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Abstract 27 

Aiming at the problem of deformation and fracturing treatment location determination of 28 

gob-side entry under the condition of multi-layer hard rock roof, based on the engineering data of 29 

I030902 working face in Limin Coal Mine, the combined beam load screening and numerical 30 

simulation were used to determine the fracturing horizon and its lateral loading position, and the 31 

staged hydraulic fracturing scheme of bilateral long and short holes was analyzed. Combined with 32 

surrounding rock deformation, support load, hole wall peep and microseismic records, the field 33 

response and effect were evaluated. The results show that Y2, Y8 and Y13 can be used as the 34 

design focus layers. The stress concentration positions of Y2 and Y8 are close to the gob-side 35 

entry, and the peak value of Y13 is biased to the old goaf side. The approximate maximum 36 

deformation of the roof and floor direction, coal pillar side and solid coal side of the unfractured 37 

section and the fractured section is about 225 mm, 180 mm, 125 mm and about 22 mm, 18 mm, 12 38 

mm, respectively. The average working resistance of the two sections of the support is 9725 kN 39 

and 8943 kN respectively, and the fracturing section is about 8 % lower ; the microseismic records 40 

of the fracturing section are dominated by 101 ~ 102 J events, and no events of 104 J and above are 41 

shown. The field response is generally consistent with the design goals of reducing deformation 42 

and reducing load, but the information of mining stage, monitoring window and supporting 43 

conditions is incomplete, and the existing data cannot separate the independent contribution of 44 

fracturing. 45 

1. Introduction 46 

Under multiple hard roof strata, the roof may not cave completely after extraction, leaving a 47 

hanging roof and causing pronounced ground pressure manifestations1. For a gob-side roadway 48 

adjacent to an old goaf and protected by a narrow coal pillar, surrounding rock stability is governed 49 

jointly by the overburden structure, coal pillar load bearing, and mining disturbance2,3. Surrounding 50 

rock control can involve both support reinforcement and pressure relief, with the applicability of 51 

each measure considered4,5. When several hard strata occur above the coal seam, their failure and 52 

load transfer at different elevations complicate roof treatment. The strata requiring control should 53 

therefore be identified by considering the overburden structure and both near-field and far-field 54 

effects6. 55 

Identifying the target strata is fundamental to roof weakening design. Xu et al.7 proposed 56 

identifying the principal controlling strata from the complete overburden sequence and interactions 57 

among strata. Through physical and numerical investigations, Xia et al.8 examined target stratum 58 

selection for surface hydraulic fracturing of multiple hard roofs, demonstrating that treating different 59 

strata produces different stress and failure responses. Zhang et al.9 investigated the relationship 60 

between presplitting-induced weakening of hard overburden and fracture zone development. Gao et 61 

al.10 analyzed changes in block size and structural evolution through full-stratum presplitting 62 

blasting of a high-level stratum. These studies indicate that treatment stratum selection should 63 

account for geological occurrence and each stratum's role in overburden movement. 64 

Numerical simulation provides a means of analyzing fracturing parameters and roof responses. 65 

Wang et al.11 investigated the effects of fracture spacing, fracture height, and treatment stratum on 66 



the collapse of thick, hard roofs. Wu et al.12 used a fluid-solid coupled discrete element method to 67 

analyze surrounding rock responses under coal pillar and thick, hard roof conditions. Li et al.13 used 68 

a phase-field model to investigate the relationship between fracture networks and stress evolution 69 

around roadways. Hua et al.14 further examined the effects of borehole angle and placement stratum 70 

on fracture propagation in composite hard roofs. These studies provide a basis for parameter 71 

checking and show that design parameters should be related to lithology and stress conditions. 72 

