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Abstract: In order to solve the support problem of deep soft crushed coal roadway, a concentrated
cavern in a mining station of a mine is taken as the test object. Based on the analysis and summary of
the field observation data and the law of rock pressure appearance, a new technology of pressure
relief anchoring with the main body of “initiative support + borehole pressure relief” is proposed.
This new technology will carry out strong active support in the shallow part of the surrounding
rock and excavate a row of low-density large-diameter pressure relief boreholes in the deep coal
body of the roadway ribs. The numerical analysis model is established by FLAC3P, and the second
invariant of deviatoric stress (J,) is used as the analysis index to elaborate the influence of different
borehole parameters on the pressure relief effect of roadway surrounding rock. The results show
that different borehole parameters have different effects on roadway pressure relief, that is, borehole
depth > borehole length > borehole spacing. After the borehole process is used to relieve the pressure
of the surrounding rock, the deformation of the mining roadway side in the subsequent observation
process is always controlled within the range of 100 mm, and the shallow surrounding rock support
system is effectively protected. The comprehensive control effect is very obvious. Therefore, the field
practice proves that the supporting technology can effectively solve the problem of large deformation

support of similar roadway surrounding rock.

Keywords: deep soft crushed coal roadway; initiative support + borehole pressure relief; the second
invariant of the deviatoric stress (J); borehole parameter; large deformation

1. Introduction

With the increasing depletion of shallow coal resources, the depth and scope of coal
mining in China are constantly expanding, and the mining center of coal resources in
China is gradually shifting to the deep ground [1-4]. As the deep rock mass has the typical
complex occurrence of “high in-situ stress”, “high ground temperature”, and “high karst
water pressure” [5-10], and because of the impact of the strong disturbance caused by coal
mining, roadway damage has increased significantly in terms of duration and scope. This
has led to perennial renovation of roadways becoming the norm, seriously affecting the
safe and efficient production of coal [11-16]. Traditional technology theory has mainly
been used to deal with mining shallow coal resources, though it has been unable to explain
the continuous high-strength deformation of surrounding rock in deep roadways [17-20].
For this reason, domestic and foreign scholars have carried out fruitful explorations on
the mechanical properties of deep coal [21-24], the deformation and failure mechanism
and characteristics of deep surrounding rock [25,26], and the theory and technology of
surrounding rock control [27-29] from different disciplines. These explorations provide
valuable practical experience for the development and improvement of new theories and
technologies for deep mining. In view of the large degree of deformation of surrounding
rock in deep roadways, long continuous deformation time, the negative impacts of damage,
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and other control problems, domestic and foreign scholars have put forward a variety
of control theories and technologies for surrounding rock. These include controlling
the loose load of excavation rock mass acting on the support body [30], controlling the
deformation of surrounding rock [31,32], forming the bearing structure of surrounding
rock [33], strengthening the properties of surrounding rock by bolt grouting [34] and
relieving pressure inside surrounding rock [35]. Xia [36] determined the evolution rule
of the loose circle of roadway surrounding rock by simulating the blasting excavation of
deep roadway, which provided a feasible practical and theoretical basis for the support
of deep soft crushed roadway. Huang [37] analyzed and summarized the characteristics
of “three high and one disturbance" in deep roadway and proposed the theory of the
large deformation of surrounding rock rheology and structural instability in deep mining
roadway. Xie [38] proposed a comprehensive support technology based on bolt and
cable support by analyzing the factors affecting the stability of the surrounding rock-
bearing structure of the gob-side roadway, which strengthened the bearing structure of the
surrounding rock. Li [39] revealed the failure mechanism of bolt support for the problems
of high stress, soft surrounding rock, and support failure in the deep roadway, developed
high-strength bolt-grouting technology, and improved the quality of surrounding rock
support. Yang [40] took the return air roadway of a mine working face as their research
background and verified the feasibility of controlling the surrounding rock by excavating
the pressure relief roadway. The above research achievements provide valuable practical
experience for surrounding rock control of deep roadways. Aiming at the exploration and
research of borehole pressure relief, previous researchers focused on applying multiple
rows of high-density large-diameter boreholes to the roadway rib to realize the transfer
of high stress in the shallow surrounding rock, but this technology has been mainly used
to solve the problem of stress concentration in shallow surrounding rock. The traditional
surrounding rock borehole pressure relief theory technology used to solve the problem
of deep roadway surrounding rock deformation has the following drawbacks: (1) the
application of multi-row high-density boreholes in the roadway will aggravate the degree of
fragmentation of the shallow surrounding rock, and the bearing capacity of the surrounding
rock will further decline. At this time, the surrounding rock is in a low-stress state, and no
pressure relief is needed. (2) Due to the application of an intensive borehole, the supporting
structure of the shallow surrounding rock is destroyed, and the shallow supporting system
of the surrounding rock is sacrificed in the process of relieving pressure. Therefore, due
to the differences in deep mining conditions, strengthening support, surrounding rock
modification, and traditional pressure relief technology cannot effectively control the
deformation of surrounding rock and maintain the stability of the roadway. Moreover,
most of the above results take the single principal stress [41,42] as the research index,
especially in the aspect of borehole pressure relief, while the second invariant of deviatoric
stress (J») is not introduced as the evaluation basis. The second invariant of deviatoric
stress comprehensively considers the combined action of horizontal stress, vertical stress,
and shear stress, which can better present the deformation and failure of surrounding rock.

