the 25 m coal pillar. When 226 

the panel advances to 265 ~285 m, the roof load transfers to the boundary coal pillars on both sides, causing a sharp 227 

increase in the lateral support stress borne by the pillars. When the panel advanced to 265 m, it was located in the 228 

area of coal seam thickness variation. The stress peak in the 14 m coal pillar area reached about 36 MPa. When the 229 

panel advanced to 285 m, the west side became the 1201 panel goaf, and the vertical stress values in the coal pillars 230 

on both sides remained high. 231 

PAM Experiment Results 232 

The characteristics of overburden movement and damage after 1202-1 and 1604 panel mining and during 1202-2 233 

panel mining are shown in Fig. 11. For the advancing distances of the 1202-2 panel of 155, 205, 310, and 420 m, the 234 

characteristics of overburden movement and damage are shown in Fig. 12. The peak stress variation of the roof during 235 

the mining process of the panel is shown in Fig. 13.  236 

  237 
(a) 1202-1 panel mining                             (b) 1604 panel mining 238 

Fig. 11. Characteristics of overburden movement and damage after 1202-1 and 1604 panel mining  239 
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    242 
(c) advancing 310 m                       (d) advancing 420 m 243 

Fig. 12. Characteristics of overburden movement and damage during 1202-2 panel mining  244 

 245 

Fig. 13. The peak stress variation of the roof during the coal seam mining  246 

According to Figs. 11 and 12: after mining the 1202-1 panel, the roof was damaged and collapsed, and the overlying 247 

rock strata developed longitudinal and transverse fractures, but the key stratum remained stable. After mining the 248 

1604 panel, the damage to the overburden strata had a certain impact on the #2 coal seam. The overlying rock fractures 249 

of the 1202-1 panel have developed to the key stratum, and the overall overlying rock showed an asymmetric failure 250 

characteristic of "weak on the left and strong on the right". When the advancing distance of the 1202-2 panel ranged 251 

from zero to ~235 m, the coal seam mining thickness was 8.0 m. At the advancing distance range of the panel of 252 

235~420 m, the coal seam mining thickness was 5 m. When the advancing distance of the panel was 155 m, the 253 

overlying rock strata were mainly characterized by the development of separation fractures and roof fractures, and 254 

the height of fracture development was relatively small. When the advancing distance of the panel was 205 m, the 255 

deformation and damage of the overlying rock were severe, and the disturbance deformation of the key stratum was 256 

strong. When the advancing distance of the panel reached 310 m, the key stratum had already broken, and the 1202-257 

1 panel was in a state of repeated mining under relatively low mining pressure. After the panel was mined, the 258 

overlying rock fractures extended into the upper part of the key stratum, forming a typical three-zone development 259 

feature: "collapse, fracture, and bending subsidence zones".  260 

According to Fig. 13, the maximum mining stress on the roof of the 1202-1 panel after mining reached 20.85 MPa, 261 

with a stress concentration factor of about 3.34, showing a high mining stress concentration. After the mining of the 262 

1604 panel, the maximum mining stress of the roof of #2 coal seam was 14.32 MPa, and the stress concentration 263 
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factor dropped to about 2.29, indicating that the mining of the lower 1604 panel had a certain pressure relief effect 264 

on the overlying rock strata, verifying the conclusions of the previous research. At a 155 m advancing distance of the 265 

1202-2 panel, due to the pressure relief effect of the goaf of the 1604 panel below, the maximum mining stress on the 266 

roof was 9.21 MPa, and the overall stress was relatively low. When the advancing distance of the panel was 205 m, 267 

the reduction in the width of the coal pillar in front caused stress concentration during mining. At this time, the 268 

maximum stress reached 14.68 MPa, and the stress concentration factor was 2.35. When the panel's advancing 269 

distance reached 310 m, it was simultaneously subjected to pressure relief from the 1202-1 and 1604 goaf zones. The 270 

maximum mining stress of the roof sharply decreased to 2.34 MPa, and the stress concentration factor dropped to 271 