For underground engineering applications, Kang et al.15 developed directional borehole 73 

hydraulic fracturing technology covering stratum selection, borehole design, fracturing operations, 74 

and monitoring-based evaluation. Niu16 and Hu et al.17 investigated roof control by staged fracturing 75 

and the associated stress and fracture evolution, respectively. For gob-side roadways, Zhang et al.18 76 

combined hydraulic slotting and fracturing to analyze how roof structure modification affects 77 

surrounding rock loading. Tan et al.19 combined target stratum analysis with multidimensional 78 

staged fracturing using long directional boreholes and conventional shallow boreholes, providing 79 

an engineering reference for treating different locations. 80 

Fracturing schemes also require adjustment to field conditions and evaluation through multiple 81 

observations. Wang et al.20 adjusted a treatment scheme to the geological occurrence of multiple 82 

thick, hard roof strata. Lei et al.21 investigated the effects of injection rate on fracture dimensions 83 

and conducted ground pressure and microseismic monitoring. Zhuang et al.22 and Ma et al.23 84 

combined numerical analysis with field data to evaluate fracturing effects through mining-induced 85 

stress, overburden movement, and microseismic responses. In a study of surface fracturing of 86 

multiple thick, hard roofs, Wu et al.24 compared the proportion of high-energy events and their 87 

frequency per unit face advance, providing a reference method for evaluating field responses. 88 

For gob-side roadways beneath multiple hard roof strata, the relationship between target strata 89 

and lateral loading positions must be established, and the treatment requirements at different 90 

elevations and lateral positions must be incorporated into the arrangement of long and short 91 

boreholes. Field evaluation should also distinguish design objectives from actual observations and 92 

account for differences in mining stage and monitoring window between comparison sections. This 93 

study focuses on the gob-side return airway of the I030902 working face at Limin Coal Mine. Target 94 

strata are screened using the overburden sequence, physical and mechanical properties, and a 95 

composite-beam load criterion. Numerical simulation is then used to analyze lateral loading 96 

positions in each stratum. On this basis, long and short boreholes are arranged on both sides of the 97 

roadway for staged hydraulic fracturing. Field responses in the test section are evaluated using 98 

surrounding rock deformation, hydraulic support working resistance, borehole wall inspection, and 99 

microseismic records. 100 

2. Engineering conditions 101 

2.1 Working face and gob-side roadway layout 102 

The I030902 working face lies in the southwestern part of the Limin Coal Mine field and 103 

extracts the No. 9 coal seam at a depth of 328-486 m, averaging 407 m. The setup entry is 280 m 104 

long. The coal seam dips at 3-7 degrees, averaging 5 degrees, and is 3.18-4.32 m thick, averaging 105 

3.75 m. Mining follows the coal seam floor without leaving bottom coal. The mined-out I030901 106 

working face lies on one side of I030902, while the unmined I030903 working face lies on the other. 107 

The I030902 return airway is developed along the I030901 goaf with a 5 m coal pillar. Figure 1 108 



shows the working face and adjacent mining spaces. 109 

 110 

Figure 1. Layout of the working face and adjacent mining spaces. 111 



2.2 Occurrence of roof strata 112 

At the I030902 working face of Limin Coal Mine, the immediate roof comprises 5.37 m of 113 

sandy mudstone, and the main roof comprises 4.52 m of coarse-grained sandstone. Several 114 

sandstone and siltstone strata occur in the overburden, some with relatively large thicknesses and 115 

high strengths. The immediate floor is 0.84 m of mudstone, and the main floor is 2.03 m of sandy 116 

mudstone. Figure 2 shows the lithologic column of borehole BK8 at Limin Coal Mine. 117 

 118 

Figure 2. Lithologic column of borehole BK8 at Limin Coal Mine. 119 



2.3 Field maintenance problems and study object 120 

During extraction of the I030902 working face, incomplete local roof caving occurred. 121 

Deformation of the coal pillar rib, floor cracking, and floor heave developed in the gob-side return 122 

airway, affecting roadway transport. Surrounding rock deformation increased progressively with 123 

mining disturbance, making roadway stability during extraction an engineering problem requiring 124 

attention. 125 

Extraction of I030901 had already formed a goaf, while I030902 was subjected to extraction-126 

induced disturbance. Stability analysis therefore needs to consider both the lateral overburden 127 

structure beside the goaf and the advance of the current working face. Field deformation alone is 128 

insufficient to identify the specific contribution of each roof stratum; further analysis of the complete 129 

overburden sequence and load-bearing characteristics is required. 130 

3. Basis for target stratum selection and borehole design 131 

3.1 Identification of target strata 132 

Empirical calculations indicate that the maximum caving zone height above I030902 is 133 

approximately 13.2 m and the maximum water-conducting fracture zone height is approximately 134 

