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Abstract: The surrounding rock during the coal mine excavation is prone to significant engineering disasters
such as considerable deformation and rockbursts. Pressure release can improve the stress field of a deep rock
mass and prevent the occurrence of dangers such as roadway collapse and coal and gas outbursts. This paper
uses the ANSYS/LS-DYNA finite element software to simulate the crush area and fracture zone of a detonation
charge with different diameters under in-situ stress. The stability of the surrounding rock was analyzed based
on the impact stress and velocity, and was verified by field tests. The research results show that the blasting
load primarily affects the damaged area near the borehole, while the in-situ stress affects the far-field crack
propagation. The crack propagates in the direction of high surrounding rock pressure. When the uncoupling
index is 1.5, the impact pressure of the 60 mm diameter cartridge is 8 times that of the 20 mm diameter cartridge.
The impact speed can reach 2 times that of the 20 mm diameter cartridge. The high-energy event of the roof is
transferred to the front of the working face, the distribution is no longer concentrated, and a better blasting
pressure relief effect is achieved. The research results can help guide the prevention and control measures of
rock bursts and other mining disasters.

Keywords: Roof-cutting blasting; pressure-relief blasting; deep rock mass; rock burst; fracture zone

1. Introduction

Rock bursts are among the most devastating in an engineering project due to the extensive safety
risks to the mine, workers, and surface infrastructure. Researchers have performed extensive research
on preventing rock bursts, and stress release has become one of the effective technical ways to solve
this engineering probleml!l. Stress relief and seismicity monitoring are essential to rock burst
prevention during coal mining? and deep underground construction under high horizontal stress
conditionsl®l.

Many experts have studied stress relief as a preventative measure. Liu*l achieved stress relief by
optimizing the pre-split blasting spherical cartridge parameters. Yangl® compared equivalent
blasting effects to determine the law of crack propagation and stress wave attenuation in coal by
high-pressure air blasting. Tul®l optimized the blasting parameters, and the truncated blasting plan
achieved an excellent crack-forming effect, and the estimation model of blast-broken and cracked
areas was also studied and showed the most critical parameters affecting these two areas. Gel”l
proposed a similar model of rock blasting under a unidirectional load with transparent model
materials. It was shown that the initial stress suppressed the propagation length and velocity of the
main radial cracks. Lv®! utilized the empty hole effect to generate stress concentration between the
borehole and the empty hole to achieve the effect of directional cracking. Liu! found that the stress-
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relieving effect of a water medium is greater than that of the air-filled medium by comparing the
uncoupled blasting test of water-filled and air-filled. Chen used LS-DYNA to simulate the
development of cracks between boreholes and revealed the rationality of optimizing blasting
parameters. Pan('!l established “F-shaped” and “L-shaped” stress source structure models of the deep
gob-side multi-pillar entry and revealed the occurrence mechanism of rock burst. Zhang!'?l proposed
a new combined support strategy of optimizing roadway layout, designing impact-resistant support
systems, and local reasonable pressure relief with good application results. Luol'® pointed out that
the non-penetrating fracture zone formed by pressure relief blasting increases the stress
concentration of the surrounding rock of the roadway, which is unfavorable for engineering safety.
Chenl analyzed the drilling pressure relief effect of surrounding rock at different borehole positions
and borehole depths. The stress evolution process of surrounding rock after excavation was obtained.

The above research provided several methods for alleviating the rock burst risk of the cavern,
but it mainly focused on parameter optimization and rock-breaking mechanism research. There is
little research on the impact of rock blasting range on stress release. Therefore, this paper combines
numerical simulation and field tests to analyze the range of rock damage zone, stress propagation
characteristics, and energy distribution under the action of high-stress confining pressure. The

research results have a guiding significance for preventing and controlling disasters such as rock
bursts.

