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Abstract: In view of the high-level, thick, and hard roof in a mine in Shaanxi, it is difficult
for existing technology to solve the problem of frequent rock bursts, which are caused
by the direct weakening of the whole underground layer. In this paper, a technology for
preventing rock bursts using the long-distance drilling and blasting of a thick and hard
roof in a high drilling field is proposed. The authors used theoretical analyses, numerical
simulations, and other research methods to analyze the mechanisms of pressure relief and
load reduction achieved by this technology, determined its layout parameters and layers,
and carried out engineering practices in 2412 working faces in a mine in Shaanxi. The
results show that the long-distance drilling and blasting technology can achieve the aim
of unloading the pressure drop load by arranging a high-level drilling field to achieve the
whole-layer presplitting of the thick and hard roof above the working face. According
to the orthogonal test method, when using long-distance drilling and blasting under
the condition of a high-level roof, the choice of the blasting layer is the biggest factor
affecting the change in overburden subsidence. Using the identification basis of the main
control disaster causing the layer of overburden, it was determined that 52~67 m above
the coal seam of the 2412 working faces was the blasting layer. According to the periodic
weighting interval of the working face and the development radius of the fractures in
the blasting surrounding rock, the blast hole spacing was determined to be 30 m. After
long-distance drilling and blasting, the frequency and energy of micro seismic events were
reduced, the entry deformation was reduced compared with the common roof deep-hole
blasting technology, and the pressure relief effect of the long-distance drilling and blasting
technology was better. These research conclusions can provide theoretical support for the
prevention and control of rock bursts during mining production under similar conditions
by reducing the load and the unloading pressure on thick and hard roof layers that are
difficult to unload from the source.

Keywords: thick and hard top plate; rock burst; long-distance drilling and blasting;
orthogonal experimental method; prevention and control technology

1. Introduction

With the increasing depth of coal mining around the world, rock burst disasters are
becoming more and more prevalent, which seriously restricts the safe production activities
of mines [1,2]. The prevention and control of deep rock burst disasters has become one
of the focuses of academic research. A thick and hard roof is one of the main influencing
factors of rock burst disasters [3,4]. As the lithology of such roofs is hard, making them
difficult to collapse, it is easy to create a large area of suspended roof during the mining
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process of the working face. Any sudden failure and instability will release a large amount
of energy, resulting in the occurrence of rock burst disasters, which pose a great threat to
the safe production of the working face [5]. According to the drilling data, there are hard
sandstone layers (groups) with a thickness of 10~49 m within 100 m above the coal seam in
the Binchang mining area, Shaanxi Province. It is easy to create a hanging roof, leading to
a stress concentration, aggravating the complexity of the stress field, and easily inducing
rock burst disasters. Therefore, the prevention and control of thick and hard roofs is of
great significance to the safe production of the Binchang mining area.

