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Study on the propagation mechanism of stress wave in underground mining
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Abstract. For the influence of the propagation law of stress wave at the coal-rock interface during the pre-blasting of the top
coal in top coal mining, the ANSYS-LS/DYNA fluid-solid coupling algorithm was used to numerical calculation and the life-
death element method was used to simulate the propagation of explosion cracks. The equation of the crushing zone and the
fracturing zone were derived. The results were calculated and showed that the crushing radius is 14.6 cm and the fracturing
radius is 35.8 cm. With the increase of the angles between the borehole and the coal-rock interface, the vibration velocity of the
coal particles and the rock particles at the interface decreases gradually, and the transmission coefficient of the stress wave from
the coal mass into the rock mass decreases gradually. When the angle between the borehole and the coal-rock interface is 0°, the
overall crushing degree is about 11% and up to the largest. With the increase of the distance from the charge to the coal-rock
interface, the stress wave transmission coefficient and the crushing degree of the coal-rock are gradually decreased. At the
distance of 50 cm, the crushing degree of the coal-rock reached the maximum of approximately 12.3%.
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1. Introduction

Top coal mining is usually used for mining underground
thick coal seams, which is due to the superiority of safe and
efficient mining in fully mechanized top coal caving (Wang
et al. 2017, Yasitli and Unver 2005, Li 2018, Li 2017, Xu
2019). However, it cannot be used in the steeply inclined
thick coal seams for the hard and the clamping effect of the
top coal and the short working face. Most of the coal mines
in western of China are steeply inclined ultra-thick coal
seams. For example, the structure of steeply inclined coal
seams in Wudong mine are shown as follows (Wang 2017).

As shown in Fig. 1, the slicing top-coal caving mining
was used in steeply inclined thick coal seams by Shenhua
Xinjiang Energy Co. Ltd. in Wudong mine. At present
surface mining has reached the +500 m level (+850 m on)
(Fig. 1). The technology of top coal weakening blasting is

+500 level

+475 level

Fig. 1 Panel layout for slicing top-coal caving mining in
Wudong mine (Wang 2017)
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Fig. 2 Horizontal section top coal caving

an effective way for the top coal can hardly broke at that
inclination and thickness (Cai-ping et al. 2012, Bossart et
al. 2002). That is, the auxiliary tunnel is arranged in the top
coal to implement the weakening and crushing control
technology for the top coal, so that the top coal can be
smoothly discharged, and then the top coal mining
technology can be used successfully (Wang et al. 2013, Li
et al. 2009).

The coal seam in Jiangcang mine also has a large dip
more than 45° As researched on the 45# coal seam in this
paper, the Horizontal Section Top Coal Caving (HSTCC)
method was used as shown in Fig. 2.

As shown in Fig. 2, the coal seam was divided into two
horizontal ~sections. Two auxiliary tunnels were
implemented in different heights and the boreholes were
drilled in the coal from the auxiliary tunnel. The top coal
was broken for a smoothly caving after the explosives
detonating. However, to study on the influence of the
interface between the coal and the roof on propagation of
the explosion-induced stress wave, different angles between
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the interface and the boreholes were set up in this paper.

The top coal pre-blasting technology in fully
mechanized caving mining in hard and thick seam is
systematically studied through laboratory blasting test,
fractal theory analysis, 3D FLAC numerical calculation and
related engineering comparison by Wang et al. (2000). And
the reasonable pre-blasting scheme and parameters are
proposed, and the distribution of top coal briquettes before
and after pre-blasting was analyzed by using the topology
theory. Yang (2015) developed a new technology of
pressure blasting for the conditions of hard and thick
sandstone roof in coal mines, and implemented the
directional control blasting under roof pressure-bearing on
the working face and the side of the mining roadway
respectively. So as to realize the two-way unloading of the
surrounding rock of the stope and the transfer of high stress
to ensure the production of the working face safely and
efficiently. Suo (2004) proposed the calculation method of
the hard top coal weakening blasting area, fracture
development area and fissure area, and shown the function
of fragmentation degree of the top coal by adopting the pre-
blasting weakening technology and experiments and field
observations.