In view of the serious deterioration of the surrounding rock conditions of the cen-
tralized cavern and the failure of the support system, the mine adopted a series of high
strength surrounding rock reinforcement techniques, such as strong bolts, cable support
systems, and grouting, to improve the mechanical properties of the surrounding rock. The
control effect on the surrounding rock was not qualitatively improved, but the number of
roadway renovations was relatively reduced. With the continuous mining of the working
face, the cavern will be destroyed to a greater extent under the dual influence of high
stress and strong mining. In order to effectively solve the problem of the deformation
of surrounding rock and improve the damage to roadway, this paper proposes a new
pressure relief anchoring technology with “initiative support + borehole pressure relief”
as the main body, which is compared with the traditional pressure relief technology with
dense borehole as shown in Figure 1. The core of this technology is to excavate a row of
low-density large-diameter pressure-relief boreholes in the deep coal of the two ribs of the



Sustainability 2023, 15, 10226 3o0f 22

roadway. This is to ensure that effective space is provided for the high-stress transfer of
the two ribs of the roadway without destroying the shallow strong anchoring surrounding
rock structure. In this paper, the second invariant of deviatoric stress (/) [43—46] is used to
analyze the stress evolution law of surrounding rock under different borehole parameters.
The field engineering practice verifies the practicability of the pressure relief technology,
and the research results provide an important scientific basis for improving the surrounding
rock control of similar roadways. The research idea of this paper is shown in Figure 2.

(" Traditional dense |
pressure-released

[ Low density large

diameter pressure-

A row of Low density large diameter pressure-
& released holes are drilled in the deep coal of the
two sides of the roadway to ensure that the
pressure space is provided for the high stress
transfer of the two sides of the roadway on the
basis of not destroying the structure of the shallow
strongly anchored surrounding rock.
The yellow bar represents the bolt

The orange bar represents the grouted anchor
cable
The blue bar represents the grouting anchor
cable at the side of the roadway

Figure 1. The advantages and disadvantages of the traditional dense pressure-released holes technol-
ogy and the new excavation of low-density, large-diameter, pressure-released holes.

p ' , 1
Characteristics and problems of mine pressure in test A new pressure relief anchorage technology based on '
chamber under original support condition active support + borehole pressure relief" is proposed

conclusion
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Optimal combination of borehole parameters
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Figure 2. Research flow of this study.
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2. Engineering Situation
2.1. Engineering Geological Conditions

The buried depth of the test coal seam is 675 m, and the average coal thickness is 3.0 m.
The centralized cavern in a mining section is a rectangle with a width of 5.0 m x a height
of 3.0 m. The coal structure in which the cavern is located is complex and the fracture
development is clear. The centralized cavern in a mining section is shown in Figure 3.

Return air roadway
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2.
=
Q@
=
o
@

Aempeos uiney

Track roadway

Figure 3. Basic information about the centralized cavern in a mining section.

