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Abstract: A floor rock roadway under an oblique straddle working face is a typical dynamic pressure
roadway. Under the complex disturbance of excavation engineering works, the roadway often
undergoes stress concentration and severe deformation and damage. To solve the problem of
surrounding rock stability control for this roadway type, this study considered the East Forth main
transport roadway in the floor strata of the 1762(3) working face of the Pansan coal mine. In situ
ground pressure monitoring and numerical simulation calculation using the FLAC2D software were
carried out. The influence laws of the surrounding rock lithology, the vertical and horizontal distance
between the roadway and overlying working face, the positional relationship between the roadway
and the overlying working face, and the support form and strength of the rock surrounding an oblique
straddle roadway were obtained. Within the range of mining influence, the properties of the rock
surrounding the roof and floor were very different, and the deformation of the rock surrounding the
two sides exhibited regional difference. The influence range of the mining working face on the rock
floor of the roadway was approximately 30-40 m, and that of horizontal mining was approximately
50-60 m. The mining influence on the rock surrounding the side roadway of the working face is large,
but the mining influence on the roadway below is small. Using FLAC2D, the stress and displacement
characteristics of the rock surrounding the obliquely straddle roadway were compared and analyzed
when the bolt support, combined bolt and shed support, and bolt-shotcreting—grouting support were
adopted, the proposed support scheme of bolting and shotcreting was successfully applied. The
deformation of the rock surrounding the roadway was satisfactorily controlled, and the results were
useful as a reference for similar roadway maintenance projects.

Keywords: obliquely straddle roadway; floor rock roadway; abutment pressure; stress evolution of
surrounding rock; stability of surrounding rock

1. Introduction

Underground mining is dominant in China’s coal mines. As the lifeblood of under-
ground coal mine production, roadways account for a large proportion of mine engineer-
ing [1-4]. Dynamic pressure roadways account for 70-80% of coal mine roadways, among
which the coal seam rock floor roadway is a typical dynamic pressure roadway [5-8].
After a floor rock roadway under an obliquely straddle working face is affected by the
dynamic pressure of the overlying working face, owing to the change of the spatial rela-
tionship between the different areas of the roadway and the working face, the distribution
of the stress field and the displacement field of the rock surrounding the roadway be-
comes more complex under the influence of the mining face, and the support difficulty
increases [9-11]. Therefore, stricter requirements are proposed for the stability control of
the rock surrounding a floor rock roadway under an obliquely straddle working face.

According to the positional relationship between the axial projection of the roadway
floor to the plane of the overlying coal seam and the advancing vertical, parallel, and
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oblique direction of the upper coal seam working face, the cross-mining dynamic pressure
roadway can be divided into three basic forms: the transverse straddle roadway, longi-
tudinal straddle roadway, and oblique straddle roadway [12-14], as shown in Figure 1.
During the mining of the overlying mining face, the bearing pressure generated by the
mining space spreads to the floor. Under the complicated disturbance of the excavation
engineering, the stress field and displacement field of the floor are redistributed. Hence,
stress concentration occurs during driving or in the already driven cross-mining floor
rock roadway. The original support system cannot guarantee the stability of the road-
way, and the deformation and damage of the cross-mining roadway are severe, which
restricts the normal production of the coal mine [15-18]. Analyzing the deformation and
failure laws of the various rocks is an important method for investigating the stability of
diagonal roadways. Chang and Haimson [19-22] obtained the strength and deformation
characteristics of the rock under different loading conditions by carrying out true triaxial
compression tests on different rocks. Many studies have extensively investigated the stabil-
ity control of the cross-mining roadway [23-30]. Jiang [31] analyzed the characteristics of
the surrounding rock deformation of the cross-span and longitudinal-span roadway, and
put forward corresponding control countermeasures. Zhang and Liu [32,33] investigated
the evolution of the stress field and displacement field of the floor under the influence of
mining. The additional stress change of the floor can be divided into three areas along
the coal seam direction, namely, the stress increase area, stress reduction zone, and stress
recovery zone, to obtain the depth and shape for the obvious change zone of the rock
floor stress. Aiming at the current situation that the Huaibei mining area has crossed the
roadway for many times and cannot be used normally after repeated maintenance, Li [34]
summarized 4 types of typical damage characteristics, and proposed control methods and
technologies. Yuan [35] analyzed the mechanical characteristics of the surrounding rock of
the longitudinal-span roadway based on the rheological characteristics, and pointed out
that the rheological effect under the action of lateral stress is an important factor affecting
the stability of the longitudinal-span roadway. Guo [36] conducted research on the stability
of the crossing roadway in Inner Mongolia Chengyi Coal Mine and established a floor
stress increment model. Based on elastic mechanics, Zhang [37] established the mechanical
stress distribution model for the stope floor using the additional stress algorithm, and
obtained the propagation law of the mining abutment pressure in the floor: The mining
stress concentration coefficient of a point under the floor gradually decreased as the buried
depth increased, and the degree of pressure relief gradually weakened as the buried depth
increased. Xie [38] considered the formation process of the supporting pressure and its
influence on the stability of the surrounding rock at the floor of the roadway, and analyzed
the relationship between the stress of the surrounding rock and the displacement of the
cross-mining roadway. Zhu [39] established a mechanical model to analyze the rheological
characteristics of the rock surrounding the roadway under dynamic pressure in straddle
mining, and proposed an expression for estimating the stress and deformation of the
roadway with time. Zhang [40] used FLAC to analyze the influence range of mining on a
crossing mining pressure roadway, and obtained the relationship between the vertical dis-
tance separating the roadway and the overlying working face and the horizontal distance
of the stope boundary. Considering the high ground stress, large cross-section, and close
distance characteristics, Ma [41] proposed a high-rigidity coupling support technology
plan for a dynamic pressure roadway to improve the strength of the rock surrounding the
roadway and the rigidity and stability of the supporting structure. The use of bolt, steel belt,
anchor cable, metal mesh, and shotcrete coupling support technology is feasible. In sum-
mary, research on the distribution of the stress field and the displacement field and stability
of the surrounding rock in cross-mining roadways has achieved good results. However,
existing studies have mainly focused on transverse straddle roadways and longitudinal
straddle roadways, while research on the stability of obliquely straddle roadways has been
scarce. For the obliquely straddled roadway, there are two situations of the horizontal
distance and vertical distance between each section of the roadway and the edge of the
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overlying working face: the horizontal distance is different, the vertical distance is different,
or the horizontal and vertical distance are different. The influence factors of surrounding
rock stability of crossing and longitudinal span roadways are relatively less and more
controllable. The stress distribution of surrounding rock in different positions of obliquely
straddle roadway is more different, so the stability of surrounding rock is relatively difficult
to control. To date, the stress field and displacement field of an obliquely straddle floor
rock roadway have not been elucidated, and their investigation is relatively difficult.

