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The gateway of the thick coal seamworking face in the Datongmining area was

excavated along a small coal pillar, resulting in serious bolt (cable) breaking

failure, strong surrounding rock deformation, serious ground pressure

appearance, and difficulties surrounding rock control. So, the bolt (cable)

breaking characteristics and corresponding causes of the 5106 return air

gateway with a small coal pillar in Dongzhouyao coal mine (a mine in the

Datong mining area) were analyzed through an on-site investigation,

surrounding rock geotechnical parameters test, theoretical analysis,

laboratory experiment, on-site engineering test, and other research means.

The study carried out laboratory testing and analysis on the stress distribution

characteristics and laws of the bolts, put forward the bolt (cable) breaking

mechanism and prevention countermeasures, and completed the field

industrial test of the surrounding rock pressure relief and support joint

control technology in the gateway. The on-site tracking and data showed

that the breaking conditions of the bolts (cables) were significantly reduced by

improving the initial force of the bolts (cables), optimizing the supporting

materials and components, canceling the pressure ring, and implementing

the hydraulic fracturing top cutting and pressure relief + high prestressed

full cable support technology. The displacement of the top and bottom

plates was reduced by 51%, the displacement of the two sides was reduced

by 46%, and the influence distance of the working face advance stress was

reduced from 85m to 30m. The successful implementation of the study results

in the small pillar gateway of the Dongzhouyao coal mine provided a reference

for the promotion and application of similar gateway conditions in the Datong

mining area.
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1 Introduction

For China, coal has always been the main energy supply,

accounting for more than half of the total energy. However, with

the increase in mining intensity and depth year by year, the deep

mining of underground coal mines has brought many problems

(Kang et al., 2021a; Kang et al., 2021b), such as high stress (Xie

et al., 2017; Xie et al., 2018), strong dynamic pressure (Li et al.,

2022), rock burst (Zhang et al., 2019; Zhang et al., 2020), coal and

gas outburst (Liu et al., 2020), roof fall (Lu et al., 2013; Lu et al.,

2015), and high temperature (Ranjith et al., 2017). Among these

disasters, the problems caused by the strong dynamic pressure

and rock burst are more serious (Kang et al., 2019; Gao et al.,

2021). Deep mining has also caused the length of affected

roadways to increase year by year (Zhang et al., 2021), and

the proportion of complex and difficult supporting roadways is

increasing (Yang et al., 2018), especially the dynamic pressure

gateways with small coal pillars. The deformation of roadways is

generally strong, resulting in a larger range of plastic zones (Guo

et al., 2019; Ma et al., 2019) and more diversified forms (Shan

et al., 2021; Ren et al., 2022). Due to the larger scope of mining

(Zhao, 2014), violent movement of overlying strata (Wang et al.,

2017), and the generation of void fraction (Wang et al., 2016;

Wang and Li, 2017), some bolts and cables are broken, causing

serious damage, which makes it difficult to maintain the gateway

and poses a higher challenge to safety production (Xie et al.,

2019). In deep mining, if thick coal seam mining is

simultaneously encountered, it will cause more severe ground

bolts supporting (Wu et al., 2019) and cables supporting

(Shichang et al., 2021), which is mainly due to the increase in

mining intensity and mined out area. Therefore, the deep thick

coal seam has a greater impact on safe tunneling and

maintenance of the gateway.

In solving the problem of gateway support caused by strong

dynamic pressure, scholars have adopted the method of leaving

small coal pillars, which makes the gateway arranged before the

lateral peak pressure, and reduces the impact of dynamic

pressure on the chute. There are usually two methods to

retain small coal pillars. One is to retain the gateway of the

previous working face as the gateway of the next working face

(Wang et al., 2020) and the other is to excavate a new gateway at a

small distance on the side of the last gateway after the mining of

the previous working face (Jia and Hu, 2020). These twomethods

can achieve the purpose of mining only by retaining small coal

pillars, which are relatively mature for working faces with

relatively low mining height, but they are not very mature for

thick coal seams (Zhu et al., 2019). These measures have solved

the problem of pressure to some extent, but they have not been

further studied from the perspective of gateway support.

