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Abstract 13 

In order to study the deformation and failure mechanism of surrounding rock of roadway in inclined coal 14 

seam, the physical similarity model of right-angle trapezoidal roadway in inclined coal seam, in which the non-15 

contact digital image correlation (DIC) technology and the stress sensor is employed to provide full-field 16 

displacement and stress measurements. The deformation control technology of the roadway surrounding rock 17 

was proposed and applied to engineering practice. The research results show that the stress and deformation 18 

failure of surrounding rock in low sidewall of roadway are greater than those in high sidewall, showing 19 

asymmetric characteristics, and the maximum stress concentration coefficients of roadway sidewall, roof and 20 

floor are 4.1, 3.4 and 2.8, respectively. A concept of roadway "cyclic failure" mechanism is proposed that is, the 21 

cyclic interaction of the two sidewalls, the sharp angles and roof aggravated the failure of roadway, resulting in 22 

the overall instability of roadway. The roadway sidewall is serious rib spalling, the roof is asymmetric "Beret" 23 

type caving arch failure, and the floor is slightly bulging. On this basis, the principle of roadway deformation 24 

control is revealed and asymmetric support design is adopted, and the deformation of roadway is controlled, 25 

which support scheme is effective.  26 

 27 

Keywords: Inclined coal seam; Physical simulation test; DIC; Surrounding rock stress; Cycle failure mechanism; 28 
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1 Introduction 30 

The coal resources in the western region account for about 86.5 % of China's coal reserves, of which the 31 

inclined coal seam accounts for about 35 % of its reserves, and there are high-quality coal seams with high mining 32 

value1-4. Due to the influence of dip angle, section type of roadway and geological conditions, the mining of 33 

inclined coal seam is different from that of the general coal seam and has its particularity. Especially after the 34 

excavation of the coal seam roadway, the deformation and failure of surrounding rock show asymmetric 35 

characteristics, and the roadway often occurs rib spalling, roof fall accidents5-9. Therefore, it is of great significance 36 
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to study the deformation and failure mechanism of roadway in inclined coal seam to effectively support roadway 37 

to ensure its stability.  38 

At present, many scholars have studied the deformation control of roadway surrounding rock in inclined coal 39 

seam by using the physical model test, theoretical analysis and numerical simulation. Manchao He et al. studied 40 

the stability of surrounding rock during the excavation of rectangular roadway in inclined coal seam through 41 

physical model test, and obtained that the excavation failure area presents the form of disturbance zone parallel to 42 

the rock stratum, and the failure mechanism is mainly bedding fracture10,11. Shuai Zhang et al analyzed the stress 43 

distribution and deformation characteristics of coal pillar and roadway support gob-side entry in deep inclined coal 44 

seam through theoretical analysis and numerical simulation, and concluded that 5m wide coal pillar can ensure 45 

that the coal pillar is at a low stress level, the deformation of roadway surrounding rock is within a reasonable 46 

range, and the roadway support is in good condition12. Weitao Liu et al. studied the stress distribution of roadway 47 

surrounding rock under mining stress in inclined coal seam floor by using the semi infinite body theory in elasticity, 48 

and calculated the horizontal stress and shear stress at any point in the roadway floor13,14. Hai Wu established a 49 

mechanical model according to the mechanics of materials, analyzed the stress distribution and deformation failure 50 

characteristics of vertical wall arch roadway in the deep inclined coal seam, and put forward the control technology 51 

asymmetric deformation of the roadway15. Jianjun Zhao et al. conducted a physical model test on the deformation 52 

and failure process of overlying strata in the goaf roof of the gently inclined coal seam, and concluded that the 53 

tensile stress concentration occurred at the boundary of the goaf after the coal seam mining, bending deformation 54 

dominated by settlement occurred, and finally sliding failure16. Xiaoming Sun et al. used FLAC3D numerical 55 

simulation software to study the mechanism of asymmetric deformation of vertical wall arch roadway in deep 56 

inclined coal seam, and proposed asymmetric coupling support scheme, and strengthened support in key parts17. 57 

Xinzhong Chen established a numerical model of gob-side entry driving in deep inclined coal seam, and analyzed 58 

the asymmetric large deformation characteristics of surrounding rock of this kind of roadway, the deformation of 59 

narrow coal pillar wall and floor is much greater than that of solid coal wall and roof, and the overall section 60 

convergence rate of roadway is large18. Hongyun Yang et al. carried out numerical simulation analysis on soft roof 61 

failure mechanism of mining roadway in gently inclined coal seam and optimized the support scheme19. Wei Zhang 62 

et al. established the mechanical structure model, analyzed the surrounding rock deformation mechanism of right 63 

angle trapezoidal roadway in deep gently inclined three-soft coal seam, and optimized the supporting scheme20.  64 

At present, the research on the control of surrounding rock deformation of inclined coal seam roadway mainly 65 

focuses on the rectangular and straight wall arch roadway and mostly studies the independent parts of the roadway. 66 

There are few systematic studies on the roof's coupling failure mechanism, two sidewalls and floor of the inclined 67 

coal seam rectangular trapezoidal roadway. In this paper, the deformation and failure mechanism of right-angle 68 

trapezoidal roadway in inclined coal seam under the condition of no support is investigated by physical model 69 

tests of large-scale variable angle, in which the stress sensor and the non-contact Digital Image Correlation (DIC) 70 



technique is employed to provide stress and full-field displacement measurements, respectively. For damage 71 

characteristics, an asymmetric support plan is proposed to strengthen key parts' support, which is applied to 72 

engineering practice. 73 

2 Engineering background 74 

The No. 2 Mining Area of Shitanjing is located in the high mountain area of western Ningxia. The dip angle 75 

of coal strata is 18°–27°, with an average of 23°. The mining coal seam is the #4 layers of coal. The buried depth 76 

is about 405.6–480.1 m, the thickness is 5.8–6.6 m, with an average of 6 m. The roof is mudstone, and the floor is 77 

siltstone. It is a typically inclined coal seam. The lithology histogram is shown in Fig. 1. The roadway section is 78 

designed as a right-angle trapezoid with the width of 4.5 m and the height of the low sidewall of 3 m.  79 