The weakening treatment of thick and hard roofs is a powerful way to prevent and
control rock burst disasters from the source. Many scholars at home and abroad have
done a lot of research into the prevention and control technology of thick and hard roof
rock bursts [6]. Based on the mechanism of a rock burst being induced by a deep, hard
roof, Zhu Sitao and Sun Wenchao et al. [7,8] proposed targeted prevention and control
measures to avoid a hanging roof disaster. Mu et al. [9] proposed prevention and control
measures of hard roof rock bursts that used numerical simulations to release elastic energy
by blasting the roof and carried out the engineering verification in the Jisan Coal Mine. Alex
Hall [10] analyzed the mechanism of roof deep-hole blasting and applied it in field practice
by studying the relationship between rock fractures and rock bursts. Tang B., Vennes I, and
other scholars [11,12] studied the influence of blasting on anti-impact and decompression
by establishing models and put forward the advantages of deep-hole blasting technology.
Junwen Zhang, Lv H, and Dai X [13-15] established a mechanical model of roof instability
in hard rock strata and revealed the mechanism of rock bursts under the condition of a
thick and hard roof. Taking the 401102 working face of Mengcun Coal Mine as the research
object, Shuo Yang et al. [16] studied the influence of surface hydraulic fracturing on thick
and hard key strata and the mechanism of rock bursts and concluded that surface hydraulic
fracturing can reduce the disturbance stress by fracturing the complete thick and hard
rock strata into multiple rock sections to achieve the purpose of pressure relief. Cheng
Lixing et al. [17] studied hydraulic fracturing roof cutting and pressure relief. The results
show that hydraulic fracturing can effectively weaken the integrity of the roof and reduce
the stress of the surrounding rock. Zhao Shankun et al. [18] took Yuejin Coal Mine as the
research object and explored its pressure relief mechanism by analyzing the process and
influencing factors of advanced deep-hole roof blasting. Lyu et al. [19] proposed a surface
well acid fracturing pressure relief disaster reduction technology for the thick and hard rock
strata on the coal mining face. Zheng Kaige, Fu Baojie, and Lai Xingping et al. [20-22] used
similar simulations, mechanical analyses, and other means to put forward the identification
mechanism of a thick and hard roof of composite key stratum, and based on this, the
prevention and control methods were optimized. Aiming to solve the problem of thick and
hard roofs easily inducing a rock burst risk during mining, Jiao Wei, Wang Shuwen, Fan J,
Zhuang ] et al. [23-26] proposed pressure relief and rock burst technologies, such as ground
fracturing and underground, directional, deep-hole hydraulic fracturing. Bin Yu et al. [27]
analyzed the influence of roof thickness, cantilever length, and other factors on roof rock
burst load and elastic energy by establishing a roof failure model and put forward the
technology of ground hydraulic fracturing and liquid explosions in deep holes to eliminate
the influence of disasters. Pan Junfeng et al. [28] reduced the stress concentration of the
working face based on the method of fracturing the roof area in advance above and below
the well and carrying out the artificial liberation layer mining, thereby reducing the rock
burst risk of the mining activity space in a large range.

The above research focuses on the problem of rock burst disasters caused by thick
and hard roofs. Theoretical analysis and numerical simulation methods are used to study
the prevention and control methods of rock bursts in thick and hard roofs. Roof deep
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hole blasting, hydraulic fracturing, and other technologies for low-level roofs, as well as
ground hydraulic fracturing technology that can be used for high-level roofs, are proposed.
However, in view of the high layer of thick and hard rock strata, it is difficult to relieve
the pressure of the thick and hard roof due to the limitation of construction conditions
and technical parameters. Therefore, this paper proposes a long-distance drilling blasting
technology and conducts an application study in the 2412 working face of the second
district of a mine in Binchang mining area, Shaanxi Province. The mechanism of load
reduction and rock burst reduction of long-distance drilling blasting pressure relief and
rock burst technology is expounded. A simulation scheme is designed by an orthogonal
test method for the three blasting influencing factors studied in this paper. The subsidence,
stress change, and rock fracture of the overlying strata after high-level roof blasting are
analyzed and quantitatively evaluated, and a blasting implementation scheme is designed.
Based on the measured micro seismic and entry deformation data, the actual pressure relief
effect of long-distance drilling blasting was analyzed, and finally, the safe mining of the
working face was realized. This paper provides a reference for the prevention and control
of thick and hard roof rock bursts induced in mines with similar conditions to those of our
study mine.

2. Engineering Background
2.1. Subsection

The working face is the first site of coal production. The 2412 working face of a rock
burst mine in Shaanxi Binchang mining area is located in the east of the 2410 working
face. This working face is —705~—750 m in depth, and the thickness of the coal seam is
4.5~14.73 m. The 2412 working face adopts the fully mechanized mining method to mine
No.4 coal. There is a syncline crossing the working face, and the syncline name is NXG,
as shown in Figure 1. The circles in Figure 1 represent micro seismic events of different
energy levels. According to the in-plane ZK5-3 drilling columnar information, it can be
seen that the thickness of the No.4 coal seam is about 15 m; the working face layout and
ZK5-3 drilling columnar are shown in Figure 1. In the figure, the thickness of the No.4 coal
seam is about 15 m, and there is a thick and hard siltstone layer about 52 m above it. There
is a thick coarse sandstone layer about 82 m away from the coal seam, which is a high-level
thick and hard roof with great influence on the working face.
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Figure 1. 2412 working face layout and ZK5-3 drilling histogram.

2.2. Deformation Characteristics of Entry

The hard roof within 100 m above the coal seam of each mine in the Binchang mining
area of Shaanxi Province is mainly siltstone, coarse-grained sandstone, and fine-grained
sandstone. The key layers are mostly concentrated in the Luohe group and Yijun group.
Under normal circumstances, the main roof sandstone group has strong bearing capacity.
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During the mining process of the working face, a large amount of elastic energy is accu-
mulated in the thick and hard roof of this layer. When the rock mass load exceeds the
maximum strength that its bearing system can bear, a large amount of elastic energy is
released instantaneously, which will induce rock burst.