2.2. Characteristics of Mine Pressure in Surrounding Rock of Test Cavern

In order to ensure the normal operation of the mining work, the centralized cavern in
a mining section, as shown in Figure 4a, must be repaired every year. This undoubtedly
increases the redundant workload and greatly reduces the efficiency of safe mining. The
results of the surrounding rock movement of the transportation roadway in the working
face, as seen in Figure 4b, show that the surrounding rock movement of roadway in the
range of 120 m in front of the working face is more than 1.0 m. The surrounding rock
support failure diagram of the mining roadway in the advanced section of the working
face is shown in Figure 5. It can be seen that, under the influence of mining in this working
face, the mine pressure behavior of the roadway in the advanced section of the working
face is very severe, and that the mine pressure disturbance damage ability is strong.
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Figure 4. Cont.
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Figure 4. Observation results of roadway deformation around coal face. (a) Deformation curve of coal

roadway without working face disturbance and (b) deformation curve of roadway in an advanced
section of working face.

he coal wall of the roadway in the
Jadvanced section of the mining roadway
is_seriously squeezed, and the support

ffect of the roadway in the advanced
ction is _poor. , the rock pressure
turbance damage ability is strong)

Figure 5. A deformation diagram of surrounding rock support of mining roadway in an advanced section.

In summary;, it is concluded that, when the working face is mined to the designed stop
line, the centralized cavern in a mining section will be affected by the severe mining of the
working face and that a wider range of damage will then occur. At this time, the cavern is
seriously damaged and cannot meet the needs of mining production.

2.3. Problems Existing in The Test Cavern after Strengthening Support and Surrounding Rock
Modification Technology

In view of the phenomenon wherein the continuous, large deformation of the sur-
rounding rock of the test cavern must be regularly expanded and renovated, the roof of
the cavern in Figure 6a adopts a grouting anchor cable group with @ 21.8 x 9200 mm and
a row spacing of 2.4 x 3.6 m. The two ribs adopt the comprehensive control technology
of a grouting anchor cable with @ 21.8 x 6200 mm and a spacing of 1.2 x 1.8 m. The
above control technology was adopted in the field for the displacement of the surrounding
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rock of the chamber mining side; the observation results of the bolt (cable) and the field
deformation are shown in Figure 6b.
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However, from the field observation data, it is found
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strengthening support technology can not effectively
control the surrounding rock deformation of the
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Figure 6. Schematic diagram of the cavern’s reinforced support. (a) Comprehensive support control

]
Il Surrounding pressure moving amount

of roadway mining side
Il Stress monitoring of anchor cable _ L 300

400 =

200

@
%
]
»n

1600 «

mining side

100

Displacement of

2000

scheme and (b) field observation results and field analysis.

It can be seen from Figure 6 that the continuous deformation of the roadway surround-
ing rock cannot be effectively improved by strengthening support and surrounding rock
modification technology. With the continuous mining of the working face near the stop line,
the centralized cavern in a mining section will not be able to withstand the strong mining
influence of the working face, which in turn will lead to a wider range of deformation
and failure. Therefore, the continuous deformation of the roadway cannot be controlled
by control technology for the surrounding rock that comprises, in the traditional process,
strengthening supports and modifications to surrounding rock. In this paper, effective
measures are taken to control the deformation of surrounding rock by improving the stress
state of surrounding rock, so as to ensure that the test cavern meets the needs of efficient
and safe mining in the working face.
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3. Determination of Key Parameters of Borehole Pressure Relief Model
3.1. Numerical Calculation Model

In order to analyze the distribution and evolution law of the second invariant (J)
of the deviatoric stress of the surrounding rock of the roadway under different borehole
parameters more vividly and deeply, and to provide more reliable guidance for determining
the appropriate borehole parameters (borehole depth, borehole length, borehole spacing)
on-site, the FLAC3P numerical software was used to construct a numerical model of the
pumping station cavern in the mining area, according to the field engineering geological
data and conditions and as shown in Figure 7.

Siltstone
Siltstone

Silty clay rock
Roadway

Sandy mudstone

Coal
Carbonaceous mudstone
borehgle spacing boreholg spacing | Coarse sandstone
= Fine sandstone
Fine sandstone
; < Fine sandstone
- ‘ Siltstone

Figure 7. Numerical calculation model.