 80 

 81 

Fig. 1 Lithology histogram 82 

Under the combined support of anchor bolt, net and cable scheme, the right angle trapezoid roadway in 83 

inclined coal seam displays unsymmetrical deformation characteristics, as shown in Fig. 2. Serious rib spalling 84 

undergoes in the two sidewalls of roadway, and the deformation of the low sidewall of roadway is greater than 85 

that of the high sidewall, and the roof undergoes intense sidestepped subsidence. The metal mesh is torn in some 86 

places, the bolt plates are sunken and have loosened, and both the anchor bolts and anchor cables display 87 

considerable bending deformation, indicating that the original supporting effect is low. 88 
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Fig. 2 Deformation and destruction of roadway site 89 

3 Physical model test 90 

3.1 Test setup 91 

In order to control the deformation of asymmetric roadway surrounding rock in inclined coal seam and mine 92 

inclined coal seam safely and efficiently, a large-scale variable angle model test (length × width × height = 1.2m 93 

× 0.12m × 1.1m) apparatus is assembled to reveal the deformation failure mechanism of roadway surrounding 94 

rock without support (see Fig. 3). In this study, in order to simulate the effect of in-situ stress, uniform load was 95 

applied on the top of the model to trigger the failure of surrounding rock after excavation (Jia and Tang 2008; Lee 96 

et al. 2010). Simplifications adopted in the model tests are given as follows: (i) The cross-section of right angle 97 

trapezoidal roadway in the inclined coal seam with the dip angle of 23° in Shitanjing No.2 Mining Area is used; 98 

(ii) No support system is considered, in order to reveal the source of roadway deformation and failure; (iii) The 99 

influence of roadway excavation process is not considered. 100 
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Fig. 3 Physical simulation test system 102 

Two hydraulic jacks are used to apply uniform load on the top surface of the physical model. Starting from 103 

0.0385MPa, the staged loading method is performed, as shown in Table 1. 104 

Table 1 Loading scheme 105 

Load times 1 2 3 4 5 6 7 8 9 10 11 12 13 

Load /kN 3 4 5 6 7 8 9 10 11 12 13 14 15 



Load /MPa 0.021 0.028 0.035 0.042 0.049 0.063 0.07 0.077 0.084 0.091 0.098 0.105 0.112 

The real profile of right angle trapezoidal roadway in inclined coal seam is adopted in the model test. Based 106 

on the laws of similitude21-25, the similarity constants of the geometry, bulk density, and stress of the calculated 107 

model are determined to be 30, 1.6, and 48 respectively by Equation (1), then the width of the roadway and the 108 

height of the low sidewall of roadway are 150 mm and 100 mm respectively. Meet the requirements of the roadway 109 

to boundary distance/roadway radius ≥ 326,27. The model's prototype dimensions are 33 m in height, 36 m in length 110 

and 3.6 m in width. 111 

.
P

L r L

M

r

r
                                  (1) 112 

Where ασ is the strength and stress similarity constant; αr is the similarity constant of bulk density; αL is the 113 

geometric size similarity constant; rP is the average bulk density of the original rock, taking 2.5 g/cm3; The rM is 114 

the bulk density of the model material, generally rM in 1.5–2.5 g/cm3 is suitable, too large molding compaction is 115 

difficult, too small makes the model material loose and difficult to form.  116 

Table 2 Ratio of physical similar material simulation test 117 

Layer number 
Kinds of 

strata 

Layer  

thickness/cm 
Ratio (sand: gypsum: CaCO3: coal) 

1 Siltstone 10 737 

2 Packsand 10 837 

3 Medium sandstone 33 728 

4 Siltstone 10 737 

5 Mudstone 10 828 

6 #4 Coal seam 20 21:1:2:21 

7 Siltstone 12 737 

8 Packsand 13 837 

9 Mudstone 5 828 

10 5 #Coal seam 18 21:1:2:21 

Simulated materials with a mixture of sand, gypsum and CaCO3 are used to mimic the physical and 118 

mechanical properties of coal and rock strata, and mica flake is used to simulate the joint layer between coal and 119 

rock. In this study, the ratio of similar materials after optimization from strength test trials is shown in Table 2. 120 

The meaning of proportioning number: the first digit represents the ratio of sand to binder, and the second and 121 

third numbers represent the proportion of gypsum and CaCO3 in the two cements, such as 737 in the table, which 122 

means the sand binder ratio is 7:1, and the ratio of gypsum and CaCO3 in a cement is 3:7. 123 

3.2 Instrumentation 124 



The monitoring system consists of stress sensor (L–YB–150 (φ28 mm × 10 mm), AD–64 data acquisition 125 

instrument, DIC, displacement meter and computer. The monitoring content includes the stress, surface 126 

displacement and deformation damage characteristics of the roadway surrounding rock. 127 

(1) Stress monitoring of roadway surrounding rock 128 

Throughout the backfilling process, a total of 19 stress force sensors are embedded in the rock mass around 129 

the roadway (the roof, two sidewalls, floor and four sharp corners of the roadway) as schematically presented in 130 