Dynamic pressure and high-intensity mining have a severe

impact on support technology and production safety (Kang et al.,

2018; Kang et al., 2020); however, it may be more affected by the

support effect of the serving gateway (Lian et al., 2021). For

complex and difficult supporting gateways, on the one hand, the

method of reducing the influence of dynamic pressure on the

working face can be adopted (Mondal and Roy, 2019). On the

other hand, most coal mines generally adopt the method of

reducing the row spacing between bolts and cables (Nierobisz,

2017), improving the structure (Kang et al., 2016), and capacity

(Gao et al., 2014) of bolts, or add an auxiliary shed to strengthen

the support. Although the bolts and cables density is very high,

the support effect is still not ideal in many cases, and the

deformation is still large. Some gateways need to be lifted and

bottomed during the tunneling period. According to statistics,

the total amount of gateway bottoming works from the

excavation to the installation of the working face has reached

2–3 m. Under such conditions, the traditional gateway support

method is not effective, and cannot fundamentally solve this kind

of gateway support problem.

At present, the coal mine mainly adopted two treatment

methods for the first caving of the working face and control of

rock burst: blasting and water injection softening (Yongzheng,

2018). Domestic and foreign experts and scholars mainly focused

on hydraulic fracturing pressure relief mechanism (Yuanjie et al.,

2022), hydraulic fracturing fracture simulation (Gao, 2021),

expansion law research (Zhao et al., 2021), and fracturing

monitoring technology (Ziyi et al., 2022). Wu and Kang,

(2017) pointed out that the directional hydraulic fracturing

technology could eliminate the overhang effect of a hard roof

and improve the surrounding rock stress environment of the

second retaining gateway. Feng and Kang, (2013) analyzed the

direction and conditions of crack propagation under the action of

in-situ stress. Feng, (2013) established a set of physical simulation

and characterization methods for shale hydraulic fracturing. Guo

et al, (2014) studied the fracturing expansion law under triaxial

conditions and discussed the formation mechanism of a fracture

network. Hou et al, (2016) described a method of monitoring

hydraulic fracturing fractures using seismic technology. In recent

years, directional hydraulic fracturing technology had been

developed rapidly. Compared with blasting technology,

hydraulic fracturing had some prominent safety and cost

advantages. At present, it has been popularized and applied

on a large scale in coal mines, mainly focus on the first caving

of the working face and the prevention and control of rock bursts

(Jiang et al., 2017a; Jiang et al., 2017b). There were few relevant

research results on the strength and scope of fracturing roof

control technology, pressure relief technology, and anchor cable

support technology (Chen et al., 2022a; Chen et al., 2022b),

especially on solving the influence of concentrated stress in

advance of working face and dynamic pressure gateway in the

extra thick coal seam.

Based on the abovementioned background, this study carries

out hydraulic fracturing roof cutting, pressure relief, and roof

control tests for the typical hard roof in the Datong mining area.

The pressure relief effect of gateways with different fracturing

parameters is studied, the pressure in the process of hydraulic
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fracturing and the water output of boreholes are analyzed, and

the variation laws of gateway deformation and support pressure

are monitored. The obtained results provide a reference for

hydraulic fracturing and roof cutting pressure relief of

gateways with dynamic pressure in similar extra-thick coal

seams.

2 Breaking shape and characteristics
of bolts (cables)

In recent years, the geological conditions gradually extend

from simple Jurassic to complex Carboniferous with the

expansion of mining scale and production capacity of the

Datong mining area. The mining intensity and depth of coal

seams have increased year by year, resulting in the gradual

deterioration of the geological conditions of the gateway

surrounding rock. The proportion of complex and difficult

supporting gateways has increased year by year, especially for

the dynamic pressure gateways with small coal pillars. The

gateway deformation is strong, and the breaking of bolts and

cables is serious, as shown in Figure 1. Dongzhouyao coal mine (a

coal mine in the Datong mining area) began to use snake-shaped

bolts and bird’s nest cables in 5103 and 5203 gateways, and then

popularized and applied them in the tunneling of the whole mine.