The model uses the Mohr-Coulomb yield criterion to constrain the horizontal dis-
placement of the left and right boundaries in the x direction, the front and rear boundaries
in the y direction, and the bottom boundary in the z direction. The vertical displacement in
the z direction of the bottom boundary of the model is constrained, the top boundary of the
model is constrained by stress, and the lateral pressure coefficient is 1.25.

3.2. The Second Invariant of Deviatoric Stress (];) Is Used as The Basis for Evaluating the Effect of
Pressure Relief

In order to better reveal the essence of the deformation and failure of the surrounding
rock of the cavern, this paper uses the deviatoric stress theory in elastoplastic mechanics
as the analysis basis, and the plastic deformation is mainly determined by the deviatoric
stress tensor invariant.

In elastoplastic mechanics, the stress tensor is usually divided into two parts. Some
of these are spherical stress tensors or hydrostatic stress tensors, while the other part is
the deviatoric stress tensor. The stress tensor can therefore be expressed by the following

formula [47]:
Ox Txy Tz

Oy = |Tyx Oy Tyz| =sij+ Om0jj
Tx Ty Oz (1)
0,i#7]

where a spherical tensor is the stress tensor component; 4;; is the Kronecker symbol; and s;;
is the skew component of the stress tensor.
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The invariant of the deviatoric stress tensor can be derived as

J2= %Sijzsji =3(512 + S2% + S37) >
%[(‘71 —n) +(—0) +(3—0) = )
H(ox —0y)? + (0 — 02) + (02 — 0%)* + 6(Tw® + Tye® + T2x2)]

where S1, Sy, S3 represent the components of the partial stress tensor.

In summary, the second invariant of deviatoric stress (/) is not only irrelevant to the
selection of coordinate system but also takes into account the damaging effect of normal
stress and shear stress on rock mass. Therefore, the second invariant of deviatoric stress (J,)
is selected to measure the plastic deformation of the surrounding rock. Compared with
the single principal stress, J, can accurately reflect the essence of the deformation of the
surrounding rock mass.

3.3. Evaluation Index of Borehole Pressure Relief Effect and Classification of Pressure Relief Degree

The aim of borehole pressure relief technology in deep coal roadway is to transfer the
high ], area of the two ribs of the coal roadway to the deep surrounding rock of the borehole
and improve the stress state of the surrounding rock surface. This is undertaken on the
basis of maintaining the shallow anchoring, so as to realize the pressure relief protection
of the surrounding rock of the continuous large deformation roadway. Once the borehole
operation is completed, the [, distribution in the coal rib will have an internal and external
asymmetric “double hump” stress area, hereinafter referred to as the “asymmetric bimodal
distribution”. The typical stress adjustment curve is shown in Figure 8.

(K(d.).d;)

distribution curve
fter pressure relief

(b)
Figure 8. Typical |, adjustment curve. (a) Typical ], adjustment curve plan and (b) elevation view of
typical ], adjustment curve.
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The direct evaluation index of the deviatoric stress relief effect: d;/d, (the ratio of
internal deviatoric stress peak to the original deviatoric stress peak), S;-K(;0) (the distance
from the borehole position to the original deviatoric stress peak position), K(;i)-K(40) (the
distance from the peak position of internal deviatoric stress to the peak position of original
deviatoric stress), de/d, (the ratio of external deviatoric stress peak to original deviatoric
stress peak), V(je) (the increasing range of the peak value of external eccentric stress),
K(ze)-K(40) (the distance from the peak position of the external deviatoric stress to the peak
position of the original deviatoric stress), V [K(e)-K(40)] (the transfer amplitude of the
peak position of external deviatoric stress). This paper comprehensively evaluates the
transfer effect of high stress around the roadway by analyzing the variation law of the
above evaluation indexes under the parameters of borehole depth (S4) and borehole length
(C4) and the pressure relief degree under the parameter of borehole spacing.

3.4. Determination of Key Borehole Parameters
3.4.1. Distribution of ], in the Surrounding Rock of the Cavern before the Borehole

The distribution of ], in the surrounding rock of the cavern before the borehole, but
after the excavation of the centralized cavern in a mining section, is shown in Figure 9.