Fig. 4 to measure the variation of rock stress during the roadway excavation and the surcharge loading process.  131 

 132 

Fig. 4 Layout of stress measuring points of roadway surrounding rock (mm) 133 

(2) Roadway surface displacement monitoring 134 

In the similar physical simulation test, since most of the traditional measurement methods have low acquisition 135 

density, large discreteness and low measurement efficiency result in a large measurement error28 (Chen et.al 2016). 136 

Therefore, this paper uses a test method to monitor the displacement and deformation failure characteristics of 137 

roadway surface – Digital Image Correlation (DIC), which has the advantages of non-contact, robustness and full-138 

field measurement, and can overcome the weakness of traditional measurement methods29. DIC is introduced into 139 

the deformation measurement of similar model, which has short monitoring time intervals and high precision. It 140 

can realize the high precision test of large range and detail parts of rock strata simultaneously, complete the 141 

continuous dynamic monitoring of similar material model, and obtain the deformation characteristics of the model 142 

in small time scale. It provides rich monitoring information for the comprehensive study of the deformation and 143 

failure law of roadway surrounding rock, to accurately grasp the dynamic process and local information of rock 144 

deformation, movement, failure and collapse30-33. The resolution of the two CCD digital cameras is 2648 × 2448 145 

pixels. Sub pixel accuracy can be achieved by using 3D–DIC software (GOM-Aramis, version 8, related solutions). 146 

In this experiment, the photographing format is 1.2 × 1.1m, the magnification is 3.383 pixel / mm, and the accuracy 147 

of DIC displacement measurement is expected to be 0.0296mm, as shown in Fig. 5. 148 
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Fig. 5 Flow chart of roadway deformation monitoring 150 

3.3 Test procedures 151 

The mixture of sand, calcium carbonate and plaster powder was mixed evenly with water, and then it was 152 

layered and filled into the model test apparatus to make the physical similarity model, in which the layered 153 

thickness was controlled at 1–3 cm. The stress sensor is embedded in the corresponding position. After the model 154 

was placed for one month, round measuring points were pasted around the roadway and speckle patterns were 155 

prefabricated. According to the size of the roadway, the sawing device is carefully used to expand the excavation 156 

range from the center of the roadway to the opening until the roadway contour is reached. Then the load is applied 157 

to the top of the model step by step until the roadway is completely destroyed. During the loading process, the 158 

DIC measurement system records the surface deformation of the model, and the stress sensor measures the stress 159 

of two sides, roof, floor and sharp corner of roadway34-38. 160 

4 Results and interpretation 161 

4.1 Stress analysis of roadway surrounding rock 162 

The deformation and failure of the roadway in inclined coal seam are caused by the stress redistribution of 163 

surrounding rock. It is of great significance to study the stress distribution and change of surrounding rock under 164 

different loads to analyze the roadway's deformation and failure mechanism.  165 

(1) Stress distribution of two sidewalls of roadway 166 

Fig. 6 shows the variation curve of surrounding rock stress of two sidewalls of roadway with loading. It can 167 

be seen from the figure that in the 0–0.063 MPa loading stage, the stress of 17 and 18 measuring points in the low 168 

sidewall of roadway increases rapidly, and the stress concentration occurs, while the stress of 19 measuring points 169 

in the low sidewall of roadway and all measuring points in the high sidewall of roadway increases steadily. When 170 

the load reaches 0.063 MPa, the stress concentration of roadway low-sidewall measuring point 17 reached the 171 

maximum, and the stress concentration coefficient was 4.1. The stress distribution of roadway high-sidewall 172 

measuring points 15 and 14 also reached the maximum, without stress concentration, and the stress value of high-173 

sidewall measuring point 15 was the maximum. In the 0.063 MPa–0.112 MPa loading stage, the stress of 17 174 



measuring points in the low sidewall of the roadway decreased sharply. Simultaneously, the stress of 18 measuring 175 

points in the roadway's low sidewall continued to increase to the maximum and then began to decrease, indicating 176 

that the stress concentration in the low sidewall of roadway transferred from the shallow to the deep. The stress of 177 

the high sidewall of roadway began to decrease slightly and finally stabilized. Overall, the stress of the low sidewall 178 

of roadway is greater than that of the high sidewall, showing asymmetric characteristics. The maximum stress of 179 

roadway's low sidewall appears in the shallow part of the roadway side, and the maximum stress of the high 180 

sidewall appears in the middle of the roadway side. The measuring point's stress value in the deep part of the two 181 

sidewalls of roadway is the smallest. 182 

 183 

Fig. 6 Curve of stress on two sidewalls of roadway with load 184 

(2) Stress distribution of roadway roof 185 

 186 

Fig. 7 Curve of roadway roof stress with load 187 

Fig. 7 shows the variation curve of the surrounding rock stress of roadway roof with loading. It can be seen 188 

from the figure that in the early stage of loading, the stress of measuring point 2 of the roadway roof increases 189 

rapidly, and the stress concentration occurs. When the load reaches 0.056 MPa, the stress concentration of 190 

measuring point 2 rises to the maximum value, and the stress concentration coefficient is 3.4, while the stress of 191 

other measuring points of the roadway roof increases steadily. With the increase of load, the stress of each 192 

measuring point of the roadway roof began to decrease, and the stress of measuring point 2 of the roadway roof 193 

decreased the most. On the whole, the stress of surrounding rock at the high sidewall of roadway roof is the largest, 194 



followed by the stress at the low sidewall of roadway roof, and the stress at the middle of roadway roof is the 195 

smallest, which indicates that the stress concentration of roadway roof presents asymmetric characteristics. 196 