il

Transverse Straddle
Roadway

Longitudinal Straddle’ Obliquely Stradge -
Roadway Roadway

:/_ Goaf

Longitudinal Straddle Roadway Longitudinal Straddle Roadway

Obliquely Straddle Roadway Obliquely Straddle Roadway

i__Transverse Straddle
Roadway Transverse Straddle Roadway
% | 1I-1I

Figure 1. Layout diagram of rock roadway under overhead mining.

Based on previous studies and practical experience, and on in situ ground pressure
monitoring, this study investigated the stability of the rock surrounding the roadway
under different lithology conditions, different vertical distance between the roadway and
the working face, different horizontal distance between the roadway and the working
face, different positional relationship between the roadway and the working face, and
different support form and strength. The Flac2D numerical simulation software was used
to compare and analyze the control effect of the surrounding rock under different support
schemes. Finally, an optimized support scheme was designed and evaluated. The results
obtained by the industrial test revealed that the deformation control effect was satisfactory.

2. Engineering Background and Methods
2.1. Engineering Background

The Pansan coal mine is located in the northwest part of Huainan City, Anhui Province,
China, and has a design production capacity of 5 MT/A. The Dongsi main transportation
roadway of the Pansan coal mine is located in the floor rock of the 1762(3) working face.
The elevation of the 1762(3) working face is —590 to —640 m, the mining height is 4.2 m, and
the elevation of the Dongsi main transportation roadway is —637 m. The vertical distance
between the Dongsi main transportation roadway and the 1762(3) working face is 30-43 m,
and the horizontal projection distance between the Dongsi main transportation roadway
and the 1762(3) working face is approximately 50 m. The direct roof of the roadway is 2.2 m
thick mudstone, the main roof is 4.6 m thick sandy mudstone, the direct bottom is 2.8 m
thick mudstone, and the main bottom is 3.5 m thick siltstone. Considering that the distance
between the Dongsi transportation roadway close to the cut off of the 1762(3) working
face is too close to the working face, and that the surrounding rock has poor lithology, the
maintenance of the roadway is difficult and thus a new transportation roadway has been
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excavated to bypass this section. The layout of the roadway and working face is shown in
Figure 2.
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Figure 2. Mine general situation and roadway deformation.

Bolt support is used in a few sections of the Dongsi transportation roadway, and the re-
maining sections are simply supported by a U29 steel shed. The roadway section of the shed
supporting section is arched, the section size is net-width x medium-height = 5.6 x 4.3 m,
the shed distance is 600 mm. Two rows of bracing bars have been constructed, and the
overall stability of the supporting structure is poor. Some U-shaped roof beams are bent
and severely inclined, and most of the back plates behind the shed are not solid. From
when the roadway starts being affected by the overlying working face mining until the
influence tends toward stability, the surrounding rock is damaged in different degrees.
Based on data obtained from the continuous observation of the roadway, the roadway
deformation and failure situation are shown in Figure 2. When the distance between the
roadway and the overlying working face is small, a part of the roof is bent down or even
broken by the action of the two sides of the roadway, and a certain portion of the roof is
bent upward by extrusion. Additionally, the shed legs of the side part are squeezed and
even the back plate falls off.
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2.2. Methods
This study mainly used the method of in situ monitoring and numerical simulation;
the specific scheme is described below.

2.2.1. On-Site In Situ Mine Pressure Monitoring

Based on the influence of different factors on the stability of the rock surrounding the
roadway, six types of measuring points were arranged: different lithology (2#, 1#), different
vertical distance between the roadway and the overlying working face (3#, 4#), different
horizontal distance between the roadway and the overlying working face (5#, 6#), different
positional relationship between the roadway and the overlying working face (7#, 8#),
different support form and strength (9%, 10#), and optimized supporting scheme (11#, 12#).
The monitoring contents include the deformation of the surrounding rock, deformation
velocity, roof separation layer, development of surrounding rock fracture, and so on.
The monitoring methods and instruments are the cross-section method, roof separation
instrument, and borehole peeping instrument. The specific layout of the measuring points
is shown in Figure 3.
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Figure 3. Layout of measuring points.

2.2.2. Numerical Simulation Software and Model

According to geological data for the Pansan coal mine, the FLAC2D numerical simula-
tion software was used to establish the corresponding analysis model. The plane strain
calculation model shown in Figure 4 was used to simulate the deformation process of the
rock surrounding the roadway, and the surrounding rock was considered as a layered
isotropic elastic medium. The calculation model size is length x width =200 x 71 m, di-
vided into 25,680 units, the rock mass element grid is divided into hexahedral elements. In
order to balance the calculation accuracy and speed, the grid division around the roadway
is dense and the grid division away from the roadway is sparse, which can effectively
reduce the sawtooth shape in the stress nephogram. The left, right, and lower boundaries
of the model were displacement fixed—constraint boundaries, and the upper boundary was
the stress boundary. The uniformly distributed load was applied according to the thickness
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of the overlying strata. The buried depth of the roadway was about 600 m, the overlying
load was 15 MPa, the lateral pressure coefficient was 1, and the gravity was set to 10 m/s?.
At the same time, the structural plane was applied at the upper and lower boundaries
of the coal seam to avoid the mutual embedding of the overlying roof collapse and the
floor strata after the excavation of the working face, the constitutive relationship of the
surrounding rock is the Mohr Coulomb model. The roadway was located in the bottom
sandstone layer of the working face, and the vertical distance from the overlying working
face was 30.3 m, and the cross-section of the roadway was arched, the cross-section size
is net-width x middle-height = 5.6 x 4.3 m. The mechanical parameters of the rock were
selected as presented in Table 1. The simulation process is as follows: calculation of original
rock stress balance; calculation of model not affected by mining; calculation of affected by
mining of 13-1 coal seam.
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E =X Roadway location i
~ — el
go—z - ‘ o b=
29/7/7‘7 )9//'** 774'\ 779/"5’* VZ"X'
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Figure 4. Numerical simulation model.
Table 1. Reference table of rock mechanics parameters.
Name Bulk Modulus Shear Modulus Density Cohesion  Friction
(GPa) (GPa) (kg/m3) (MPa)  Angle (°)
Sandstone 7.3 4.2 2400 2 35
Siltstone 8.1 5.1 2500 2.1 29
Mudstone 3.2 2.74 2400 1.2 25
Coal seam 2.4 1.37 1350 0.8 23

