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Abstract: Thick and hard roofs with high strength and intact rock mass are widely distributed in the mining areas 7 

of southwestern China. Under mining disturbance, large-area suspended roofs easily form, inducing dynamic 8 

disasters such as gas over-limit, large-scale roof weighting, and roof water inrush. Taking the 40-m-thick basalt 9 

key stratum of Working Face 113203 of Songhe Coal Mine in Guizhou Province as the engineering prototype, two 10 

similar material simulation test models were constructed with two comparative working conditions: an 11 

unweakened roof and a roof weakened by borehole pre-splitting. The fracture characteristics, crack evolution 12 

patterns, and stress distribution differences of the overlying strata during working face advance were compared 13 

and analyzed. The results show that for the unweakened roof, the initial caving interval of the immediate roof is 14 

33 m and that of the main roof is 55 m, and the periodic caving intervals of the immediate roof and the main roof 15 

are 17 m and 30 m, respectively, resulting in a large suspended roof area. After roof weakening, the initial caving 16 

interval is greatly shortened, and the roof undergoes periodic fracture along the pre-split paths for every 10 m of 17 

working face advance, effectively eliminating the hazard of large-area roof suspension. In terms of stress evolution, 18 

without pre-splitting weakening, the peak vertical stress in the coal seam reaches 0.78 MPa, with stress 19 

concentration occurring 30 m ahead of the working face. After pre-splitting weakening, the caved gangue fills the 20 

goaf in a timely manner and improves the load transfer mode of the overlying key strata; the peak vertical stress 21 

in the coal seam decreases to 0.72 MPa, and the advance influence range extends to 35 m. The research results 22 

provide experimental evidence and theoretical support for roof control and the parameter design of hydraulic 23 

fracturing pre-splitting weakening technology for working faces with basalt-type thick hard roofs in southwestern 24 

China. 25 

Keywords: thick hard roof; similar material simulation test; overlying strata fracture and movement; borehole pre-26 

splitting weakening; stress evolution characteristics 27 

1. Introduction 28 



Coal accounts for more than 50% of China's primary energy consumption, and its strategic pillar role in the national 29 

economy is irreplaceable in the short term [1-2]. Fully mechanized working faces in the mining areas of southwestern 30 

China are generally overlain by thick and hard roof strata with high integrity. These strata have high strength and 31 

strong integrity, so the roof can hardly cave immediately as mining advances and tends to form a large-scale 32 

suspended structure. When the span of the suspended roof reaches its limit value, instantaneous overall fracture 33 

occurs, and the resulting strong ground pressure disturbance can easily induce compound disasters such as rock 34 

bursts, roof water inrush, gas explosions, and coal and gas outbursts, severely constraining safe and efficient mine 35 

production [3-5]. Therefore, how to control the caving behavior of the thick hard roof and to weaken mining-induced 36 

stress concentration is a key strata control problem that urgently needs to be solved in the mining areas of 37 

southwestern China. A basalt key stratum, 40 m thick, overlies the No.32 coal seam at the 113203 working face 38 

of Guizhou Songhe Coal Industry. With a Protodyakonov firmness coefficient of, the stratum is highly integrated 39 

and hard to cave. The complex fracture and stress evolution of the mining-affected overburden poses great 40 

difficulty for in-situ roof control. Similar material simulation testing is an intuitive and effective method for 41 

studying mining-induced overlying strata movement, fracture development, and ground pressure evolution; it can 42 

fully reproduce the deformation and failure characteristics of rock strata during the entire extraction process of the 43 

working face, providing theoretical support for the development of roof control technologies [6-10]. 44 

Scholars at home and abroad have carried out extensive similar material simulation studies on thick hard roofs, 45 

mainly focusing on the fracture morphology of the overlying strata, caving intervals, and stress evolution 46 

characteristics [11-13]. Among them, Zhai Xinxian et al. [14] investigated a working face with an extra-thick 47 

conglomerate roof and revealed the caving and seismic response patterns of the overlying strata through similar 48 

simulation. Chai Jing et al. [15] integrated fiber-optic sensing and digital image correlation (DIC) optical 49 

measurement techniques to establish an integrated monitoring system for overlying strata deformation. In terms 50 

of roof cutting and pressure relief, Zhang Hanrui et al. [16] established the roof-cutting short-arm beam theory and 51 

developed key technologies of directional pre-splitting seam cutting and high-prestress support; Shi Zhihan et al. 52 

