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Drilling of large-diameter boreholes is regarded as an effective measure for rockburst prevention. By investigating the
morphological characteristic and evolution of plastic zone in borehole surrounding rock, the pressure-relief mechanism of
large-diameter borehole was ascertained, and the engineering application of large-diameter boreholes was assessed in the 13230
working face of Gengcun Coal Mine, Henan Province, China. The results showed that (1) the plastic zone in surrounding rock
of borehole appear as circular, elliptical, and butterfly shapes, in which the maximum size of the butterfly wings of the plastic
zone is several times larger than the borehole diameter; (2) under certain stress conditions, multiple large-diameter boreholes
distributed in coal seam with rockburst risk lead to the generation and coalescence of large-range butterfly-shape plastic zone.
They reduce the stress concentration and capacity for storing elastic energy of coal seam, thus reducing the rockburst risk of
the coal seam; (3) large-diameter boreholes significantly decrease the stress concentration in front of the 13230 working face

and improve the stress environment in the head entry, promoting the safe mining of the working face.

1. Introduction

Rockburst is one of the major engineering disasters caused
by the violent release of accumulated strain energy in deep
underground projects [1]. This phenomenon is often accom-
panied with the ejection of rock fragments, which would
directly threaten the safety of workers [2, 3].

In recent years, rockburst have become more serious
due to the increasing mining intensity and depth. For a
long time, rockburst prevention and control in coal mines,
as one of major research topics on prevention and control
of mine disasters, has attracted much interest among
scholars and engineering technologists. In early studies,
many scholars elaborated the causes of static and dynamic
failure of coal and rock mass from different perspectives
and formed many classical theories, such as energy theory,
strength theory, stiftness theory [4, 5], burst proneness theory

[6], instability theory [7], and “three factors” theory [8]. With
the introduction of interdisciplinary disciplines such as
mathematics and mechanics into this research field, burst
start-up theory [9], catastrophe theory, and chaos theory
have been formed [10, 11].

At present, the consensus is that the stress concentration
degree and accumulation capacity for elastic energy in coal
and rocks can be artificially lowered to prevent and control
the rockburst. The type of pressure-relief measures in coal
seams mainly include coal-seam water infusion, deep-hole
blasting, and pressure relief through large-diameter bore-
hole. Due to some unique advantages such as convenient
and fast construction and small disturbance, large diameter
pressure-relief borehole has been widely used in many mines
prone to rockburst in China as an effective and conventional
measure for rockburst prevention [12]. In engineering prac-
tice, large diameter pressure-relief borehole was investigated


https://orcid.org/0000-0001-5946-2750
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5469999

in Yuejin Coal Mine, and more than 3100 boreholes were
drilled along the haulage gateway in the coal body [13]. In
order to reduce the influence of geo-stress distribution on
safety mining near the fault areas, the large diameter bore-
hole large diameter method was used to conduct in situ
geo-stress measurements [14]. Therefore, investigation on
the pressure-relief mechanism of large-diameter boreholes
is of significance for further enriching the theory on rock-
burst prevention and control and promoting the safe and
efficient working of mines prone to rockburst.