3. Results and Analysis

3.1. In Situ Test for Surrounding Rock Stability of Obliquely Straddle Roadway under Different
Influencing Factors

3.1.1. Influence of Different Lithology on Stability of Surrounding Rock

In the layout of the measuring points shown in Figure 3, the measuring points 2#
and 1# were both arranged in the tunnel of the shed section. The distance between
the two measuring points was 60 m, and the distance from the upper mining face was
approximately 30 m. According to the borehole detection data, both sides of the roadway at
the 2# and 1# survey points are medium sandstone with moderate hardness. The sandstone
lithology in the 2# measuring point is relatively brittle and can easily fracture under the
influence of mining. The roof is hard sandstone. The floor of the 1# measuring point
contains approximately 7.2 m of sandy mudstone and clay rock, and the thickness of the
sandy mudstone at the 2# measuring point is only approximately 3.3 m.

The deformation of the two sides, the deformation of the roof and floor, and the
deformation velocity of the measuring points 2# and 1# are shown in Figure 5.
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Figure 5. Comparison of deformation amount and deformation velocity of roadway surrounding rock (a) measuring point

2# (b) measuring point 1#.

As can be seen in Figure 5, the surface displacement of measuring point 2# starts being
affected by the mining when it is approximately 40 m ahead of the working face, and 1#
only starts being affected by advance mining when it is 20 m away from the working face.
The accumulated deformation of the 2# measuring point is approximately 28 mm, and that
of the 1# surface displacement measuring point is 14 mm. The deformation of the right
side (leeward) of the roadway at the two measuring points is approximately 10 mm larger
than that of the left side. After mining approximately 70 mm, the deformation of both sides
gradually tends toward stability. After the working face is pushed through the measuring
point, the accumulated deformation of the 2# and 1# measuring points is 90 and 120 mm,
respectively, and the deformation of the roadway roof and floor at both sides continues.
From the deformation velocity of the roof and floor, the maximum moving velocity for the
roof and floor of the 2# and 1# measuring points is 4.25 and 7 mm/d, respectively. After
the working face pushes over 70 m, the deformation velocity of the roadway at the two
measuring points sharply decreases and gradually tends toward stability.

Through the deep detection of the surrounding rock near the 2# and 1# measuring
points, the deep separation layer and fracture development of the surrounding rock at the
side were observed as shown in Figure 6. From the drilling detection at different depths
shown in Figure 6, it can be seen that the left and right sides of the roadway are relatively
fractured within the range of 1.5 m near the 2# measuring point. In addition to the various
cracks at approximately 2.5 m on the right side, there is no obvious fracture phenomenon in
the surrounding rock at the depth of the measuring point. Moreover, from the perspective
of the fragmentation degree, the right side is obviously larger than the left side, which leads
to the displacement of the right side of the roadway and is greater than the displacement
of the left side. The left side of the roadway near the 1# measuring point was relatively
fractured in the range of 1.0 m, from 1.5 to 3.0 m, and crack development was not observed
in the rock surrounding the roadway. However, when the depth was 3.5-4.5 m, cracks in
the rock surrounding the roadway developed to a certain extent. This indicates that, in
this section, the surrounding rock was relatively fractured, compared with other sections,
and that the surrounding rock properties are poor. Therefore, when the mining stress is
transferred to the side of the floor roadway, the surrounding rock in this section is prone to
plastic deformation or even brittle failure. The fracture of the surrounding rock on the right
side of the roadway is mainly concentrated in the range of 1.0 m, and there is essentially no
crack development in the deep part of the surrounding rock. According to the shape of
the hole’s inner surface, there are circular ripples on the surface of the borehole when the
hole is 1.5-2.5 m, while the surface of the borehole is spiral at the depth of the borehole,
particularly when the hole is 3.5-4.5 m. This indicates that the hardness of the rock mass is
quite different at different borehole depths. When the surrounding rock is soft, the surface
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of the drilled hole has a circular or non-obvious ripple. However, when the surrounding
rock is hard, the ripple on the surface of the hole has spiral form.
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Figure 6. Borehole peep imaging.

3.1.2. Influence of Vertical Distance and Horizontal Distance between Roadway and
Overlying Working Face End on Surrounding Rock Stability

To investigate the influence of the vertical distance and horizontal distance between
the Dongsi main transportation roadway and the end of the overlying working face on the
stability of the surrounding rock, four measuring points were arranged. In the vicinity of
measuring point 3#, the vertical distance between the roadway and the overlying 1762(3)
working face is only approximately 10 m, while in the vicinity of the 4# measuring point,
the vertical distance between the roadway and the overlying working face is approximately
30 m. The horizontal distance between the measuring point 5# and the overlying 1762(3)
working face is approximately 47 m, while that of 6# is approximately 18 m.

The vertical distance between the 3# and the 4# measuring point and the working face
is different, and the deformation amount and deformation velocity curve of the upper part
are shown in Figure 7.