(3)Stress distribution of roadway floor 197 

 198 

Fig. 8 Curve of roadway floor stress with load 199 

Fig. 8 shows the variation curve of surrounding rock stress of roadway floor with loading. It can be seen from 200 

the figure that under the action of load, the stress of each measuring point of roadway floor increases rapidly, and 201 

the stress concentration occurs. When the load reaches 0.063MPa, the stress concentration of each measuring point 202 

in the roadway floor reaches the maximu, and the stress concentration factors of roadway floor low sidewall, 203 

middle and high sidewall measuring points are 2.8, 2.1 and 1.5, respectively. From this, it can be seen that the 204 

stress concentration of the low sidewall of floor is the largest, followed by the middle of roadway, and the minimum 205 

is the high sidewall of roadway, indicating that the stress distribution of the roadway floor is asymmetric. 206 

(4) Stress distribution at corner of roadway 207 

 208 

Fig. 9 Curve of stress at sharp corner of roadway with load 209 

Fig. 9 shows the variation curve of surrounding rock stress at the sharp angle of roadway with loading. It can 210 

be seen from the figure that the stress of the measuring point 1 of the high sidewall roof angle (HSRA) and the 211 

measuring point 5 of the low side roof angle (LSRA) of roadway increases rapidly with the increase of the load, 212 

and the stress concentration occurs. When the load is 0.049 MPa, the stress concentration of the measuring point 213 

1 of the HSRA of roadway reaches the maximum value, the stress concentration coefficient is 3.1, and then begins 214 



to decline. The stress of the measuring point 5 of the LSRA of roadway continues to increase, and its stress 215 

concentration reaches the maximum value at 0.07MPa, and the stress concentration coefficient is 1.57, indicating 216 

that the stress concentration of the HSRA of roadway transfers to the LSRA. The stress distribution at the high 217 

sidewall floor angle (HSFA) and low sidewall floor angle (LHFA) of roadway has small fluctuations, and the 218 

overall change is not large, indicating that the two sharp angles of floor have not been greatly damaged, and the 219 

surrounding rock is relatively stable. The size of the four sharp angles stress distribution value is: HSRA > LSRA > 220 

HSFA > LHFA.  221 

4.2 Strain analysis of roadway surface 222 

Fig. 10 shows the roadway's strain nephogram when the load reaches 0.07 MPa and the final failure surface 223 

of the roadway. It can be seen from the figure that when the load reaches 0.07 MPa, the strain of the roof of 224 

roadway is concentrated in the low sidewall, showing an asymmetric "Beret" type. Finally, the surface of the low 225 

sidewall of roadway roof is peeled off, the measuring point is invalid, and the asymmetric delamination collapse 226 

occurs.  227 
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(a) 0.07MPa (b) 0.012MPa  

Fig. 10 Strain nephogram of roadway surface 228 

4.3 Displacement analysis of roadway  229 

The displacement of the roadway surrounding rock directly reflects the deformation of surrounding rock 230 

under stress. Studying the displacement of different parts of roadway surrounding rock under different loads is an 231 

essential part of analyzing the roadway's deformation and failure mechanism.  232 

4.3.1 Displacement of roadway surface 233 

(1) Surface displacement of two sidewalls of roadway 234 

Fig. 11 shows the evolution of the surrounding rock on the shallow surface of the two sides of roadway with 235 

loading. It can be seen from the figure that under low load, the displacement of surrounding rock of the two 236 

sidewalls of roadway is small, and the surrounding rock of the two sidewalls of roadway is in the compaction stage. 237 

When loading to 0.063 MPa, the upper displacement of the two sidewalls of roadway began to increase, and the 238 



surrounding rock of the two sidewalls of roadway was bulging into the roadway. Combined with the displacement 239 

nephogram Fig.12 of all the measured points on the two sidewalls of roadway, it can be seen that the deformation 240 

of the shallow surrounding rocks of the two sidewalls of roadway is large, and the upper side of the two sidewalls 241 

of the surrounding rocks severely bugles. With the increase of the distance from the surrounding rock in the 242 

roadway to the sidewall, the deformation is smaller, indicating that the deep surrounding rock of roadway is in the 243 

compaction stage and is relatively stable. With the continuous increase of load, the roadway's two sidewalls 244 

seriously bulge, and the maximum displacement of the high sidewall and the low sidewall is 1.934 mm and 2.98 245 

mm, respectively. There is no data for the last loading of the low sidewall measuring point of the roadway, 246 

indicating that the surrounding rock of the roadway's low sidewall surface is spalling and the measuring point is 247 

damaged. As shown in Fig. 18 (d), the surface damage of the roadway's low sidewall is more significant than that 248 

of the high sidewall surface, which shows asymmetric characteristics.  249 

  

(a) High sidewall  (b) Low sidewall  

Fig. 11 Evolution of surrounding rock on shallow surface of two sidewalls of roadway with loading 250 
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Fig. 12 Displacement nephogram of all measuring points on both sides of roadway at 0.063MPa 



(2) Roof displacement of roadway 251 

Fig. 13 is the evolution figure of the surrounding rock separation layer loading on the shallow surface of 252 

roadway roof. It can be seen from the figure that under the action of lower load, the displacement of each measuring 253 

point of roof has little difference, and the subsidence trend is similar, which indicates that the roadway roof has 254 

good integrity at this time. When the load reaches 0.063 MPa, the subsidence of each measuring point of roof 255 

increases sharply, especially the subsidence of the middle measuring point of roof is the largest, and its value is 256 

far greater than that of the other measuring points. With the continuous increase of the load, there is no data for 257 

the middle measuring point and the low sidewall measuring point of roof, indicating that the roof is separated from 258 

the layer and caving, and the deformation of the low sidewall and the middle surrounding rock of roof is large, 259 

which leads to the damage of the measuring point. At this time, the deformation of the middle and low sidewall of 260 

roadway roof is greater than that of the high sidewall, showing asymmetric characteristics, as shown in Fig. 18 (d). 261 