The research on the propagation of explosive stress
waves and the fractures of coal and rock at the interface is
important (Fei et al. 2019, Saiang 2009, Yan et al. 2015,
Pradhan et al. 2018, Adibi et al. 2019). This paper uses
ANSYS/LS-DYNA numerical calculation method to
simulate the propagation of explosive stress wave at the
interface of top coal and roof on the basis of summarizing
the previous studies. The angle and the distance between the
borehole and the coal-rock interface are set up differently to
study the fracture effect of the explosion stress wave on the
coal and rock.

2. Detonation mechanisms

The detonation velocity of a cylindrical charge is greatly
affected by the diameter of the explosive. Within a certain
range, the detonation velocity increases with the increase of
the diameter until the steady detonation velocity is reached;
and as the diameter decreases, the detonation velocity
decreases until the critical diameter is reached and the
detonation cannot be transmitted and fails (Cooper 1996).
This is mainly due to the fact that the detonation process of
the column charge is affected by the lateral pressure of the
charge. The non-ideal detonation state, as shown in Fig. 3
below, the front of the shock wave propagates in a curved
shape followed by a chemical reaction zone that is not
completely reacted. The chemical reaction zone is followed
by a jet-like propagating product (Esen 2008).

As shown in Fig. 3, the detonation drive zone (DDZ) is
located at the front of the sonic line and follows with the
shock wave front, and drives the detonation process to
propagate in the explosive (Byers 2002). At this time, the
detonation speed is close but still less than the ideal
detonation speed. The non-ideality degree of explosives can
be judged by the difference between the ideal detonation
speed and the actual detonation speed. The sparse wave
(also known as Taylor wave) located between the sonic line

Detonation
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Detonation
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Unreacted
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Reaction Zone-

Fig. 3 Non-ideal detonation representation

Shock Front.

and the end of the reaction zone is still supersonic.
Therefore, the disturbances of compression waves and
sparse waves that propagate at the local sound velocity are
still lag behind the DDZ, so the propagation speed of the
detonation wave cannot be slowed down. Taylor waves are
still having chemically reactive, and for industrial
explosives with slower energy release rates, Taylor waves
are critical to the explosion process (Byers 2002).

For the blasting of the cylindrical charge in the coal, the
boreholes at both ends of the charge are subjected to a
strongly effect of impact compression by the explosive
stress wave and the jet-liked detonation product along with
the radial direction of the borehole (Nicieza et al. 2012).
The coal surrounding the lateral of charge is subjected to
the effect of the explosion stress wave that expands outward
in a cylindrical shape.

3. Blasting damage zone
3.1 Crushing zone

In this paper, the charge and the borehole are treated as
coupled. When the coupled columnar charge is detonated,
the initial pressure of the shock wave in the coal can be
treated according to the acoustic approximation principle
(Yang 1993, Zhang 1998) as follow.

__ 2p%
B= oty (1)

In this equation, p and p,, is the density of coal and
explosive, respectively, in Kg-m. C, and C, is the sonic
velocity in coal and detonation velocity of explosives,
respectively, in m-s®. P, is the detonation pressure of the
explosives, in Pa.

According to the detonation mechanics, the detonation
pressure of the explosives (B,,) can be shown as follow.

1
bn = meclg )

So, the initial pressure of the shock wave in the coal can
be shown according to the Eq. (1) and Eg. (2) as follow.

POmCpCs
E 3

T Z(Pcp"‘l’mcv)

The energy of the explosion shock wave decays rapidly
during the process of the propagation. The relationship
between the variations of the peak pressure of the shock
wave near the borehole and the distance from the borehole
can be shown as follow.
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p(7) == (4)
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In the equation, 7 is the proportional distance which
can be shown as 7 =r/r,. r is the distance from the
center of the explosive, in m. 7, is the radius of the
borehole. a; is the attenuation index of the shock wave
pressure, which can be shown as follow

o =2+—— - 5)

In the equation, u, is the dynamic Poisson’s ratio of
coal. As in the coal blasting engineering, the u, is always
be equal to 0.8u. u is the static Poisson’s ratio.

Dai (2002) researched the criterion for the range of the
coal blasting crushing area according to the Mises yield
failure criterion as follow.

0; 2 Ocq (6)

In this equation, o.; is the dynamic compressive
strength of the coal, in MPa. o; is the stress at any point in
the coal which can be shown as follow.

01 = (0, — 99)* + (06 ~ 3,)* + (0, — 3)2Y*  (7)

In the equation, o, is the radial stress of the point in the
coal, in MPa. g, is the tangential stress, in MPa. o, is the
stress in the direction of the borehole, in MPa.