2. Theoretical analysis

2.1. Mechanism of rock breaking

The crushing behavior of rock by blasting is a complex energy transfer process. The crushing
effect depends on the mechanical property parameters of rock and is also affected by other factors
such as the surrounding environment, in-situ stress, and inertia effects. The effect of rock breakage
after blasting can be summarized as follows: the reflection of shock wave causes rock tensile damage,
the expansion of explosion gas leads to compressive and shear failure, and both factors influence the
formation of the final crack. This view is considered comprehensively, and the obtained results align
with the actual situation, which most blasting workers recognize. Therefore, it is believed that the
shock wave plays a vital role in the formation of initial radial cracks in the rock, and the formation of
a large number of broken rock circles is the result of the action of the blasting gasl'®l. The failure zone
and stress state of rock blasting is shown in Figure 1, where o is the radial compressive stress and o,
is the tangential tensile stress.
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Figure 1. Schematic diagram of crush zone and stress state of rock blasting.

2.2. Theoretical analysis of rock blasting

2.2.1. Radius calculation of crush zone
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According to the Von-Mises yield criterion!'], the three principal stresses of the rock fracture
zone are 0, O,and the stress in the Z axis o, . The rock begins to break when the equivalent stress o

greater than the dynamic compressive strength of the rock o, . At this time, the initial impact

pressure acting on the hole wall is £, ['71:

B =§pon{”—°j ] 1)

where ro is the radius of the cartridge radius, m; r1 is the radius of the borehole; n is the pressure
increase parameter when the detonation product collision with the borehole wall, n=8~11; D is the
detonation wave velocity, m's?; p, is the density of explosive, kg-m?3.

Due to the rock impedance, the shock wave attenuates into a stress wave. The propagation
velocity D decreases to the sound velocity C1 of the rock mass, and the compressive stress generated
by the stress waveis A:

A = pCu, (2)
where p is the density of rock, kg-m; u1 is the movement speed of rock, m-s-1.

For columnar charge, the relationship between the radial compressive stress ¢ and the radius

r of stress wave propagation can be expressed as:

a=%a{%je““” (3)

where o is the shock wave attenuation index.
The equivalent stress os when damage occurs can be expressed as:

o .
o =—" Jut+61°P +104> -3p+120,=0¢" (4)
2(1-p)
where 41 is the dynamic Poisson’s ratio of the rock; o is the static compressive strength of the rock,

MPa; ¢ is the loaded strain rate.
Based on the above formulas, the radius 7~ of the crushing area is given by:

1/2 .
pCu (r—o] e(/”(]—r”)a — 20—681/3(1_lu) (5)
1”1 ” -
G Vit + 613 4104 =3 +1

1

Many theoretical and semi-empirical formulas have been proposed to estimate the relationship
between the shock wave propagation radius " and 7,. Under the uncoupled charge, the relationship

proposed to estimate the radius ratio is as follows:

r_” a_pODzn r_o 6
[70] _8,0C1u1(r1j (6)

The calculation formula of the radius of the crushing area Ri is given as follows:

R, = rl" +r (7)

2.2.2. Radius calculation of fracture zone

When the tangential stress exceeds the dynamic tensile strength of the rock, the dense fracture
zone begins to form around the crushed zone is initiated. Generally, the range of rock fracture zone
includes the main tensile failure fracture generated by stress wave and the secondary expansion of
the main fracture caused by explosion gas. The dynamic tensile strength &, (0, +30, >0) can be

expressed as:


https://doi.org/10.20944/preprints202307.1189.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2023 do0i:10.20944/preprints202307.1189.v1

o = (o-0y
4 8(o+0o,) (8)
The radius of the fracture zoner; generated by the stress wave can be expressed as:

pCu| | e =8(1- u)1-2u)o, 9)

2
However, when o, (0, +30, > 0), the dynamic tensile strength ¢, can be expressed as:

Oy =70y (10)

The radius of the fracture zone is as follows:

1/2

ro—r" ) 1-

pclu{r—(’,J e = K (11)
i H

It can be seen from the above formula that the pressure generated by the explosion gas decreases
exponentially as the distance from the borehole increases. When the explosion gas breaks through
the fracture zone of the stress wave, the secondary expansion length § can be expressed as:

B=r (1—cos ”0?] (12)

20,

where O (;

Therefore, the radius of the fracture zone Rz is:

is the fracture tip stress, MPa.

