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1. Introduction 
 

The Double-lane arrangement longwall panel system is 

frequently used in underground coal mines in China. In the 

longwall panel system, the roadway arrangement in which 

the haulage roadway of the current longwall panel is 

excavated simultaneously with the ventilation roadway of 

adjacent longwall panel is called Double-lane arrangement 

(Qian et al. 2010). One of the two roadways only serves the 

current longwall panel while the other serves both the 

current and next adjacent longwall panel. The roadway 

serving the two panels is called the reserved roadway. Many 

large collieries adopt double-lane arrangements to alleviate 

the problems of transportation, ventilation, and replacement 

tension of panels caused by high mining intensity (Kang et 

al. 2019, Wang et al. 2020a). However, the reserved 

roadway is built to survive the continuously high mining-

induced stresses generated by mining the current panel 

throughout the longwall mining process. Failure of the 

surrounding rock mass is generally inevitable, which affects 

the development of engineering (Huang et al. 2020, Feng et 

al. 2020). Therefore, large deformation often occurs in the  
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reserved roadway, and the roadway maintenance time is 

longer, which affects the normal production (Kang et al. 

2012). 

Many scholars have done much research on the stability 

of roadways. In terms of the stress field of the mining 

region: Mahdevari et al. (Mahdevari et al. 2016, Kozłowska 

et al. 2016) systematically studied the evolution of stress 

field and roadway failure mode during mining based on 

field monitoring and similar test system. Wang et al. (Wang 

et al. 2015, Zhang et al. 2019) obtained the vertical stress 

adjustment range of coal seam on the side of goaf based on 

the actual measurement. Rezaei et al. (Rezaei et al. 2015) 

measured the change of mining-induced stress during the 

mining of working face by strain energy method. They 

investigated the failure characteristics and induced fractures 

of shale. Ma et al. (Ma et al. 2015, Guo et al. 2016) pro-

posed that the variation of principal stress vector in 

surrounding rocks caused by redistribution of mining 

dominates the evolution of plastic zone. Kang et al. (Kang 

et al. 2017, Shan and Lai et al. 2020) studied the far-

reaching influence of abnormal residual stress on roadway 

stability. In terms of deformation and failure mechanism of 

reserved roadway: Zhao et al. (Zhao 2014, Ma et al. 2015, 

Zhao et al. 2018, Jia et al. 2019) creatively proposed 

butterfly plastic zone theory under the condition of roadway 

non-uniform stress field. Liu et al. (Liu et al. 2017, Wang et  
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Abstract.  The double-lane arrangement model is frequently used in underground coal mines because it is beneficial to 

improve the mining efficiency of the working face. When the double-lane arrangement is used, the service time of the reserved 

roadway increases by twice, which causes several difficulties for the maintenance of the roadway. Given the severe non-uniform 

deformation of the reserved roadway in the Buertai Coal Mine, the stress distribution law in the mining area, the failure 

characteristics of roadway and the control effect of support resistance (SR) were systematically studied through on-site 

monitoring, FLAC 3D numerical simulation, mechanical model analysis. The research shows that the deformation and failure of 

the reserved roadway mainly manifested as asymmetrical roof sag and floor heave in the region behind the working face, and the 

roof dripping phenomenon occurred in the severe roof sag area. After the coal is mined out, the stress adjustment around goaf 

will happen to some extent. For example, the magnitude, direction, and confining pressure ratio of the principal stress at 

different positions will change. Under the influence of high-stress rotation, the plastic zone of the weak surrounding rock is 

expanded asymmetrically, which finally leads to the asymmetric failure of roadway. The existing roadway support has a limited 

effect on the control of the stress field and plastic zone, i.e., the anchor cable reinforcement cannot fully control the roadway 

deformation under given conditions. Based on obtained results, using roadway grouting and advanced hydraulic support during 

the secondary mining of the panel 22205 is proposed to ensure roadway safety. This study provides a reference for the stability 

control of roadway with similar geological conditions. 
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al. 2020b) studied the relationship between the failure zone 

of surrounding rock and principal stress vector in the whole 

life cycle of mining. Wang et al. (2019) studied the 

distribution and evolution of residual voids in longwall old 

goaf based on field measurement. Yuan et al. (2016) further 

obtained the roadway failure mechanism by analyzing 

plastic zone characteristics of deep dynamic pressure 

roadway. Li et al. (2017) obtained the plastic zone 

distribution pattern of surrounding rock after reserved 

roadway is affected by primary mining in Hongqingliang 

Coal Mine through numerical simulation. Jiang et al. (2016) 

obtained the influence of fracture failure on roadway 

stability by studying the relationship between rock mass 

fracture and stiffness. Besides, the instability process of 

surrounding rock caused by underground engineering 

excavation can be reproduced by indoor model tests (Adach 

et al. 2017, Shi et al. 2018, Nam et al. 2020, Ren et al. 