J, (Pa®)
9.8x10"™*
9.1x10™*
8.4x10™°
7.7x10™°
7.0x10°*° 1
6.3x10°° 307
5.6x10"° )
4.9x10"™ <
4.2x10:’1§ ™ 01
3.5x10
2.8x10"°
2.1x10™°
1.4x10™° 110" o
7.1x10"?
1.0x10™

0 -

T T T T T !

0 5 10 15 20 25 30
Distance from roadway side (m)

Figure 9. Distribution of |, in surrounding rock of the antecedent cavern without a borehole.

Under the condition of no borehole pressure relief, the roof and floor of the surround-
ing rock of the cavern and the two ribs form a high J, annular zone, and the J, peak of the
two ribs of the roadway reaches 44.5 MPa?. When the working face advances to the final
mining line, the ], peak value of the surrounding rock of the cavern will be higher than
44.5 MPa?, and the cavern will also be damaged to a greater extent, which is not enough to
meet the needs of working face mining.

Therefore, this paper puts forward the surrounding rock control technology of cavern
borehole pressure relief. Then, the effect of different borehole parameters on the pres-
sure relief of surrounding rock is analyzed, and the best borehole pressure relief scheme
is determined.

The distribution of |, in the surrounding rock of the cavern under different borehole
depths, after the two ribs of the centralized cavern in a mining section have been excavated,
is shown in Figure 10.
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Figure 10. Distribution of ], in the surrounding rock of the antecedent cavern with different bore-
hole depths.
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3.4.2. Determination of Borehole Depth

Through the line chart in Figure 10, it can be seen that, under different borehole depths,

the J, of the surrounding rock of the cavern will appear in two asymmetric double peak
areas inside and outside, but that the change of the borehole depth will cause the ], value of
the surrounding rock of the roadway to continuously adjust. The distribution characteristics
of the surrounding rock J, under different borehole depths can be summarized as follows:

@

@

®)

4)

©)

Due to the excavation of boreholes in deep coal, the surrounding rock J, is redis-
tributed. It can be seen from the line chart that, with the increase of borehole depth,
the size and peak position of the inner peak (near the roadway rib) continue to ap-
proach the peak value of the undrilled stress. On the contrary, the size of the outer
peak gradually decreases, while the peak position has a tendency to shift to a deeper
position than the original peak.

When the borehole depth is 4 m, the peak value of the outer J; is 56.7 MPa?, and the
peak position is only 2.5 m away from the original position. There is still a high |,
annular zone around the roadway, and the range of high |, is basically consistent with
that without a borehole. Even after the borehole, the peak value of ], in the roadway
rib is higher than that without the borehole, and the high |, peak zone has a poor
transfer effect to the deep surrounding rock. This shows that the borehole depth of
4 m is ineffective for surrounding rock pressure relief.

When the borehole depth is 10 m, the internal ], peak is 29.1 MPa?, and the external
J» peak is 53.7 MPa?. Compared with the cases with no borehole and with borehole
depth of 4 m, there is no longer a high [, annular zone, and the influence range of the
high ], peak zone is greatly reduced. When the depth of the borehole is 10 m, and the
peak position of ], is transferred to the deep part of the surrounding rock by 8.5 m,
the peak area of ], outside the two ribs of the roadway has been effectively transferred
to the deep surrounding rock of the borehole, and the original anchoring effect of the
shallow part of the roadway is protected. This realizes the effective pressure relief of
the surrounding rock of the roadway.

When the borehole depth is 12 m, the high J; annular zone appears again around
the roadway surrounding rock. The peak value of internal ], is 39.1 MPa?, which
is only 5.4 MPa? lower than the original ], peak value. The peak value of external
J» is 42.7 MPa?. The two ribs of the roadway form a double peak high ], zone. The
existence of double J, peaks in the surrounding rock of the chamber is likely to cause
secondary damage to the rock mass of the roadway. The borehole depth of 12 m is not
conducive to the internal pressure relief of the surrounding rock.