In the process of popularization and application of the

Dongzhouyao coal mine, the bolts and cables were broken

and invalid in the gob side gateway along a small coal pillar

or someplace nearby an abnormal geological structure, which

seriously affected the safety of the supporting system. In view of

the above situation, a large number of underground bolts and

cables with broken ends and fractures were collected, the

breaking characteristics and morphology of bolts and cables

were studied, the breaking characteristics and laws of bolts

and cables were analyzed, and the prevention and control

measures of bolt and cable were put forward.

2.1 Breaking state and characteristics of
bolts

The broken forms of underground bolts were collected and

analyzed, as shown in Figure 2. The fracture positions of bolts were

mainly concentrated in the range of 0.5–1.5 m above the orifice, and

the forms of fractures were mainly tensile, with obvious necking

phenomena like ① and ② in Figure 2, while some were shear

fractures without obvious necking phenomenon like③ in Figure 2.

2.2 Breaking state and characteristics of
cables

The broken forms of underground cables were also collected

and analyzed, as shown in Figure 3. The facts showed that the

cable fractures were mainly bending form, and the fracture

locations were mostly concentrated near the orifice location.

In addition, the compression rings were deformed, and the

damaged ports were neat without necking.

3 Test and analysis of surrounding
rock conditions of the roof

In order to analyze the reasons for the breaking, the underground

borehole structure peeping and the surrounding rock in-situ strength

measuring device are used to test the structure and in-situ strength in

the area where a large number of underground bolts and cables are

broken. Analyze the surrounding rock structure, strength data, and

characteristics to master the geological conditions of the

underground surrounding rock, and then put forward

corresponding measures and prevention countermeasures.

The thickness of 3–5 coal seams in theDatong area ismostly large,

and the gateway is generally driven along the coal seam floor, so most

of the roofs are the coal seams. Due to the complex geological

FIGURE 1
Deformation of strong dynamic pressure roadway in the Datong mining area.
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conditions of the Dongzhouyao coal mine, it is greatly affected by the

geological structure, especially in the local area invaded by

lamprophyre, which results in great fluctuations in the strength of

the gateway roof. The underground surrounding rock structure and

strength test results of the Dongzhouyao coal mine are shown in

Figure 4. Because lamprophyre is an igneous rock, the underground

test strengths are very high, generally reaching 90–100MPa.While the

strengths of 3–5# coal are reduced from 10 to 25MPa to 5–10MPa

due to the influence of lamprophyre, which leads to the result that the

strengths of surrounding rock in the shallow part of the gateway roof

fluctuate greatly. At the same time, the horizontal joints of the roof are

developed, and the roofs are prone to the horizontal dislocation

between lamprophyre and coal joint fissures, which is one of the

important reasons for the serious shear failures of bolts and cables.

4 Analysis of stress and deformation
characteristics of the bolt under
compound stress

Due to the installation angle of the underground bolt and the

actual conditions of the gateway surrounding rock, the bolt may

inevitably have a certain installation angle with the surface of the

gateway surrounding rock, resulting in the complex stress state of

the bolt tail, and from the pure tensile stress state to the tension

torsion bending stress state. At the same time, there is a tension

bending torsion shear composite stress state due to the influence

of geological structure and horizontal displacement of

surrounding rock, which results in extremely complex stress,

uneven load, breaking, and failure of support bodies and support

members. There is usually a non-conforming surface between the

steel strip and the rock layer interface, resulting in the load

mostly concentrated at point K and the formation of uneven

stress, as shown in Figure 5A. Affected by the uneven force, the

bolt will rotate laterally, forming a new stress point B and

breaking, as shown in Figure 5B.

In this study, ABAQUS numerical simulation software is

used to establish different simulation schemes, the stress and

deformation characteristics of the bolt body and threaded section

under the action of single and composite stresses of tension,

torsion, bending, and shear are analyzed.

4.1 Numerical simulation model

The ABAQUS software is used for simulation calculation,

and the model is shown in Figure 6. The total length of the bolt

model is 305 mm, the length of the ribbed bolt body is 205 mm,

FIGURE 2
Breaking form of bolts.