From the beginning of mining to the stage of long-distance drilling and blasting, the
stress of entry surrounding rock changes greatly under the influence of mining. In the
early stage of mining, the plastic zone of entry expands sharply, and the deformation of the
surrounding rock increases significantly. Behind the working face, the abutment pressure
of entry and the deformation of surrounding rock will reach the maximum values by the
roof subsidence movement above the entry and on the side of goaf, and the deformation of
the entry surrounding rock is more intense near the fold area.

Therefore, the questions of how to weaken the thick and hard roof of the whole layer
and reduce the strength of the pressure are of great significance for the prevention and
control of the source of the thick and hard roof rock burst.

3. Mechanism of Load Reduction and Scour Reduction in Long-Distance
Drilling Blasting

Figure 2 presents a schematic diagram of long-distance borehole blasting. As shown
in the figure, a chamber is arranged at the higher position of the roof near the side of the
return air roadway, and a high-level drilling field is arranged here. By drilling and blasting
inside, the high-level thick and hard rock strata above the working face are pre-cracked
obliquely. The hanging roof above the working face before and after long-distance drilling
blasting is shown in Figure 3.
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Figure 3. Suspended roof situation during the mining period of the working face before and after
blasting. (a) No blasting. (b) After blasting.

As shown in Figure 3, 1;1 and Iy are the hanging roof length of the upper rock layer of
the blasting target layer before and after blasting, 11, and 1, are the hanging roof length of
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the rock layer of the blasting target layer before and after blasting, oy is the primary rock
stress at the position of the coal seam before the mining of the working face, 01 and o, are
the front abutment pressure of the working face before and after blasting, and x; and x; are
the distance from the front abutment pressure to the working face before and after blasting.
According to Figure 3, with the mining of the working face, the hanging distance of
the upper hard plate is longer, and the concentration degree of the abutment pressure in
the working face is high. After the long-distance drilling and blasting, the hanging distance
decreases (117 > lp1, l12 > 1p2), the roof is broken, the rock block changes from large to
small, and the concentration degree of the abutment pressure in the working face decreases
(o7 > 0p). At the same time, it can also reduce the dynamic load from the hanging roof
fracture zone, so that the overlying load changes from hard transfer to soft transfer, reducing
the rock burst risk and achieving low stress mining. Because the load of the overlying strata
needs to pass through the blasting layer to the working face, the peak value of the front
abutment pressure is also farther from the working face than before the blasting (x; > x1).
Based on the principle of blasting pressure relief technology for hard roofs, combined
with the research results of many scholars on blasting pressure relief technology [29-33], in
the practical application of working face, for the whole layer of rock blasting, excluding
the layout of blasting hole itself, the nature of explosive itself, and other factors, this paper
analyzes the effect of long-distance drilling blasting pressure relief for the following three
factors: blasting pre-splitting layer, blasting rock thickness, and blasting rock lithology.

4. Analysis of Influencing Factors of Long-Distance Drilling Blasting

4.1. Numerical Model Establishment and Scheme Design
4.1.1. Numerical Modeling

According to the layout of the 2412 working face in the mine site, combined with
the ZK5-3 drilling data in the working face, a UDEC numerical calculation model with a
length (x) of 570 m and a height (y) of 260 m was established. UDEC is the abbreviation of
Universal Distinct Element Code, which is a computational analysis program based on the
theory of discrete element method. Compared with other numerical simulation software,
the main advantage of UDEC is that it can simulate the behavior of discontinuous media in
geotechnical engineering more accurately and provide more accurate and effective analysis
results. Therefore, this paper chooses UDEC as the main simulation method. By referring
to the commonly used constitutive model of UDEC in mining engineering [34,35], and
considering whether the model can more intuitively reflect the failure mechanism of rock
and the computational efficiency, the Mohr-Coulomb failure criterion is used to simulate
the rock stratum. The elastic-plastic contact model of the relay zone with Coulomb slip
failure was used at the joint of the model block. The X axis was the advancing direction of
the working face and the Y axis was the mining depth direction. The buried depth of the
model working face was 705 m and the mining height was 15 m. The calculation model was
divided into 763,822 grids and 941,184 nodes. The survey line was arranged at the height
of 230 m, and the pressure relief effect of long-distance drilling blasting was evaluated by
comparing and analyzing the Y-direction subsidence and stress change of overburden rock
at the survey line position. The initial model and the division of rock blocks are shown in
Figure 4. According to the field measured data, the physical and mechanical parameters of
the rock block are shown in Table 1.