2020, Zhang et al. 2020a). In the aspect of roadway 

surrounding rock control: It was concluded that the residual 

strength of surrounding rock is dependent on support under 

low confining pressure (Lin et al. 2000, Yang et al. 2000). 

Numerical simulation and similarity tests also verified the 

control effect of bolt SR on plastic zone size and rock 

separation (Wang et al. 2016, Wang et al. 2020c). 

Engineering practice showed that the support strength 

adopted in collieries roadway engineering could not 

completely control the roof sage in soft rock roadway (Jia et 

al. 2016, Li et al. 2019). Yao et al. (Yao 2011, Coggan et al. 

2012, Liu et al. 2018, Zhang et al. 2020b) proposed a 

targeted roof control scheme by analyzing the instability 

mechanism of roof water-bearing roadway. More and more 

scholars optimize roadway support design through 

numerical simulation analysis. Then the stability of 

surrounding rock was effectively controlled (Lee and 

Pietruszczak 2008, Carranza-Torres 2009, Islavath and Deb 

2018, Xie et al. 2019, Liu et al. 2020, Wang et al. 2020d). 

The Buertai Coal Mine is located in Ordos city of Inner 

Mongolia autonomous region, China. It is the main 

production colliery in the Shendong mining area, with an 

annual output of 20 Mt. During the mining of panel 22204 

in Buertai Coal Mine, the local area of 22205 return 

roadway (reserved roadway) has undergone severe 
asymmetric deformation, which threatened the standard 

mining of panel 22205 at the later stage. The previous  

 

 

studies are not sufficient reference for the recognition of the 

severe asymmetric failure under the influence of heavy 

mining. The plastic zone is a theoretical tool to analyze the 

failure of roadway surrounding rock, and it also provides an 

effective method to study the degree, form, and law of 

roadway surrounding failure (Hill 1998, Hu et al. 2019). 

Therefore, according to the practical problems encountered 

in the engineering site, the mechanism of asymmetric 

deformation of the roadway is studied from the perspectives 

of mining stress evolution law and plastic zone distribution 

characteristics. In addition, the stress field of SR and its 

control effect on the plastic zone were analyzed. Finally, 

according to the existing technical conditions of the 

colliery, targeted control measures of surrounding rock 

stability were proposed to ensure the normal use of the 

roadway. 

 

 

2. Case engineering background 
 

2.1 Project overview 
 

The 2-2 coal seam currently being mined in Buertai 

Coal Mine adopted the double-lane arrangement mode. The 

width of coal pillars between panels was 20 m, the depth of 

coal seams was about 330 m, and the average coal thickness 

was 3.3 m. The roof structure of the 2-2 coal seam was 

complicated, which contained a dirt band. What’s more, the 

roof was water-rich and fissure developed locally. The size 

of reserved roadway was 5604 m in length, 5.5 m in width, 

and 3.5 m in height, respectively, and there was a fault 

BF123 at 927 m. The mining plane relationship and 

borehole histogram (E61) are shown in Fig. 1. The rock 

mass properties lithology of the reserved roadway can be 

obtained by sorting the data of geological prospecting 

borehole (E61), as shown in Table 1. 