R=r 4 (13)

3. Simulation of hard roof blasting

3.1. Numerical Model

A computational model of single-hole blasting was developed using ANSYS/LS-DYNA
numerical simulation software to analyze the influence of in-situ stress on rock blasting effect and
the crack distribution characteristics of pressure field. Figure 2 shows the schematic view of the hard
roof blasting and the measuring point position. The initiation conditions of the model are as follows:
the diameter of the boreholes are 20 mm, 30 mm, 40 mm, and 60 mm, respectively, and the
surrounding rock pressure of the X-axis and Y-axis are 5 MPa and 15 MPa, respectively. A non-
reflective boundary was set around the model, and displacement constraints were imposed in the
thickness direction. The ALE algorithm is used to avoid calculation divergence and unreliable
calculation results caused by excessive deformation of explosive and air units. The model size is 5000
mmx5000 mmx14 mm.
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Figure 2.
3.2. Material parameter

3.2.1. Rock material parameter

Considering the strain rate and brittle fracture of rock, and the isotropy and anisotropy of model
materials, and the accuracy of results when low confining pressure loads are applied to the model
boundary, and the initial damage characteristics of model materials, the MAT_CSCM material
model is finally select. Furthermore, the failure criterion of the rock element is defined to simulate
the crack initiation and propagation process of rock blasting (*MAT_ADD_ERSION). The rock
material parameters are shown in Table 1.

Table 1. Rock material parameters.

Elasti i
Densit Tangent PUC poisson  Yield  OTPI Tensile
Modulu , ve
y Modulus ] sRatio  Stress Strength Strength
3 MP MP MP
gom) (MPa) b w o (MPa) CGRT (MPa)
2.55 9.33 22.75 0.22 30 60 3.0

3.2.2. Explosive material parameter

In the numerical simulation process, it is crucial to accurately describe the change course of
pressure  during  detonation. = The  high-energy = explosive  material = model
(*MAT_HIGH_EXPLOSIVE_BURN) and the equation of state (*EOS_JWL) are used to simulate the
whole detonation process!'l. The JWL equation of state is a widely used empirical equation whose
parameters are usually measured by cylinder tests. The EOS_JWL defines the pressure as:

[N @ | _py  OF
P, =A01-—>)e ™ +B(l-———)e ™ +—
o =A( RIV) ¢ RZV) Vv (14)

where P, isthe pressure of the detonation products; A, B, R1, Rz, and w are material constants (Table

2); Vis the relative volume of the explosive; and E is the internal energy of the explosive.

Table 2. Explosive material parameters.

p Pg D A B R: R> w E

do0i:10.20944/preprints202307.1189.v1
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(g/em?) (GPa) (m/s) (GPa) (GPa) (GPa)

1.18 10.6 3600 264 0.182 4.2 096 0.15 4.19

3.2.3. Air model parameter

Air is described by * MAT_NULL®], and EOS is described by *LINEAR POLYNOMIAL. The
state equation of pressure-volume relation is expressed as follows:

P=C+Ge+CS" +GI +(C+C{+CE,

1 (15)
§=V—0—1

c ¢ ¢ ¢ ¢ ¢ ¢

where, P is the detonation pressure of explosive; and ¢ are material

constant; ¢ is the current density and the initial density of the air. ) is the Initial relative volume.
The air material parameters are shown in Table 3.

Table 3. Air material parameters.

Density G ¢ e e ¢y e Cs E,
(g/cm®) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa) (Pa)
1.29 0 0 0 0 04 04 0 25%10° 1.00

3.3. Analysis of simulation results

3.3.1. Crack propagation under different borehole diameters

Figure 3 shows the shock wave stress nephograms under different diameters at t=1 ms after the
main explosive was detonated. The detonation energy first acts on the surrounding rock of the hole
wall and then forms a high-intensity blasting dynamic load, rapidly diffusing from the hole wall to
the deep surrounding rock. The detonation energy decays rapidly during the propagation. The
numerical results indicated that the crack propagation is governed by the detonation energy in the
vicinity of the borehole, and the confining pressure can affect the far-field crack propagation. The
cracks tend to propagate towards the region of high initial pressurel?!l. Moreover, under the same in-
situ stress conditions, the stress wave propagation range linearly increases with the charge diameter.
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Figure 3. Stress nephograms of different diameters of charge at =1.0 ms.