0.37, well below the original rock stress level. This strongly indicated that the surrounding rock in this area was under 272 

stable pressure relief. 273 

Discussion 274 

The 1202-2 panel is significantly affected by repeated mining across multiple panels, and the environmental 275 

conditions are complex. During the mining process of the panel, the mining pressure law is mainly influenced by key 276 

factors such as the stability of the overlying rock strata, disturbance of the same layer goaf, the lower goaf, and coal 277 

seam thickness. Combining the above numerical simulations and physical similarity experiments, the key influencing 278 

factors are analyzed as follows: 279 

(1) Overlying key stratum 280 

According to the theory of rock stratum control under mining pressure,19 the strata that exert full or partial control 281 

over the movement of overlying rock layers are referred to as key strata. The identification of key strata primarily 282 

involves assessing stiffness conditions and strength conditions: first, one needs to determine the position of hard rock 283 

layers within the overlying strata. The load (qn)1 exerted by the n-th stratum on the first stratum is derived as follows: 284 
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where Ei, hi, and γi are the elastic modulus, thickness, and bulk density of the i-th rock layer, respectively. If (qn+1)1 286 

< (qn)1, this indicates that the (n+1)-th layer of rock has high strength and small deformation, and is the first hard 287 

rock layer. Similarly, the location of all hard rock layers is identified. Then, the fracture distance analysis is 288 

performed, using the following formula: 289 
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where σi is the tensile strength of the i-th hard rock layer, hi is the thickness, and qi is the load it bears. If Li< Li+1, this 291 

indicates that the i-th layer of hard rock has broken independently and is a key stratum. 20 292 

Based on the lithological information of the drilling rock layers in the 1202-2 panel area and the key stratum theory 293 

mentioned above, the sixth layer of coarse sandstone above the coal seam (17.21 m from the coal seam) was ultimately 294 

determined as the key stratum, which has a critical impact on roof failure and the mining pressure during mining. 295 

This conclusion can be verified from the numerical simulation and physical similarity experiments of mining pressure 296 

evolution and overlying rock failure characteristics in the previous section. Therefore, if necessary, roof pre-splitting 297 

techniques (such as drilling and blasting, hydraulic fracturing, etc.) can be adopted on site for key stratum to reduce 298 

the strength of mining pressure. 299 

(2) Adjacent panel goaf 300 



 

 

The 1202-2 panel is adjacent to multiple panel goafs, and the surrounding rock environment is very complex. The 301 

surrounding goafs exhibit significant differences in formation time, spatial scale, and rock failure intensity, leading 302 

to asymmetric and asynchronous failure characteristics within the surrounding rock structure. The top and front views 303 

of the surrounding rock structure in the 1202-2 panel area are shown in Figs. 14 and 15. 304 

 305 

Fig. 14. Top view of the fractured overlying rock structure   306 

 307 

Fig. 15. Front view of adjacent goaf distribution in the 1202-2 panel 308 

From Fig. 14 and Fig. 15, it can be seen that the adjacent 1201 panel is a top-coal-caving panel with a mining 309 

height of 8 m. The larger mining height leads to an increase in the goaf size, the hanging area and sinking space of 310 

the roof, and the bending moment and tensile stress, resulting in a significant reduction in the initial and periodic 311 

fracture distances of the overlying rock layer. The movement of high-level rock layers is more intense, the formation 312 

speed of "O" - shaped circles is accelerated, diagonal "X" - shaped cracks are more fully developed, and asymmetric 313 

fractures are more likely to occur, especially under isolated islands or asymmetric boundary conditions. An increase 314 

in mining height can easily trigger the breaking of overlying key layers, leading to upward extension of overlying 315 

rock movement and the simultaneous or alternating breaking of multiple rock formations, releasing energy and 316 

increasing the dynamic load coefficient, thereby triggering dynamic disasters such as strong mining pressure. The 317 

adjacent 1202-1 and 1204 panels have a mining height of 3 m. Due to the influence of mining height, their initial and 318 

periodic fracture distances are relatively large. Moreover, mining of the panel has been ongoing for nearly 20 years, 319 

and the overlying rock strata have remained stable. The rock damage caused by mining is relatively weak. The 1604 320 

panel is located directly below the 1202-2 panel, and this goaf provides some pressure relief in certain areas of the 321 