After the mining of panel 22204, the general roof sag 

and local floor heave occurred at the range of 600-1600 m 

in reserved roadway. The anchor cable with a diameter of 

22 mm and length of 8000 mm had no apparent effect after 

reinforcement. It then continued to use the anchor cable 

with a diameter of 28.6 mm to reinforce but still cannot 

control the roof sag. The original support parameters of the 

roof were listed below. Six rebar bolts (φ 22 mm×2300 mm)  

 

Fig. 1 Mining plan of 2-2 coal seam and column of geological exploration borehole (E61) 
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Fig. 2 Roof support plan in severe sag section 

  
(a) Roof step (b) Asymmetric sag 

  
(c) Non-uniform floor heave (d) Support failure 

Fig. 3 Photos of actual damage at the scene 

Table 1 Rock mechanics parameters 

Lithology 
Tensile strength 

/MPa 

Compressive strength 

/MPa 

Friction 

angle /° 
Cohesion /MPa Poisson ratio Softening coefficient 

Medium grained sandstone 2.56 45.3 35 8.1 0.21 0.39 

Sandy mudstone 5 1.04 32.2 32 5.9 0.19 0.46 

Fine-grained sandstone 2 1.37 36.5 29 4.6 0.22 0.33 

Sandy mudstone 4 2.07 34.1 35 7.8 0.14 0.35 

Siltstone 2 2.07 26.5 34 6.6 0.19 0.47 

Sandy mudstone 3 0.62 33.6 29 3.5 0.22 0.23 

Clip coal 0.52 9.8 20 1.1 0.21 — 

Cable bolts 

broken
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were installed on a square pattern of 1000×1000 mm, and 

three anchor cables (φ 28.6 mm×8000 mm) were installed 

on the steel belt with 2100 mm spacing and 2000 mm 

between rows. The original support scheme and 

reinforcement support scheme under the influence of 

primary mining in the severe sag section is shown in Fig. 2. 

 

2.2 Profile of roadway failure 
 

Severe intermittent roof sag, rock crush, and floor heave 

occurred between 650 m and 1650 m of the reserved 

roadway at the side of the goaf 22204. The roof sag was 

400-1100 mm, and the partial roof step was greater than 700 

mm, which resulted in the support failure. In addition, the 

floor heave was greater than 500 mm locally leaded to the 

floor concrete cracking. The deformation of roadway roof 

and floor are generally asymmetric, as shown in Fig. 3. 

3-point roof separation indicators, as shown in Fig. 4, 

were installed every 50 m (base points were 2 m, 4 m, and 8 

m, respectively) during the drivage of reserved roadway. It 

can separately show the separation of rock strata in different 

positions above roof, and timely take effective support 

measures to ensure safe production (Zhao 2014, Jiang et al. 

2020). The indicator at severe roof sag area (1500 m) was 

selected to sort out its historical data, as shown in Fig. 5. 

It can be seen from Fig. 5 that the displacement of roof 

0-2 m, 2-4 m, and 4-8 m were 352 mm, 282 mm, and 75 

mm, respectively. The total movement was 709 mm. The 

delamination damage in the roof was mainly concentrated 

within 4 m and accounting for 89%. The failure of deep 

surrounding rock lagged behind that of shallow rock, and 

the roadway failure had a visible hysteresis effect. When the 

monitoring point of the reserved roadway was more than 

600 m away from the working face, the roadway tended to 

be stable. 

ZXZ20-Z borehole imager for mining, as shown in 
Fig. 6, was used to conduct borehole monitoring. The 

rock character, surrounding rock structure, and fracture 
development at different locations of the roadway roof can 

be observed by borehole monitoring. It has significant 

reference value to roadway support (Jia et al. 2019). The 

full-section monitoring station was drilled at the position of 

1250 meters in the reserved roadway, where the roof was 

water-bearing, and the sag was the largest. The diameter 

and depth of borehole were 8 mm and 8 m, respectively. 

The rough results of monitoring are shown in Fig. 7, where 

the bold red line represents the zone of separation 

fragmentation, the bold cyan line represents the zone of  

 

 

Fig. 4 The 3-point roof separation indicators 

 

 

Fig. 5 Curve of roof layer separation at 1500 m 

 

 

Fig. 6 ZXZ20-Z borehole imager for mining 
 

 

hole wall roughness and crack development, and the thin 

black line represents the intact zone. 

