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Abstract: High-efficiency maintenance and control of the deep coal roadway roof stability is a
reliable guarantee for safe production and sustainable development of a coal mine. With belt
haulage roadway 3108 in MenKeqing coal mine as the research background, in situ investigation,
theoretical analysis, numerical simulation, and engineering practice were carried out to reveal the
law of improving the bearing state of bolts by increasing the thickness of the roof anchoring layer.
Also, the mechanism of the high-efficiency and long anchoring of the roof is revealed. Results show
that increasing thickness of the roof anchorage layer could mobilize deep rock mass to participate
in the bearing and promote the bolt to increase the resistance in a timely manner to limit the
deformation of rock mass. Through the close link between shallow soft rock mass and deep stable
rock mass, the deformation of the shallow rock mass is well controlled and so are the development
and expansion of the roof separated fissures from shallow to deep. Long high-performance
sustainable bolt technology for roof are proposed and carried out to control the stability of the deep
roadway roof. Engineering practice indicates that deformations of roof could be efficiently
controlled. The maximum deformations of the roof and sidewall-to-sidewall are 17 mm and 24 mm,
respectively. No obvious separation fissures are found in the anchoring range of roof. This study
provides a reference for roof stability control of deep roadway under similar conditions.

Keywords: deep coal roadway; roof; deformation; bolt support; long anchoring; high-performance;
efficient control

1. Introduction

Coal resources play a supporting role in China's economic development. With the gradual
exploitation of shallow resources [1-3], the exploitation of deep buried resources has become an
inevitable trend in China's coal mining. At present, the mining depth is decreasing at the rate of 10-
25 m per year [4]. To solve the problem of deep mining is to consider the future of coal mining. The
problem of deep buried and high stress roadway support is one of the major technical problems in
deep mining [5,6]. Under the action of deep buried high stress, the difficulties faced by roadway
support increase sharply [7]. Roof safety control is the most important part of the roadway
surrounding rock control. As there is a contradiction between the gradual increase of mining depth
and the more difficult support of deep roadway, the solution of roof efficient safety control has
become a key technical problem which restricts the efficient mining of coal. Therefore, studying the
high-efficiency and safe maintenance control of roadway roof under the condition of deep burial is
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of great significance for the high-efficiency and safe production and sustainable development of a
coal mine [8-10].

In view of the deformation characteristics and control measures of the roadway roof under the
condition of deep burial, a lot of research has been carried out. Wang [11,12] studied the influence of
support resistance on the deformation of the deep high stress roadway roof and revealed the
mechanical nature of its deformation that is difficult to control. Wang thus proposed the principle
that the supporting structure should meet the coordination of large deformation of roof. Xie [13,14]
discussed the mechanical characteristics and energy dissipation law of different high ratio coal rock
structure from the perspective of energy release and dissipation and put forward two roof support
principles, successfully applying this to the test roadway. Qin [15] used the method of theoretical
analysis and numerical simulation to systematically study the distribution characteristics of the roof
bearing structure of the deep soft rock roadway and finally proposed and successfully applied the
roof reinforcement scheme of the deep dynamic soft rock roadway. Li [16] analyzed the strain-
softening behavior, damage, and heterogeneity of rock masses of the deep roadway, established the
strain-softening model of heterogeneous jointed rock mass considering the statistical damage, and
successfully applied the model to the engineering practice. Through numerical simulation and
similar material test, Qi [17] studied the influence of roof presplitting and rock mass filling on the
stability of roadway surrounding rock of deep high stress roadway. Guo [18] used the pressure
arching theory and numerical simulation method to study the deformation and instability
mechanism of a large-span complex roof under deep-buried condition, designed and successfully
applied the support scheme of "anchor (cable) + metal mesh + M-strip + single-prop". Zhang [19]
established the mechanical structure model of the surrounding rock of the deep three soft coal seam
roadway, revealed the deformation mechanism of the roadway roof and proposed the principles for
the SRDC of this asymmetrical roadway in deep TCS. Liu [20] studied the roof impact damage
characteristics in the process of driving deep full coal roadway in Northwest coal field, obtained the
induced factors of roof impact, creatively proposed and successfully applied the four-step scheme of
roof impact prevention and control of deep full coal roadway. In view of the control problem of the
surrounding rock of the large section chamber under the 1200 m deep goaf, Xie [21] proposed a
comprehensive control technology using the strong anchor bolt (cable) support, the pouring of a thick
reinforced concrete wall, and a full section pressure-regulating grouting behind the wall. Tian [22]
analyzed the roof structure near the driving face of a coal roadway through mechanical analysis and
numerical simulation, revealed the mechanism of induced disasters. The results showed that the
artificial support structure and C-shaped bracing structure co-determine the safety of the roof.