[17] verified by numerical simulation that roof cutting can significantly reduce the peak abutment stress on narrow 53 

coal pillars. Related studies show that roof cutting and pressure relief can effectively reduce roof subsidence and 54 

support intensity and improve the stability of the surrounding rock of gob-side entries [18-21]. However, existing 55 

studies mostly focus on conglomerate and sandstone hard roofs in northern mining areas, and comparative 56 



experimental studies on basalt-type ultra-thick hard roofs in southwestern China are still scarce. Most tests only 57 

analyzed a single working condition, lacking a quantitative comparison between the two conditions of an 58 

unweakened roof and a pre-split weakened roof, and the intrinsic mechanism by which pre-splitting regulates 59 

ground pressure has not been adequately explained. Therefore, taking the engineering geological conditions of 60 

Working Face 113203 of Songhe Coal Mine as the prototype, this study constructed physical simulation models 61 

based on similarity theory, set up two comparative tests with an unweakened roof and a borehole pre-split 62 

weakened roof, quantitatively analyzed the caving intervals of the overlying strata, the fracture development 63 

morphology, and the vertical stress evolution characteristics under the two conditions, and clarified the mechanism 64 

by which borehole pre-splitting weakening regulates the ground pressure of the thick hard roof, so as to provide a 65 

scientific basis for the field application of hydraulic fracturing pre-splitting technology. 66 

2. Engineering overview 67 

The No. 32 coal seam of Songhe Coal Mine in Guizhou Province occurs in the Emeishan Basalt Formation, with 68 

an average dip angle of 28° and a thickness of 2.5 m. A 40-m-thick massive basalt stratum lies 17 m above the 69 

coal seam. This stratum is dense and hard with good integrity and a Protodyakonov coefficient of f ≈ 14, and it 70 

acts as the main controlling key stratum of the working face. The in-situ stress field of the mining area is dominated 71 

by horizontal tectonic stress. The measured three-dimensional principal stresses are as follows: the maximum 72 

horizontal principal stress is 13.7–17.6 MPa with an average of 15 MPa, the minimum horizontal principal stress 73 

is 9.2–11.2 MPa with an average of 9.9 MPa, and the vertical principal stress is 10.5–13.0 MPa with an average 74 

of 11.3 MPa. The stress magnitudes satisfy σH > σv > σh, indicating a typical strike-slip stress regime, and the 75 

orientation of the maximum horizontal principal stress ranges from N76.6°E to N84.5°E. 76 

Working Face 113203, the prototype of the test, is currently under extraction, with a recoverable strike length of 77 

790 m and an inclined length of the open-off cut of 175 m. The layout of the working face and the comprehensive 78 

stratigraphic column of its roof and floor strata are shown in Figs. 1 and 2. 79 

 80 

Fig. 1 Plan view of Working Face 113203 81 



 82 

Fig. 2 Stratigraphic column of the roof and floor strata of the coal seam 83 

3. physical model test method and construction procedure 84 

3.1. Determination of similarity parameters 85 

Based on similarity theory and the engineering geological and mechanical properties of the coal-rock mass, the 86 

geometric similarity ratio of this physical similar simulation test was set to 50 and the bulk density similarity ratio 87 

to 1.4, from which the stress similarity ratio was derived as 70. The similarity ratios of dimensionless physical 88 

quantities such as strain, Poisson's ratio, and internal friction angle were all 1. 89 

3.2. Test materials and mix proportions 90 

River sand was used as the skeleton material, lime and gypsum as cementing materials, and mica powder as the 91 

layer-separation material. The mix proportion of each stratum was matched to its mechanical parameters; the layer 92 

density, model thickness, and material consumption are listed in Table 1, and the raw materials are shown in Fig. 93 

3. 94 

       95 

(a)                     (b)                     (c)                    (d)  96 

Fig. 3 Raw materials for preparing the similar material model. (a) gypsum, (b) lime,(c) river sand; (d) mica powder 97 



Table 1 Material mix proportions for the similar material simulation test 98 

No. 

 
Rock stratum 

Mix 

proportion 

No. 