1202-2 panel. At the same time, it will cause the asymmetric distribution characteristics of the surrounding rock 322 

structure and stress field during the mining process of the 1202-2 panel. In addition, the coal pillar widths between 323 
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the goaf of panels 1202-1, 1201, and 1204 are 14 m and 25 m, respectively. The differences in mining height, mining 324 

time, and coal pillar width will further exacerbate the complex manifestation of mining pressure resulting from 325 

asymmetric damage to the surrounding rock structure during 1202-2 panel mining. This further validates and explains 326 

the conclusions drawn from the numerical simulation and physical similarity experiments. 327 

(3) Lower panel goaf 328 

The coal seam recovered from the 1604 panel is the # 6 coal seam, with an average thickness of 3 m. The roof rock 329 

layer is a medium-hard rock layer. Referring to the design and references, 21, 22 the development height of the collapse 330 

zone and fracture zone after mining can be estimated as follows: 331 
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where Hc is the height of the collapse zone, Hf is the height of the fracture zone, and M is the thickness of the coal 334 

seam mining. 335 

Based on the above calculations, Hc is 11.26 m and Hf is 41.31 m. According to the on-site measurement results, 336 

the collapse zone of the 1604 panel after mining is 15.90~16.50 m, and the height of the fracture zone is about 337 

53.34~56.25 m. Taking the relatively larger value between the theoretical formula calculation and the on-site 338 

measurement results, the maximum height of the roof collapse zone and fracture zone after mining of the 1604 panel 339 

is about 72.75 m. The average vertical distance between the 1604 panel and the upper 1202-2 panel is 50 m, indicating 340 

that the goaf of the lower 1604 panel exerts a pressure-relief effect on the 25 m coal pillar and the 1202-2 panel. This 341 

will result in strong mining pressure in the upper half of the mining area and weaker pressure in the lower half during 342 

mining of the 1202-2 panel. This explains the main reason for the asymmetric mining pressure law of the 1201 343 

working face. 344 

(4) Coal seam thickness 345 

The thickness of the coal seam in the 1202-2 panel has significantly changed during advancement, with the area 346 

divided into 8 m and 5 m thicknesses. Affected by the mining height, the closer the panel is to the 1202-1 panel goaf, 347 

the greater its mining-induced ground pressure (see Fig. 16). 348 

 349 

Fig.16. Changes in coal seam thickness and distribution and transmission of mining energy in the panel 350 

As shown in Fig. 16, during the advancement of the 1202-2 panel, due to the influence of mining height, the stress 351 

in the coal wall ahead of the panel with an 8 m coal seam thickness is greater than that in the 5 m area. As the panel 352 
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gradually approaches the 1202-1 panel goaf, the stress concentration in the coal pillar in front of 1202-2 will intensify, 353 

and its stress peak curve will overlap with that of the 1202-2 panel goaf, leading to energy accumulation. As a result, 354 

the support's working resistance increases, and the deformation of the surrounding rock around the roadway 355 

intensifies, leading to strong mining pressure patterns. At the same time, due to the asymmetric influence of the two 356 

sides and the lower 1604 panel goaf, the mining pressure shows asymmetric differential characteristics, which, in 357 

turn, affects the safe and efficient mining of the 1202-2 panel. 358 

Conclusions  359 

The results obtained via numerical simulations and physical analog modeling of the case study coal mine made it 360 

possible to draw the following main conclusions: 361 

1) The performed analysis of key influencing factors on the law of mining pressure in the case study panel shows 362 

that the sixth layer of coarse-grained sandstone above the coal seam (17.21 m away from the coal seam) was 363 

ultimately determined as the key stratum, having a critical impact on roof failure and the mining pressure during the 364 

mining. The 1202-2 panel was affected by the mining height, mining time, and coal pillar width, and the surrounding 365 

rock structure has asymmetric failure characteristics. Moreover, it was affected by the lower 1604 panel goaf, and 366 

some areas of the 1202-2 panel were within the pressure relief range. At the boundary between coal seam thickness 367 

variation, energy accumulation, and stress concentration, mining pressure was high. 368 