Fig. 7 shows the results of borehole monitoring. The 
immediate roof of the roadway was siltstone with a 
thickness of about 5 m, which contained coal lines and  
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Table 1 Continued 

Lithology 
Tensile strength 

/MPa 

Compressive strength 

/MPa 

Friction 

angle /° 
Cohesion /MPa Poisson ratio Softening coefficient 

Siltstone 1 1.66 32.7 29 2.6 0.19 0.27 

2-2 coal 0.51 14.1 30 2.9 0.23 — 

Sandy mudstone 2 0.62 24.6 29 2.8 0.25 0.26 

Clip coal 0.44 7.2 25 1.4 0.14 — 

Sandy mudstone 1 1.04 35.4 33 5.2 0.27 0.49 

Fine-grained sandstone 1 1.62 38.6 32 6.3 0.22 0.48 
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Fig. 7 Borehole monitoring of full-section 

 

small interlayers. The breakaway zone was mainly 

distributed within 4 m above the roof, and the maximum 

failure depth appeared in the middle of the roadway. There 

was clip coal with a thickness of about 1 m above 

immediate roof, and the inner hole wall of clip coal was 

rough, the fissure was developed and locally broken. Intact 

sandy mudstone was above the clip coal. The maximum 

failure depth of the roadway roof was less than 6 m, and the 

failure of the roadway rib was less than 2 m. The roadway 

deformation was asymmetric, and the failure depth 

measured by borehole monitoring was positively correlated 

with the roadway surface deformation (Zhao 2014). 

 

 

3. Analysis of mining-induced stress and plastic 
failure 
 

In recent years, the application of numerical simulation 

software has been promoting research and development of 

engineering (Carranza-Torres 2009, Chen et al. 2019, Ren 

et al. 2019, Yokota et al. 2019, Choudhary et al. 2020). 

FLAC3D is a numerical simulation software based on the 

Lagrange difference method, which is mainly used in 

geotechnical engineering (Giraldo Zapata et al. 2018). 

To analyze the mining-induced stress distribution law 

and the plastic failure characteristics of the reserved 

roadway, a 500×600×200 m (length × width × height) 

FLAC3D numerical model was established, and the 

surrounding grid size of roadway was 0.5 m, as shown in 

Fig. 8. The lateral and bottom boundary of the model was 

fixed, and the upper boundary was compensated with 5 

MPa normal stress. The gravity stress gradient and pressure 

coefficient in the model were 0.025 and 1.2, respectively. 

The Mohr-Coulomb constitutive model was adopted in the 

simulation. Mechanical parameters of coal and rock mass 

are shown in Table 1. 
 

3.1 Distribution law of mining-induced stress  
 

Panel excavation causes the stress field of the original 

rock to change dramatically in a certain range. The pressure 

relief of goaf will lead to different stress superposition in its 

surrounding area. Therefore, this section will reproduce the 

stress distribution characteristics under the influence of 

mining by numerical simulation, which is the basis for 

studying the mechanism of roadway failure (Wang et al. 

2018, Wang et al. 2020a). 

The initial stress balance was carried out in the model,  

 

Fig. 8 Model diagram of numerical simulation 

 

 
(a) Maximum principal stress 

 
(b) Minimum principal stress 

Fig. 9 Distribution of principal stress on the side of goaf 
 

 

and then the 300 m long working face was pushed forward 

from 50 m to 450 m. After the stress rebalancing, the 

distribution data of the mining-induced stress field on the 

side of goaf was obtained, as shown in Figs. 6-9. 

The principal stress concentration phenomenon 
appeared within the range of 3-15 m away from the side of 

goaf, and the maximum principal stress (P1) significantly 

decreased in the field of 10-20 m. In contrast, the minimum 

principal stress (P3) changed little, as shown in Fig. 9. The 

principal stress on the side of goaf increased sharply from 

0-3 m, decreased from 3-6 m, and increased again from 6-9 

m. The above phenomenon was because, after water 

softening, the roof strength was less than coal strength, so 

that abutment pressure was not transmitted evenly to deep 

surrounding rock. Then the stress increased and reached its 

maximum at 9 m away from the goaf. Finally, as the  

Coal pillar

20 m
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Fig. 10 Principal stress on the side of goaf 

 

 

Fig. 11 Confining pressure ratio & stress angle on the 

side of goaf 

 

 

Fig. 12 Stress distribution under mining 
 

 

Fig. 13 Mechanical model of the circular roadway 
 

 

distance from the goaf edge increased, the stress decreased 

and gradually became stable, as shown in Fig. 10. 

The evolution of confining pressure ratio (η, the rate of 

P1 to P3) and stress angle (α, the angle between the P1 and 

vertical direction) on the side of goaf are shown in Fig. 11. 