At present, exploitation is carried out more often under conditions of large rock mass
deformation, for which bolt flexibility indexes should be determined [23] or rock bolts with increased
strength parameters should be used [24]. Most of the above research focused on the deformation and
failure mechanism of roadway roof and comprehensive control measures, which have achieved
preliminary research results. In actuality, there is still a lack of research on increasing the thickness
of roof anchorage layer to mobilize the deep surrounding rock to participate in the load and improve
the load state of the anchor to suppress roof deformation. In order to achieve a more efficient and
safe control of the deep roadway roof, in situ investigation, theoretical analysis, numerical simulation
and industrial test were carried out to study the influence law of increasing the thickness of the roof
anchorage layer on the bearing state of the bolt. We proposed a new control technology of a long
high-performance sustainable bolt and the roof control effect was satisfactory. This study provides a
reference for roof stability control of deep roadway under similar conditions.

2. Engineering Geological Conditions

2.1. Roadway Location and Lithology of Roof, Floor

Menkeqing coal mine is located in Ordos City, Inner Mongolia Province, China, with a design
production capacity of 12 million tons per year. It is a typical deep-buried mine, which is mainly
mined in the 3up coal seam with an average buried depth of 723 m. The belt haulage roadway 3108
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(Figure 1) of the test roadway is driven along the 3up coal seam floor, and there is no mining influence
around during the excavation. The design width of the roadway is 5.4 m, the height is 3.6 m, and the
total length is 5660 m. In the roadway excavating process, there is a full coal roadway with an average
coal thickness of 3.34 m. The coal seam is simple in structure and stable in horizon. The immediate
roof is siltstone with an average thickness of 2.26 m, the main roof is medium sandstone with an
average thickness of 19.79 m, and the main floor is medium sandstone with an average thickness of
21.24 m. The concrete occurrence of the roof and floor strata is shown in Figure 2.

North —=
; - Belt conveyor roadway
Auxiliary haulage roadway 3108 ‘ Working Face 3109 Auxiliary roadway
T - T - T . L 1 L 1 1 1 1 f L L i
Belt haulage roadway 3108 Ventilation roadway
_ . Working Face 3108 LI
Intake airflow roadway 3108 B
I T T T I T I I I I I in
Drainage roadway 3108 Sttty -t
wm

Figure 1. Plan view of belt haulage roadway 3108.
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Figure 2. Stratigraphic column of geological boreholes in the belt haulage roadway 3108.
2.2. Original Support Scheme and Maintenance Effect

2.2.1. Original Support Scheme

As shown in Figure 3, the roof of belt haulage roadway 3108 was supported by bolt + cable at
the initial stage of excavating. The roof was supported by six ® 20 x 2200 mm left-hand threaded steel
bolts. The bolts in the left wing and right wing had an indentation of 15 ° and the rest were installed
vertically. Each bolt was anchored by one MSCK 2370 mm resin cartridge and the pretension of bolt
was 50kN. In addition, two ® 17.8 x 6300 mm cables were arranged for two rows of anchor bolts in
each interval as the reinforcement support. All the cables were installed vertically on the roof of the
roadway. Each cable was anchored with two MSCK 2370 mm resin cartridge, with pretension of 150
kN. The mixing time and setting time of resin cartridge are 8-15 seconds and 8-40 seconds,
respectively. The inter-row spacing of the bolts and anchor cables is 1000 x 1000 mm and 1500 = 3000
mm, respectively.
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Figure 3. Original support scheme of belt haulage roadway.