As can be seen in Figure 7, the cumulative deformation of the two sides near the 3#
measuring point is 90 mm, the maximum deformation speed reaches 3 mm/d, and the
average deformation speed is 1 mm/d during the mining influence. The deformation of
the surrounding rock slope tends toward stability when the working face pushes through
the measuring point at approximately 100 m. The cumulative deformation of the two
sides of the 4# measuring point is approximately 25 mm, and the maximum deformation
velocity is 2 mm/d. The average deformation velocity during mining is only approximately
0.7 mm/d. The deformation of the side begins to stabilize after the working face pushes
over the measuring point at approximately 50 m. Therefore, as the vertical distance
between the roadway and the working face becomes smaller, the degree of the mining
influence increases, and the mining influence time after the working face is mined becomes
longer. For the 3# measuring point, the maximum deformation velocity of the roof and the
floor of the roadway under the mining of the overlying working face reaches 12 mm/d,
and the average deformation velocity is still 2 mm/d when the working face passes
the 3# measuring point by 100 m. However, for the 4# measuring point, the maximum
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deformation velocity of the roadway top and floor is 6 mm/d, and the average deformation
velocity of the roadway is only 1 mm/d at 80 m after the measuring point.
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Figure 7. Comparison of deformation amount and deformation velocity of roadway surrounding
rock (a) measuring point 3# (b) measuring point 4#.

Measuring points 5# and 6# are both located in the new combined roadway, and the
supporting mode and surrounding rock properties are essentially the same. Before and
after mining, owing to the difference of the horizontal distance from the working face, the
rock surrounding the roadway also has different deformation and failure degrees. One
of the most obvious characteristics is the difference of the roadway surface displacement;
details are shown in Figure 8.
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Figure 8. Comparison of deformation velocity of roadway surrounding rock (a) measuring point 5#
(b) measuring point 6#.

As can be seen in Figure 8, during the mining of the overlying working face, the
maximum deformation velocity on the two sides of measuring point 5# was approximately
2.5 mm/d. As the working face moved forward, the deformation fluctuated on both
sides, but tended toward stability overall. Under the influence of mining, the maximum
deformation velocity on both sides of the 6# measuring point was 5.5 mm/d, which is
twice that of measuring point 5#. The maximum approaching velocity of the roof and floor
near measuring point 5# was 4.5 mm/d, and its average moving speed was approximately
2 mm/d under the mining influence. The maximum moving speed of the roof and floor
near measuring point 6# was approximately 14 mm/d, while the average deformation
velocity of the working face before and after mining was 4 mm/d, which is twice that of
measuring point 5#.



Energies 2021, 14, 5759

10 of 23

3.1.3. Influence of Position Relationship between Roadway and Overlying Working Face
on Surrounding Rock Stability

In view of the particular position of the Dongsi transportation roadway, the working
face and roadway in the joint roadway section are inclined across. Owing to the stability
of the surrounding rock in the shed section, the deformation of the surrounding rock is
small. In this study, the influence of the roadway on the surrounding rock deformation
and failure was only analyzed under the lateral and lower conditions of the working face.

The horizontal distance between the 7# and 8# surface displacement measuring points
and the track gateway is approximately 25 m, and the vertical distance is essentially the
same as that of the overlying working face, wherein 7# is located at the lateral position
of the overlying working face and 8# is located directly below the overlying working
face. Because 7# and 8# are located in the newly excavated combined roadway section,
the deformation law of the rock surrounding the roadway is quite different owing to the
different position of the working face under the conditions of the support mode, same
normal distance with the track gateway, and similar surrounding rock properties.

It can be seen from Figure 9 that the maximum deformation of the two sides of 7#
measuring point is 70 mm, the maximum deformation velocity is 6 mm/D, and the average
deformation velocity during mining is 2 mm/d. Moreover, the surrounding rock of the
roadway is still not stable, and the deformation is still continuing after the working face
passes through the measuring point about 160 m. The maximum approaching amount and
velocity of roof and floor are 160 mm and 17 mm/d. After the working face passes this
measuring point, the lateral abutment pressure still has a great influence on the deformation
and failure of the surrounding rock of the roadway, and the average moving speed of the
two sides can still reach 4 mm/d. The maximum deformation of both sides of the roadway
at 8# measuring point is 9 mm, the maximum deformation velocity is about 1.5 mm/d,
and the average deformation velocity affected by mining is 0.6 mm/d. When the working
face passes the measuring point about 60 m, the surrounding rock begins to become stable,
and the maximum approaching amount and velocity of roof and floor are 17 mm and
1.5 mm/d respectively. After the overlying working face crosses this point, the residual
abutment pressure of goaf has little influence on the surrounding rock deformation, and
when the working face has been mined for about 70 m, the surrounding rock of roadway
has been stable.
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Figure 9. Comparison of deformation amount and deformation velocity of roadway surrounding
rock (a) measuring point 7# (b) measuring point 8#.

3.1.4. Influence of Support Form and Strength on Surrounding Rock Stability

According to the support mode of the Dongsi main transportation roadway, the origi-
nal support at the 10# measuring point was scaffolding support with a shed distance of
600 mm, and two rows of bracing bars were constructed. The roadway at the 9% measur-
ing point is supported by bolt and anchor cable. The bolt specification is $20 x 2.2 m,
the spacing between the rows is 700 x 700 mm, the specification of the anchor cable is
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18 mm X 6.3 m, the spacing between the rows is 1400 x 1400 mm, and the arrangement
form of the anchor cable is 3-0-3. The measuring points 9% and 10# are located under the
working face, and the surface displacement and deformation law are shown in Figure 10.
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Figure 10. Comparison of deformation amount and deformation velocity of roadway surrounding
rock (a) measuring point 9% (b) measuring point 10#.

As can be seen in Figure 10, when the roadway is supported by bolt and cable and
the overlying working face is directly above the 9% measuring point, the slope starts being
affected by the mining stress and the maximum deformation velocity is only 1 mm/d. When
the working face passes the measuring point at approximately 70 m, the surrounding rock
deformation velocity is 0.5 mm/d, which indicates that the roadway gradually becomes
stable. The distance between the 10# measuring point and the working face is 90 m, owing
to the influence of mining. When the working face crosses the measuring point at 50 m, its
deformation speed can still reach 2 mm/d, which indicates that the rock surrounding the
roadway is still affected by mining.