Combined with the displacement nephogram Fig. 14 of all measuring points on the roof surface of roadway, it can 262 

be seen that the deformation of surrounding rock in the middle of roadway roof is the largest at the early stage of 263 

loading. With the increase of load, the position of the maximum deformation of roadway roof is transferred from 264 

the high sidewall to the low sidewall, and the separation of surrounding rock of roadway roof begins to extend 265 

from the shallow part to the deep part. Finally, the deformation of the low sidewall and the low sidewall angle of 266 

roof is greater than that of the high sidewall.  267 

 268 

Fig. 13 Evolution of surrounding rock separation layer on shallow surface of roadway roof with loading 269 
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(a) 0.063MPa (b) 0.112MPa 

Fig. 14 Displacement nephogram of all measuring points on roadway roof surface 270 

(3) Displacement of roadway floor 271 

Fig. 15 is the evolution figure of floor heave with loading at shallow measuring points on the roadway floor's 272 

surface. It can be seen from the figure that under low load, the displacement of floor surrounding rock is small and 273 

is in the compaction stage. When the load is 0.063 MPa, the displacement of the surface measuring point on the 274 

low sidewall of the roadway floor is larger than that on the high sidewall, resulting in the subsidence of the low 275 

sidewall of roadway floor, the bulging of the high sidewall of floor, and the dislocation of the floor. As shown in 276 

Fig. 18 (b), a large crack appears on the floor's high sidewall, and a slight floor heave occurs on the roadway floor, 277 

shows asymmetric characteristics. Combined with the displacement nephogram Fig. 16 of all the measuring points 278 

in the floor, it can be seen that the deformation trend of the surrounding rock in the deep part of the roadway floor 279 

is consistent with that in the shallow part, and the larger the depth of the surrounding rock in the roadway floor is, 280 

the smaller the displacement is.  281 
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Fig. 15 Evolution of floor heave of roadway with 

loading 

Fig. 16 Displacement nephogram of all measuring points in 

roadway floor 

4.3.2 Internal displacement of roadway 282 

 283 

Fig. 17 Variation of internal displacement of roadway with load 284 



The correlations between internal displacement of roadway and loading are plotted in Fig. 17. It can be seen 285 

that when the loading is at a low level (i.e. less than 0.063MPa), both the internal displacement of roadway are 286 

insignificant. When the load increases beyond 0.063MPa, the displacement at roof and two sidewalls increase 287 

rapidly, whereas the deformation of the two sidewalls of the roadway is more serious than that of the roof and the 288 

displacement of low sidewall is larger than that of high sidewall. The asymmetric displacement could be caused 289 

by dip angle of coal seam and section type of roadway. 290 

4.4 Deformation and failure characteristics of roadway surrounding rock 291 

The deformation and failure characteristics of the roadway surrounding rock are the most direct embodiment 292 

of its failure. With the increasing external load, the roadway's surrounding rock begins to deform slightly, and then 293 

cracks, crack propagation, local fracture, and overall failure occur, as shown in Fig. 18. 294 

(1) When the load reaches 0.049 MPa, the stress concentration of the roof angle of roadway's high sidewall 295 

reaches the maximum value, and the stress concentration coefficient is 3.1. The first fine cracks appear on the 296 

surface of the roof angle of the high sidewall of roadway. The fine cracks' length is 20–40 mm, and the roof angle 297 

of the high sidewall occurs local collapse, as shown in Fig. 18 (a). 298 

(2) When the load reaches 0.056 MPa, the stress of roof angle of the high sidewall of roadway begins to 299 

decrease, and the stress concentration shifts to the roof angle of the low side. The stress concentration on the 300 

roadway roof's high sidewall reaches the maximum value, and the stress concentration coefficient is 3.4. A large 301 

crack appears on the internal sidewall of roadway roof. The stress in the middle of roadway's high sidewall reaches 302 

the maximum, and there is no stress concentration. However, due to the influence of the roof sharp angles' stress 303 

concentration, there are fine cracks on the upper side of the roadway's high sidewall. The stress of the roadway's 304 

low sidewall and floor surrounding rock increases, and the stress concentration appears. The stress concentration 305 

of the roadway floor low sidewall is greater than that of the roadway's high sidewall. At this time, two large cracks 306 

appear in the roadway's low sidewall, and a crack appears in the roadway floor high sidewall, as shown in Fig. 18 307 

(b). 308 

(3) When the load was 0.063 MPa, the roof angle of the roadway's high sidewall collapsed greatly, and the 309 

stress concentration at the roof angle of low sidewall of roadway reached the maximum value with the stress 310 

concentration coefficient of 1.57. The roof angle of the low sidewall of roadway collapsed locally. The stress of 311 

roadway roof and high sidewall began to decrease, the roadway roof separated from the layer, and a large main 312 

crack and many small cracks appeared in the high sidewall. The stress concentration of the shallow surrounding 313 

rock of the roadway's low sidewall reached the maximum value, with the stress concentration coefficient of 4.1. 314 

The roadway's low sidewall slightly bulged, and a crack appeared on the surface of the roadway's low sidewall. 315 