FIGURE 3
Breaking form of cables.
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FIGURE 4
Structure and strength test of underground surrounding rock in Dongzhouyao coal mine. Roof structure at 190 m of 2102 belt gateway. Roof
strength at 190 m of 2102 belt gateway. Roof strength at 320 m of 5102 air return gateway.

FIGURE 5
Force analysis of breaking bolts. (A) Stress of bolt before failure. (B) Stress of bolt after failure.
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FIGURE 6
Model and mesh generation.

FIGURE 7
Stress-strain state of the bolt under composite stress state. (A) Strain state of bolt rodwhen a tensile load is 100 kN, torque is 300 N m. (B) Strain
state of bolt rod when a tensile load is 100 kN, torque is 300 N m, and bending load is 20 kN. (C) Strain state of bolt rod when a tensile load is 100 kN,
torque is 300 N m, and shear load is 100 kN. (D) Strain state of bolt rod when tensile load is 100 kN, torque is 300 N m, bending load is 20 kN, and
shear load is 100 kN.
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the horizontal rib is left-handed, the top width of the rib is 3 mm,

the height of the rib is 0.8 mm, the spacing of the horizontal ribs

is 11 mm, the horizontal ribs on both sides are asymmetric, and

the diameter of the rod body is 22 mm. Thread parameters:

threadM 24, pitch 3 mm, the actual total length of thread 93 mm,

thread section plus transition section 100 mm in total.

4.2 Numerical simulation schemes
The specific numerical simulation schemes are as follows:

1) Tension: different tensile loads 30 kN, 100 kN, 160 kN, and

210 kN

2) Tension + torsion: initially apply 100 N m, 300 N m, and

500 N m, and then increase the axial load to 210 kN

3) Tension + torsion + bending: on the basis of (2), apply

different levels of bending loads 20 kN, 50 kN, and 80 Kn,

respectively

4) Tension + torsion + bending + shear: on the basis of (3), apply

different levels of shear loads 1 kN/mm, 2.5 kN/mm, 5 kN/

mm at a certain position in the middle of the rod (in the

middle of the non-threaded section), simulating the shear

force caused by rock dislocation

4.3 Numerical simulation analysis
Through the simulation and analysis of the actual

working conditions in the process of underground bolt

support, it is found that the underground bolt has the

effects of tension, bending, torsion, shear, and other loads

in the process of use, and is in a composite stress state,

especially for the threaded section from the bolt

installation orifice to the bolt tail. The stress of the rod is

extremely complex, with high stress and a large variation

gradient, as shown in Figure 7. Under the action of bending

load and shear load, the stress concentration effect is

significant (Figure 8). The load borne by the bolt obviously

exceeds the strong performance of the bolt itself, resulting in

the breakage and failure of the support body and support

components. Therefore, it can be seen that it is very

important to match the mechanical properties of

underground bolts with the mechanics of supporting

components, which can optimize the stress state of bolts

and reduce the impact of harmful loads on the bearing

performance of bolts.

5 Cause analysis and prevention
countermeasures of broken bolts and
cables

5.1 Cause analysis of broken bolts and
cables

Through the analysis of the breaking shape and

characteristics of the bolts and cables, the test results of the

geological conditions of the surrounding rock of the

underground gateway, and the theoretical analysis and

numerical calculation results, it is considered that the

followings are the main reasons for the breaking failure of the

bolts and cables in Dongzhouyao coal mine:

1) Geological conditions: the geological factors of the

Dongzhouyao coal mine are complex, the geological

conditions change greatly affected by lamprophyre

intrusion, resulting in great changes in the lithology and

strength of lamprophyre and coal body in the roof, which

leads to horizontal dislocation deformation of the roof, and

shear fracture under horizontal shear load.

2) Gateway stress environment: the surrounding rock stress

environment of the gateway along a small coal pillar in the

Dongzhouyao coal mine is poor. The gateway is strongly

affected by the dynamic pressure of the working face, and the

strength requirements of the bolts and cables are high, which

FIGURE 8
Stress concentration of bolt under composite stress state.
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are required to have high bearing capacity and elongation.