2) After the formation of adjacent goafs, the 1202-2 panel reached a complex asymmetric stress state, with a 369 

maximum stress of 34 MPa, located in the 14 m coal pillar area between the 1202-1 and 1201 goafs. During the 370 

mining period of the 1202-2 panel, the maximum stress reached 28 MPa, with a stress concentration factor of up to 371 

4.48. The lower area of the 1202-2 panel along the dip direction was under overall pressure relief, with a stress peak 372 

50% of that in the upper area, while the transition area showed a pronounced stress concentration effect. During the 373 

mining period of the 1202-2 panel, the stress changes in the 14 m coal pillar (where the headgate was located) were 374 

complex, being manifested as stress concentration in the coal seam thickness variation area, the coal pillar area 375 

between the 1201 and 1202-1 goafs, and high mining pressure. The surrounding rock deformation and damage to the 376 

headgate in this area were severe, necessitating strengthening of its support. 377 

3) Physical analog modeling experiments proved that during the mining period of the 1202-2 panel, near the 1202-378 

1 goaf, the rock movement and damage were severe, and the stress concentration effect was strong. After mining the 379 

panel 1202-2, the overlying key layer (coarse sandstone) was fractured, while the observed mining pressure evolution 380 

pattern matched numerical simulation predictions. The research results obtained provide certain theoretical 381 

substantiation for the study of mining pressure laws and control in similar isolated panels and geological conditions. 382 

Data availability 383 

All data generated or analyzed during this study are included in this published article. 384 

References 385 

1. Wang, G.F., Pang, Y.H., Ren, H.W., Zhang, J.X.; Meng, L.Y.; Ding, H.; Yin, X.W., Cheng, J. & Sun, H.T. 386 

Forecasting and exploring innovation pathways for generic technologies in the coal industry, Coal. Sci. Technol. 387 

54, 1-19 (2026). 388 

2. Zhang, Y.J., Feng, G.R., Zhang, M., Ren, H.R., Bai, J.W., Guo, Y.H., Jiang, H.N. & Kang, L.X. Residual coal 389 

exploitation and its impact on sustainable development of the coal industry in China, Energy. Policy. 96, 534-390 

541 (2016). 391 



 

 

3. Gao, H.D., An, B.F., Han, Z., Guo, Y.C., Ruan, Z.Y., Li, W. & Zayzay, S. The sustainable development of aged 392 

coal mine achieved by recovering pillar-blocked coal resources, Energies. 13, 3912 (2020). 393 

4. Feng, G.R., Zhang, Y.J., Qi, T.Y., Kang, L.X. Status and research progress for residual coal mining in China, J. 394 

China. Coal. Soc. 45, 151-159 (2020). 395 

5. Wang, B.B., Guo, W.B., Guo, M.J., Yang, H., Jia, M.K., Li, D.Z. & Wang, Z.Y. Research on grouting subsidence 396 

reduction technology of overburden separation layer in isolated working face mining under village, J. China. 397 

Coal. Soc. 50, 87-97 (2025). 398 

6. Tan, Y.L., Zhang, X.F., Xiao, Z.Y.; Fan, D.Y.; Yin, Y.C.; Chen, Y. & Liu, X.S. Main control factors of rock burst 399 

and its disaster evolution mechanism, J. China. Coal. Soc. 49, 367-379 (2024). 400 

7. Yun, Q.L.; Wang, X.H, Jing, W.; Zhang, W.B.; Wei, X.X. & Wang, J.H. Characteristics of deformation and 401 

damage of surrounding rock along the top roadway in the working face of an isolated island and its evolution 402 

law, Sci. Rep. 14, 15092 (2024). 403 

8. Gao, R.; Dai, X.L.; Yu, B.; Yang, J.X.; Kuang, T.J. & Lin, Y.Q. Study on prevention and control of roof dynamic 404 

disasters by ground regional fracturing in isolated working face of extra-thick coal seam mining, J. Min. Saf. 405 