3.2. Simulation of Surrounding Rock Stability for Inclined Span Roadway under Different
Support Conditions

3.2.1. Stress and Deformation of Rock Surrounding the Roadway Supported by Original
Bolt under Mining Influence

In the process of coal seam mining, the relative positions of the roadway and the
working face can be divided into three types according to the different distances between
the roadway and the working face: in front of the working face, directly below the working
face, and behind the working face. Therefore, the mining influence can be divided into
the advance mining influence, mining process influence, and lagging mining influence. To
elucidate the influence degree of mining at different roadway positions, combined with
the advance progress of the working face, the deformation failure and stress distribution
characteristics of the rock surrounding the roadway were simulated with consideration to
the roadway being 60 and 20 m away from the working face, and the positions of 20 and
60 m across the roadway. The stress field distribution and surrounding rock deformation
are shown in Figures 11-13.

As can be seen in Figures 11 and 12, the horizontal stress around the roadway was
approximately 5.0 MPa and the vertical stress was approximately 2.5 MPa when there
was no mining influence. When the working face advanced, the horizontal stress around
the roadway became 10 MPa and the vertical stress was 5 MPa. When the horizontal
distance between the working face and the roadway was 60 m, the advanced stress started
exerting its influence, and the effect was obvious. When the working face crossed the
roadway at 20 m, the horizontal stress and vertical stress of the roadway were still very
high, which indicates that the influence of mining was unstable. When the working face
crossed the roadway at 60 m, the horizontal and vertical stress values remained essentially



Energies 2021, 14, 5759

12 0f 23

unchanged, which indicates that the influence of mining on the rock surrounding the
roadway had become stable. As can be seen in Figure 13, when there was not mining
influence, the roadway roof subsidence was approximately 140 mm and the floor heave was
approximately 50 mm. When the working face advanced and crossed the roadway at 60 m,
the roadway roof subsidence reached 300 mm and the floor heave reached approximately
500 mm. As can be seen, the original support strength of the roadway no longer satisfied
the needs of upper working face mining.
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Figure 11. Horizontal stress distribution of roadway surrounding rock during bolt support.
(a) Working face is 60 m away from the roadway. (b) Working face is 20 m away from the road-
way. (c) Working face spans the roadway 20 m. (d) Working face spans the roadway 60 m.
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Figure 12. Vertical stress distribution of roadway surrounding rock during bolt support. (a) Working
face is 60 m away from the roadway. (b) Working face is 20 m away from the roadway. (¢) Working
face spans the roadway 20 m. (d) Working face spans the roadway 60 m.
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45 4 —m— Vertical displacement of roof when the roadway is not affected by mining
—o— Vertical displacement of floor when the roadway is not affected by mining
—A— Vertical displacement of roof when working face crosses the roadway 60m
—wv— Vertical displacement of floor when working face crosses the roadway 60m.
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Figure 13. Roadway displacement.

3.2.2. Stress and Deformation of Rock Surrounding the Lower Roadway under Different
Optimized Support Schemes

To ensure that the roadway can continue to be used while bearing enormous mining
stress, in this study, the two schemes of combined bolt and shed support and anchor-
shotcreting—grouting (Anchor Cable + shotcreting + grouting) were designed and compared.
The deformation and failure law of the roadway and overlying strata, and the stress
distribution characteristics of the surrounding rock brought about by the working face
mining under different supporting forms, were analyzed with regard to the vertical distance
of 30.3 m between the main roadway and the coal seam.

(1) Simulation results and analysis of combined bolt and shed support.

The stress field distribution and deformation of the surrounding rock are shown
in Figures 14-16.
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Figure 14. Horizontal stress distribution of surrounding rock of roadway supported by bolt and shed.
(a) Working face is 60 m away from the roadway. (b) Working face is 20 m away from the roadway.
(c) Working face spans the roadway 20 m. (d) Working face spans the roadway 60 m.
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Figure 15. Vertical stress distribution of surrounding rock of roadway supported by bolt and shed.
(a) Working face is 60 m away from the roadway. (b) Working face is 20 m away from the roadway.
(c) Working face spans the roadway 20 m. (d) Working face spans the roadway 60 m.
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Figure 16. Vertical displacement of working face when crossing roadway 60 m.

According to the stress distribution in Figures 14 and 15, when the roadway was
approximately 70 m away from the working face, the roadway was not affected by the
mining of the overlying working face. When the working face was 60 m away from the
roadway, the vertical stress of the roadway significantly increased, and the roadway started
being affected by the mining of the overlying working face. Therefore, the maximum
advance stress range was 60-70 m when the combined support of the bolt and shed was
used. When there was no mining influence, the horizontal stress around the roadway
was approximately 5.0 MPa and the vertical stress was approximately 2.5 MPa. After
mining, the horizontal stress and vertical stress of the rock surrounding the roadway were
approximately 10 and 5 MPa, respectively. Figure 16 shows the vertical displacement curve
of the rock surrounding the roadway when the working face roadway crossed at 60 m. As
can be clearly seen from the figure, the maximum roof subsidence and floor heave of the
roadway were approximately 350 and 800 mm, respectively, as the upper working face
advanced. Obviously, the combined support of the bolt and shed could not effectively
control the deformation of the surrounding rock.

(2) Simulation results and analysis for anchor-shotcreting—grouting support.
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The stress field distribution and deformation of the surrounding rock are shown

in Figures 17-19.
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Figure 17. Horizontal stress distribution of surrounding rock of roadway supported by anchor-
shotcreting—grouting support. (a) Working face is 60 m away from the roadway. (b) Working face is
0 m away from the roadway. (c) Working face spans the roadway 20 m. (d) Working face spans the

roadway 60 m.
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Figure 18. Vertical stress distribution of surrounding rock of roadway supported by anchor-
shotcreting—grouting support. (a) Working face is 60 m away from the roadway. (b) Working
face is 0 m away from the roadway. (c) Working face spans the roadway 20 m. (d) Working face spans
the roadway 60 m.
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Figure 19. Vertical displacement of working face when crossing roadway 60 m.