The stress concentration at the roadway floor's low sidewall reached the maximum value, with the stress 316 

concentration coefficient of 2.7, as shown in Fig. 18 (c). 317 



(4) When the load was 0.112 MPa, it is that the roadway's plastic deformation occurs at this time and the 318 

stress concentration of the surrounding rock of the low sidewall of roadway transfers to the deep surrounding rock 319 

of the low sidewall. Continuous loading until the roadway is completely destroyed, the two angles of roadway roof 320 

collapse and the failure of roof angle of the low sidewall of roadway is greater than that of the high sidewall. The 321 

roof of roadway is separated and collapsed, showing an asymmetric ''Beret'' type arch failure, and the cracks in the 322 

roadway floor deepened, and slight floor heave occurred, but the stress at the two corners of the roadway floor 323 

changed little and was relatively stable. Finally, only one crack appeared at the low sidewall angle of floor surface. 324 

The two sidewalls of roadway are seriously fragmented. The upper side of the roadway's high sidewall is partially 325 

collapsed, and the low sidewall of roadway is bulging, all of which are collapsed. The surrounding rock of roadway 326 

surface is exfoliated, and the damage of the roadway's low sidewall is greater than that of the high sidewall, 327 

showing asymmetric characteristics, as shown in Fig.18 (d). 328 

(a) 0.049MPa (b) 0.056MPa (c) 0.063MPa (d) 0.112MPa
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Fig.18 Cyclic failure of roadway 329 

4.5 Cyclic failure mechanism of roadway surrounding rock 330 

Under the action of load, the right angle trapezoidal roadway in inclined coal seam is subject to cyclic failure 331 

and the failure of roadway presents asymmetric characteristics. Since the section type of inclined coal seam 332 

roadway is right-angle trapezoid, the stress concentration is easy to occur at the sharp angle of the roadway roof, 333 

and the stress concentration at the sharp angle of the high sidewall of roof first reaches the maximum value, 334 

resulting in cracks. With the increase of load, the roof's stress concentration, two sidewalls, and floor of roadway 335 

also reached the maximum. At this time, cracks appeared in the roof's internal sidewall, the high sidewall of floor 336 

and the two sidewalls, and then the roof was slightly separated, the two sidewalls bulged, and the floor of roadway 337 

was slightly heaved. As the load continues to increase, the stress concentration of the roadway's low sidewall 338 

transfers to the deep, and the failure of the surrounding rock of low sidewall of roadway extends from the shallow 339 

to the deep. At this time, the two sidewalls of roadway appear spalling and slight collapse, and the failure of the 340 

low sidewall of roadway is greater than that of the high sidewall, which leads to the decrease of the support capacity 341 



of roadway, increases the span of roadway, and aggravates the separation of roof. The deformation of roof 342 

increases the pressure of the two sidewalls and intensifies the two sides' failure. As the connection part, the corner 343 

continues to deteriorate the stress state. Finally, the two sidewalls' failure extends to the deep part, which 344 

deteriorates the roof's stress conditions, and the roof rapidly collapses from the floor, showing an asymmetric 345 

"Beret" type of caving arch failure. That is, the roadway two sidewalls, two sharp angles of the roof, and the roof 346 

fall into a vicious cycle that increases each other's stress, weakens the material, and intensifies the failure. This 347 

cycle continues until the roadway is completely unstable. 348 

It can be seen from the above that the two sidewalls, roof and roof sharp angle of roadway are the key positions 349 

of roadway deformation and failure, and show asymmetric characteristics. Therefore, the key to breaking the 350 

vicious circle and controlling the roadway's stability is to improve the asymmetric stress state of the roadway 351 

surrounding rock, adopt the supportive measures of asymmetric and key parts strengthening and improve the 352 

strength of roadway surrounding rock.  353 

5 Support design based on asymmetric failure mechanism of roadway 354 

5.1 Principle of Support Design 355 

According to the principle of cyclic failure and asymmetric failure of right angle trapezoidal roadway in 356 

inclined coal seam, the control principle of surrounding rock deformation is proposed:  357 

(1) In order to increase the support strength of roadway surrounding rock and improve the asymmetric stress 358 

state of roadway surrounding rock. The roof of roadway is supported by anchor net, anchor bolt and anchor cable 359 

combined with asymmetric support. Because the roof of roadway is destroyed by asymmetric ''Beret'' type caving 360 

arch, the roof anchor bolt and anchor cable are arranged by inclined installation and inclined to the low sidewall. 361 

The two sidewalls of the roadway are asymmetric supported by anchor net and anchor bolt. The stress 362 

concentration and deformation failure of the roadway's low sidewall is greater than those of the high sidewall, so 363 

the anchor bolt installation density should be appropriately increased in the same area. 364 

(2) Strengthening the support of weak parts of roadway. The deformation of the two corners of the roadway 365 

roof is serious, and the anchor bolt and anchor cable should be set up. Anchor bolt and anchor cables with sharp 366 

angles of the high sidewall tend to the high sidewall, and anchor cables with sharp angles of the low sidewall tend 367 

to the low sidewall, so as to strengthen the control of high-stress concentration and deformation and failure at the 368 

corner. It is also necessary to strengthen the support of the local position of the bottom boundary. By reducing the 369 

risk of damage at both ends of the floor, the instability of the whole floor is prevented, and the bearing capacity of 370 

the roadway is improved. 371 

(3) The supporting parameters of the anchor bolt and anchor cable are optimized to reinforce the surrounding 372 

rock of roadway. The length of the anchor bolt and anchor cable is determined by calculating the range of loose 373 

circle of roadway roof and two sidewalls, and the anchor cable should be anchored in the stable rock layer in the 374 



deep of roadway roof to ensure that the anchor cable can provide stable and long-term suspension force. 375 