Ordinary 1×7–17.8 mm cable and 20 mm - 335# bolt are

difficult to resist the impact of small coal pillar dynamic

pressure.

3) Gateway support parameters: through the investigation and

sampling inspection of the initial preload of the underground

bolts and cables, it is found that the initial prestress of the

bolts and cables are low. The control abilities of the roof are

poor, which are prone to harmful deformation such as

delamination and expansion, and the bolts are prone to

tensile failure, resulting in shrinkage fracture failure.

4) Gateway support materials: through the mechanical

properties and matching analysis of the original support

materials, it is found that the matching between the

original support cable and the corresponding tray is poor.

There is no self-aligning ball pad, and the stress state at the

hole of the cable cannot be adjusted. The pressure ring is easy

to deform, and the poor stress state at the hole of the rod and

cable is formed when bearing the bending load, and

furthermore causes shear failure.

5.2 Prevention countermeasures of
broken bolts and cables

Based on the analysis of the abovementioned reasons for the

breaking of bolts and cables, the following prevention

countermeasures are put forward:

1) Gateway pressure relief: blasting, hydraulic fracturing, and other

means are used to relieve the pressure of the gateway, change the

structure and thickness of the surrounding rock of the goaf roof,

reduce the stress of the surrounding rock, improve the stress

environment, and thus reduce the deformation degree.

2) Increase the initial preload of the bolts and cables: the pre-

tightening torque of the bolt rod is increased from

200 N m to 400 N m, and the initial pretension of the

cable is increased from 100 kN to 300 kN. Improve the

control of the support on the surrounding rock of the roof,

fully improve the mechanical properties of the

surrounding rock of the support and enhance the

bearing capacity.

3) Improve the strengths, mechanical properties, and

toughness of support materials: the diameter of the bolts

rod is adjusted from 20 mm to 22 mm, and the specification

of the cable is changed from 1×7–17.8 mm to

1×19–21.8 mm.

4) The structure of the bolt and cable supporting plate is

systematically optimized. The pressure ring is canceled,

and the self-aligning ball pad is adopted to improve the

stress state. Enhance the bearing capacity of the bolt and

cable supporting plate, and optimize the mutual matching of

supporting materials and components.

6 Field test

6.1 Project overview

Dongzhouyao coal mine is located in Zuoyun County,

Datong City, Shanxi Province, with a design production

capacity of 10 million tons per year. Working face 8106 is

located in panel 1 of 5 layer of Carboniferous Taiyuan

formation. The main mining area is mountain five coal.

The average thickness of the coal seam is 6.9 m, the dip

angle of the coal seam is 5°, and the burial depth is

470–540 m. The northwest side of 8106 working face is the

mined 8102 working face (which has been mined for

4–5 years), the coal pillar size between 5106 air return

gateway and the goaf of 8102 working face is 6 m. Due to

the large thickness of the coal seam and the small size of the

coal pillar, the 5106 air return gateway may be affected by the

double mining of the 8102 and 8106 working face during the

service period. The stressed environment is complex, the peak

stress of the coal pillar is high, and the gateway deformation or

damage is serious, which poses a great challenge to mine safety

production.

6.2 Hydraulic fracturing and pressure relief
technology of gateway

The hydraulic fracturing pressure relief test length of

5106 return air gateway is 300 m, the number of pressure

FIGURE 9
Schematic diagram of hydraulic fracturing.
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relief holes is 31, and the depth and diameter of the hole are

50 m (including 35 m in the fracturing section and 15 m in

the non-fracturing section) and 60 mm, respectively. The

hole spacing is 8–10 m and the elevation of the hole is 50°, see

Figure 9 for details. Considering that the hard roof rock

formation in the deep part of the working face forms a

fracture line at the edge of the coal pillar, the included

angle range between the horizontal direction of the

borehole and the strike of the gateway is designed to be

between 5°–10°. The mining high-pressure pump with a large

flow is used for water injection. The drilling fracturing range

is 15–50 m, and the fracturing is carried out every 2–3 m,

with a water injection volume of 2.4 m3 each time.