Model 

density/(g·cm⁻³) 

 

Model 

thickness/cm 

 

River 

sand/kg 
Lime/kg Gypsum/kg 

1 Sandstone 429 2.77 9.0 38.39 4.32 7.46 

2 Mudstone 725 2.55 3.5 13.56 2.45 2.57 

3 Basalt 335 2.90 40.0 102.97 15.61 24.31 

4 Siltstone 671 2.59 7.0 35.41 4.23 1.77 

5 Sandy 

mudstone 

642 2.55 2.0 
11.25 2.36 2.06 

6 Siltstone 671 2.59 1.0 6.14 1.29 1.80 

7 Coal 753 1.40 2.5 12.31 2.01 2.86 

8 Bauxite 454 3.40 5.0 31.41 8.34 4.64 

3.3. Model design and loading 99 

The model frame was designed with dimensions of 1500 mm (length) × 40 mm (width) × 1200 mm (height), 100 

rigidly constrained by a steel frame. The thickness of the strata above the top of the model exceeded the simulation 101 

range by 320 m, so a uniformly distributed hydraulic load was applied to the top of the model to equivalently 102 

simulate the self-weight stress of the overlying strata. As for the boundaries, a 15-cm-wide coal pillar (15 m in the 103 

prototype) for entry protection was reserved on each side of the model, and the open-off cut was arranged on the 104 

right side of the left coal pillar. The excavation was carried out segment by segment in a stepped manner with a 105 

single excavation length of 10 cm (10 m in the prototype) to simulate the continuous advance of the working face. 106 

The overall layout of the model is shown in Fig. 4. 107 

 108 

Fig. 4 Design of the similar simulation test 109 



3.4. Layout of the data monitoring system 110 

As shown in Fig. 5, BW-3 foil-type miniature pressure cells combined with a YJD-27 static strain indicator were 111 

used to collect vertical stress data. A total of 10 monitoring points were arranged in the coal seam, the immediate 112 

roof, the main roof, the siltstone, and the basalt key stratum, with a spacing of 25 cm along the strike direction; the 113 

points were numbered #1 – #10. In addition, the fracture morphology of the overlying strata and the crack evolution 114 

process were recorded by a high-definition camera, and the displacement field of the strata was analyzed by the 115 

speckle method. 116 

 117 

Fig. 5 Layout positions and numbering of the pressure cells 118 

3.5. physical model construction procedure 119 

(1) Material weighing and mixing: River sand, lime, and gypsum were weighed precisely according to the mix 120 

proportions in Table 1, dry-mixed uniformly, and then mixed with water added in stages, with the moisture content 121 

of the mixture controlled to ensure compaction and shaping. 122 

(2) Layered placement and compaction: The mixture was placed layer by layer from bottom to top; after each layer 123 

was compacted, mica powder was spread uniformly to simulate the bedding interfaces between strata. When filling 124 

the basalt key stratum, a shaped mold was used for compaction to match the mechanical properties of the hard 125 

rock stratum. 126 

(3) Sensor embedding: When the layered placement reached the monitoring horizons, pressure cells were 127 

embedded. Before embedding, the sensor resistance was checked to avoid poor contact and displacement under 128 

compression. 129 

1#

2# 3#

4# 6#5#
7# 8#

10#

9#

Pressure cell

Coal seam



(4) Air-drying and pretreatment: After the entire model was completed, it was air-dried naturally for 23 days; latex 130 

paint was applied to the observation surface and artificial speckles were drawn, completing the pretreatment before 131 

the test. 132 

4. Test results and analysis 133 

4.1. Fracture and crack evolution characteristics of overlying strata during extraction 134 

under an unweakened roof 135 

A 15-cm-wide entry protection coal pillar was reserved on each side of the model, the open-off cut was arranged 136 

15 cm from the left boundary of the model, and the working face advanced segment by segment from left to right 137 

with a single excavation step of 10 cm. As the exposed span of the goaf roof increased, the overlying loads were 138 

continuously transferred downward; when the accumulated stress exceeded the strength threshold of the strata, 139 

cracks developed gradually and the main roof fractured and subsided. 140 

When the face advanced to 33 cm, the immediate roof fractured and caved for the first time, with a caved segment 141 

about 20 cm long and 3 cm high; afterwards, the immediate roof entered the periodic caving stage. When the face 142 

advanced to 45 cm, the second fracture occurred with a caved segment about 16 cm long, as shown in Fig. 6(a). 143 

When the face advanced to 55 cm, the overlying strata fractured as a whole and subsided in a layered manner, and 144 

the main roof caved for the first time (caved segment about 36 cm long and 7 cm high), with accompanied cracks 145 

developing above the goaf. When the face advanced to 70 cm, the third fracture of the immediate roof occurred 146 