3.3.2. Failure zone analysis of rock elements

In this discussion, the model with a charge diameter of 60 mm is used as an example to analyze
the variations of the equivalent stress of the rock after the main charge detonation. Six rock units are
selected along the center of the borehole with an interval of 0.5 m (from monitoring point to borehole
distance), as shown in Figure 2. The monitoring data are shown in Table 4.

Table 4. Equivalent stress and distance relationship of rock unit.

Unit Distance Peak stress Ee(gllllll‘lzz::
number (m) (MPa) Stress (MPa)

A 0.5 11.65 9.69

B 1.0 13.40 9.65

C 15 14.86 9.63

D 2.0 16.74 9.62

B 25 10.39 9.58

F 3.0 10.18 9.56

The radius range of the fracture zone and crushing area of each group of models were extracted
and are in Figure 3. The relationship curve of charge diameter is shown in Figure 4.
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Figure 4. The variation law of the rock damage zone with the diameter of the charge.

Figure 4 and Table 4 indicate that the radius of the crushing zone increases with the diameter of
the charge enlargement. The radius of the crushing zone is 5 times the diameter of the charge
borehole, equivalent to the cylindrical charge’s theoretical calculation value. Furthermore, the rock
can be broken under the combined action of impact pressure and detonation gas, as long as the impact
pressure exceeds the dynamic compressive strength. Under the premise of the same non-coupling
index, the scope of the crushing zone increases with the diameter of the charge increase.

3.3.3. Reflection and Transmission of Stress Waves

Reflection and transmission occur when stress waves encounter faults and joints in propagation.
The energy consumption increases with the number of reflections. The more times the stress wave is
reflected, the less efficient it is to break the rock. Six monitoring points were selected on both sides of
the joint surface to analyze the pressure variation on both sides of the joint surface, as shown in Figure
5.

pressure / MPa

0.6 0.8 1.0 1.2 1.4 1.6

Time / ms
Figure 5. Impact pressure curve at the monitoring point.

Figure 5 shows that the impact pressure curve is in a state of increasing and then decreasing.
The shock wave reflects multiple times at the joint, showing a sawtooth shape at the monitoring
points m1 and ki located directly below the charge. Extracting the incident angle of each monitoring
point found that the pressure value of the unit first decreases and then oscillates when the incident
angle ranges between 0~40°. However, unlike the normal incidence, the pressure value during the
oscillation change does not continuously decrease. Reflection and transmission coexist, and the
transmitted stress wave continues to propagate through the rock interior, which causes rock mass
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damage to a certain extent. Therefore, oblique incidence should be selected as far as possible at the
joint surface to reduce reflection in engineering applications.

3.3.4. Hole wall pressure analysis

When an uncoupled charge is used, the energy generated after the explosive is detonated first
acts on the air in the borehole and then contacts the rock through the air. The surrounding rock of the
borehole reaches the yield failure instantaneously due to the shock wave, and the rock unit cannot
directly reflect the detonation pressure. Therefore, selecting the air unit between the explosive and
the rock can effectively analyze the pressure change acting on the rock after the explosive is
detonated, as shown in Figure 6. The monitoring point spacing d, is the diameter of the charge.

Monitoring points

Figure 6. Layout of monitoring points for borehole interstice.