2.2.2. Maintenance Effect of Roadway Roof

During the excavation stage of belt haulage roadway 3108, there was no influence of mining and
excavation around. After the deformation was stable, the surrounding rock at the shallow part of the
roof was loose and deformed, resulting in uneven surface of roof (Figure 4). According to the peeping
results monitored using a ZKXG30 borehole scanner, there were transverse separated fissures with
different development degrees in the depth of 1-3.2 m of the roof (Figure 5).

0.61m 134m & 196m W 3.23m

Figure 5. Roof separated fissures under the condition of original support scheme.

2.2.3. Analysis of Existing Problems

(1) Separated fissures outside the anchorage zone
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After the excavation of the roadway, the stress of surrounding rock is redistributed, and the
stress concentration occurs in the local area, which shows obvious characteristics of circle layer
distribution. The surrounding rock of the tunnel can be divided into three circles: fragmentation
envelope, plastic envelope and elastic envelope. It has been proved that the deformation and failure
of the fragmentation ring and plastic ring are the main reasons for the instability of the roadway
[25,26]. As the result, these two rings often act as support objects of the roadway to limit its
deformation. With the increase of mining depth, the fracture ring range of roadway increases
gradually. According to Figure 5, there are still transverse separated fissures at the depth of 3.2 m of
the roof. Given that the thickness of the foundation bearing circle formed by the 2.3 m bolt is less than
the depth of the roof fracture ring, as a result, the end of bolt is anchored near the boundary of fracture
ring. What is more, the 2.3m bolt is so short that the whole bolt falls into a disturbance range, which
leads to the looseness of itself. When the rings of fragmentation and plastic are deformed as a whole,
the roof bolts become loose as a whole with the surrounding rock deformation. At this time, the
displacement difference of the surrounding rock is very small within the anchor area of bolt, while
the working resistance of the bolt rises slowly. As a result, the lower soft rock stratum is more likely
to become loose and deform without restrict, and the separated fissures keep developing outside the
anchor area. The separated fissures outside the anchor area are borne by the low-density cable, and
it is difficult to inhibit separated fissures penetration development outside the anchoring range of the
anchor cable. To be concluded, the separation is main reason for hindering the stress transfer of the
support and causing mass looseness and collapse of the rock.

(2) Shallow expansion deformation of roadway roof

After the excavation of roadway, the stress transfer of surrounding rock is gradually adjusted
under the coupling effect of the bearing damage of the rock mass, and finally forms a steady-state
stress field. During the stress adjustment period, the damage of rock mass and decrease of energy
storage lead to the existence of low value stress area in the shallow part of the roof. At this time, the
insufficient thickness of the anchor layer (2.3 m) leads to a low working resistance of the anchor bolt,
which fails to restrain the expansion and deformation from low stress area in the shallow part.

Thus, when the bolt length is insufficient, the rock mass deformation difference within the
anchorage range of the bolt is small, which leads to the slow resistance increase of the bolt, so it is
difficult to restrain the rock mass deformation in the shallow part of the roof and the whole anchorage
range. Therefore, it is of great significance to study the influence of increasing the thickness of the
roof anchorage layer on the bearing state of the bolt.