The “engineering rock mass classification standard’ stipulates that the integrity coeffi-
cient of rock mass should be measured when calculating the basic quality index of rock
mass. When the measured values are obtained unconditionally, the rock mass integrity
coefficient Ky can also be determined by the volume joint number J, [36,37].
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Ky = (me/vpr)2 (1)

In the formula, Ky is the integrity coefficient of rock mass, Vpm is the P-wave velocity
of rock mass, and V; is the P-wave velocity of original rock mass.
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Figure 4. Initial model and rock block division.

Table 1. Physical and mechanical parameters of rock blocks.

Lithologic Characters Density/kg-m—3 Cohesion/MPa FrictIir(l)tIfIZl;fgle /o
Conglomerate 2670 5.00 35
Kern stone 2556 5.00 34
Medium grained 2560 12.10 36
sandstone
Fine sandstone 2550 3.20 42
Siltstone 2540 3.75 38
Mudstone 2600 1.20 32
Sandy mudstone 2509 2.16 36
Coal 1460 1.00 28

The simulation realizes blasting through the joint encryption division of the blasting
layer and the weakening of the rock parameters below the blasting rock layer. The weak-
ening method uses the number of volumetric joints in the original rock mass as the initial
base. The integrity coefficient of the rock mass after long-distance drilling and blasting can
also be determined by the number of volumetric joints Jp in the rock mass after blasting.
The corresponding relationship between the two and the relationship between the integrity
coefficient of the rock mass and the number of volumetric joints of the rock mass are the
same. A comparison between the two is shown in Table 2.

Table 2. Comparison Table of Ky and J.

Jp/(Strip-m—3) >35 35~20 20~10 10~3 <3
Ky <0.15 0.15~0.35 0.35~0.55 0.55~0.75 >0.75

4.1.2. Simulation Scheme Design

In order to determine the influences of different factors on the effect of blasting pressure
relief, the orthogonal test method [37,38] is introduced to examine the influence of the
blasting layer position, blasting rock lithology, and blasting rock thickness on the maximum
overburden subsidence value and stress value. There are two schemes for blasting layer
position, i.e., lithology and thickness, so the orthogonal table L4 (3%2) with the same level
number was selected (see Table 3). The representative parameters were selected as the
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values of the level. Through the quasi-horizontal method, the test scheme was finally

determined, as shown in Table 4.

Table 3. Orthogonal experimental factor level table.

Factors
Level Distance from Coal  Lithology of Blasting Blasting Layer
Seam/m Layer Thickness/m
1 50 Siltstone 20
2 80 Kern stone 30
Table 4. Orthogonal experimental design table.
Distance . .
Test Lithology of Blasting Layer Overburden Rock Fracture Fracture
Scheme from Coal Blasting Layer Thickness/m Subsidence W/m Stress o/Pa Nymber Length/m
Seam/m
1 50 Siltstone 20 3.02 2.62 x 107 1827 162
2 50 Kern stone 30 2.86 223 x 107 1727 145
3 80 Siltstone 30 3.05 2.67 x 107 1869 173
4 80 Kern stone 20 3.25 2.82 x 107 1935 196

4.2. Overburden Rock Migration and Stress Variation Characteristics

In order to more clearly and intuitively evaluate the subsidence of overlying strata in
coal seam mining before and after blasting, one of the schemes was selected to compare
the cloud maps of displacement and stress changes. For example, Figures 5-7 show the
subsidence, stress change characteristics, and fractures of overlying strata in long-distance

drilling blasting for Scheme 1.

Unit:m
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(b)

Unit:m
15
13
11
9.0
7.0
5.0
3.0
1.0

Figure 5. Cloud map of overlying rock subsidence before and after blasting. (a) No blasting.

(b) After blasting.
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Figure 6. Cloud map of maximum principal stress before and after blasting. (a) No blasting.

(b) After blasting.