(segment about 17 cm long), and fracture and bed separation appeared in Key Stratum 1 at about 15 cm above the 147 

goaf, with a separation zone about 25 cm long, as shown in Fig. 6(b). After its initial fracture, the main roof existed 148 

in the form of a cantilever beam. When the face advanced to 80 cm, the fourth fracture of the immediate roof 149 

occurred, and the main roof fractured periodically at the same time (segment about 26 cm long and 6 cm high); 150 

the broken rock blocks piled up in the goaf in layers in the form of a 'voussoir beam'. When the face advanced to 151 

100 cm, the zone 30–90 cm from the rear of the goaf was compacted and filled by broken rock mass and the 152 

interlayer cracks tended to close, while the layered cracks within 5–30 cm behind the working face were still well 153 

developed, as shown in Fig. 6(c). When the extraction was completed at 110 cm, the cantilever beam and 154 

articulated beam structures over the goaf fractured and subsided successively, and the cumulative fracture lengths 155 

of the immediate roof, the main roof, and Key Stratum 1 were about 104 cm, 87 cm, and 60 cm, respectively. 156 

Significant interlayer cracks developed between Key Stratum 1 and the simulated basalt (Key Stratum 2) about 40 157 

cm thick above it. After extraction, an additional load was applied to simulate the post-mining stress redistribution 158 



equilibrium state. Before loading, there was an obvious gap between the caved roof and Key Stratum 2; after the 159 

load was applied, stress relief induced overall displacement and deformation of the roof, the caving profile of the 160 

overlying strata expanded symmetrically, and a load-transferring rock beam structure gradually formed above the 161 

face end. Local fracture occurred in Key Stratum 2, the cracks between Key Strata 1 and 2 tended to be compacted 162 

and closed, and the coal pillars on both sides were crushed under pressure. Key Stratum 2 exhibited bending 163 

subsidence and exerted a compaction effect on the gangue beneath it, and the goaf tended to become stable, as 164 

shown in Fig. 6(d). 165 

In summary, the physical simulation test of mining under a thick hard roof shows that bed separation of the 166 

immediate roof occurred at a face advance of 28 cm, and its first caving occurred at 33 cm (span about 20 cm, 167 

height about 3 cm); afterwards, periodic caving occurred at 45 cm, 70 cm, and 80 cm, with caving spans of about 168 

16 cm, 17 cm, and 18 cm, respectively. The main roof first caved at 55 cm (span about 36 cm, height about 7 cm), 169 

and its periodic caving occurred at 80 cm (span about 26 cm, height about 6 cm). The first weighting interval of 170 

the immediate roof was about 33 cm and its average periodic weighting interval was about 17 cm; the first 171 

weighting interval of the main roof was nearly 55 cm and its periodic weighting interval was about 25 cm. 172 

   173 

(a) face advance of 33 cm (33 m) and 45 cm (45 m) 174 
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(b) face advance of 55 cm (55 m) and 70 cm (70 m) 176 

   177 

(c) face advance of 80 cm (80 m) and 100 cm (100 m) 178 

  179 

(d) face advance of 110 cm (110 m) and the stress equilibrium state (110 m) 180 

Fig. 6 Fracture, movement, and deformation characteristics of the overlying strata of the stope during conventional 181 

working face advance 182 

4.2. Vertical stress variation characteristics of the overlying strata of the stope under an 183 

unweakened roof 184 

Pressure cells were installed in the key strata and the coal seam of the similar simulation model to collect vertical 185 

stress data of the coal-rock strata. The vertical stress monitoring results are shown in Fig. 8, based on which the 186 

stress variation trends and distribution patterns of the surrounding rock of the stope during working face advance 187 

were analyzed. 188 

Figure 7(a) shows that the stresses at monitoring points #1–#3 in the key strata all first increased and then decreased. 189 

The initial stress at basalt point #1 was about 0.17 MPa; after the coal seam was extracted starting from 15 cm on 190 

the left side, the stress increased slowly, and when the working face was about 10 cm from the point it rose sharply 191 

to a peak of 0.38 MPa, then decreased to 0.12 MPa and stabilized after the face had passed about 20 cm beyond 192 
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the point. The initial stresses at siltstone points #2 and #3 were 0.24 MPa and 0.25 MPa, respectively; their stresses 193 

were stable at first and then increased sharply, reaching peaks of 0.54 MPa and 0.59 MPa, respectively, and both 194 

decreased to about 0.15 MPa and stabilized after the face had passed about 20 cm beyond the points. 195 