(4) In order to control the stability of the surrounding rock on the surface of the roadway, the metal mesh 376 

should be used to support the two sidewalls of roadway. 377 

5.2 Parameters of support design 378 

According to the deformation control principle of asymmetric roadway in inclined coal seam, considering 379 

the asymmetric characteristics of surrounding rock stress, deformation and failure and the range of loose circle, 380 

combined with the support scheme of inclined coal seam roadway in No.2 mining area of shitanjing, the 381 

asymmetric support design was carried out, and the combined support of anchor bolt, anchor cable and metal mesh 382 

was adopted. The theoretical calculation was carried out according to Pu's theory and elastic mechanics. The 383 

specific support parameters are as follows:  384 

 385 

Fig. 19 Loose ring of roadway roof 386 

Due to the influence of dip angle on the roof of inclined coal seam roadway, the stress distribution of the 387 

two sidewalls shows asymmetric characteristics, which leads to the asymmetric "Beret" type caving arch of the 388 

roof loose circle of the roadway (as shown in Fig. 19). According to Pu's theory, the range of roof loose circle H 389 

is shown in Equation (2):  390 
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Where H is the range of roof loose circle; α is the dip angle of rock stratum, is 23°; a is the width of roadway, and 392 

its value is 3 m; b1 the height of high sidewall of roadway, and its value is 4.91 m; b2 is the height of low side of 393 

roadway, and its value is 3 m; f is the Pu's coefficient of roof rock, and its value is 2.3; φ is the internal friction 394 

angle of the rock mass in the two sidewalls, and its value is 28°; c is cohesion, and its value is1.4; The calculation 395 

results show that the range of roadway roof loose circle is 1.93 m. 396 

Then the length LR of roof anchor bolt is shown in Equation (3): 397 
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Where LR is the length of roof anchor bolt; LR1 is the exposed length of roof anchor bolt, and its value is 0.15 m; 399 
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LR2 is the anchorage length of roof anchor bolt, and its value is 0.55 m; H is the range of roof loose circle, and its 400 

value is 1.93 m; 401 

According to engineering analogy and experience, the length of roof anchor bolt is 2.7m, and the row spacing 402 

of roof anchor bolt is 0.8m. 403 

Due to the plastic zone of the two sidewalls of the right angle trapezoidal roadway in inclined coal seam is 404 

asymmetric, the section form is simplified to different circular roadways (as shown in Fig. 20). According to the 405 

elastic-plastic mechanics, the range of the loose circle of the high sidewall and the low sidewall of the roadway is 406 

RH and RL, respectively, as shown in Equations (4) and (5):  407 

 

 

(a) High sidewall (b) Low sidewall 

Fig. 20 Loose circle of two sidewalls of roadway 408 
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Where RH and RL are the range of loose circle of high and low sidewalls of roadway, respectively; P is vertical 411 

original rock stress, and its value is 10 MPa; α is the dip angle of rock stratum, and its value is 23°; a is the width 412 

of roadway, and its value is 4.5 m; b1 the height of high sidewall of roadway, and its value is 4.91 m; b2 is the 413 

height of low side of roadway, and its value is 3 m; φ is the internal friction angle of the rock mass in the two 414 

sidewalls, and its value is 28°; c is cohesion, and its value is 1.4. The calculation results show that the range of the 415 

left side loose circle is 1.58 m, and the range of the right side loose circle is 1.1 m. 416 

The length of the high and low sidewall anchor bolts of the roadway is shown in (6) and (7), respectively: 417 

HS S1 H S2
L = L + R + L                            (6) 418 

LS S1 L S2
L = L + R + L                             (7) 419 

rH RH

RL
rL



Where LLS is the length of low-sidewall anchor bolt; LS1 is the exposed length of two sidewalls anchor bolt, and its 420 

value is 0.15 m; LS2 is the anchorage length of anchor bolts, and its value is 0.45 m;  421 

According to the engineering analogy and experience, the length of the left side anchor bolt is 2.2 m, the 422 

length of the right side anchor bolt is 2.0 m, and the row distance between the two sides of the roadway is 0.8 m. 423 

According to the above theory's calculation results and the asymmetric deformation and failure of the roadway 424 

and the existing support experience, and a new support scheme was developed for the roadway of No.2 Mining 425 

Srea of Shitanjing, as shown in Fig. 21. The following support systems were applied:  426 

(1) Support pattern: Combined support system with anchor bolt, anchor cable, beam, and metal mesh. 427 

(2) Roof support: Threaded steel anchor bolts with a diameter of 20 mm and length of 2700 mm were used 428 

for full-length anchoring. The spacing between the bolts (arranged in a row) was 800 mm × 800 mm. Steel strands 429 

with a diameter of 15.24 mm and length of 5000 mm were used as anchor cables, and the spacing between the 430 

cables (arranged in a row) was 2400 mm × 2400 mm. I-shaped steel with length of 1200 mm and aperture of 16 431 

mm were used as supporting beams of anchor cable. The anchor cables were connected by #14 channel steel with 432 

a length of 2400 mm, the steel ladder beam is 4.0 m in length and 50 mm in width, and the metal mesh was installed 433 

with a specification of 2.0 m × 1.0 m. 434 

(3) Sidewall support: Threaded steel anchor bolts with a diameter of 20 mm, length of high sidewall 2200, 435 

and length of low sidewall 2000 mm were used for full-length anchoring. According to the principle of asymmetric 436 

support, the low side is encrypted. The spacing between the bolts of high sidewall and low sidewall (arranged in a 437 

row) was 1000 mm × 800 mm, 800 mm × 800 mm, respectively. The same parameters as the roof support scheme 438 

were used for the metal mesh and steel ladder beams. 439 

(4) Local enhancement support: One threaded steel anchor bolt was installed to four sharp corners of roadway 440 

at an angle of 10° with respect to the horizontal direction. 441 

 442 

Fig. 21 Support scheme of roadway 443 
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6 Support effect of the roadway 444 