In terms of pressure-relief and rockburst-prevention
mechanism and the effect evaluation of large-diameter
boreholes, many scholars have conducted effective studies
from different perspectives. Jia et al. [15] thought that the
fundamental reason why large-diameter boreholes show
the pressure-relief effect is that cracks around borehole
propagate and coalesce, releasing the concentrated stress
accumulating in coal seams; moreover, the pressure-relief
effect of boreholes is directly proportional to the borehole
diameter and depth while inversely proportional to the
borehole spacing. Jiao et al. [16] suggested that large-
diameter boreholes distributed in coal seams may decrease
the peak particle velocity in dynamic conditions velocity
and degree of stress concentration and its extent in the rock
surrounding a roadway subjected to dynamic loads and
increase the attenuation length of the elastic energy, thus
greatly decreasing the possibility of a rockburst in the road-
way. To reduce the rockburst risk in large coal pillars, Li
et al. [17] realized the passive transfer of the concentrated
stress in large coal pillars by distributing large-diameter
boreholes with reasonable depth and spacing. Xiao et al.
[18] found that the area subject to stress-concentration on
the floor is shifted to greater depth by distributing large-
diameter boreholes across the floor and increasing their
diameter. In this way, the range of the stress-drop zone is
expanded, and the rockburst risk in the roadway floor is
decreased. By further exploring the pressure-relief mecha-
nism afforded by boreholes through the similar simulation
tests, Qi et al. [19] found that the borehole diameter
delivers a significant size effect on the pressure-relief effect
and they provided a reasonable range of the borehole diam-
eters acceptable to provision of pressure relief. By analyzing
the pressure-relief effects of boreholes with different diame-
ters through numerical simulation, Li et al. [20] showed that
the borehole diameter is directly proportional to the
pressure-relief effect, which is weakened when the spacing
between boreholes for pressure relief exceeds some critical
value. Zhu et al. [21] proposed to assess the residual hazard
of pressure-relieved coal seams with rockburst hazard by
using an energy dissipation index and proposed a method
with which to quantify the parameters of large-diameter
boreholes. Wei [22] suggested that the growth of the borehole
diameter and depth can improve the pressure-relief effect of
coal seams prone to rockburst. Many scholars have explored
the fajlure mechanism of brittle hard rock drilling by means
of laboratory experiments and numerical simulation and dis-
cussed the influence of drilling size, rock strength, load, and
other parameters on the failure range of drilling [23-27].
However, the above research is only limited to sandstone or
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marble with high strength and rarely involved in coal with
low strength drilling. The research results provide a basis
for the present study.

By taking the specific engineering and geological condi-
tions in Gengcun Coal Mine, Henan Province, China, as the
research background, the rockburst-prevention mechanism
of large-diameter boreholes was analyzed by studying the
morphological characteristics and evolution of plastic zone
in the borehole surrounding rock based on the butterfly-
shape plastic zone theory. In addition, an engineering case
study was performed.

2. Pressure-Relief Mechanism of Large-
Diameter Borehole

2.1. The Formation Mechanism and Morphological
Characteristic of Plastic Zone of Large-Diameter Borehole
Surrounding Rock. The construction of large-diameter bore-
holes in coal seam is similar to the layout of a small roadway
[28]. After excavating a roadway or drilling a borehole in
coal and rocks, the stress in the surrounding rock of the road-
way or borehole is redistributed, and plastic zone appear in
the shallow part of the surrounding rock. Therefore, it is
feasible to establish a mechanical model (Figure 1) for the
surrounding rock of borehole in a nonconstant stress field
by taking the zone with borehole with a radius of a (generally
being five times the borehole radius) as the separator. The
loads on the boundary of the model are determined as P,
and P;.

The equation for the boundary of the plastic zone in sur-
rounding rock of circular borehole in nonuniform stress field
conditions derived according to literature [29] is described as
follows:
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where C and ¢ separately refer to the cohesion and internal
friction angle of the borehole surrounding rock; r and 6 sep-
arately represent the polar coordinates of the boundary of the
plastic zone in the borehole surrounding rock; a stands for
the radius of the borehole; and P, and P, denote the loads
on the boundary of the model.
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Ficure 1: The mechanical model for the surrounding rock of
borehole in nonconstant stress field.
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F1GURE 2: The numerical calculation model of borehole.

Therefore, the morphological characteristic and size of
the plastic zone in the borehole surrounding rock depends
on the stress field (that is, the bidirectional boundary load
ratio P,/P;) of the boreholes and on fixed mechanical prop-
erties (C and ¢) of the surrounding rock.

The morphological characteristics of the plastic zone in
surrounding rock of the borehole were analyzed by numeri-
cal simulation method. A numerical calculation model
(Figure 2) with dimensions of 40m x40 m x 1 m (length x
width x thickness) was established, with the borehole diam-
eter being 153 mm. The displacements around the model
in three directions (x, y, and z) were fixed and that in the
y -direction was fixed as for both the front and back bound-
aries. The immediate floor of the model exhibits consistent
mechanical parameters with the coal seam, and the loads
on the vertical and horizontal boundaries were separately
set to P, and P;. The mechanical parameters of coal seam
and floor are shown in Table 1.