When the borehole depth is 13 m, a larger range of high J, annular zone appears
around the surrounding rock of the roadway, and the range of the annular zone is
similar to that of the non-borehole. The peak value of the inner J, is 40.9 MPaZ, which is
only 3.6 MPa? lower than the original ], peak value, and the peak value of the outer ],
is 41.7 MPa?. The two ribs of the roadway will form a double peak high ], zone larger
than the 12 m range of the borehole. Therefore, a borehole according to this parameter
can easily lead to a larger range of secondary damage to the surrounding rock mass
and cannot protect the shallow support system of the roadway. A borehole depth of
13 m is more unfavorable to the internal pressure relief of the surrounding rock.

In order to determine the appropriate borehole depth more intuitively, the J, contour

cloud diagram in Figure 11a, stress distribution curve in Figure 11b, and pressure relief
evaluation index in Table 1 under different borehole depths are summarized as follows:
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Figure 11. |, contour cloud map and distribution curve of different borehole depths. (a) J, contour
cloud map of different borehole depths and (b) ], distribution curve under different borehole depths.
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Table 1. Pressure relief evaluation index under different borehole depths.

Sq/m d;/MPa? dildy K(dy)-K(do)/m de/MPa? K(de)/m deld, K(de)-K(do)/m
4 8.79 0.20 —45 56.7 11 1.27 2.5
10 29.1 0.65 -1 53.7 17 1.21 85
12 39.1 0.88 0 42.7 18 0.96 9.5
13 40.9 0.92 0 41.7 19 0.94 10.5

3.4.3. Determination of Borehole Length

The distribution of |, in the surrounding rock of the cavern under different borehole
lengths, after the two ribs of the centralized cavern in a mining section have been excavated,
is shown in Figure 12.
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Figure 12. Distribution of ], in surrounding rock of antecedent cavern with different borehole lengths.

It can be seen from the broken line diagram of Figure 12 that, under different borehole

lengths, there are also two asymmetric double peak areas in the surrounding rock J, of the
cavern, but that the change of the borehole length causes the ], value of the surrounding
rock of the roadway to be continuously adjusted. The distribution characteristics of the
surrounding rock [, under different borehole lengths can be summarized as follows:

@

@)

®)

4)

The adjustment of borehole length will not change the shape and value of ], in the
deep surrounding rock after borehole operation. The peak value of outer |, increases
and the effect of deep transfer to surrounding rock is obvious.

The change of borehole length does not cause significant changes in the peak value of
internal ], but has a certain influence on the peak value and position of external |, as
well as on the distribution range of crescent J, peak area in the figure.

When the borehole length is 2 m, 3 m, 4 m, or 5 m, the peak value of external J, is
43.6 MPaZ, 44.5 MPa?, 49.0 MPaZ, and 53.7 MPa?, respectively. It can be seen that the
change in borehole length has a certain influence on the growth of external ], peak
value, 2 m — 3 m (2.06%), 3 m — 4 m (10.11%), 4 m — 5 m (9.59%).

With the increase of borehole length, the peak value of outer J, has a tendency to
transfer to the deep part of the surrounding rock. Compared with the peak position
of J, without borehole, the peak position of |, with borehole lengths of 2 m, 3 m, 4 m,
and 5 m is transferred to the deep part by 4.5m, 5.5 m, 7 m, and 8.5 m, respectively.
Compared with the change range of the ], value, the transfer range of the ], position
is larger, 2 m — 3 m (22.22%), 3 m — 4 m (27.27%), 4 m — 5 m (21.43%).

In order to determine the appropriate borehole length more intuitively, the [, contour

cloud diagram in Figure 13a, stress distribution curve in Figure 13b, and pressure relief
evaluation index Table 2 under different borehole lengths are summarized as follows:
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Table 2. Pressure relief evaluation index under different borehole lengths.

Cq/m d;/MPa? K(d)/m K(d;)-K(do)/m d./MPa? deld, V(de) % K(de)/m K(do)K(do)/m  V [K(de)-K(do)1/%
2 315 7.5 -1 43.6 0.98 - 13 45 -
3 30.3 7.5 -1 44.5 1.0 2.06 14 5.5 22.22
4 29.5 7.5 -1 49.0 1.10 10.11 155 7 27.27
5 29.1 7.5 -1 53.7 1.21 9.59 17 8.5 21.43

3.4.4. Determination of Borehole Spacing

The distribution of |, in the surrounding rock of the cavern under different borehole

spacing conditions, after digging pressure relief holes in the two ribs of the centralized
cavern in a mining section, is shown in Figure 14.
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Figure 14. The curve and program of ], distribution of cavern surrounding rock at different spacings.