6.3 High-prestressed full cable support
technology

After a comprehensive analysis, it is determined to adopt high-

prestressed full cable strong support technology. Five cables, with a

diameter of 21.8 mm, length of 5.2 m, and 1 × 19 high-strength

prestressed steel strands, are used in the gateway roof, as shown in

Figure 10. The ultimate bearing capacity is 582 kN, the elongation

is 5%, the preload is 300 kN, and the spacing between rows is

1.1 m × 0.9 m. The top plate cable adopts a W-shaped steel guard

plate and a special-shaped cable support plate to protect the top. At

the same time, two single cables with a diameter of 21.8 mm and a

length of 7.2 m are constructed for every two rows of steel belts.

The upper adopts four cables, with a diameter of 17.8 mm and 1 ×

7 strands of prestressed steel strands, and the row spacing is

0.9 m × 0.95 m, the preload is 200 kN.

6.4 Gateway support effect and the
analysis

The field test shows that hydraulic fracturing and pressure relief

drilling in the deep part of the roof of the small coal pillar gateway can

change the basic roof structure and strength and reduce the influence

of the advanced abutment pressure during mining. At the same time,

the strength and matching of support materials are optimized

combined with the gateway high prestressed full cable support

technology, and the effective anchoring of the shallow surrounding

rock of the gateway is realized. The support breaking situation is

effectively alleviated and improved, and there is no large-scale

breaking failure. The ground pressure monitoring data shows that

FIGURE 10
Schematic diagram of high prestressed full cable strong support technology (unit: mm).

Frontiers in Earth Science frontiersin.org09

Peng 10.3389/feart.2022.1021436

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1021436


the combined control technology of hydraulic fracturing and pressure

relief + high prestressed full cable support has a very significant effect

on the surrounding rock control of a small coal pillar dynamic

pressure gateway. The overall deformation of the gateway has been

significantly reduced, of which themaximumdisplacement of the two

sides is 330 mm, and themaximumdisplacement of the roof andfloor

is 440m, as shown in Figure 11. Compared with other gateways with

similar conditions in the mine, the roof and floor displacements are

reduced by 51% after the application of the “support unloading

coupling” joint control technology. The displacements of two sides

are reduced by 46%, and the influence distance of the advance stress of

the working face is reduced from 85m to within 30m, the final

deformation of the gateway is shown in Figure 12.

7 Conclusion

1) This studymakes a comprehensive analysis of the breaking shape

of the bolts and cables in the Dongzhouyao coal mine, gets the

stress characteristics of underground bolts (cables), and

measurement of the geomechanical parameters of the gateway

surrounding rock. It is considered that the changes in the

geological conditions of gateway surrounding rock, stress

environment, unreasonable support parameters, and

mismatching of support materials are the important reasons

for the failure of dynamic pressure gateway along small coal pillar.

2) In view of the difficult problem of surrounding rock control of

dynamic pressure gateway along small coal pillar, the measures

FIGURE 11
Deformation monitoring curve of underground gateway after hydraulic fracturing and pressure relief + high prestressed full cable support”
technology. (A) “Hydraulic fracturing and pressure relief + high prestressed full cable support” technology. (B) " High prestressed full cable support”
technology.

FIGURE 12
Underground gateway condition after “hydraulic fracturing and pressure relief + high prestressed full cable support” technology. (A) Overall
deformation of the gateway. (B) Roof support condition.
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including the hydraulic fracturing technology, pressure relief

technology, optimizing strength and matching of support

materials, and improving the initial support prestress are

proposed, which effectively solves the fracture failure and

support of dynamic pressure gateway along small coal pillar.

3) Compared with other similar dynamic pressure gateways

along small coal pillars in the mine, the combined control

technology of “hydraulic fracturing and pressure relief + high

prestressed full cable support” is adopted. Results show that

the roof and floor displacement of the gateway is reduced by

51%, the displacement of the two sides is reduced by 46%, and

the influence distance of the advance stress of the working

face is reduced from 85 m to 30 m.
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