51.6 m. Surface borehole observations at the adjacent I030905 working face indicated a fracture 135 

zone height of approximately 55.6 m. Its coal seam and roof conditions are similar to those of 136 

I030902, making it a useful analog. This study focuses on the near-seam overburden above the coal 137 

seam roof and below the estimated upper boundary of the fracture zone. 138 

Overburden analysis should consider geological occurrence and interactions among strata to 139 

identify those that exert principal control over mining-induced movement. The position and failure 140 

conditions of key strata also affect overburden fracture distribution and development height7,25,26. 141 

Assuming uniformly distributed loading and compatible deformation of a composite beam, a 142 

composite-beam load relationship is used to screen candidate load-bearing strata. Taking stratum k 143 

as the current starting stratum and progressively including the overlying strata, its assigned load is: 144 
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In the formula: k is the number of the current starting stratum;n is the number of the highest 146 

stratum included in the calculation; Ei denotes the elastic modulus of each stratum; hi denotes the 147 

thickness of each stratum, γi in m; denotes the unit weight of each stratum, in kN/m³; qk,n is the load 148 

assigned to stratum k within the composite interval from stratum k to stratum n, in kPa. 149 

When including stratum n+1 results in qk,n+1＜qk,n, the newly included stratum is identified as 150 

a candidate load-bearing stratum, and the calculation is restarted from that stratum. 151 

The calculation initially starts from stratum Y1 and is restarted whenever a new candidate load-152 

bearing stratum is identified. Based on the composite-beam load criterion, Y2, Y8, and Y13 are 153 

selected as the intended fracturing strata. Their occurrence and mechanical properties are listed in 154 

Table 1, and the load screening results are given in Table 2. 155 



Stratum Lithology 
Thickness 

/m 
Base 

elevation /m 
Top elevation 

/m 
Elastic modulus 

/GPa 
Tensile 

strength /MPa 

Y2 
Coarse-grained 

sandstone 
4.52 5.37 9.89 22.56 7.71 

Y8 Siltstone 6.49 22.25 28.74 23.42 4.78 

Y13 
Coarse-grained 

sandstone 
10.19 33.53 43.72 20.47 6.89 

Table 1. Occurrence and mechanical properties of the intended fracturing strata. 156 

Newly included 
stratum 

Starting 
stratum 

Load before inclusion /kPa Load after inclusion /kPa 

Y2 Y1 132.1 101.69 

Y8 Y2 218.69 116.46 

Y13 Y8 271.04 120.83 

Table 2. Load screening results for candidate load-bearing strata. 157 

These load calculations screen candidate load-bearing strata and do not directly describe the 158 

actual failure state of each stratum. Presplitting and weakening different target strata may produce 159 

different overburden movement and fracture development responses. Numerical simulation is 160 

therefore used to compare the lateral loading positions of Y2, Y8, and Y13. 161 

3.2 Numerical simulation method 162 

A numerical model is established using the geological and mining conditions of the fully 163 

mechanized I030901 and I030902 working faces at Limin Coal Mine. It incorporates the extraction 164 

sequence and occurrence of hard strata. The model measures 704 m × 600 m × 113 m, as shown in 165 

Figure 3. 166 

 167 

Figure 3. Numerical model. 168 

Because the coal seam dips at only 3-7 degrees and is approximately horizontal, it is simplified 169 

as a horizontal seam in the model. The seam thickness is 4.32 m, the roof strata total 99.58 m in 170 

thickness, and the floor strata total 9.1 m. Each face roadway is 6 m wide. The Mohr-Coulomb 171 

constitutive model is adopted. An overburden load of 7.15 MPa is applied at the model top, normal 172 

displacement is restrained at the bottom, and lateral stresses are set using the mine's in-situ stress 173 

measurement data. 174 

Following the actual mining and development sequence, the model simulates extraction of 175 

I030901, development of the I030902 gob-side roadway, and extraction of I030902 in succession. 176 