Under different stress conditions, the plastic zone mor-
phological characteristics of borehole surrounding rock are
obviously different (Figure 3). As shown in Figure 3, when
the bidirectional boundaries load ratio P,/P; is 1, Figure 1
shows a mechanical model under bidirectional constant

3
TaBLE 1: The mechanical parameters of coal seam and floor.
Lithology o./MPa o, /MPa C/MPa ¢/
Coal seam and floor 26 1.3 3 25

o.: compressive strength; o: tensile strength; C: cohesion; ¢: friction angle.
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Ficure 3: The plastic zone morphological characteristics of
borehole surrounding rock under different stress conditions.

stress field, and Equation (1) for the boundary of plastic zone
in borehole surrounding rock is the standard equation for
circle. In this case, the boundary of the plastic zone is circular
(Figure 3(a)). When P, remains unchanged and P,/P,
increases to 1.7, the boundary in the horizontal direction
gradually broadens while that in the vertical direction
becomes narrower. The maximum and minimum radii of
the boundary of the plastic zone separately occur in the trans-
verse and longitudinal axes, and the boundary of the plastic
zone becomes ellipse-like in shape (Figure 3(b)). When P,/
P, reaches 2.5, the profile of the plastic zone boundary is con-
cave at coordinate axes while protrudes in four quadrants,
thus appearing as a butterfly shape (Figure 3(c)). Moreover,
the maximum radius of the boundary of butterfly-shape plas-
tic zone occurs in the vicinity of the angular bisector of the
included angle between coordinate axes.

2.2. The Pressure-Relief Mechanism of Large-
Diameter Borehole

2.2.1. Evolution of Plastic Zone of Large-Diameter Borehole.
According to the literature [30], Figure 4 shows the morpho-
logical characteristics of the plastic zone around boreholes
with different distances to the 13230 working face in
Gengcun Coal Mine when the working face is advanced by
30m, and the borehole diameter is 153 mm.

As shown in Figure 4, at different distances to the work-
ing face, both the maximum and minimum principal stresses
differ as do the morphological characteristics and range of
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F1GURE 4: Evolution of the plastic zone around large-diameter boreholes.

the plastic zone around the large-diameter boreholes. In the
range of 100 m from the working face, the plastic zone of the
surrounding rock is elliptic and butterfly shape influenced
by mining stress, and the smaller the distance to the working
surface, the larger the size of plastic zone. At a position to
the working face not lower than 20 m, the ratio of the max-
imum principal stress to the minimum principal stress is
about 1.9, and the plastic zone is distributed in an elliptical
shape, with the maximum radius occurring along the trans-
verse axis.

The plastic zone around four shoulder angles of a bore-
hole extend outwards at a position 10m from the working
face. With decreasing distance from the working face, the
ratio of the maximum principal stress to the minimum prin-
cipal stress gradually rises, and the boundary of the plastic
zone in vertical and horizontal directions varies (albeit only
slightly). The maximum size of the plastic zone gradually
extends to the deep part along the angular bisector of the
included angle between coordinate axes, and the plastic zone
gradually evolves into a butterfly shape. At positions 4 m and
6 m from the working face, the maximum sizes of the butter-
fly wings of plastic zone are 0.91 m and 0.65m, which are
11.9 and 8.5 times of the borehole radius.

2.2.2. The Pressure-Relief Mechanism of Large-Diameter
Borehole. When constructing large-diameter boreholes in
coal seam with rockburst hazard, a certain range of plastic
zone is generated after coal around the boreholes is
subjected to mining stress. Under certain stress conditions,
the maximum radius of the plastic zone of a single borehole
can be several times larger than the borehole diameter. In
the case that large range plastic zones are generated and coa-
lesce around multiple large-diameter boreholes (Figure 5),
the elastic energy accumulated in the coal seam is slowly
released, and the peak stress reduced as well; thus, large
pressure-relief areas are formed, and the area of stress

Boreholes

FIGURE 5: The pressure-relief principle of large-diameter boreholes.

concentration is shifted to greater depth in the coal seam.
Therefore, in terms of the prevention and control of rock-
burst, the large-diameter borehole mainly function in two
ways. One is relieving pressure, that is, the coalesced plastic
zone around boreholes can alleviate the stress concentration
and the rockburst hazard in coal seam. The other way is by
changing the mechanical properties of coal seam, that is,
the generation of plastic zone around boreholes weakens
the capacity of coal seam to store elastic energy, thus
decreasing the risk of rockburst [15, 31].