3. Control Law of High Efficiency and Long Anchorage of Roof

3.1. Setting Up the Numerical Model

In order to simulate influence law of the thickness of different anchorage layers on the bearing
state of the bolt, we establish the numerical model (Figure 6) using finite difference software FLAC3D
according to the engineering geological conditions of the Menkeqing coal mine. The model length x
width x height = 90 mx 50 m x 67 m, the width x height of roadway is 5.4 m x 3.6 m. The upper
boundary load of the model is calculated according to the actual mining depth of 723 m and the upper
end of the model is free to apply a vertical load of 18 MPa. The bottom boundary of the model is fixed
vertically; both left and right boundaries are fixed horizontally without displacement. The model
adopts the Mohr-Coulomb yield criterion. The physical parameters of rock strata are taken from the
Menkeqing coal mine and the adjacent Hulusu coal mine of the same coal field [13,14]. The process
of roadway excavation is realized by "Null" command after the model original rock stress calculation
is stable.



Sustainability 2020, 12, 1375 6 of 15

Zone
Colorby: Group  Any
| 3upCoal
8 Coal
I MediumFinesandstone

SandyMudstone
Siltstone

(@) (b)

Figure 6. Numerical model: (a) The spatial view of model. (b) A cross-section of model.
3.2. Calculation Method and Results

3.2.1. Calculation Method

In order to study the influence law of increasing the thickness of the roof anchorage layer on the
bearing state of the bolt, the axial force measuring point of the bolt is arranged at the free section of
the roof bolt near the excavating face of roadway, and the radial displacement measuring points are
arranged at the lower surface and the upper surface of the bearing structure (Figure 7), respectively.
The main purpose is to monitor and collect the data of rock mass deformation difference and anchor
resistance within the range of different thickness of anchor layer.

Displacement measuring point

d,

Anchor section

Free section s/
dl

<
Axial force of measuring point

Displacement measuring point

Roadway

Figure 7. The layout of measuring points.

3.2.2. Calculation Results

The axial force (f)—displacement difference (Au =d2 — di)—time history curve of different
measuring points is obtained as shown in Figure 8. After enough running steps, the axial force and
displacement tend to become stable, and final data are shown in Figure 9.
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Figure 8. Calculation results: (a) Time history curve of displacement difference and working
resistance of 2 m bolt. (b) Time history curve of displacement difference and working resistance of 3
m bolt. (c) Time history curve of displacement difference and working resistance of 4 m bolt. (d) Time
history curve of displacement difference and working resistance of 5 m bolt. (e) Time history curve of
displacement difference and working resistance of 6 m bolt. (f) Time history curve of displacement
difference and working resistance of 7 m bolt. (g) Time history curve of displacement difference and
working resistance of 8 m bolt. (h) Time history curve of displacement difference and working
resistance of 9 m bolt.
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Figure 9. Relationship between axial force, displacement difference and bolt length when the
calculation is stable.

With the length of the bolt on the roof increasing, the difference of the displacement of rock mass
within the anchorage range increases accordingly (Figure 9). At this time, the axial force in free section
of the bolt also increases step by step. This is mainly because with the increase of bolt length, the end
of the bolt is anchored in the stable rock stratum gradually through the roof fissure circle layer, and
the decrease of displacement of the rock mass at the end of the bolt leads to the increase of difference
of the displacement within the anchorage range. Given that the working resistance of the bolt is
determined by the difference of rock mass deformation within the anchorage range of the bolt, as a
result, the working resistance of the bolt increases with the increase of bolt length. When the length
of the bolt rises to a certain level, the difference of rock displacement within the anchorage range
tends to become stable, and the working resistance of the bolt does not change accordingly. Therefore,
increasing the thickness of the anchoring layer on roof is capable of mobilizing the deeper
surrounding rock on roof to participate in the bearing, improving the bearing state of the anchor, and
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finally, inhibiting the expansion deformation in shallow part of the roof and the development of the
deep separated fissures effectively.

4. Control Technology and Engineering Practice

4.1. Long High-Performance Sustainable Bolt Technology

According to the theoretical analysis and numerical simulation results, the long high-
performance sustainable bolt technology for roof (Figure 10) is proposed. Increasing the thickness of
the roof anchoring layer to the stable rock layer can fully mobilize the performance of the deep
surrounding rock and promote the increase of the resistance of bolt to limit the rock deformation in
time. The close connection between the shallow soft rock and the deep stable rock layer, contributes
to better control of the deformation of shallow soft rock, with the linkage of large and small
displacement [27]. Moreover, it can also eliminate the development of the separated fissures outside
the traditional short bolt, which improves the stability of the roof greatly. In addition, increasing the
strength and thickness of roof bearing ring is helpful to resist the disturbance of mining stress.