Figure 6 is a cloud map of overburden subsidence before and after long-distance
borehole blasting, and Figure 7 is a cloud map of maximum principal stress before and after
long-distance borehole blasting. By comparing the subsidence cloud map of overburden
rock before and after long-distance drilling blasting, it can be seen that after long-distance
drilling blasting, the subsidence of overburden rock was V-shaped, and the subsidence
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value of overburden rock in the middle of working face was the largest. Compared with the

mining conditions without blasting, the subsidence range of overburden rock after blasting

increased, which indicated that blasting pre-splitting rock stratum can make the rock

stratum collapse more fully during the mining process of the working face. Additionally,

the roof rock stratum was more broken, so as to minimize the rock burst risk caused by the

large-area suspended roof. By comparing the maximum principal stress cloud diagram

before and after long-distance drilling blasting, it can be seen that after long-distance

drilling blasting, the stress distribution in the roof area was more dispersed, the stress

concentration area before blasting was larger, and the stress concentration degree above

and below the pre-splitting layer after blasting was reduced.

2.0

2.5

Overburden rock subsidence/m

3.0

35

Figure 7.

Diagram of changes in rock fissures before and after blasting.
(b) After blasting.

(a) No blasting.

Figure 8 shows the change of roof rock cracks before and after long-distance borehole

blasting. According to the figure, after long-distance borehole blasting, the roof rock

was more broken and the fracture range was larger. At the same time, according to the

simulation results, the maximum shear stress value before blasting reached 286.88 MPa,

and the maximum shear stress value after blasting reached 291.75 MPa. After blasting, the

total number of cracks increased from 1232 to 1727, and the total length increased from 119

m to 145 m, which increased by 28.66% and 17.93% respectively. This shows that blasting

pre-splitting rock strata can avoid the roof above the working face due to the existence of

a large-area suspended roof, an increase in the number of cracks, and avoidance of the

accumulation of a large amount of elastic energy, thereby reducing rock burst risk.

Increased 21.2%
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Figure 8. Curve of subsidence and stress value of overlying rock before and after blasting in Scheme

1. (a) The curve of overlying rock subsidence value. (b) Stress value curve.
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4.3. Quantitative Analysis of Pressure Relief Effect

In order to more clearly and intuitively judge the subsidence and stress change of
overlying rock after blasting, the two indexes were quantitatively analyzed. Taking Scheme
1 as an example, the subsidence and stress change indexes of the overlying rock before and
after blasting were compared and analyzed.

As shown in Figure 8a, during the mining process of the working face, the subsidence
value and range of the overlying strata under the condition of long-distance drilling blasting
were much larger than those under the condition of conventional mining: the average value
of overlying strata subsidence increased by 21.2% after blasting, and the maximum value
increased by 15.2%. According to Figure 8b, it can be seen that during the mining process
of the working face, the maximum principal stress of the roof after blasting was less than
the stress value under the conventional mining conditions. The overall change trend was
unchanged, and the stress after blasting was small. The average stress value was reduced
by 22.8%, and the maximum stress value was reduced by 34%.

Comparing and analyzing the maximum subsidence value and maximum stress value
of overburden rock in the different schemes described in Section 4.2, it can be seen that the
subsidence value of overburden rock in Scheme 2 reached the maximum and the stress
value was the lowest, which indicated the worst blasting effect compared with the other
three schemes.

4.4. Sorting of Main Influencing Factors of Long-Distance Drilling Blasting

Based on the above four simulation schemes, the maximum stress value and the
maximum value of overburden subsidence were obtained, as shown in Table 4 of Section 4.1,
and a range calculation and comparison diagram was drawn according based on the
orthogonal test results. As shown in Figure 9, by comparing the range of the subsidence
value W, the maximum stress value o, the number of cracks x, and the length of cracks |
under different levels, the influence degree of each factor on the maximum stress and the
maximum subsidence value of overburden rock could be ranked as follows: blasting layer
position — blasting rock thickness — blasting rock lithology. Therefore, for long-distance
drilling and blasting under the condition of a high roof, the selection of the blasting layer
the factor which has the greatest influence on the control of stress and subsidence change
in the overburden rock.

I R(W/m) Bl R(x)
[ R(c/MPa) 140 [ R(Vm)
120
100
S
Z 80t
60
40
20
0 .
position lithology thickness position lithology thickness
Influencing factors (blasting strata) Influencing factors (blasting strata)
(a) (b)

Figure 9. Range values of different influencing factors. (a) Overburden rock subsidence and stress.
(b) Number and length of fractures.
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Through the above analysis, it can be seen that the selection of blasting layer position
should be given priority when long-distance drilling blasting is used for pressure relief in
the prevention and control of middle and high roof rock bursts.