Within 2 m of goaf margin, the η became very large due to 

the horizontal stress unloading and the vertical stress 

concentration. The η gradually decreased within the range 

of 0-5 m of goaf margin, and then increased to an extreme 

value of 3.73 at 9 m of goaf margin. Then it decreased with 

the increase of the distance from goaf, and the reduction 

became smaller and smaller. The η tended to the coefficient 

of horizontal pressure eventually. Corresponding to the 

stress distribution law, the α gradually increased and tended 

to the original state. For example, the α at 4 m away from 

goaf was 2°, and the stress deflection was 88° in the 

numerical model, while the α at 80 m away from goaf was 

85° and the stress deflection was only 5°. 
 

3.2 Morphological analysis of plastic zone 
 

Existing research results show that the morphology of 
the plastic zone is correlated with the deformation of the 
roadway. The stress environment of the roadway directly 
determines the morphology of the plastic zone. Therefore, 
obtaining the shape of plastic zone under different stress 
conditions has a guiding role for roadway support. 

According to the stress distribution, after the coal is 
mined, the direction and magnitude of the principal stress 
are adjusted to different degrees with different distances 
from the goaf (Qian et al. 2010), as shown in Fig. 12. 
Therefore, the stress and α changed dynamically with the 
change of distance from the goaf. 

Ma et al. (2015) analyzed the plastic zone boundary of 
the circular roadway by plane strain calculation based on 
the Mohr-Coulomb criterion. The mechanical model is 
shown in Fig. 13. By using the elastic mechanic’s theory 
(Xu 2013), the stress state of a certain point in surrounding 
rock of circular roadway under the condition of 
bidirectional non-isobaric pressure is obtained as Eq. (1). 

 

(1) 

where σr, σθ and τrθ respectively represent radial stress, 

circumferential stress and shear stress at any point in the 

surrounding rock, r is the radius of the roadway, R0 and θ 

are the polar coordinates of any position. 

The Mohr-coulomb failure criterion in polar coordinates 

can be expressed by Eq. (2). 

 

(2) 

where φ and C are the internal friction angle and cohesion 

of rock, respectively. 

The mathematical expression of circular roadway plastic 

zone boundary R0 under non-isostatic pressure condition 

can be obtained when the Eq. (1) was substituted into Eq. 

(2), as Eq. (3). 

 

(3) 

For the plastic zone boundary of roadway in the 
heterogeneous layered rock mass, when the stress  
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Fig. 14 Relationship between confining pressure ratio and 

plastic zone of roadway 

 

 

Fig. 15 Stress sensitivity analysis of different surrounding 

rock lithology 

 

   
(a) α=0° (b) α=30° (c) α=45° 

Fig. 16 Stress sensitivity analysis of different surrounding 

rock lithology 
 

 

redistribution of surrounding rock caused by plastic zone 

expansion deformation is not considered, the mechanical 

parameters of each stratum are respectively assigned to the 

Eq. (3), and the plastic zone boundary can be obtained after 

superposition. MATLAB software was used to calculate the 

plastic zone boundary under the non-isobaric condition 

through Eq. (3). The roadway was buried 300 m 

underground. The relationship between the plastic zone 

boundary and η is shown in Figs. 14 and 15. 

Vertical stress superposition and horizontal stress 
reduction led to the deflection of principal stress direction 

and caused the reserved roadway to be in a high η 
environment. The η controlled the shape of plastic zone. 

When the η was 1, the plastic zone of roadway was circular. 

With the increase of η, the roadway plastic zone gradually 

became elliptic and finally evolved into a butterfly shape.  

 

Fig. 17 Plastic zone of roadway 

 

 

The maximum boundary of the plastic zone was always 

near the angle bisectors of P1 and P3 (Ma et al. 2015, Guo 

et al. 2016, Guo et al. 2019). Also, the surrounding rocks of 

different lithologies have different sensitivity to the η 

function. For example, the η at the location of roadway is 

2.31, while the maximum plastic zone of three kinds of rock 

with different strengths in Fig. 15 is 7.17 m, 1.73 m, and 

0.58 m, respectively. There is a positive correlation between 

rock strength and its limit. 