This accounts for the sequential effects of formation of the adjacent goaf and mining disturbance 177 

from the current face. Coal and rock parameters are assigned using physical and mechanical test 178 

results for the coal seam and roof and floor strata. 179 

3.3 Stress distribution characteristics 180 

The model results show that stress concentration positions differ among strata at different 181 

elevations in the gob-side region after I030902 advances. Y20 is included as a higher-stratum 182 

reference and is not an intended fracturing stratum. Figure 4 shows the vertical stress distributions 183 

in the different load-bearing strata. 184 

 

(a) Stratum Y2 

 

(b) Stratum Y8 

 

(c) Stratum Y13 

 

(d) Stratum Y20 

Figure 4. Vertical stress distributions in hard strata above the I030902 working face. 185 

The contour plots show differences in the shape and location of stress concentration regions 186 

among strata. To compare lateral stress variations and peak positions, sections at the face and 10, 187 

20, 40, 60, 80, and 100 m ahead of it are selected during I030902 extraction. Vertical stress curves 188 

are extracted along the coal seam dip direction for each stratum, as shown in Figure 5. The horizontal 189 

axis represents lateral distance from the gob-side coal pillar along the seam dip direction, and the 190 

vertical axis represents vertical stress. Legend distances indicate how far each section is ahead of 191 

the working face; 0 m denotes the section at the face. 192 



 

(a) Stratum Y2 

 

(b) Stratum Y8 

 

(c) Stratum Y13 

 

(d) Stratum Y20 

Figure 5. Lateral vertical stress profiles in different strata ahead of the working face. 193 

The lateral stress curves show that the vertical stress peaks in Y2 and Y8 occur mainly near the 194 

gob-side roadway, whereas the peak in Y13 shifts toward the I030901 goaf. Thus, the loading 195 

positions of the three strata do not fully coincide. Borehole design must account for treatment 196 

requirements at different elevations and lateral positions. 197 

4. Bilateral staged hydraulic fracturing scheme and monitoring 198 

methods 199 

4.1 Test section layout and borehole design 200 

Previous studies show that the treatment stratum influences overburden failure and mining-201 

induced stress responses11. Based on the target strata and loading characteristics identified in the 202 

preceding section, long and short boreholes are arranged on both the solid coal side and the coal 203 

pillar side of the gob-side return airway. The short boreholes target Y2, while the long boreholes 204 

target Y8 and Y13. 205 

The test section is approximately 100 m long and lies about 500-600 m from the setup entry. S 206 

boreholes begin at 506 m and L boreholes at 500 m. Boreholes of the same type are spaced 12 m 207 

apart, with the starting positions of the two types staggered by 6 m. Each roadway side has nine S 208 

boreholes and nine L boreholes, giving 36 fracturing boreholes in total. Table 3 lists their diameters, 209 

lengths, inclinations, and staged fracturing parameters. Figure 6 shows the plan layout on both 210 



roadway sides and their intended correspondence with the target strata. Figure 6(a) illustrates 211 

borehole spacing and the staggered long and short borehole arrangement; Figure 6(b) illustrates 212 

borehole directions and the positions of the treatment stages. 213 

Borehole length and inclination are determined jointly by the target position and borehole 214 

collar elevation. Assuming approximately horizontal strata and straight boreholes, the geometric 215 

relationships are: 216 

 0 sinH z L − =  (2) 217 

 cosd L =  (3) 218 

In the formula: H is the elevation of the intended treatment position relative to the coal seam 219 

roof;z0 is the borehole collar elevation relative to the same datum;L is the borehole length;α is the 220 

angle to the horizontal plane;d is the horizontal distance. 221 

Borehole 
type Intended strata 

Diameter 
/mm 

Length /m Inclination Stages Stage spacing /m 

S Y2 65 6.5 54° 3 2 

L Y8, Y13 65 35.3 72° 7 3 

Table 3. Design parameters for staged fracturing in long and short boreholes. 222 

 223 

(a) Borehole spacing and staggered long and short borehole arrangement 224 

 225 

(b) Borehole directions and treatment stage positions 226 

Figure 6. Bilateral long and short borehole design for staged hydraulic fracturing. 227 