----- : Fragmentation envelope

Plastic envelope

Elastic envelope

Figure 10. Long high-performance sustainable bolt technology.

4.2. Support Scheme Design

According to the above analysis, the roof supporting scheme of belt haulage roadway 3108 is
modified. Combined with the original supporting scheme, the maximum development degree of roof
separated fissures is about 3.2 m, and the length of roof bolt in the new support scheme is finally
determined to be 4 m. The specific support parameters were designed as follows.

The cross section of the belt haulage roadway 3108 is rectangular with dimensions of 5.4 m in
width and 3.6 m in height. As shown in Figure 11, the roadway roof is supported by four ®22 x 4000
mm long flexible bolts, and bar-mat reinforcement for surface protection, reinforcing steel joist for
diffusion of pretension. The row spacing of bolts is 1500 mm, and each row of four bolts is (1057, 1986,
1057) mm from the first to the fourth from the left. Each bolt is anchored with one CK2370 and one
72370 resin cartridge. The pretension of the bolt is 200 kN. Road header with bolting machine (MB670)
is used for excavating, the support is completed by the airborne drilling machine of MB670 at the
same time of excavating, and the pretension of bolt is completed by the tensioning pump.
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Figure 11. Support parameters of the belt haulage roadway 3108.
4.3. Supporting Effects Analysis

4.3.1. Monitoring of Roadway Surface Displacement

In order to figure out the deformation law of belt haulage roadway 3108 in the process of
excavating, and to verify the feasibility of long high-performance sustainable bolt technology, we
arrange roadway surface displacement monitoring station 1 and station 2 at the roadway mileage of
2720 m and 3100 m, respectively. Cross sectional measurement methods are adopted to monitor the
deformation data of roof subsidence and convergence of the two sides of the roadway (Figure 12).
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Figure 12. Surface displacement of the belt haulage roadway 3108 versus distance to excavation face.
(a) monitoring station 1 at 2720 m of roadway mileage. (b) monitoring station 2 at 3100 m of roadway

mileage.

As shown from Figure 12, within 5 days after the arrangement of the monitoring station, the roof
subsidence and two sides convergence increased rapidly, showing a linear growth trend, which is
the disturbance stage of excavating. On the 6th day, with the continuous advance of the working face,
the disturbance of excavation tended to be weak, and the deformation tended to be stable, gradually.
Finally, the roof subsidence of station 1 became stable at 24 mm, and the convergence of two sides
tended to be stable at 10 mm. The roof subsidence of station 2 became stable at 17 mm, and the
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convergence of two sides tended to be stable at 21 mm, which is a stable stage after excavation. In
general, the deformation of the roof and the two sides has been significantly improved, and the
surrounding rock has been effectively controlled. What is more, the roadway roof is relatively flat,
and the support effect is well done (Figure 13).

Figure 13. Photos of the roadway roof during excavation.

4.3.2. Monitoring of Working Resistance of Bolt

In order to study the influence law of the length of roof bolt on the working resistance of the bolt
and verify the improvement effect of long high-performance sustainable bolt technology on the
bearing state of the bolt, we arranged measuring stations #1, # 2 and # 3 respectively in the roadway
mileage of 2720 m, 3100 m and 3500 m to monitor the working resistance of the bolt. The first step is
to install MCS-400 mining intrinsic safety bolt Dynamometer on the second bolt on the left side of the
roof and the Dynamometer records a group of the bolt working resistance data every two hours
automatically. Then, to use its matching FCH2G/1 mining intrinsic safety hand-held Collector (Figure
14) to collect the data. The data composition is shown in Figure 15.