After programming the Eq. (3) in VB, the plastic zone 

shape of the non-isobaric circular roadway obtained by 

taking α as the only variable is shown in Fig. 16. When the 

maximum principal stress and minimum principal stress are 

in the vertical direction and horizontal direction, 

respectively, the plastic zone of the roadway is distributed 

symmetrically. At this moment, the radius of the maximum 

plastic zone is on the angular bisector in the vertical and 

horizontal directions, as shown in Fig. 16(a). However, 

when the direction of the maximum principal stress and the 

minimum principal stress deflected, the morphology of the 

plastic zone also changed. When the deflected from 30° to 

45°, the maximum plastic zone gradually evolved to the 

roof of the roadway, which caused a huge hidden danger to 

the roof, as shown in Fig. 16(b) and 16(c). This is why the 

butterfly plastic zone of the roadway is no longer 

symmetrically distributed in the vertical direction. 

 

3.3 Characteristics of the plastic zone in mining 
roadway 
 

Plastic failure modes of the roadway with different 

service cycles are obtained through numerical simulation, as 

shown in Fig. 17. It further reveals the mining failure 

evolution law of roadway under existing geological 

conditions. 

Under the influence of mining, the roadway was in an 

environment of high deflecting stress field, and the plastic 

zone of surrounding rock expanded rapidly and evolved 

from uniform distribution to “butterfly” asymmetric 

distribution, as shown in Fig. 17. The plastic zone of roof 

(floor) suddenly increased from 1.5 m to 4.5 m (3.5 m) and 

expanded along the coal interlayer. It is because rocks with 

different strengths have different sensitivity to forming a 

butterfly plastic zone, and the soft rocks around the 

roadway will preferentially produce the plastic zone. In 

addition, the expansion of plastic zone in the interlayer will  
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release expansion pressure and act on the roof (floor) in the 

form of load and further exacerbate roof sag (floor heave) 

(Zhao et al. 2018). The rebar bolts in the roof sag area are 

completely within the plastic zone, and its supporting 

function is limited. The plastic zone size is positively 

related to the deformation (Zhao 2014) so that the sizeable 

deformation caused by the large plastic zone will result in 

the anchor cable pulling off or breaking. 
 
 

4. Analysis of SR control effect on surrounding rock 
 

4.1 Theoretical calculation 
 

Rock mechanics have given the plastic zone radius 

formula of the circular roadway under support condition 

(Cai 2013), as shown in Eq. (4). 

 

(4) 

where R is the radius of roadway plastic zone of, r is the 

roadway radius, P0 is the original rock stress, Pi is the SR. 

The influence of SR on the plastic zone of surrounding 

rock was analyzed by taking Pi from 0 to 1.0 MPa. The 

original rock stress P0 was respectively 7.5 MPa, 12.5 MPa, 

and 17.5 MPa (corresponding to the buried depth of 300 m, 

500 m, and 700 m, respectively). In addition, r, C, and φ 

were 2.7 m, 3 MPa, and 27°, respectively. It was concluded 

that the decrease of R (ΔR) increased with the increase of 

SR, while the decrease of ΔR decreased with each increase 

of 0.1 MPa. In other words, the sensitivity of support was 

weaker, as shown in Fig. 18. In the roadway project with a  

 

 

 

radius of 2.7 m, the SR of 1 MPa is equivalent to at least 

thirty bolts (the type of φ22 mm) or ten anchor cables (the 

type of φ22 mm) per meter on the roof, which is far more 

than the actual situation on the site. That means it is 

unreasonable to control the plastic zone by intensifying 

support density (Li et al. 2019, Wang et al. 2016, Zhao et 

al. 2018). 
 

4.2 Numerical simulation 
 

Cable elements can be used in FLAC3D numerical 

software to study the stress field distribution characteristics 

of the support bodies in surrounding rock. A numerical 

model with a size of 50 m×1 m×50 m was established to 

study the stress field and plastic zone of support, and the 

size of grid was 0.2 m. The necessary conditions and 

parameters were the same as above. The rebar bolts and 

anchor cables were perpendicular to the roof, and the 

prestress of rebar bolts and anchor cables, namely the 

design anchorage force, were 120 kN, and 350 kN re-

spectively with the anchorage length was 1 m and 2 m 

respectively. 
 

4.2.1 The influence of support on the stress field 
The specifications and spacing of the rebar bolts and 

anchor cables were assigned according to the actual 

parameter on site. The distribution of support stress field 

under different conditions is shown in Fig. 19. 