4.2 Staged fracturing procedure and field monitoring 228 

Staged hydraulic fracturing treats the rock at different positions along a borehole by isolating 229 

individual intervals and injecting water sequentially. The test uses a retreating sequence from the 230 

borehole toe toward the collar. The equipment and operating parameters are described below. 231 

After drilling to the design depth and cleaning the borehole, a ZF-A25 double-ended inflatable 232 

packer isolates the intended treatment interval. A BZW200/31.5 high-pressure water pump injects 233 

water into the isolated interval. After treatment of that stage, the packer is withdrawn toward the 234 

collar, and the next interval is isolated and injected. This sequence continues until all stages are 235 

completed16. S boreholes have three stages spaced 2 m apart, and L boreholes have seven stages 236 

spaced 3 m apart. Borehole wall inspection is conducted after fracturing to observe local fracture 237 

morphology. 238 

Previous studies have combined mining-induced stress and microseismic responses to evaluate 239 

staged roof hydraulic fracturing. To analyze surrounding rock deformation in the gob-side roadway, 240 

three monitoring stations equipped with YHW300 surrounding rock deformation instruments are 241 

installed within 100 m ahead of the I030902 face for real-time monitoring. Hydraulic support 242 

working resistance reflects ground pressure responses and serves as one indicator for evaluating 243 

roof fracturing. Support loads are monitored using the KJ24 system. Daily maximum working 244 

resistance records for supports Nos. 61, 71, 81, and 91 are selected and analyzed against face 245 

advance position to compare load changes in the unfractured and test sections. The KJ1287 system 246 

is used for microseismic monitoring, with event energy and energy levels describing coal and rock 247 

fracturing activity. Figure 7 shows the support and microseismic monitoring layouts. 248 

 249 

(a) Hydraulic support monitoring layout 250 

 251 

(b) Microseismic monitoring layout 252 

Figure 7. Hydraulic support pressure and microseismic monitoring layouts at the I030902 253 

working face. 254 



The unfractured support load comparison data are taken from approximately the first 200 m of 255 

extraction, whereas the test section lies 500-600 m from the setup entry. 256 

5. Field response results 257 

5.1 Surrounding rock deformation in the gob-side roadway 258 

Deformation measurements from three stations in the unfractured and fractured sections are 259 

used to plot roof and floor, coal pillar rib, and solid coal rib deformation against distance from the 260 

mining face. The curves are grouped by monitoring station to compare the two sections, as shown 261 

in Figure 8. 262 

 

(a) Station 1 unfractured section 

 

(b) Station 1 fractured section 
 263 

 

(c) Station 2 unfractured section 

 

(d) Station 2 fractured section 
 264 



 

(e) Station 3 unfractured section 

 

(f) Station 3 fractured section 

Figure 8. Comparison of surrounding rock deformation in unfractured and fractured sections at 265 

three monitoring stations. 266 

In the unfractured section, the distance between the advancing face and each roadway 267 

monitoring station decreases as mining proceeds. Deformation increases progressively, with a more 268 

pronounced increase when the face approaches the station. 269 

Among deformation directions, roof and floor deformation is larger in the unfractured section, 270 

and coal pillar rib deformation exceeds solid coal rib deformation. The difference between the two 271 

ribs becomes more pronounced near the face. Although the values differ among the three stations, 272 

all show unequal deformation of the coal pillar and solid coal ribs. 273 

In the fractured section, deformation in each direction also increases as the station-to-face 274 

distance decreases, but its magnitude is substantially lower than in the unfractured section. Table 4 275 

compares the reported surrounding rock deformation values for the two sections. 276 

Deformation measure Unfractured section (mm) Test section (mm) 

Roof and floor deformation Approx. 225 Approx. 22 

Coal pillar rib deformation Approx. 180 Approx. 18 

Solid coal rib deformation Approx. 125 Approx. 12 

Table 4. Reported surrounding rock deformation in unfractured and fractured sections. 277 

The lower deformation level in the fractured section is evident in both the roof and floor 278 

direction and the two ribs. 279 

5.2 Hydraulic support loads at the working face 280 

Daily maximum support working resistance and daily face advance records are used to 281 

compare support loads in the unfractured and fractured sections. Figure 9 shows working resistance 282 

as a function of advance distance. 283 



 