As can be clearly seen in Figures 17 and 18, when the working face was 60 m away
from the roadway, the roadway was not affected by mining. When the advancing distance
was 50 m from the roadway, the roadway was already within the influence range of
advanced mining in the upper coal seam. Therefore, it can be inferred that the maximum
influence range of the mining advance stress was 50-60 m. When the working face crossed
the roadway at 20 m, the roadway was still in the area influenced by mining. When the
working face crossed the roadway at 40 m, the roadway was essentially not affected by the
mining; when the working face crossed the roadway at 60 m, the stress did not change.
Therefore, the influence area of the mining lag was approximately 20-40 m. The horizontal
stress and vertical stress value of the rock surrounding the roadway did not obviously
change compared with the combined bolt and shed support, which is approximately
5-10 MPa. The vertical stress distribution clearly shows that the bolt and shotcreting
reinforcement can provide sufficient bearing capacity to the rock surrounding the roadway,
and maintain its stability under large stress. Figure 19 shows the vertical displacement
when the working face crossed the roadway at 60 m. As can be seen in the figure, when the
upper working face was mined, the roof subsidence of the roadway was approximately
40 mm, that is, 1/8 of the combined bolt and shed support. Additionally, the floor heave
was approximately 250 mm, which is 1/3 of the combined bolt and shed support. From
the above analysis, it follows that the bolting and shotcreting support measures greatly
improved the bearing capacity and stability of the rock surrounding the roadway.

3.3. Discussion

For the roof and floor, the surrounding rock properties greatly varied within the
influence range of mining. The lithology of the rock surrounding the roadway was stress-
transmission-oriented, and stress concentration could easily occur in parts with poor
lithology, which is a key factor in roadway deformation and failure. The roof lithology of
the Dongsi transportation roadway has hard characteristics, and the roof essentially did
not sink under the mining influence of the 1762(3) working face. However, the surrounding
rock properties at the floor are poor and the floor heave was severe after mining, accounting
for 95% of the roof and floor displacement; the maximum floor heave speed was 16 mm/d.
For the cross-mining roadway, when the distance between the roadway and the working
face was large, the roof was not affected by mining owing to the rapid attenuation of
mining stress. When the distance between the roadway and the working face was small,
the mining stress attenuation was slow and still exerted great influence on the deformation
and failure of the surrounding rock when it was transmitted to the floor roadway. Owing
to the action of the roof, the stress was transferred to two sides and squeezed in the interior
of the roadway, which lead to the inner extrusion of the shed legs and upward movement
of the roof. Therefore, the vertical distance between the roadway and the working face
was different, and the influence of the mining stress on the roof of the roadway floor was
also different, particularly on the two sides. When the vertical distance from the overlying
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working face was the same, and the horizontal distance from the working face edge or
coal pillar was different, the deformation and damage degree of the rock surrounding
the roadway was also very different. For the 5# measuring point, the horizontal distance
between the working face edge and the overlying working face was relatively large, which
weakens the influence of the stress concentrated at the edge of the working face on the
roadway. Moreover, the horizontal distance between the 6# measuring point and the
overlying working face was only 18 m. The stress concentration of the surrounding rock
was very high, owing to the severe deformation and damage of the rock surrounding the
roadway. Therefore, the influence degree of the deformation of the rock surrounding the
roadway decreased with the increase of the horizontal distance, and the influence degree
on the roof and floor was much greater than that on the two sides. The data obtained
from the monitoring points reveal that the vertical mining influence range of the working
face was approximately 3040 m, and the influence range of the horizontal mining was
approximately 50-60 m.

In the lower and lateral part of the working face, when the horizontal distance between
the roadway and the edge of the overlying working face or coal pillar was large, the
influence of the stress concentrated around the working face edge or coal pillar on the floor
roadway was weak, and the deformation of the rock surrounding the roadway was very
small. When the roadway was close to the edge of the working face or the coal pillar, the
floor roadway was in the strong mining influence range and the stress concentration degree
of the rock surrounding the roadway was very high, which led to the severe deformation
and failure of the roadway. When the relative position of the roadway and overlying
working face was different, the influence degree of the mining stress caused by the working
face on the rock surrounding the roadway was significant. In the lateral position of the
working face, the stress could reach 2-3 times the stress of the original rock. Under the
action of such high stress, the rock surrounding the roadway is prone to brittle failure.
The rock surrounding the working face has a great impact on the surrounding rock for
a long time after the working face is mined, which leads to the large deformation of
the surrounding rock. Under the goal of the working face, the increase coefficient of the
abutment pressure is typically less than 1. Because the abutment pressure is very small after
the working face is mined, it does not influence the deformation of the rock surrounding
the roadway, and tends to become stable soon thereafter. Hence, there is a big difference
between 7# and 8#.