As the explosion wave propagating in the coal, the
shock wave is gradually attenuated into a stress wave for
the hindered of the coal. The stress field in the coal is
regarded as a plane strain problem. At this time, the three-
dimensional stress in the coal is shown as follow.

Oy = pRC/fcoC2
0g = —bo, 8
0z = ”d(l - b)ar
In the equation, pg_ is the peak stress at the interface
(R¢) between the crushing zone and the fracturing zone. The
proportional distance 7. can be shown as 7. =r/R.. «a,
is the peak stress decay index, which can be expressed as
a, =2— /(1 —py) (Xanykaes 1980). b is the lateral
stress coefficient, which can be shownas b = u/(1 — ).
The radial stress o, can be shown by relating the Eq.
(8) as follow.

01 = 0. (1 +5)? = 24 (1 = p) (1 = b)? + 1 + b?]V/2
©9)

According to the Egs. (3)-(4), Eqg. (6) and Eqg. (9), the
radius of the crushing zone in the coal by using coupled
charge can be shown as follow.

_ (PmCEAB 1/a
RC - (4\/50’,:,1) rb (10)
In the equation
__ 2p%
- pPCp+pmCy (11)

B =[(1+b)* — 2uy(1— u)(1 —b)* + 1+ b2 (12)

3.2 Fracturing zone

According to the Mises yield failure criterion, the
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Fig. 4 Damage zone

criterion for the range of the coal fracturing zone was given
by Dai (2002) as follow.

0; 2 Otq (13)

In the equation, o;4 is the dynamic tensile strength of
the coal.

The fracturing zone is where the tensile stress in the coal
is greater than the tensile strength of the coal. According to
the Eq. (9), Egs. (12)-(13), the radial stress (og) on the
interface between the crushing zone and the fracturing zone
can be shown as follow.

OR = Or|y=R, = ﬁ;td (14)

According to the Eq. (8), Eqg. (10) and Eq. (14), the
radius of the blasting fracturing zone in the coal under
coupled charging can be shown as follow.

R, = (M)I/az (%)1/051 " (15)

Otd

3.3 Calculation results of the damage zone

The damage zone in the coal after blasting can be shown
as Fig. 4. Due to the vibrating zone do not create fractures
in the coal, it was not considered in this paper.

The Emulsion was used as the explosive in this paper
and the papermeters was given as follows. The density of
the explosive pm is 890 Kg-m=, and the detonation velocity
of the explosive C, is 4688 m-s. The parameters for the
coal material in this paper were citated from the Wudong
mine (Hao 2016) as follows. The density of the coal p is
1860 Kg-m3; the sonic velocity in the coal C, is 650 m-s?;
Poisson’s ratio is 0.3; the dynamic compressive strength is
69.67 MPa and the dynamic tensile strength is 15.6 MPa.

By using the parameters above, the radius of the
crushing zone and fracturing zone in the coal under coupled
charging can be calculated. According to the Eq. (10) and
Eq. (15), the crushing radius and fracturing radius can be
calculated as R,=0.146m and R, =0358m |,

respectively.

4. Calculation model
4.1 Modeling

The model shown in Fig. 5 is established as follows.
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Fig. 5 Design diagram of model (unit cm)

The size of the model is 800x800x2 cm. The roof is made
up of rock with a horizontal interface between the top coal
and the roof. The coordinate axis is shown on the left,
where the Z-axis direction is outwardly perpendicular to the
paper surface, and the specific dimensions are shown in Fig.
5.

The explosive is detonated by using a reverse point
detonation method, the terminal effect is ignored, and the
model is simplified to be a plane strain problem. In order to
reduce the calculation, a single-layer solid mesh modeling
is adopted, and the unit system cm-g-us is adopted. The
length of the charge is 100 cm and the diameter is 6 cm, the
charge center is coincides with the model center. The
measuring points 1#, 2# are located in the coal and the rock
near the interface of the coal and rock respectively, and
located on the vertical axis of the model. The charge axis
and the coal and rock interface are at an angle of 4. The
charging center is fixed, and the angle between the charge
and the coal and rock interface is 0°, 30°, 45°, 60° and 90°,
respectively.