(a) Support working resistance in the unfractured 

section 

 

(b) Support working resistance in the fractured 

section 

Figure 9. Comparison of hydraulic support working resistance in unfractured and fractured 284 

sections. 285 

Both sections show fluctuations and local peaks in working resistance, indicating variable 286 

support loading as the face advances. Mean hydraulic support working resistance decreases from 287 

9,725 kN to 8,943 kN, a difference of 782 kN. These values correspond to an approximately 8% 288 

reduction and indicate a lower section-average load level in the fractured section. 289 

These averages describe load levels over the two advance sections and do not imply the same 290 

reduction at every advance position. The unfractured comparison section includes the initial 291 

extraction stage, whereas the fractured section lies 500-600 m from the setup entry. Because the two 292 

datasets represent different mining stages, their mean working resistance difference must be 293 

interpreted in the context of section conditions and cannot be attributed entirely to fracturing. 294 

5.3 Supplementary borehole wall fracture and microseismic 295 

observations 296 

Representative post-fracturing borehole wall inspection images are selected to illustrate local 297 

fracture morphology near the fracturing boreholes. Figure 10 shows the observed fracturing result. 298 

 299 

Figure 10. Borehole wall inspection after fracturing. 300 

Existing microseismic event energy statistics are used to show event counts at different energy 301 

levels in the unfractured and fractured sections and compare their energy distributions, as shown in 302 

Figure 11. 303 



 

(a) Unfractured working face section 

 

(b) Fractured working face section 

Figure 11. Microseismic event energy distributions in unfractured and fractured sections. 304 

The unfractured records contain 10 events with energies of at least 10⁴ J. Records from the 305 

fractured section are dominated by events at the 10¹-10² J levels. The highest level shown is 10³ J, 306 

with six events; no events at 10⁴ J or above are shown. Microseismic records supplement the 307 

deformation and support load measurements with information on fracturing activity. Their 308 

interpretation is also affected by event location accuracy, and combined spatial and energy analysis 309 

helps characterize roof fracturing27,28. Because effective monitoring duration, advance length, and 310 

sensor coverage have not been standardized between the sections, this study compares only the 311 

energy level distributions in the available records. It does not calculate an activity reduction from 312 

total event counts or use energy statistics alone to demonstrate fracture connectivity. 313 

Taken together, surrounding rock deformation, support loads, and microseismic records 314 

indicate that the fractured section's field response is broadly consistent with the design objectives 315 

of reducing deformation and loading. The stratified borehole arrangement provides a reference for 316 

similar gob-side roadways, while specific borehole lengths, inclinations, and spacings should be 317 

checked again against geological occurrence, target positions, and construction conditions. 318 

6. Conclusions 319 

(1) The overburden sequence and composite-beam load screening identify Y2, Y8, and Y13 as 320 

the intended fracturing strata. Numerical simulation indicates that stress concentrations in Y2 and 321 

Y8 lie near the gob-side roadway, whereas the Y13 stress peak shifts toward the old goaf. 322 

Differences in loading positions among strata provide a basis for stratified borehole arrangement 323 

and treatment position selection. 324 

(2) Long and short boreholes are arranged on both sides of the gob-side roadway according to 325 

target stratum elevations and lateral loading characteristics. A staged fracturing procedure retreats 326 

from the borehole toe toward the collar. Short boreholes are intended to treat the lower Y2 stratum, 327 

while long boreholes target Y8 and Y13, addressing treatment requirements at different elevations 328 

and lateral positions. The actual correspondence between each fracturing stage and target stratum 329 

must be verified using borehole collar elevations and trajectories. 330 

(3) Field monitoring shows lower surrounding rock deformation in the fractured section than 331 

in the unfractured section. Approximate maximum roof and floor, coal pillar rib, and solid coal rib 332 

deformation decreases from 225, 180, and 125 mm to 22, 18, and 12 mm, respectively. Mean support 333 

working resistance decreases from 9,725 kN to 8,943 kN, approximately 8%. Microseismic records 334 



from the fractured section are dominated by events at 10¹-10² J, with no events at 10⁴ J or above 335 

shown. These field responses are broadly consistent with the design objectives of reducing 336 

deformation and loading. 337 
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