3. Engineering Application

3.1. Engineering Background. The Gengcun Coal Mine,
located in the middle part of Yima Coalfield, Henan Prov-
ince, China, is the main mine of Yima Coal Company,
Henan Energy and Chemical Industry Group Co., Ltd. In
the mine, the 2-3 coal seam with a dip angle of 9° to 13" is
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F1GURE 7: The layout of large-diameter boreholes drilled in tail entry. (a) The plan view of the large-diameter boreholes layout. (b) The

crosssection of the layout of large-diameter boreholes.
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FiGure 8: The distribution of large-diameter boreholes drilled in the head entry. (a) The plan view of the large-diameter boreholes layout.

(b) The crosssection of the layout of large-diameter boreholes.

mainly mined, showing strong rockburst proneness. In
December 2015, a severe rockburst accident happened in
the head entry of the 13230 working face affected by the
mining stress. It caused different degrees of burst failure in
the roadway about 150m in front of the working face of
the head entry and led to casualties and economic loss.
The layout of the working face is shown in Figure 6.

Both the crosssection of the head entry and tail entry of
the 13230 working face appeared as a semicircular arch mea-

suring 6.2 m x 4.15 m (width x height). A coal pillar with the
width of 8m was set between the tail entry of the 13230
working face and the goaf of the adjacent 13210 working
face.

3.2. The Engineering Application of Large-Diameter
Boreholes for Pressure Relief. To reduce the risk of the burst
failure occurring again in roadways during the mining of the
13230 working face, large-diameter boreholes were drilled
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FIGURE 9: Curves of the energy and its frequency obtained based on MS monitoring. (a) MS monitoring data in December 2017. (b) MS

monitoring data in January 2018.

from the lower side of the tail entry and upper and lower
sides of the head entry within the range of 300 m ahead of
the working face (as shown in Figures 7 and 8). To alleviate
the stress concentration of the advanced abutment pressure
on the working face, the depths of the large-diameter bore-
holes drilled from the lower side of the tail entry and the
upper side of the head entry in the 13230 working face were
no less than 30 m and that from the lower side of the head
entry were no less than 25m. In addition, the dip angle of
the large-diameter boreholes was adjusted (as appropriate)
to guarantee that the boreholes were always distributed
within coal, in which the dip angle of those boreholes drilled
from the upper side of the head entry was within 10° to 13°
and those from the lower side of the tail entry and the lower
side of the head entry were between 1° and 3°. Existing stud-
ies showed that the larger the borehole diameter, the better
the pressure-relief effect; moreover, large-diameter boreholes
were difficult to construct, resulting in a certain loss of
construction efficiency [32]; therefore, according to the
existing equipment and technical conditions, the diameter
of the large-diameter boreholes for pressure relief in the
13230 working face was determined as 153 mm, and the
distance between the outlet of boreholes and the roadway
floor was not less than 1 m. To ensure coalescence of plastic
zone around boreholes, the borehole spacing was set to 1 m.

3.3. Analysis of the Pressure-Relief Effect of Large-
Diameter Boreholes

3.3.1. In Situ Monitoring. After the resumption of production
in the 13230 working face, multiple rockburst-prevention
measures (such as pressure relief with large-diameter bore-
hole and coal-seam water injection) were implemented in
Gengcun Coal Mine, and a monitoring and warning system
(involving microseismic (MS) event monitoring and drill-
cutting monitoring) was established.

Figure 9 shows MS event monitoring data from Decem-
ber 2017 to January 2018: the peak energy recorded reaches
10°], and the maximum energy does not increase constantly
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FIGURE 10: Monitored data of drill-cuttings.

TaBLE 2: The critical mass of drill-cuttings to be monitored.

Borehole depth/m  4~7  7~10 10~13  13~16  16~20
Critical mass/kg 8 11 17 23 29

within 3 days. Through observation for two months, the
maximum energy within each month was found to be 7.5 x
10°J and 5.7 x 10° ], respectively.

During the mining of the 13230 working face, the
advance length of the working face and the borehole depth
and maximum amount of drill-cuttings monitored on each
occasion (with a borehole diameter of 75 mm) were recorded
according to the preset monitoring range and various
parameters such as the borehole depth and spacing.