Collector

‘ Digital dynamometm

(b)

Figure 14. Monitoring of working resistance of bolt. (a) installation diagram of monitoring station. (b)
physical diagram of Dynamometer installation.
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Figure 15. Monitoring results of the station of #1, #2 and #3.

It can be seen from Figure 15 that the working resistance value of anchor increases rapidly within
250 m after the installation of three monitoring stations, which is mainly due to the adaption of the
deformation caused by the redistribution of stress in roof rock mass. As the working face continues
to move forward, the stress adjustment and deformation of the roof behind the working face tend to
be stable, meanwhile, the growth of the working resistance of the bolt slows down and finally tends
to be stable. The working resistance of the bolt measured by the Dynamometer at three stable stations
is 254 kN, 267 kN and 279 kN respectively, which are significantly increased compared with the
pretension (200 kN). The bearing state of the bolt is obviously improved and the results are consistent
compared with the numerical simulation. The ideal results can be attributed to the increased length
of the bolt which can make it anchor in the stable rock, and increase the deformation difference of
rock within the anchorage range, so as to promote the bolt to increase resistance and restrain the rock
deformation in a timely manner.

4.3.3. Monitoring of Roof Separated Fissures

In order to figure out the development of roof separated fissures in belt haulage roadway 3108
under the condition of long high-performance sustainable bolt technology, the roof is peeped by the
mining drilling peep instrument, and the peeping results is shown in Figure 16. It can be seen that no
obvious separated fissures are found within the range of 1.09-3.78 m of the roof, and the roof control
effect is well.

r 7, v

1.09m 3.78m
Figure 16. Roof separated fissures under the condition of new support scheme.

It can be concluded that increasing the length of roof bolt can make more roof rock participate
in bearing. With the resistance of the bolt increase rapidly, the shallow soft rock mass on roof escapes
from expansion and deformation effectively (Figure 13), which restrains the extension of the
loosening scope going beyond the anchoring area that caused by the loosening failure of the shallow
rock mass on roof. The close connection between the shallow soft rock mass and the deep stable rock
layer inhibits the expansion and development of the roof separation from the shallow and deep. As
a result, the rock mass and bolt get well promoted on simultaneous bearing, which makes the most
of supporting efficiency of the bolt at the same time.
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5. Conclusions

In this study, in situ investigation, theoretical analysis, numerical simulation, and engineering
practice were carried out to reveal the control mechanism of high-efficiency and long anchoring in
deep coal roadway roof. From these studies, the following conclusions are drawn:

(1) Based on the field investigation and theoretical analysis, the existing problems in the original
supporting scheme of belt haulage roadway 3108 in Menkeqing coal mine are evaluated. It is
considered to be the insufficient thickness of the foundation bearing ring on roof (the length of the
bolt) that results in the shallow deformation on the roof along with the existence of the separated
fissures inside and outside the anchorage range.

(2) After numerical simulation and theoretical analysis, the improvement mechanism of
increasing the thickness of the roof anchorage layer under the bearing state of the bolt is researched.
It reveals that increasing the length of the roof bolt and mobilizing the deep stable rock mass to
participate in the bearing will increase the displacement difference of rock mass within the anchorage
range, moreover, promoting the increase of the resistance of the bolt in time, which could improve
the bearing state of the bolt and restrain the deformation of the rock mass.

(3) In view of the defects of the original support scheme and the theoretical analysis of the high-
efficiency and long anchoring control on roof, this paper puts forward the long high-performance
sustainable bolt technology for roof of the deep coal roadway, and carries out the corresponding
industrial tests. Results show that the roof bolt can increase working resistance in time, and the
maximum deformation of the roof and the two sides are 17 mm and 24 mm respectively. No obvious
separated fissures are found in the anchoring range of the roof, which effectively controls the shallow
deformation on roof and the development of the separated fissures in the anchorage zone. A more safe,
efficient and sustainable roof control technology has been formed under the condition of deep burial.
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