The monitoring point data of different charge diameters were extracted to create the pressure
and velocity change curves shown in Figure 7. With propagation distance increase, the shock
pressure linearly decreases. However, the impact velocity increases as the diameter of the cartridge
increases, and the impact pressure and speed also increase. The maximum impact pressure of the 60
mm diameter cartridge can reach 1,488 MPa, almost 8 times that of the 20 mm cartridge. The
maximum impact speed can reach 2 times that of the 20 mm diameter cartridge.
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Figure 7. Borehole clearance pressure and velocity curves.
4. Engineering applications of hard roof blasting

4.1. Engineering background

The Xinhe Coal Mine is located in western Shandong Province, China. The total length of the
No.6302 working face is 675 m, the inclination length is 100 m, and the burial depth of 983.9~1084 m,
responding to a change in ground elevation of +35.2~+36.2 m. The comprehensive mechanized top
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coal mining technology was adopted for coal extraction. The west side of the working face is the 6301
working face that has been mined, with a 5 m coal pillar left in the center. The south side is the
southern track, the belt collecting lane, and the bottom yard. To the east and north are the 630 mining
area of the Xinhe Mining and the 630 mining area of the Tangkou Coal Industry, respectively.

4.2. Testing program

4.2.1. Blasting parameter design

Three vertical boreholes were drilled on the roof of the intake airway of the 6302 working face
for the blasting test. The borehole spacing was 10 m, and the depth was 51 m. The strata distribution
and blasting parameters are shown in Figure 8. Aqueous gels explosives permitted in secondary coal
mines were used. The 5-segment millisecond delay electric detonator permitted in coal mines was
used to initiate the main charge, and the delay time was 100 ms.

When the explosives and detonators arrived at the blasting site, 5 explosives were bundled with
adhesive tape, and 3 electric detonators were inserted into the PVC pipe (outer diameter 75mm) by
reverse initiation. The upper end of the PVC pipe was sealed with tape to prevent the leakage of
explosives. A 15 cm long slit was made at one end of the PVC pipe to facilitate the connection between
pipes. All the detonators were connected in parallel to the main wire, and the charge structure is
shown in Figure 8b. After the charge was completed, barbs were placed on the PVC pipe at the mouth
of the borehole to prevent the explosive from falling out of the PVC pipe. The barb device is shown

in Figure 8c.

a .
Pve pipe ~_ _

Explosive S bole 2
)
B
Rock layer
-~ Barb device ~>>Rebar
Borehole I &
I
13.5m Ventilation roadway | B
a3
e Barb device
. (=3 v
dElectr!c Explosive Pvc pipe ! .g. PVC pipe Main lead
etonation . : g juncture /
¥ [ - A /
e p .|

) Bottom

Figure 8. Borehole parameters.

The charge length of a single borehole was 10 m, 36 kg of explosives were used, and 9 detonators
were consumed. The rolls of water-gel explosives were placed in bundles in PVC pipes to form
cartridges, and the cartridges were placed at the bottom of the borehole. Figure 9 shows the on-site
workers connecting the cartridge.
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Figure 9. On-site charges to borehole.

4.2.2. Parameter optimization of blasting

(1) Roof hole breakage depth and charging position

The roof hole of Xinhe 6302 working face is 51 m deep, and the deepest part has reached a key
layer of siltstone with a thickness of 10.5 m. Placing explosives in this formation can effectively relieve
formation pressure. After the rock formation breaks, the other rock formations it controls collapse
simultaneously. The 27 m and 45 m inclination fault top holes and the bottoms reach the top of the
siltstone stratum, and explosives were placed in this stratum to relieve pressure on the strata they
controlled. The charge lengths were 11 m and 20 m, respectively.

(2) Uncoupling charging coefficient

As shown in the previous numerical simulation results, the range of the blasting gap is the
largest when the radial uncoupling coefficient of the charge is about 1.6~1.7. The fractured top hole
adopted a continuous charge in the axial direction. However, the uncoupled charge in the axial
direction was used in the inclined direction because there were fractured intersections at the blasting
gap.

(3) Optimize borehole spacing

The borehole spacing between adjacent boreholes was calculated from the radius of the fracture
zone during single-hole blasting through the theoretical calculation formulation. Generally, the crack
area is more prominent when the two holes are detonated simultaneously than during differential
initiation. Furthermore, the stress wave of the two boreholes is superimposed and canceled during
the propagation process. The size of the crack area was obtained through a test explosion
experiment/®. The calculation results show that the theoretical calculated fracture radius is about
13.39% larger than the numerical simulation, and the radius of the fracture zone does not exceed 5 m.
Combined with the analysis of the scope of the crushing area, the effective blasting range of the 75
mm coil is about 5 m. Therefore, the spacing between two boreholes is set at about 10 m in line with
the theoretical basis.