Based on the in situ ground pressure test and numerical simulation analysis, it was
found that the bolt and cable support can effectively control the deformation of the roadway
side, and that the shed support has no obvious control effect on the side. When the bolt
and cable support is used, the mechanical properties of the surrounding rock are effectively
improved, and the anti-deformation ability of the surrounding rock is enhanced. Generally,
in the factors affecting the deformation and failure of the rock surrounding the cross-mining
roadway, the internal structure of the surrounding rock and the nature of the rock mass
determine the ability of the surrounding rock to bear the mining stress, and the vertical or
horizontal distance between the roadway and the overlying working face determines the
magnitude and degree of the mining influence on the roadway. The relationship between
the position of the roadway and the working face determines the area affected by mining,
and the supporting form and strength determine the bearing strength of the roadway
affected by mining and its adaptability to the dynamic pressure roadway. However, under
the original support conditions, the Dongsi main transportation roadway deformation was
severe, and the combined effect of the bolt and shed support was not satisfactory. During
the mining process of the upper coal seam, the vertical stress is concentrated on both sides of
the roadway, and the horizontal stress is concentrated on the roof and floor of the roadway.
The ground pressure behavior is severe, and the original support cannot effectively control
the deformation of the rock surrounding the roadway. Hence, it is necessary to adopt
high-strength support to control the surrounding rock deformation in time. Based on in situ
test and theoretical analysis, the reasonable support scheme should be considered from two
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aspects of surrounding rock modification and support strengthening. First of all, bolt and
cable support is used to improve the prophase support strength, control the deformation
of shallow surrounding rock and eliminate the separation phenomenon as far as possible,
further grouting to improve the internal structure of surrounding rock, improve the bearing
strength of surrounding rock, and weaken the development degree of internal cracks in
surrounding rock. Finally, surface shotcreting can improve the surface fragmentation of
roadway, further improve the overall bearing capacity of support structure, and effectively
control the surrounding rock deformation. When using “bolt shotcreting” to strengthen
the support, the anchor cable can play an active role in controlling the deformation of the
surrounding rock. Moreover, the anchoring depth is large, the bearing capacity is high,
and a great pre-tightening force can be exerted. Grouting can consolidate the broken rock
mass, improve the mechanical properties of the surrounding rock structure, and improve
the overall strength of the surrounding rock to increase its bearing capacity, which plays an
important role in ensuring the stability of the rock surrounding the Dongsi transportation
roadway. At the same time, passive support should be added in time to ensure the safety
of production.

4. Industrial Tests
4.1. Support Scheme Design

Based on the above analysis, the optimized support scheme design adopts bolt-
shotcreting-grouting to reinforce the main roadway. For the bolt support section and shed
support section, the support scheme and parameters are the same, but the construction
sequence of each support measure is different. The bolt-supported roadway adopts roof an-
chor cable—shotcreting—shallow grouting, while the shed supporting the roadway adopts
shotcreting—shallow grouting—roof anchor cable. The specific supporting parameters are
as follows.

For the key parts of the roadway, nine sets of high-prestressed single anchor cables
were arranged at the roof and side of the roadway, and a $300-mm-disc anchor cable tray
was equipped. The roof is made of a $21.8 mm x 6.3 m steel strand with hole depth of
6.0 m. The two sides are made of a steel strand with specification of $21.8 mm x 4.3 m with
a hole depth of 4.0 m. One roll of k2360 and three rolls of z2360 resin cartridge were used
for each hole of the roof anchor cable, and one roll of k2360 and two rolls of z2360 resin
cartridge were used for the side anchor cable. The pre-tightening force was 80-100 kN, and
the anchoring force was not less than 200 kN. The row spacing between the anchor cables
was 1300 x 1000 mm, as shown in Figure 20a.
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Figure 20. Schematic diagram of support scheme (mm). (a) Arrangement of side and roof anchor cables (b) Grouting

reinforcement parameter.
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The U-shaped steel shed and rock surrounding the roadway were closed by shotcrete.
The thickness of the shotcrete should be 70-100 mm. The concrete ratio was cement
with sand:gravel = 1:2:2. To ensure the grouting effect, the U-shaped steel shed must be
completely closed. After spraying, the concrete should be watered and maintained to
improve the strength of the shotcrete layer.

The grouting material was sulfoaluminate cement with a water cement ratio of
0.85-1.0, and was used to seal large cracks and reinforce the shallow fractured surrounding
rock mass. The length of the grouting pipe was 2.5 m, and the grouting pressure was
generally not more than 3.0 MPa. The grouting amount was not subjected to a large
amount of slurry leakage. The grouting sequence was as follows: low pressure grouting
was successively carried out from the grouting hole at the bottom corner of the roadway
until the space behind the U-shaped steel shed wall was filled. As shown in Figure 20b, the
details of the parameters are as follows:

(1) The grouting section and the anchor cable construction section were arranged at
intervals. An air hammer was used to drill holes. Each section was arranged with seven
holes, and the spacing between the rows was 1800 x 1000 mm. The grouting pipe at the
side was 500 mm away from the roadway floor, and the construction was carried out with
a downward inclination of 30°. The drill diameter was @ = 42 mm, and the grouting hole
depth was 3.0 m;

(2) The length of the grouting bolt was 2.5 m, the front hole diameter was 8 mm, and
the back-end hole diameter was 4 mm. The sealing material was hollow quick setting
cement roll, and the sealing depth was 0.3 m.

4.2. Monitoring Results

According to the layout diagram of the measuring points shown in Figure 3, the
surface displacement measuring points 11# and 12# were both arranged in the roadway of
the air intake section. The distance between the two measuring points was 60 m and the
points were approximately 30 m away from the upper mining face. After the reinforcement
of the Dongsi transportation roadway with the combined bolt-shotcrete—grouting support,
the deformation amount and deformation velocity curve of the roadway side, roof, and floor
are shown in Figure 21. Furthermore, the deep surrounding rock near the 11# measuring
point was monitored to master the deep layer separation of the surrounding rock. The
separation value of the side and roof with the distance of the working face under different
depths is shown in Figure 22.

—o— Two sides —o— Roof and floor 1240 —a— Two sides —a— Roof and floor
759 —o— Leftside —o—Roof —o— Left side —e— Roof
—o— Right side —4— Floor 4200 e 124 —a—Right side —4— Floor /\L‘/,. 45
60 £ _a
£ = o
£ S °
s ® g / 30
<4 S 6
£ 30 5 .
e e [ 15
31 3 e
vv'/v_‘/_
0 0 -
i - o= - Two sides/velocity o - @~ Roof and floor/velocity o 24 - - Two sides/velocity - - Roof and floor/velocity|
© - o- - Left side/velocity o - o~ Roofivelocity 110 £l u - - Leftside/velocity u- - * Rooffvelocity 3
E 4 - Right sidefvelocity | | - = Floor/velocity £ - Right sidefvelocity 24~ Floorfvelocity
= £ 18 v ' N
= 18 s
83 Sy g 2
] o 6 3 12 u
N a >
52 ot H
S - 2 S
g za 4 ] 1
A g .
E g 06 S
a / . o o @ AR ! B
[ i oo O eeoo]y O 00fd - 8.4, %4 -0]s eee e se - -eseeedel0
20 -40 -60 -80 -100 -120 -140 -160  -20 -40 -60 -80 -100 -120 -140 -160 30 0 30 60 -9 -120 30 0 30 60 -9  -120
Distance to working face/m Distance to working face/m

(a) (b)

Figure 21. Deformation amount and deformation velocity of roadway surrounding rock (a) measuring point 11#

(b) measuring point 12#.
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Figure 22. Surrounding rock separation near measuring point 11#.