The records of sensors #4, #5, and #6 in the main roof (Fig. 7(b)) show that the stresses at points #4 and #5 196 

remained generally stable until the working face was about 20 cm from the points, then rose rapidly to peaks of 197 

about 0.68 MPa and 0.69 MPa, and dropped to 0.15 MPa and stabilized after the face had passed about 25 cm 198 

beyond the points. Point #6 was arranged on the right side of the model; affected by the early roof caving, its stress 199 

responded in advance: after about 20 cm of coal excavation, the stress accumulated and rose gradually, reached a 200 

peak of 0.65 MPa at a face advance of 45 cm, then declined gradually with the continuing advance, and decreased 201 

to 0.15 MPa and stabilized at 85 cm. 202 

The monitoring results of points #7–#10 in the immediate roof and the coal seam are shown in Fig. 7(c). The initial 203 

stresses at all points were about 0.26 MPa. At point #7 in the immediate roof, the stress surged to a peak of about 204 

0.65 MPa when the working face was about 15 cm ahead of the point; afterwards, due to the caving of the weakened 205 

roof, the stress decreased to 0.12 MPa and stabilized. The stresses at points #8 and #9 began to accumulate and 206 

rise when the face was about 30 cm ahead, reaching peaks of 0.75 MPa and 0.71 MPa, respectively, and after the 207 

face passed about 25 cm beyond the points, they dropped to about 0.15 MPa and stabilized. The data of point #10 208 

in the coal seam show that when the working face was far away, the stress was not noticeably disturbed; the stress 209 

began to accumulate when the face was about 35 cm ahead of the point, reached a peak of about 0.78 MPa at about 210 

10 cm ahead of the point, and then dropped to zero because the coal seam was extracted and the sensor was 211 

removed. 212 

Overall, the monitoring scheme with pressure cells pre-embedded in the similar simulation test frame can finely 213 

capture the stress distribution and evolution patterns of the surrounding rock of the stope throughout the whole 214 

extraction process of the working face. The stress responses at all monitoring points share common characteristics: 215 

the stress remained stable in the initial period; as extraction proceeded and the distance between the point and the 216 

working face decreased, the stress gradually accumulated and rose; when the working face was within 10–20 cm 217 

of the point, the stress jumped to its peak; and after further extraction made the face pass 20–30 cm beyond the 218 

point, the stress unloaded rapidly and tended to stabilize. As for the vertical stress of the coal seam, the stress 219 



started to rise when the working face was about 30 cm ahead of the point, reached a peak of about 0.78 MPa at 10 220 

cm ahead of the working face, and then unloaded rapidly and gradually stabilized. 221 

 222 

(a)                                       (b) 223 

 224 

(c)                                       (d) 225 

Fig. 7 Variation of the vertical stress distribution in the coal seam and its roof under normal working face 226 

excavation. (a) vertical stress variation curves of the basalt and siltstone, (b) vertical stress variation curve of the 227 

main roof, (c) vertical stress variation curves of the immediate roof and coal seam, (d) vertical stress variation 228 

curves of the coal-rock strata. 229 

4.3. Fracture and crack evolution characteristics of overlying strata during extraction 230 

after roof weakening 231 

The test scheme was to excavate the coal seam after pre-weakening of the roof. The roof was weakened by borehole 232 

pre-splitting, with a borehole spacing of 10 cm and a weakened layer thickness of 11 cm, as shown in Fig. 8. A 233 

15-cm-wide coal pillar was reserved on each side of the model, the open-off cut was located on the left side 15 cm 234 
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from the boundary, and the face advanced gradually from left to right with an excavation length of 10 cm each 235 

time. 236 

 237 

Fig. 8 Schematic diagram of borehole weakening of the model 238 

During the advance of the working face, the roof above the goaf gradually experienced crack propagation, 239 

interlayer detachment, and fracture and subsidence. When the excavation reached 30 cm, cracks appeared in the 240 

roof, and the immediate roof fractured and accumulated in the goaf. At 40 cm, the immediate roof continued to 241 

fracture and filled the goaf, with a fracture interval of 10 cm (consistent with the weakening spacing), and obvious 242 

horizontal cracks occurred in the stratum 11 cm above the coal seam, as shown in Fig. 9(a). At 50 cm, the roof 243 