The propagation of the explosion stress wave at the
interface of coal and rock is studied by setting the angle
between the charge axis and the interface of the coal and
rock. As shown in Fig. 5, the stress wave generated by the
explosion changes when it encounters the interface of the
coal and rock. It forms an incident wave entering the rock
and a reflected wave reflected back to the coal. The incident
wave causes compression damage to the rock, and the
reflected wave forms tensile damage to the coal.

The numerical model consists of explosive, coal and
rock. ANSYS/LS-DYNA finite element software is used to
analyze the nonlinear dynamic response of the structure.
The explosive is defined as fluids and modeled by Euler
meshes, and the units using the multi-substance ALE
algorithm. The coal and rock are defined as Lagrange units,
and the ALE fluid-solid coupling algorithm is used to
establish the connection between them. So the explosive
unit can flow into the grid to avoid serious distortion of the
unit (Shi et al. 2005, Liu and Bai 2019, Prabhat et al. 2019,
Reza and Kiachehr 2019). The established model is meshed
by sweep meshing, and the model meshing result is shown
as follows in Fig. 6 as 6 is 45°.

The model boundary is set as
NON_REFLECTED_BOUNDAY to simulate an infinite
boundary condition. The invalid keyword
*MAT_ADD_EROSION (LSTC 2003) is set to define that

explosive

explosive

Fig. 6 Meshing diagram

when the coal and rock unit are under excessive force, the
overstressed element is automatically deleted. The cracks
are formed macroscopically, and the expansion law of the
explosion cracks in the coal and the final crushing results of
coal and rock are analyzed (Bai 2005).

4.2 Constitutive equation and material parameters

The detonation velocity and pressure of various
explosives and the metal accelerated experiments were done
by Kury et al. (1965), Lee et al. (1968). The adiabatic
expansion equation of detonation products is described by
pressure, volume and energy (PVE). The Jones-Wilkens-
Lee (JWL) equation of state based on the thermodynamics
and fluid mechanics was given by relating the pressure and
specific volume generated in the detonation process which
had been widely used in blasting calculations. It can be used
as follows.

P=A(1 —%)e‘RlV +B(1 —Rziv) e~f2V 422 (16)

In the Eq. (16), A and B are characteristic parameters of
the material, in GPa. R1, Ry, and w are also parameters of
the material. P is pressure, in MPa. V is the relative volume,
in m3, and EO is the initial specific internal energy, in MJ.

Jose et al. (2015) tested a variety of emulsions and
ANFO explosives by using the method of copper column
expansion measurements and obtained the specific JWL
state parameters of the explosives. The Titan-6000-E1
emulsion was used as the high-energy explosive material in
this paper for the numerical simulation. The parameters and
the JWL of the explosive are shown in the following tables.

The constitutive of the material will be changed greatly
under the explosion dynamic loading. By following the
procedures of the LS-DYNA keyword user’s manual, the
material properties of coal were implemented in the model
(Shang et al. 2005).

The constitutive behavior selected for coal was of type
Plastic-Kinematic, which is suited to model kinematic
hardening plasticity with the option of including strain-rate
effects. The parameters for the coal and rock material are
included in Table 3.

5. Results and analysis
5.1 Different angles

The material parameters and the equation of state are
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Table 1 Material parameters of Titan-6000-E1 emulsion

Density/po Detoqation CJ Pressure/ CJ Relative Ideal explosion
(Kg-m?) velocity /D P (GPa) volume/ heat/
(m-sh Ve Q (KJ/Kg)
890 4688 374 7.33 4.15

Table 2 JWL state parameters of Titan-6000-E1 emulsion

A (GPa) B(GPa) C(GPa) R! R? ®  Eo(GPa)
209.685 3.509 0517 5762 1290 039 2.386

Table 3 Material parameters of coal

Material Density/po r:c:?jztliﬁs Poisson's ;::leg ;2%%?3; Hardening Failure
Type (Kg-m?) E (MPa) ratio (KN) (MPa) coefficient strain
Coal 1860 2610 0.3 1.0 2.61 0.5 0.8
Rock 2650 40000 0.2 100 4000 0.5 0.6

applied into the LS-DYNA with the damage model. The
established model was numerically calculated and the
explosive was detonated by the point detonation method.
The calculation results are post-processed and analyzed, the
explosive unit is hidden, and the blast wave propagation and
crack propagation process are intercepted as shown in Fig.