As can be seen in Figure 21, the cumulative deformation of the 11# surface dis-
placement measuring point was 80 mm, and after the working face passed the point at
approximately 170 m, the deformation speed of the side was approximately 2 mm/d and
the roadway deformation was still unstable. The accumulated deformation of the 12#
measuring point was approximately 13 mm only when the point was 10 m away from the
working face. When the working face passed 70 m, the rock surrounding the roadway
began to stabilize. The accumulated deformation of the 11# and 12# measuring points
was 200 and 50 mm, respectively, after the working face was pushed, and the deformation
of the roadway roof and floor at the two measuring points was still ongoing. From the
deformation velocity of the roof and floor, the maximum moving velocity of the 11# and
12# measuring points was 11 and 3mm/d, respectively. After the 12# measuring point
was pushed over 100 m, the average moving speed of the top and bottom plate was only
0.5 mm/d. However, 170 m after measuring point 11#, the deformation speed could still
reach 4 mm/d. After the working face was pushed over the range of 130 m, from the two
measuring points to the end of the observation, the maximum cumulative deformation
on both sides of the roadway was 80 mm, the maximum cumulative deformation of the
roof and floor was 200 mm, the maximum deformation velocity of the two sides and the
roof and floor was 2 and 4 mm/d, respectively. The working face continued to advance,
the mining stress effect was not obvious, and the surrounding rock deformation tended
toward stability, which satisfied the needs of production.

As can be seen from the two sides of the roadway and roof separation in Figure 22, the
left side was within the range of 0-6.2 m, the layer separation value was 6 mm, and there
was no layer separation within the range of 0-2.5 m. In the range of 0-5 m, the separation
value of the right side was 51 mm. In the range of 0-2.5 m, the separation value was 29 mm
and accounted for 57% of the total separation value. In the range of 5-6.1 m, there was
no separation for the right side of the surrounding rock. Additionally, there was no layer
separation in the range of 0-5.4 m near the roof, but there was separation of 5 mm in the
range of 5.4-6.5 m. As can be seen, the layer separation of the right side of the roadway
is much larger than that of the left side, which confirms that the deformation of the right
side of the roadway was larger than that of the left side, to a certain extent. The rock
surrounding the roadway roof is hard and does not get affected by mining. Therefore, the
separation layer of the roadway roof was small. The surrounding rock at the floor of the
roadway was fractured and had poor integrity, owing to the great effect exerted by mining,
which can easily cause heave to the surrounding rock of the floor.

Based on a large amount of on-site monitoring data combined with numerical sim-
ulation methods, this paper has carried out research on the stability of the surrounding
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rock of the floor roadway of the diagonally spanning working face. There are few studies
on this type of roadway. In the process of advancing the overlying working face, the
influence range of bearing pressure is large and the time is long. Compared with the
transverse straddle roadway and longitudinal straddle roadway, the distance between the
floor roadway and the working face of the obliquely straddle working face is changing, and
the deformation affected by mining is more complex. In the support design of this kind of
roadway, more reference may be made to transverse straddle roadways and longitudinal
straddle roadways. In this paper, based on the field monitoring and numerical simulation
research, the laws of mining disturbance, surrounding rock deformation, stress release and
transfer, and fracture expansion of this kind of roadway in the process of advancing the
working face were described in more detail, which is more accurate. We carried out support
scheme design and optimization according to local conditions to lay a foundation, and,
compared with the original support method, the improved support scheme carried out
targeted optimization design (based on mining influence and deformation characteristics),
and more effectively combined the mutual coupling between the surrounding rock and
anchor cable, rather than separate passive support, so as to provide reference and reference
for the design of surrounding rock support scheme of floor roadway in similar obliquely
straddle working face in this mine and even other mining areas.

5. Conclusions

The main conclusions drawn from this study are as follows:

(1) According to the geological conditions of the Dongsi main transportation roadway
and its spatial relationship with the overlying 1762(3) working face, the laws of four
key factors influencing the stability of the rock surrounding the roadway were obtained
through theoretical and practical analysis. The results reveal that the surrounding rock
properties of the roof and floor vary greatly within the mining influence range, and the
rocks surrounding the two sides exhibit regional differences. The range of the vertical
mining influence on the floor rock roadway is approximately 3040 m, and that of horizontal
mining is approximately 50-60 m. The results reveal that the rock surrounding the lateral
roadway is greatly affected by mining, while the lower roadway is less affected. The
bolt cable support effectively controls the deformation of the roadway side, and the shed
support has no obvious control effect on the side;

(2) Using the FLAC2D numerical software, the deformation and failure of the rock
surrounding the inclined span working face and the dynamic pressure of the rock floor of
the roadway were simulated and analyzed using different support forms. Before and after
the working face mining, the influence range of the roadway mining was 60-110 m. The
original support conditions of the roadway deformation were severe, and the combined
effect of the bolt and shed support was not satisfactory. The use of anchor-shotcreting-
grouting (the strength grade of shotcrete is C20, and the cement used for grouting is 425#
grade ordinary portland cement) to strengthen the support significantly improved the
surrounding rock conditions and strengthened the surrounding rock;

(3) The anchor-shotcreting—grouting support scheme is proposed and was successfully
applied in practice. The ground pressure observation of the test roadway revealed the
following: The cumulative deformation of the two sides of the roadway was 80 mm; the
cumulative deformation of the roof and floor was 200 mm; the working face continued to
advance; the mining stress effect was not obvious; the surrounding rock separation value
was small; and the surrounding rock integrity was good. Finally, the deformation tended
toward stability, which satisfied the production requirements.
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