4.3. Analysis of the test results

4.3.1. Coal Wall Stress Analysis

Each group of stress receivers was spaced 0.5 m apart, and the burial depths were 8 m and 14 m,
respectively. The shallow hole was close to the blast hole side. The initial value of the stress measuring
point installation was set to 5 MPa, and the alarm triggers when the stress in the deep hole exceeds
12 MPa or the stress in the shallow hole exceeds 10 MPa. Two sets of stress receivers, located at the
deep hole and the shallow hole, were placed on the coal wall at an interval of 20 m, and 15 groups of
sensors were installed on the coal wall. During the blasting test, the stress receivers corresponding to
the position of the borehole were numbered c3 and c4. It was 180 m away from the working surface,
and the specific layout is shown in Figure 10.
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Figure 10. Coal seam stress receiver layout.

The stress receiver output a set of data every minute. Three groups of stress monitoring values
were extracted to analyze the changes in coal seam pressure caused by blasting, creating the stress
curve with the mean value, as shown in Figure 11.
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Figure 11. The relationship between the daily average stress changes of the stress gauges at different
positions near the borehole.

Overall, the closer to the working face, the greater the stress value. The stress at c3, ¢4, and c5
has a small variation range, but the stress at c1 and c2 significantly fluctuates. It shows that the roof
rock layer is broken after blasting, and the range of the broken zone is about 20 m, close to the distance
between the two sets of stress gauges. The radius of the crack zone of single-hole blasting is about 5
m. The roof pressure is released to the depth of the coal seam and the working face, which can achieve
a better pressure relief effect.

4.3.2. Analysis of Microseismic Monitoring

Figure 12 shows the microseismic events of three days before and after blasting. According to
the monitoring data, there were 25 microseismic energy events greater than 10? ] before blasting and
24 microseismic energy events greater than 10? | after blasting. In the three days before and after
blasting, 10° J-level incidents occurred 9 times, each near the working face. The large-energy events
are transferred to the tunnel face after the broken roof occurs, and the stress distribution is no longer
concentrated. Overall, the rock formation in front of the working face is broken after blasting, which
can release elastic energy accumulation and reduce the probability of rockbursts.
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Figure 12. Energy distribution law of micro-seismic events.

Figure 13 shows the change law of energy events three days before and after blasting. 102~10° J
level energy events accounted for 56.25%, and 10°~10* J level energy events accounted for 43.75%,
both of which did not reach the orange warning level. The operating range was within the safety
threshold. From Figure 13, the rock layer does not break immediately after blasting and still has
partial bearing capacity. After a period of time, large deformation and breakage occur and then tend
to stabilize.
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Figure 13. Variation of energy events.

5. Conclusions

Numerical simulations were conducted to analyze the damaged area of different diameter
charges to study the influence of in-situ stress on the blasting damage area. Field tests were conducted
on the 6302 working face in the Xinhe Coal Mine. The main conclusions are as follows:

(1)The explosion load mainly affects the damage zone near the borehole, while the in-situ stress
mainly affects far-field crack propagation. The crack propagates in the direction of high surrounding
rock pressure. The shock wave adopts the oblique incidence method at the joint surface, effectively
reducing the reflection frequency and achieving the optimal rock-breaking effect.

(2)The shock and stress waves generated by the detonation of different diameter charges
determine the crushing area size. The explosion gas determines the fracture zone secondary
expansion and extension length. When the non-coupling coefficient is 1.5, the impact pressure of the
60 mm diameter borehole is 8 times that of the 20 mm, and the impact speed can reach 2 times that
of the 20 mm.

After optimization of the blasting parameters in the Xinhe coal mine, the radius of the single-
hole blasting crack zone is about 5 m. The high energy of the roof is transferred to the front of the
working face, the distribution is no longer concentrated, and a better effect of blasting pressure relief
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is achieved. Overall, the research results have a specific guiding significance for underground
engineering in deep projects.
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