Fig. 19 shows the stress field of support and excavation, 

where (c) and (d) consider the in-situ stress field while (a) 

and (b) do not. The shallow part of the roof was the 

compressive stress concentration area under the support 

effect. In contrast, the anchorage section of the support  
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Fig. 18 Sensitivity curve of the plastic zone to SR 
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Fig. 19 Stress field under different conditions 
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body formed an obvious tension stress concentration area. 

When only bolt support was used, the superposition stress 

in an effective section of the bolt is about 0.15 MPa, while 

when bolt and cable are used together, the maximum 

superposition stress in an effective section is about 0.3 

MPa, as shown in Fig. 19(a) and 19(b). Fig. 19(c) and 19(d) 

shows that the P1 of the regional stress field was 15.642 

MPa after roadway excavation under the condition of 

considering in-situ stress, and it only decreased by 0.045 

MPa after support. It can be concluded that the SR is far 

less than the in-situ stress, and the change of the excavation 

stress field by support is limited. 

 

4.2.2 The influence of support on plastic zone 
The stress at the roadway position in Fig. 9 was 

assigned to the numerical simulation model. We take the 

anchor cable with stronger force as the variable, as shown 

in Table 2, to study the control effect of different support 

strength on the plastic zone in the roadway roof. 

Fig. 20 shows the distribution of the plastic zone under 

different support density. Under the condition of no support, 

the plastic zone of roadway surrounding rock presented an 

asymmetric butterfly distribution, and the maximum failure 

depth and plastic zone area above the roof were 4.6 m and 

16 m2, respectively. While the support density of roadway 

roof anchor cables increased from three per meter to twelve 

per meter, that is, when the SR increased from 0.33 MPa to 

0.91 MPa, the maximum depth of plastic zone decreased 

from 4.6 m to 4.4 m, and the plastic zone area decreased 

from 14.92 m2 to 13.28 m2. In this process, the failure depth 

only decreases by 0.2 m, and the plastic zone still presents 

an asymmetric distribution. 

For the large deformation roadway of butterfly shape, 

under the existing support level of roadway engineering, 

blindly increasing SR has a limited effect on reducing the 

failure range of surrounding rock (Li et al. 2017, Li et al. 

2019). The essence of support is to anchor the failure rock 

in the plastic zone to stable rock outside the plastic zone 

and prevent surrounding rock from instability and falling 

and control the discontinuous deformation (Zhao et al. 

2018, Wang et al. 2020c). That is to say, the support  

 

 

 

concept of the mining roadway should change from 

controlling deformation to controlling roof fall. 
 

 

5. The mechanism and control of deformation 
 

5.1 Mechanism of asymmetrical deformation 
 

According to the above research results, we can obtain 

the occurrence mechanism of asymmetric failure of the 

reserved roadway, as described below. 

(1) The strength of the surrounding rock is softened. The 

geological conditions of the sag section are complicated, 

faults are developed, and the roof is generally water-rich. 

Therefore, the strength and cohesion energy of surrounding 

rock decrease, and the expansion effect is strong, which 

lead to the decline in rock stability and integrity, and the 

anchorage of the support body is weakened (Yao 2011, Yin 

et al. 2017, Zhang et al. 2020b). 

(2) The mechanical environment is complicated. The 

reserved roadway is in an extremely complex superimposed 

stress field composed of original rock stress, abutment 

pressure, dynamic mining load, and expansion pressure in 

the plastic zone. Besides, the surrounding stress adjustment 

of goaf causes the principal stress direction to deflect, and 

the roadway is in the asymmetrical stress field. 

(3) The butterfly expansion effect of the plastic zone. 

The size of the butterfly plastic zone is determined by the η, 

principal stress, and surrounding rock lithology, which 

belong to a given quantitative. The sensitivity of different 

lithology to the η is also different. Therefore, the roadway 

plastic zone expands in different strata and releases strong 

deformation pressure, which intensifies roadway failure. 
(4) Roadway support is unreasonable. The shallow rock 

mass above the roof plastic zone will swell with strong 
expansion pressure and lead to roof sag. Therefore, the 
elongation of cables cannot match roof deformation and 
then break. In the later stage, although the large-diameter 
anchor cable is reinforced, the designed anchorage force is 
insufficient, so that anchor cables have been pulled out 
before it is fully extended and the actual supporting effect is 
limited.  