5. Blasting Scheme Design and Effect Evaluation
5.1. Selection of Pressure Relief Layer

Based on the above analysis, the design of a long-distance drilling blasting implemen-
tation plan needs to consider the selection of appropriate blasting layers. Therefore, we
created a comprehensive drilling histogram and applied the coal mine overlying rock main
control induced disaster layer identification engineering technology method [39], using the
following formula to determine the Eg rate of change R:

R = (Essl - Essz)/Essl (2)

In the formula, Es; is the sum of squared errors.

2

Ess = i ) ‘x}—wi’ (3)

i=1 X}EZ,‘

where K is the number of clusters, x; is the identification parameter of the disaster-causing
key layer of the j th layer in the i th cluster, w; is the centroid of the identification parameter
set of the i th cluster, and Z; is the identification parameter set of the disaster-causing key
layer corresponding to the i th cluster.

Next, threshold Ry with a significant decrease of Ess was assessed. According to the
change of E;, the K’ value of the ‘elbow’ point was measured, and the difference between
different clusters could be calculated to identify homogeneous parameter T;.

=2 Y @

! X;-EZ,'

where D; is the number of key layers in the cluster when the i th cluster is clustered.

Combined with the identification basis of the main control and disaster-causing hori-
zon of the roof overburden of the working face [39] and the key stratum discrimination
theory [40,41], the blasting horizon was identified as 52~67 m above the coal seam of the
2412 working face. According to the measured drilling information, this horizon presents a
siltstone lithology.

5.2. Long Distance Drilling Arrangement

According to the periodic weighting interval during the mining period of the working
face and the fracture development radius of the blasting surrounding rock, the hole spacing
was determined, so that the rock breaking distance after blasting was reduced by half. As
such, the following formula was obtained:

dh <L/2+ 21’f (5)

where dj, is the distance between the long-distance drilling blasting holes, I; is the periodic
weighting interval, and ry is the fracture development radius.

Through the actual drilling and peeping results of the mine site, the crack propagation
radius of sandstone with a compressive strength of 90 MPa was 5 m. Combined with the
field measured compressive strength of the sandstone and field experience with the 2412
working face, the blasting hole spacing was finally set at 30 m.
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Finally, a blasting hole with an angle of 90° relative to the horizontal direction was
used as the main hole, and the fan-shaped blasting holes were arranged on both sides to
ensure that the position of the final hole was aligned in a straight line and the connection
formed a square or approximate square. Finally, based on the above principles, the angle of
the rotation space was determined to be 7~17°, the corresponding hole depth was 82~164 m,
and the drilling inclination angle was 12~20°. The actual drilling plane blasting area is
shown in Figure 10. Taking one of the drillings as an example, a drilling construction
drawing is shown in Figure 11.

>North .

2412 Headentry 2412 Measure lane 2412 Working face

2412 Tailentry - Mining direction
Long distance drilling Deep hole blasting drilling

Figure 10. Schematic diagram of long-distance drilling and blasting area.

AT L Chinge sectior_2

ror Target rock straium

Figure 11. Drilling Construction Drawing.

A total of 18 long-distance blasting drillings were implemented, with a total drilling
footage of 2209 m and a total explosive consumption of 2.6 t.

5.3. Evaluation of the Pressure Relief Effect of Long-Distance Drilling Blasting

Since mining of the 2412 working face began in April 2023, the process has been
divided into two stages according to the pressure relief methods in different areas. The
first stage was the roof deep hole blasting mining stage, and the second stage was the long-
distance drilling blasting mining stage. Micro seismic activity reflects the characteristics
of micro seismic activity in a certain period of time in a certain area. A distribution cloud
diagram of micro seismic activity before and after pressure relief of long-distance drilling
blasting was selected for analysis to evaluate the pressure relief effect of long-distance
drilling blasting. The time span of each stage was two months, allowing us to evaluate the
pressure relief effect of long-distance drilling blasting.