caved in a layered manner with a span of about 35 cm, the horizontal cracks in the range of 11–20 cm continued 244 

to expand, and vertical cracks appeared at the pre-split borehole positions. At 60 cm, the roof in the pre-split zone 245 

responded with periodic fracture and caving, and the horizontal cracks in the overlying strata and the vertical 246 

cracks in the pre-split zone extended further, as shown in Fig. 9(b). When the face advanced to 70 cm, the goaf 247 

span continued to increase, the main roof fractured and caved to fill the goaf, and the caved rock mass existed in 248 

a layered form. The rock blocks near the working face hinged into articulated beams and cantilever beams, the bed 249 

separation of the basalt was significant, and the horizontal cracks in the overlying strata developed more intensively. 250 

When the simulated extraction advanced to 110 cm at the end stage, the main roof and the key strata fractured and 251 

caved in succession and accumulated in the goaf, and the caving characteristics showed that the fracturing of the 252 

roof along the pre-split positions was particularly prominent, as shown in Fig. 9(c). As shown in Fig. 9(d), an 253 

additional load was applied to the model to simulate the post-mining stress equilibrium state. It can be observed 254 

that after the goaf roof caved and was compacted, the cantilever beam structure on the working face side also 255 

failed, thereby reducing the load on the entry protection coal pillars. Clear transverse tensile cracks developed 256 
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above the basalt, indicating that as the goaf span increased, the hard thick stratum could undergo flexural 257 

subsidence and even fracture and caving. 258 

In summary, the excavation test with the pre-weakened roof shows that the roof did not cave immediately at the 259 

initial stage of extraction, but began its first fracture after the face advanced to 30 cm. Afterwards, for every 10 260 

cm of advance, the roof fractured and caved periodically along the pre-split positions, indicating that although roof 261 

pre-weakening cannot make the roof cave immediately after extraction, it can effectively regulate the periodic 262 

fracturing behavior after the first caving occurs at the limit span, and the ultimate caving interval is significantly 263 

reduced. These results lay a foundation for the field application of the hydraulic fracturing roof weakening 264 

technology. 265 

   266 

(a) face advance of 30 cm (30 m) and 40 cm (40 m) 267 

   268 

(b) face advance of 50 cm (50 m) and 60 cm (60 m) 269 
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 270 

(c) face advance of 70 cm (70 m) and 110 cm (stress equilibrium state) 271 

Fig. 9 Fracture, movement, and deformation characteristics of the overlying strata of the stope after roof weakening 272 

4.4. Vertical stress variation characteristics of the overlying strata of the stope after roof 273 

weakening 274 

To clarify the distribution and evolution of the surrounding rock stress field of the stope under roof pre-weakening, 275 

pressure cells were pre-embedded in the key strata and the coal seam of the similar model; the roof was weakened 276 

first and then excavated, and the vertical stress variation curves of the coal-rock strata were obtained, as shown in 277 

Fig. 10. 278 

Figure 10(a) depicts the stress response trajectories of the monitoring points in the key strata (basalt and siltstone). 279 

The stresses at all points followed the basic pattern of 'rise → peak → decline'. Specifically, the initial stress at 280 

basalt point #1 was about 0.19 MPa; after the coal seam began to be extracted from 15 cm on the left side, the 281 

stress rose slowly at first, and when the working face was about 10 cm ahead of the point, it jumped sharply to a 282 

peak of about 0.45 MPa. After the face passed about 20 cm beyond the point, the stress recovered to near its initial 283 

value, then continued to decay slowly and remained stable after dropping to 0.11 MPa. The initial stresses at the 284 

two siltstone points #2 and #3 were 0.20 MPa and 0.21 MPa, respectively. As extraction advanced, their stresses 285 

first fluctuated slightly and then rushed to peaks of 0.49 MPa and 0.51 MPa; when the working face advanced to 286 

about 20 cm behind the points, the stresses returned to their initial values and then decreased to about 0.13 MPa 287 

and tended to stabilize. 288 

As shown in Fig. 10(b), the stress curves of points #4, #5, and #6 in the main roof showed similar trends, differing 289 

only in the strike positions corresponding to their peaks. The stress evolution can be described in stages as follows: 290 

the stress remained generally stable in the initial stage; when the working face advanced to about 20 cm ahead of 291 
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the points, the stress rose rapidly to peaks of 0.59 MPa, 0.62 MPa, and 0.60 MPa, respectively; afterwards, as 292 

extraction continued to about 30 cm behind the points, the stress dropped to about 0.2 MPa and remained stable. 293 