In order to detect the effect of asymmetric roadway support, the support scheme is applied to the mining 445 

roadway of the working face, and the monitoring station is arranged in the typical section of the surrounding rock 446 

of the roadway. The monitoring results are shown in Fig. 22–25.  447 

 

Fig. 22 Deformation of roadway Fig. 23 Roof separation 

 

Fig. 24 Axial force of anchor bolt Fig. 25 Loose circle test curve 

It can be seen from Fig. 22–25, the maximum settlement of the roof is 75 mm, and basically stable after 13 448 

days. The maximum relative convergence of the two sidewalls is 74 mm, which is basically stable after 15 days. 449 

The maximum roof separation occurred in 1.2 m–1.6 m. After 12 days, the roof separation stabilized, and the 450 

maximum separation was 10 mm, and its maximum separation occurred in the range of anchor bolt support. The 451 

maximum axial force of the roof anchor bolt is 35 kN. The loose circle range of the roadway roof is 1.4–1.7 m, 452 

and the loose circle range of two sidewalls is 1.2–1.5 m, which is basically consistent with the results of theoretical 453 

calculation. The subsidence of the roof, the convergence of the two sidewalls, and the stress of the anchor bolt are 454 

less than the design requirements, indicating that the asymmetric support scheme effectively controls the 455 

deformation of the surrounding rock of the roadway, improves the stability of the roadway, and the support effect 456 

is good. It can be seen that the asymmetric support technology of inclined coal seam roadway has good 457 

applicability.  458 

7 Conclusion 459 

In this paper, the stress distribution law and the cyclic failure mechanism of the right-angle trapezoidal 460 



roadway in inclined coal seam are investigated systematically through a series of physical model tests with the 461 

facilitation of non-contact full-field displacement measurements using the DIC technology. The asymmetric 462 

support measures are proposed and applied to engineering practice. The following conclusions are drawn:  463 

(1) It is found that the stress distribution of surrounding rock of right angle trapezoidal roadway in inclined 464 

coal seam is asymmetric, and the maximum stress concentration coefficient of two sidewalls, roof and floor are 465 

4.1, 3.4 and 2.8, respectively. The stress concentration of the low sidewall of the roadway is significantly greater 466 

than that of the high sidewall, and the distance from the stress concentration position of the low sidewall to the 467 

sidewall of the roadway is greater than that of the high sidewall. With the increase of load, the stress concentration 468 

of the two sidewalls transfers to the deep. The stress concentration of the high sidewall of roadway roof is greater 469 

than that of the low sidewall in the early stage of loading. With the increase of load, the stress concentration of 470 

high sidewall transfers to low sidewall. The stress concentration of the low sidewall of the roadway floor is greater 471 

than that of the high sidewall. The size of the four corner stress distribution value is: HSRA > LSRA > HSFA > 472 

LHFA.  473 

(2) The concept of "cyclic failure" of right angle trapezoidal roadway in inclined coal seam is put forward, 474 

that is, the roadway's failure originates from the sharp angle of roof and sidewall of roadway, and the cyclic 475 

interaction of the two sidewalls, the sharp angles and roof aggravated the failure of roadway, resulting in the overall 476 

instability of roadway. Due to the influence of asymmetric stress concentration of roadway surrounding rock, its 477 

deformation and failure also show asymmetric characteristics. The sidewall of the roadway is most seriously 478 

damaged, and the low sidewall is greater than the high sidewall. Roof separate layer caving, showing asymmetric 479 

"Beret" type caving arch failure. The corner deformation and failure of the low sidewall of the roof are greater 480 

than that of the high sidewall. There is a large crack at the high sidewall of the bottom plate and a slight floor 481 

heave. There is no large damage at the two corners of the bottom plate and only the crack at the corner of the low 482 

sidewall.  483 

(3) Based on the principle of cyclic failure and asymmetric failure of right angle trapezoidal roadway in 484 

inclined coal seam, some asymmetric support principle of roadway surrounding rock in inclined coal seam was 485 

proposed. In brief, the principles aimed to increase the support strength to the right angle trapezoidal roadway in 486 

inclined coal seam on the whole, optimize the support parameters of anchor bolts and anchor cables through the 487 

theoretical calculation of roadway surrounding rock loose circle, enhance the support to vulnerable regions in the 488 

right angle trapezoidal roadway in inclined coal seam, and improve the support to the roof and sidewalls to control 489 

deformation and failure of roadway. The roof anchor bolt and anchor cable are arranged by inclined installation, 490 

and the low-sidewall anchor bolts are densely supported, and the bolt support is added at four sharp corners.  491 

(4) The asymmetric support scheme was later verified by on-site engineering practice. Under this scheme, the 492 

maximum value of roof subsidence was 75 mm, the maximum cumulative deformation value of two side walls 493 

was 74 mm, The maximum roof separation occurred in 1.2 m–1.6 m, and the maximum separation was 10 mm. 494 



The maximum axial force of the roof anchor bolt is 35 kN. The loose circle range of the roadway roof is 1.4–1.7 495 

m, and the loose circle range of two sidewalls is 1.2–1.5 m. Thus, the asymmetric support scheme successfully 496 

met the requirements for safe mining operations. 497 
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