The monitored results of the advance length of the work-
ing face and the maximum amount of drill-cuttings are
shown in Figure 10: the 13230 working face was excavated
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FiGure 11: Distributions of vertical stress. (a) Without large-diameter boreholes. (b) With large-diameter boreholes.

for 36 m in total during the monitoring period; the amounts
of drill-cuttings at different borehole depths were all lower
than the critical value, showing insignificant fluctuations
therein. The maximum amount of drilling cuttings was
12.37 kg, which corresponded to a borehole depth of 17 m,
and it was much lower than the critical value (Table 2).
Additionally, no burst failure appeared in the two roadways
in the 13230 working face after resumption of production,
allowing safe production from the mine.

3.3.2. Numerical Simulation Analysis. Before and after dis-
tributing large-diameter boreholes in segments ahead of the
two roadways in the 13230 working face of Gengcun Coal
Mine, the pressure-relief effect of large-diameter boreholes
is compared in terms of the distribution of vertical stress in
coal seam by way of numerical simulation. At first, a large
numerical calculation model is established by FLAC?P; after-
wards, boreholes are excavated in the two roadways, and the
13210 and 13230 working face is mined in turn. Finally, the
vertical stress on the roof of coal seam is extracted. Boundary
conditions and other information about the numerical simu-
lation analysis can be obtained from the literature [30]. After
graphical postprocessing, the nephogram of the vertical
stress is plotted (Figure 11).

As shown in Figure 9, the concentrated areas of vertical
stress are found in front of the 13230 working face near
the goaf of the 13210 working face both before and after
distributing large-diameter boreholes in segments ahead of
the head entry and tail entry in the 13230 working face. After
large-diameter boreholes are drilled, the stress concentration
in segments ahead of the head entry decreases to a signifi-
cant extent. When large-diameter boreholes are not drilled
to relieve this pressure, by taking the 34 MPa contour as an
example, the lengths of the contour along the dip the
13230 working face are about 120 (Figure 9(a)); after reliev-
ing pressure by constructing large-diameter boreholes, the
lengths of the same contour (34 MPa) along the dip of the
13230 working face are 70 (Figure 9(b)). Through compari-
son, it can be found that the distribution of large-diameter
boreholes in two roadways can decrease the degree of stress
concentration in front of the working face, thus improving
the stress field around the head entry.

4. Discussion

As an effective measure for rockburst prevention, large-
diameter boreholes are widely used in coal seam with rock-
burst risk. Many scholars have studied the pressure-relief



mechanism of large-diameter boreholes from different
angles. In this paper, based on the plastic zone morphology
of the surrounding rock of boreholes, it is considered that a
large range of butterfly-shaped plastic zone will be produced
and connected by several large-diameter boreholes in the coal
seam under the mining pressure, so as to reduce the stress
concentration degree of the coal seam and the capacity of
storing elastic energy. Combined with the research results
of existing literature, the research results of this paper will
further enrich the prevention theory of rockburst and pro-
mote the safe and efficient mining of rockburst mines. In
addition, there are still some limitations, such as butterfly
shape plastic zone is formed in a certain surrounding rock
and stress condition, and butterfly-shape plastic zone is
directional, only when the butterfly wing and coal seam
direction is consistent; the pressure relief effect of large-
diameter drilling is the best.

5. Conclusion

Through the systematic study on the pressure-relief mecha-
nism of large-diameter boreholes and the engineering appli-
cation, we mainly get the following conclusions.

(1) The plastic zone of borehole surrounding rock
appeared in three forms, i.e., circular, elliptical, and
butterfly shape. When the bidirectional boundaries
load ratio reached a certain value, the length of the
butterfly wings of a butterfly-shape plastic zone
could be several times greater than the borehole
diameter

(2) Under certain stress conditions, multiple large-
diameter boreholes drilled in coal seam with rock-
burst hazard induce the generation and coalescence
of large-range butterfly-shaped plastic zone; more-
over, they alleviate the stress concentration therein
and capacity for storing elastic energy of coal seam,
thus reducing the rockburst proneness of coal seam

(3) An engineering case study was analyzed based on the
performance of two roadways in the 13230 working
face of Gengcun Coal Mine. The results showed that
the use of large-diameter boreholes can significantly
decrease the degree of stress concentration in front
of the working face and improve the stress field in
the head entry, thus promoting the safe mining of
the working face
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