The records of points #7–#10 in the immediate roof and the coal seam (Fig. 10(c)) show that the initial stresses at 294 

the three points in the immediate roof were all close to 0.27 MPa. The stresses adjusted slowly in the initial stage; 295 

when the working face advanced to 15 cm ahead of the points, they rose rapidly to their respective peaks, which 296 

were 0.66 MPa, 0.62 MPa, and 0.68 MPa at the three points. As the immediate roof gradually caved into the goaf 297 

under the influence of mining, the stresses unloaded abruptly and tended to level off. For the point located in the 298 

coal seam, the initial stress was 0.28 MPa. When the working face was far from the point, the stress response was 299 

not obvious; when the face was about 30 cm ahead of the point, the stress began to climb, reached a peak of about 300 

0.72 MPa at 10 cm ahead, and then suddenly dropped to zero as the face continued to advance and exposed the 301 

point. 302 

Overall, after the pre-weakening treatment, the immediate roof and the main roof could fracture rapidly and fill 303 

the goaf soon after excavation, and the vertical stresses decayed rapidly and returned to a stable state after peaking. 304 

The weakened roof caved rapidly and compactly filled the goaf, providing a load-bearing and supporting effect on 305 

the key strata (basalt and siltstone), and the compacted body effectively suppressed the stress concentration in the 306 

coal seam caused by the large-area suspension of the roof. Combined with Fig. 10(d), it can be intuitively seen 307 

that the stress of the surrounding rock of the stope generally exhibited a dynamic evolution pattern of 'slow rise – 308 

rapid increase – peak – rapid decline – stabilization'. Among them, the vertical stress of the coal seam began to 309 

rise when the working face was about 35 cm ahead of the point, reached a peak of about 0.72 MPa at 10 cm ahead, 310 

and then declined sharply and gradually tended to a stable state. 311 

 312 
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 314 

(c)                                        (d)  315 

Fig. 10 Variation of the stress distribution in the coal seam and its roof during working face excavation. 316 

(a) stress variation curves of the siltstone and basalt, (b) stress variation curve of the main roof, (c) stress variation 317 

curves of the immediate roof and coal seam, (d) stress variation curves of the coal-rock strata. 318 

5. Conclusion 319 

Based on similar material simulation tests, this study simulated the segment-by-segment extraction of the coal 320 

seam, systematically analyzed the movement and fracture characteristics of the overlying strata and the dynamic 321 

stress evolution of the surrounding rock of the stope, and compared the caving behavior of the overlying strata and 322 

the stress distribution differences before and after roof pressure relief. The following conclusions are drawn: 323 

(1) In terms of caving control of the overlying strata, for the unweakened thick hard roof, the initial caving intervals 324 

of the immediate roof and the main roof are 33 m and 55 m, respectively, and the periodic caving intervals are 17 325 

m and 30 m, respectively, which can easily lead to a large-area suspended roof. After borehole pre-splitting 326 

weakening, the initial caving interval is slightly shortened, and the roof fractures periodically along the pre-split 327 

weak planes for every 10 m of working face advance, which can completely avoid the dynamic disaster risks 328 

caused by long-distance roof suspension. 329 

(2) In terms of mining-induced stress response, under the unweakened roof condition, the peak vertical stress in 330 

the coal seam is 0.78 MPa, with stress concentration occurring 30 m ahead of the working face; after pre-splitting 331 

weakening, the peak stress decreases to 0.72 MPa and the advance influence range is 35 m. The caved gangue fills 332 

the goaf and changes the load transfer path, transforming the 'concentrated pressure bearing of the suspended roof' 333 

into 'diffused pressure bearing of the filling body', so that the stress gradient becomes gentle and the strong ground 334 

pressure manifestation is effectively alleviated. 335 
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(3) Pre-splitting weakening improves the stress state of the key strata. The artificial pre-split cracks guide the 336 

orderly layered caving of the roof, and the gangue cushion provides continuous support to the basalt key stratum 337 

and inhibits the overall fracture of the hard strata. In the post-mining stress redistribution stage, the load on the 338 

coal pillars at both sides decreases, and the overall stability of the surrounding rock of the working face is 339 

improved. The conclusions can directly guide the field application of hydraulic pre-splitting and hydraulic 340 

fracturing for basalt-type thick hard roofs in southwestern China. 341 
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