It can be seen from Figure 14 that, under the premise of selecting the appropriate

borehole depth and borehole length, the appropriate borehole spacing can release the high
stress around the borehole and avoid the stress concentration between the holes. The
distribution characteristics of surrounding rock J; under different borehole spacings can be
summarized as follows:

@

@)

®)

Through the analysis of the stress curve in Figure 13, it can be concluded that, although
the borehole spacing is different, the peak value of ], along the axial direction of the
cavern always appears near the middle of the two boreholes, and with the increase
of the borehole spacing, the peak value of ], gradually increases, and the influence
range of the high ], peak zone between the pressure relief holes increases.
Combined with the analysis of the stress cloud diagram of Figure 14, when the
borehole spacing is 5~6 m, a stress concentration occurs in the surrounding rock
between adjacent boreholes. This clearly shows that the high stress is transferred to
the vicinity of the borehole due to the excessive selection of the borehole spacing,
which is not conducive to the release of high stress between adjacent boreholes.
When the borehole spacing is 2 m, 3 m, and 4 m, the maximum J, values of the adjacent
borehole space rock mass are 10.1 MPa?, 10.5 MPa?, and 12.4 MPa?, respectively. Due
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to the small borehole spacing, the stress concentration phenomenon no longer occurs
around the borehole, thus demonstrating the realization of the pressure relief work of
the high-stress transfer to the deep surrounding rock in the direction of the borehole
profile. Finally, considering the construction progress and economic benefits, the
borehole spacing should not be too small.

In summary, by analyzing and comparing the distribution, evolution, and pressure
relief effect of surrounding rock J, under different borehole parameters, it is concluded that
different borehole parameters have different pressure relief effects on the roadway;, that is,
borehole depth > borehole length > borehole spacing. According to the basic geological
conditions of the test cavern, and taking into account the construction progress of the on-site
hydraulic punching, a suitable borehole parameter scheme was designed comprising a
borehole depth of 54 = 10 m, length of C4 = 5 m, and spacing of 4 m. The adjustment of ],
before and after the borehole of the surrounding rock of the cavern, under these borehole
parameters, is shown in Figure 15.

ree dimensional
tion before pressure
relief

) »
P
i} Start borehole
I after the
deep 4 original stress
surrounding S peak
rock

Transfer of /
high stress to ¥ ‘

Figure 15. Adjustment of ], before and after cave formation in cavern surrounding rock.
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4. Engineering Application

By analyzing the results of field observation data and the characteristics of mine
pressure behavior, a new pressure relief anchoring technology is proposed—"initiative
support + borehole pressure relief”—as the main body of strong active support in the
shallow part of the surrounding rock and the excavation of a row of low-density large-
diameter pressure relief boreholes in the deep coal body of the two ribs of the roadway. The
comprehensive control technology scheme and control effect of the roadway surrounding
rock is shown in Figure 16.

------

the grouting anchor cable at the side of the \:
roadway i
1
1
U

@ 21.8X6200 mm Spacing: 1.2x1.8 m

| e SNSRI S S ——_

the grouted anchor cable
@ 21.8X9200 mm Spacing: 2.4 X3.6 m

_______

Front view

Deep large \

diameter

Figure 16. Comprehensive control technology scheme and control effect of roadway surround-
ing rock.

Observation of surrounding rock data

The displacement of surrounding rock and the stress of anchor cable before and
after the pressure relief of the centralized cavern were observed and counted. The field
observation effect is shown in Figure 17.
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Figure 17. The observation effect diagram of surrounding rock at three measuring points of chamber
A,Band C.

From the variation curve of the surrounding rock movement of the mining roadway
side of the cavern before and after borehole pressure relief, shown in in Figure 17 (the actual
borehole time of each station is marked in the figure), it can be seen that, by comparing
the approaching amount of the surrounding rock of the mining roadway side before and
after borehole pressure relief, the surrounding rock of the mining roadway side before
borehole converges and deforms to the chamber space at a faster speed. When the mining
roadway side adopts internal pressure relief measures, the displacement of the mining
roadway side increases by a small margin and the displacement of the mining roadway
side is finally maintained at about 100 mm. After the internal pressure relief of the mining
roadway side of the cavern, the stress growth rate of the anchor cable is clearly reduced.
At this time, the stress of the anchor cable on the roadway rib is less than 200 kN, and it is
within the reasonable range of the anchor cable. Once the borehole operation had become
stable, the deformation of the surrounding rock of the test cavern was well controlled,
the support system did not undergo significant damage and deformation, and the field
achieved ideal results.