Table 2 Form of the support scheme 

Support scheme No. 1 2 3 4 

No. of rebar bolts 6 

Density of anchor cables (No.·m-1) 3 6 9 12 

SR (MPa) 0.33 0.52 0.72 0.91 

     
No support Three anchor cables Six anchor cables Nine anchor cables Twelve anchor cables 

Fig. 20 Plastic zone at different support density 
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Fig. 21 Advance hydraulic support 

 

 

5.2 Surrounding rock stability control technology  
 

The reserved roadway was affected by primary mining 

when panel 22204 was mining, and the roof deformation 

could not be adequately controlled after the anchor cables 

reinforcement. The extraction of panel 22205 will make this 

roadway affected by secondary mining, and the 

superposition of advanced abutment pressure will inevitably 

lead to the roadway’s violent instability. 

Given the above analysis, polymer grouting and 

shelving support were conducted in severe deformation 

areas. Grouting holes were constructed in the middle of the 

roadway with a spacing of 5 m, depth of 5 m, and grouting 

of 0.5 t marithan per hole. Five ZQL2×22500/22/40d 

advanced hydraulic supports were arranged in the roadway 

within 40 m ahead of the working face, as shown in Fig. 21, 

to prevent roadway roof caving. After taking measures, 

absolute results had been achieved. Although the anchor 

cables still broke occasionally when the roadway was 

affected by secondary mining, it can guarantee the safety of 

working face to push through the sag section. 

 

5.3 Stability control suggestions for roof sag 
 

In some roadway engineering site, the large deformation 

of surrounding rock cannot be adequately controlled even if 

the roadway is reinforced in time (Wang et al. 2016). Based 

on the analysis of SR control effect on surrounding rock 

above, the following roadway support suggestions were 

proposed according to the actual situation of large 

deformation in the reserved roadway of Buertai Coal Mine. 

For “given deformation” of a large deformation roadway, 

the idea of stability control should be changed from 

deformation control to anti-roof disaster. The targeted 

thinking is as follows. (1) Certain deformations are allowed 

for relief of pressure. (2) The effective length of anchor 

cable should be longer than the maximum depth of the 

plastic zone. (3) Anchor cables bearing capacity should be 

greater than the weight of the plastic zone. (4) The 

extension of anchor cables should be greater than the 

deformation of surrounding rock. (5) The shallow roof 

should have a certain density of rebar bolts to prevent roof 

leakage. (6) If the amount of sag is more than 70% of the 

cable elongation, the cable support should be reinforced in 

time to provide continuous SR. 

6. Conclusions 
 

• When the reserved roadway is affected by primary 

mining, the roof sag area generally drips water. Rock 

breakage and separation development within 4 m above the 

roof is the main concentration area of roof sag. The 5-6 m 

above the roof is the clip coal, and the cracks are developed. 

The roadway deformation tends to be stable after 400 m 

behind the working face. 

• The coal seam high-stress concentration range of the 

P1 and P3 on the side of goaf is about 60 m and 15 m, 

respectively, while the η and α change greatly within the 

range of 80 m at the side of the goaf. Based on this, the 

expression and characteristics of the circular roadway 

plastic zone under non-isobaric conditions are obtained. 

When the η gradually increases from 1 to a specific value, 

the shape of the plastic zone will evolve from circle to 

butterfly shape, and its asymmetric distribution shape is 

affected by the α. 

• Theoretical calculation and numerical analysis show 

that the sensitivity of the plastic zone to the SR gradually 

weakens. This paper analyzed the relationship between the 

SR and the in-situ stress field in engineering practice. It 

concluded that increasing the SR within a certain range has 

a limited effect on reducing the failure range of roadway 

surrounding rock. The support is of considerable 

significance in preventing the instability and falling of 

surrounding rock and controlling the discontinuous 

deformation. 

• After mining, the non-symmetric high-stress 

environment is formed (η=2.3, α=30°), which produces the 

butterfly plastic zone and causes the deflection of the plastic 

zone. Finally, it leads to the asymmetric distribution of the 

plastic zone. The failure of soft clip coal in roof and floor 

further aggravates roadway deformation. Polymer grouting 

technology was adopted, and hydraulic support was 

arranged within 40 m ahead of the working face in the 

reserved roadway during the secondary mining. The 

technology of surrounding rock control has obtained a good 

application effect. 
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