According to Figure 12, during the mining period of the working face, the micro
seismic activity in front of the mining area was high, and the micro seismic energy in front
of the mining area was relatively concentrated. By comparing the micro seismic activity
cloud maps of the three stages of long-distance drilling blasting and roof deep hole blasting
before and after the implementation of long-distance drilling blasting, it can be seen that
in the initial roof deep hole blasting stage, the micro seismic activity index in front of
the mining area reached 0.5. After the implementation of long-distance drilling blasting
pressure relief, the activity was significantly reduced, indicating that after long-distance
drilling blasting, the energy had been released in time to reduce the rock burst danger
caused by the accumulation of a large amount of energy in the roof strata.
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Figure 12. Cloud map of activity distribution in the working face.
Finally, according to the measured micro seismic data, a comparison diagram of

energy and frequency changes of micro seismic events before and after long-distance
drilling blasting was drawn, as shown in Figure 13.
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Figure 13. Micro seismic changes in long-distance drilling and blasting during construction.
(a) Energy. (b) Frequency.

According to Figure 13, after the implementation of long-distance drilling blasting,
the frequency and energy of micro seismic events showed a significant downward trend.
The daily average energy was reduced from 370 J to 250 J. The energy of events with
micro seismic energy between 1.0 x 10? J and 1.0 x 10* ] was greatly reduced after the
implementation of long-distance drilling blasting pressure relief. The frequency of micro
seismic events with energy between 1.0 x 103 J and 1.0 x 10* ] was reduced by 61.7% after
the implementation of long-distance drilling blasting pressure relief, and there was no event
with micro seismic energy greater than 104 J, indicating that long-distance drilling blasting
effectively reduces the accumulation of large energy events. The energy was released in
time to minimize the risk of rock bursts caused by sudden releases.
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According to the measured data of the roof displacement of the two entries in the
working face before and after the implementation of long-distance drilling blasting, the
average values of the roof surface displacement in the three stages were compared, and the
displacement changes were drawn, as shown in Figure 14. According to the figure, after
the implementation of long-distance drilling and blasting, the displacement of the roof
surface of the return airway and the transportation entry was reduced by 15 mm before the
measures were taken, indicating that long-distance drilling and blasting effectively reduced
the deformation of the entry and avoided the entry itself. The roof caused a greater degree
of damage and ensured the safe mining of the working face.

200

- Tailentry
- Headentry

—_

o0

(=}
T

135
125

Roof surface displacement of roadway/mm

Before In After
Pressure relief stage

Figure 14. Changes in the displacement of the roof surface of the entry for long-distance drilling and
blasting in construction.

6. Conclusions

In this paper, through numerical simulation, theoretical analysis, and other research
methods, the load reduction mechanism of long-distance borehole blasting was analyzed,
and the effect of this method was verified based on field practice. The research conclusions
are as follows:

(1) Common blasting pressure relief has the limitations of a small pressure relief range
and suitability only for low roof treatment. Long-distance drilling blasting pressure
relief is arranged by arranging the high-level drilling field above the coal seam, and
the long-distance drilling is arranged in a fan-shaped distribution, which effectively
pre-splits the whole overburden rock;

(2) Based on existing research, the influence of three factors, i.e., blasting the pre-splitting
layer, blasting rock thickness, and blasting rock lithology, on the pressure relief
effect of long-distance drilling blasting in practical applications, e.g., a working face,
is analyzed, and an orthogonal test was designed. Based on the actual drilling
information of the working face, a UDEC numerical model was established to analyze
the overburden subsidence, stress change, and rock fracture. Taking Scheme 1 as
an example, it was found that after long-distance drilling and blasting, the average
value of overburden subsidence increased by 21.2%, the maximum value increased by
15.2%, the average stress value decreased by 22.8%, and the maximum stress value
decreased by 34%. The orthogonal test results showed that the weight ratio of the
blasting effect was as follows: blasting layer position — blasting rock thickness —
blasting rock lithology;
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(3) Combined with our analysis of the factor weight ratio, the selection of a blasting
horizon should be given priority in the design of a long-distance drilling blasting
implementation scheme. Combined with actual drilling information, the roof above
the 2412 working face was set as the blasting horizon at about 52-67 m. According
to our analysis of measured micro seismic data, long-distance drilling blasting can
effectively reduce the frequency of micro seismic energy and events, reduce the spatial
activity of the working face, avoid the influence of a high roof on the mining period
of a working face from the source, release energy over time, avoid the accumulation
of large energy events, and reduce the risk of rock burst.
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