Eng. 42, 532 (2025). 406 

9. Sun, B., Zhu, S.T., Jiang, F.X. & Wang, G.A. Mechanism and safety mining technology of overall instability-407 

induced rockbursts of multi-coal seam spatially isolated working face, Math. Probl. Eng. 1038139 (2022). 408 

10. Tu, M., Lin, Y.D., Zhang, X.Y., Pu, Q.W., Dang, J.X. & Zhao, G.M. Evolution of overburden structure and 409 

reasonable width of section coal pillar in large space isolated island stope, J. Min. Saf. Eng. 38, 858-865 (2021). 410 

11. Ma, S.L. Research on the rock pressure behavior at close-distance island working faces under deep goaf, Adv. 411 

Civ. Eng. 4714012 (2021). 412 

12. Zhu, G.A., Dou, L.M., Ding, Z.W. & Xie, J.H. Pre-evaluation for rock burst risks in island longwall panel before 413 

mining, Chin. J. Geotech. Eng. 40, 819-827 (2018). 414 

13. Sun, Q. Zhang, J.X., Ju, F., Li, L.Y. & Zhao, X. Research and application of schemes for constructing concrete 415 

pillars in large section finishing cut in backfill coal mining, Int. J. Min. Sci. Technol. 25, 915-920 (2015). 416 

14. Bertuzzi, R., Douglas, K. & Mostyn, G. An approach to model the strength of coal pillars, Int. J. Rock Mech. 417 

Min. 89, 165-175 (2016). 418 

15. Jaiswal, A., Sharma, S. & Shrivastva, B. Numerical modeling study of asymmetry in the induced stresses over 419 

coal mine pillars with advancement of the goaf line, Int. J. Rock Mech. Min. 41, 859-864 (2024). 420 

16. Xu, H.C., Lai, X.P., Shan, P.F., Yang, Y.B., Zhang, S., Yan, B.X., Zhang, Y. & Zhang, N. Energy dissimilation 421 

characteristics and shock mechanism of coal-rock mass induced in steeply-inclined mining: comparison based 422 

on physical simulation and numerical calculation, Acta. Geotech. 18, 843-864 (2023). 423 

17. Sun, Q., Zhang, J.X. & Zhou, N. Study and discussion of short‑strip coal pillar recovery with cemented paste 424 

backfill, Int. J. Rock. Mech. Min. 104, 147-155 (2018). 425 

18. Sun, Q., Zhao, R., Han, Y. & Yuan, H. Surrounding rock deformation and failure patterns in abandoned roadway 426 

groups and control strategies, Geomech. Geophys. Geo-energ. Geo-resour. 11, 142 (2025).   427 

19. Zhang, Q., Zou, J.P., Wu, K.B., Jiao, Y.Y., Wang, C. & Yan, X.Y. On the characteristics of mine earthquakes 428 

induced by key strata breaking during deep mining, Chin. J. Rock. Mech. Eng. 42, 1150-1161 (2023). 429 

20. Liu, J. Study on numerical simulation of overburden failure height in stratified full-mechanized caving of 430 

extremely thick coal seam, Int. J. Energy. 4, 1-5 (2024). 431 

21. Lyu, Y., Sun, G., Wu, B.F. & Li, S. Discussion on safety of coal (rock) pillar in “three down” mining standards, 432 

Coal. Sci. Technol. 52, 139-145 (2024). 433 



 

 

22. Guo, W.B., Hu, Y.H., Hu, C.Q., Li, L.X., Wu, D.T. & Ge, Z.B. System and engineering practice of coal mining 434 

technology under buildings, water bodies and railways in China, Coal. Sci. Technol. 53, 19-38 (2025). 435 

Author Contributions  436 

Q. S. conceived the research idea and drafted the original manuscript, and visualized the calculation results. Y. 437 

H. designed the research methodology. X. L. organized the computational data. K. C. reviewed and revised the 438 

initial draft. Q. S. conducted the final checks. All authors reviewed and approved the final manuscript. 439 

Funding 440 

This research was supported by the National Natural Science Foundation of China (52574174). 441 

Declaration  442 

Competing interests 443 

The authors declare no competing interests. 444 

Additional information 445 

Correspondence and requests for materials should be addressed to Q. S. 446 