Fig. 7 shows the crushing process of the coal when the
angle between the charge and the coal and rock interface is
different. Among them, the explosion process at different
moments are the stress wave reaches the interface of coal
and rock, the tensile cracks formed and the final fracture of
the coal and rock, respectively. It can be seen from the
figure that the propagation velocity changes when the stress
wave reaches the interface of the coal and rock. The
propagation velocity of the stress wave is obviously
accelerated when it enters the rock from the coal. A

Stress wave at interface

Scenarios

Tensile cracks in coal

Final Crushing
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Fig. 7 The explosion stress contours of different states at different angles
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Fig. 8 Vibration velocity curves at point 1#

“mushroom shape” stress contour is formed at the
interface of the coal and rock, and a stress concentration
region is generated at the interface. The stress wave spreads
outward in an elliptical shape, which produces a strong
compression effect on the coal. Due to the high compressive
strength of the coal, the unbroken coal produces elastic
strain and accumulates a large amount of elastic potential
energy inside. The accumulated elastic potential energy is
released rapidly after the stress wave passed, causing
excessive stretching to form a low stress region.

As the stress wave continues to propagate outward, the
coal inside the range of the stress wave is subjected to
tensile stress. Due to the low tensile strength of the coal, the
tensile cracks generate under tensile stress and propagate
outward after the stress wave passed. The blast cracks are
densely at both ends of the charge, showing a “root-like”
through the borehole. Divergent cracks are generated at a
certain distance on both sides of the charge. The cracks
present “petal” damage around the borehole. At the same
time, the rock also exhibits tensile cracks under the action
of stress wave, and spreads from the interface to the interior
of the rock. The cracks formed in the rock are significantly
less than those in the coal. This is due to the attenuation of
the stress wave propagating into the rock, and the tensile
strength of the rock is greater than that of the coal. After
4ms of explosion, the crushing process of the rock was
basically completed. A large number of “petal” cracks
formed in the coal around the borehole, and a small number
of vertical cracks appear in the interior of the rock near the
interface.

As the angle increases between the borehole and the
coal-rock interface, the “butterfly” damage rotates
counterclockwise. When the explosion crack propagates
from the coal to the rock, the phenomenon of “suspending”
occurs at the interface of the coal and rock, and the number
of cracks in the rock tends to decrease gradually. Under the
blocking influence of the interface, the number of cracks in
the coal first decreases and then increases, then decreases
and increases. The number of cracks in the rock gradually
decreases and spreads to both sides. When the borehole is
horizontally arranged, that is, when the angle between the
borehole and the coal-rock interface is 0°, more cracks are
generated in the coal, and the number of cracks in the rock
is maximized, and the overall crushing effect is the best. It
can be seen from the final crushing effect diagram that in
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Fig. 9 Vibration velocity curves at point 2#

order to make the best overall crushing effect of the coal
and rock, the angle between the borehole and the interface
should be minimized. When the angle between the borehole
and the coal and rock interface is 45° and 90°, the number
of cracks is slightly larger than that of the angle at 30° and
60°. The specific conditions need to be quantitatively
analyzed by the following methods.

The fracture of coal and rock can be expressed indirectly
by the vibration velocity of the particles. The vibration
velocity of the two points 1# and 2# measured at different
angles are shown in Fig. 8 and Fig. 9 below.

From the measuring point 1#, the vibration velocity of
the explosion stress wave at the interface of the coal and
rock is known. From the measuring point 2#, it can be seen
that the explosion stress wave causes the particle vibration
in the rock when entering the rock from the coal. It can be
seen from Fig. 8 that a large peak appears first in the
vibration velocity curve of the coal at the measuring point
1#, and then the tail disturbance is large. Fig. 9 shows that
the vibration velocity curve of the rock mass at the
measuring point 2# also first appears a large peak, but the
tail disturbance is smaller, which is mainly due to the large
hardness index of the rock. From the vibration velocity
curves shown in Fig. 8 and Fig. 9, it can be seen that when
the angle between the borehole and the coal and rock
interface is 0°, the vibration velocity at measuring point 1#,
2# is significantly larger than that of other angles. It
indicates that the overall fracture of the coal and rock is
seriously at this time, which is consistent with the final
fracture effect diagram obtained by the simulation.