It can be seen that the borehole pressure relief technology realizes the transfer of high
stress to the deep part of the surrounding rock without destroying the shallow anchoring
ability of the surrounding rock, effectively controlling the continuous deformation of the
surrounding rock on both ribs of the cavern, and that the pressure relief effect is remarkable.

5. Conclusions

The continuous deformation of the surrounding rock of the roadway cannot be ef-
fectively improved, even after a series of high-strength reinforcement technologies for
surrounding rock, such as strong anchor cable support system and grouting, are imple-
mented in the cavern of a mine’s concentrative pumping station to improve the mechanical
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properties of the surrounding rock. Seeking to improve the stress state of the surrounding
rock, this paper proposes a row of low-density, large-diameter, pressure relief boreholes in
the deep coal body of the two ribs of the roadway. On the basis of maintaining the strong
anchoring of the surrounding rock structure in the shallow part, a new pressure relief
anchoring technology with “initiative support + borehole pressure relief” as its main body
is provided to provide compensation space for the high-stress transfer of the two ribs of the
roadway. The field construction test proves that the pressure relief effect of this technology
is good. The test results provide a new way for studying the large deformation and failure
of surrounding rock in similarly deep roadways and have important engineering reference
significance. The conclusions are summarized as follows:

(1) By analyzing and comparing the distribution, evolution, and pressure relief effect of
surrounding rock |, under different borehole parameters, it is concluded that different
borehole parameters have different effects on the pressure relief effect of a roadway,
which is simply summarized as borehole depth > borehole length > borehole spacing.
When the borehole depth increases from 4 m to 13 m, the peak value of ], (near the
roadway rib) gradually increases but is smaller than the peak value of |, without the
borehole, and the peak value of ], shifts to the deep part of the surrounding rock with
the increase of borehole depth. When the depth of the borehole is 10 m, the peak
position of |, is transferred to the deep part of the surrounding rock by 8.5 m, which
not only protects the original anchoring effect in the shallow part of the roadway but
also effectively transfers the peak zone of |, outside the two ribs of the roadway to
the deep surrounding rock of the borehole. This realizes the effective pressure relief
of the surrounding rock of the roadway.

(2) The J; peak value (d;) and its position relationship are related to the borehole depth.
The adjustment of borehole length will not change the |, shape, position, and nu-
merical value within 10 m of the roadway after drilling. The peak value of outer |,
has increased, and the effect of transferring to the deep part of the surrounding rock
is obvious. Therefore, the buffer compensation space can be provided for the high
J2 transmission and the surrounding rock deformation by reasonably increasing the
borehole length.

(3) On the basis of selecting the appropriate borehole depth and borehole length, the
appropriate borehole spacing can release the high stress of surrounding rock and
avoid the stress concentration between holes. When the borehole spacing is greater
than 5 m, due to the excessive selection of borehole spacing, the higher stress is
transferred to the vicinity of the borehole, which is not conducive to the release of
high stress between adjacent boreholes. When the borehole spacing is less than 4 m,
the borehole spacing is small, and the stress concentration phenomenon no longer
occurs around the borehole, thus realizing the pressure relief work of the high-stress
transfer to the deep surrounding rock in the direction of the borehole profile. However,
considering the economic factors, the borehole spacing should not be too small.

(4) At present, from the perspective of on-site borehole construction progress, borehole
equipment seriously restricts borehole efficiency and affects the normal operation of
on-site mining work. Therefore, we need to develop more advanced and efficient
borehole equipment to meet borehole needs and coordinate on-site construction
progress more efficiently. In addition, due to the different borehole conditions under
special geological conditions, we will continue to extend the borehole pressure relief
technology to different geological conditions in the future to further improve the
borehole pressure relief system.
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