For the numerical calculations carried out in this paper,
the degree of fracture of coal and rock can also be
expressed by the ratio of the number of failure units to the
total number of units. The number of failure units and the
number of coal units and explosive units in the numerical
calculation results are got, and the peaks of the particle
vibration velocity in Fig. 8 and Fig. 9 are got as shown
below in Table 4.

Table 4 shows the number of specific meshes obtained
by meshing coal and explosive materials by means of sweep
meshing. The number of failure units is the number of units
that are automatically deleted when the material is under
overstressed. The fracture degree of coal and rock should be
determined by the ratio of the number of failure units to the
total number of coal and rock and explosives units.
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Table 4 The coal crushing degree and peak velocity of measuring points

Explosive . . . . Fracture Peak velocity at 1#  Peak velocity at 2#
Angle Units Coal units Rock units Failure units degree/% 103%cm/yis 103cm/yis
0° 120 88666 40000 14140 10.98 5.81 2.02
30° 120 88699 40000 11687 9.07 4.42 131
45° 120 89142 40000 11948 9.24 4.05 1.22
60° 120 89807 40000 11131 8.57 3.69 1.10
90° 120 88942 40000 12151 9.41 3.43 1.00
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Fig. 10 The relationship between the angle and crushing
degree and the peak velocity

For the relationship between the fracture degree of the
coal and rock in the Table 4 and the peak value of the
vibration velocity at the points 1# and 2#, the curve is
shown in Fig. 10 below.

It can be seen from Fig. 10 that as the angle between the
borehole and the coal-rock interface increases, the peak
velocity of the particle at the measuring point 2# decreases
gradually and tends to be stable, which decreasing from
about 2.0x10-3 cm/us to about 1.0x10-3 cm/us. That is, the
energy of the explosion stress wave from the coal into the
rock is gradually reduced, and the crushing effect on the
rock is gradually weakened, and finally it is hardly affected
by the angle. The peak value of the vibration velocity at the
point 1# is also gradually decreasing with the increase of
the angle between the borehole and the coal-rock interface.
It is reduced from about 5.7x10-3 cm/us at an angle of 0° to
about 3.4x10-3 cm/us at 90°, and the downward trend is
slowed down gradually.

The fracture of coal and rock should be the sum of coal
cracks and rock cracks, which is characterized by the “W”
trend of decreasing first, then increasing and then
decreasing and increasing, which is consistent with the
simulated fracture diagram. When the angle between the
borehole and the interface is 0°, the fracture degree of the
coal and rock (about 11%) is significantly larger than 9.4%
when the angle is 90°. When the angle between the
borehole and the coal and rock interface is 45°, the fracture
degree of the coal rock shows a small peak, about 9.2%.
The degree of fragmentation is less than 9.4% at an angle of
90°. Therefore, in the process of pre-blasting of top coal
caving, in the case of technical permission, the angle
between the borehole and the coal-rock interface should be
minimized, which can improve the overall crushing effect
of the coal and rock and get a good economic benefits.

angle (°)
Fig. 11 The relationship between the angles and the
transmission coefficient

5.2 Transmission coefficient

The phenomenon of “suspending” at the interface of
coal and rock indicates that the explosion stress wave is
obviously attenuated when enters from the coal to the rock.
The transmission coefficient of the blast stress wave from
the coal into the rock mass can be expressed by the ratio of
the peak of vibration velocity from the two sides at the
interface (Zhao et al. 2017, Zhao and Cai 2001).

Teoe = Zi:i (7)

In the equation, V., is the peak value of the vibration
velocity after the stress wave enters into the rock, m/s; Vi,
is the peak value of the vibration velocity after the stress
wave enters into the rock, m/s.

According to the Eq. (2), the ratio of the peak velocity
of the points 1# and 2# in Table 4 is calculated, and the
relationship between the transmission coefficient and the
angle is shown in Fig. 11.

It can be seen from Fig. 11 that as the angle between the
borehole and the coal-rock interface increases, the
transmission coefficient of the explosion stress wave
gradually decreases from the coal into the rock. The
transmission coefficient was rapidly reduced from 0.35 at
the angle of 0°to 0.30 at the angle of 30°. The transmission
coefficient then remained steady then decreased to 0.29 at
the angle of 90°. This indicates that the larger the angle
between the borehole and the coal-rock interface, the
greater the loss of energy generated by the explosion when
entering the rock, and the smaller the crushing effect on the
rock.

5.3 Different distances
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Aiming at the influence of the distance between the
charge and the interface on the fracture effect of coal and
rock, the model shown in Fig. 12 is designed. When the
angle between the borehole and the coal-rock interface is
0°, that is, the charge and the interface are arranged in
parallel, the influence of the distance between the charge
and the coal-rock interface on the fracture effect of the coal-
rock is studied.

As shown in Fig. 12, the distance between the charge
and the coal-rock interface is D, the model size and the
charge position are fixed, the coal and rock interface is
moved to make D is 50 cm, 100 cm, 150 cm and 250 cm,
respectively. As D is 200 cm, the charge and the interface
are arranged in parallel, and the fracture of the coal and
rock at the distance of 200 cm is same as the case of the
previous study when the inclination angle is 0°, and is
omitted here. The numerical calculation of the blasting of
coal and rock under different conditions is carried out, the
calculation results are post-processed, and the final crushing
effect of the coal and rock is shown in Fig. 13 below.

As shown in Fig. 13, the coal-rock interface has a
significant blocking effect on the propagation of stress
waves. It is manifested that the number of cracks in the coal
is large and dense, while in the rock is less and sparse. At
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Fig. 14 Relationship between distance and crushing degree
and the transmission coefficient

the interface of coal and rock, cracks are suspended. With
the increase of the distance from the interface of coal and
rock, the number of cracks in coal and rock is gradually
reduced, and the overall degree of fragmentation is reduced.
When D=50 cm, that is, the distance from the interface of
the coal and rock to the charge is 50 cm, the number of
cracks generated in the coal and rock is the largest. The
interface of coal and rock is severely broken due to the
close proximity of the charge to the interface. The borehole
is damaged near the interface. This is because the borehole
is close to the interface, and the blast stress wave is
reflected at the interface and forming a tensile wave, which
caused a tensile damage to the borehole. At a certain
distance from the ends of the charge, the rock forms a pin-
shaped crack extending inward from the interface of the
coal and rock and converges toward the middle. At D=100
cm, the borehole and interface are less damaged, and the
number of cracks in the rock is less. As the distance from
the charge to the interface increases, the number of cracks
in the rock gradually decreases and vertical cracks
appeared, and the cracks gradually converge directly above
the charge. This is because the effect of the explosive stress
wave generated at both ends of the strip charge on the
interface is gradually reduced as the distance from the
charge to the interface increases. The cracks in the rock are
mainly caused by the damage of the rock when the stress
wave generated on the upper side of the strip charge is
transmitted into the rock.

By using the above analysis method, the crushing degree
of the coal and rock and the transmission coefficient of the
stress wave from the coal into the rock are quantitatively
analyzed, and the specific values obtained are shown in Fig.
14 below.

It can be seen from Fig. 14 that as the distance from the
interface of the coal and rock to the charge increases, the
crushing degree of the coal and rock and the transmission
coefficient of the stress wave gradually decrease. The
crushing degree of the coal and rock is about 12.3% at the
distance of 50 cm from the charge to the interface, and
decreases slowly to about 11% at the distance of 200 cm.
When the distance between the charge and the interface is
250 cm, the crushing degree of the coal and rock is rapidly
reduced to about 8.2%. This may be due to the fact that the
stress wave is weaken when reflected from the interface as
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the charge and the interface exceed a certain distance,
which is not enough to cause more tensile cracks in the coal
and leads to a rapid decrease in the crushing degree of the
coal and rock. The stress wave transmission coefficient was
rapidly reduced from about 0.83 at the distance of 50 cm to
about 0.55 at the distance of 100 cm, and then slowly
decreased to about 0.4 at the distance of 250 cm. This is
mainly because the distance from the charge to the interface
is 50cm and the stress wave generated by the explosion of
the explosive is strong enough, causing serious damage to
the interface and more stress waves to enter into the rock
and increasing the transmission coefficient of the stress
wave.

As the calculated results shown in title 3.3, the crushing
radius is 14.6 cm and the fracturing radius is 35.8 cm,
which is 50.4 cm in total. Therefore, when the distance
from the borehole to the interface is set up as 50 cm, the
original damage zone should reach at the interface. And
then the stress wave was reflected from the interface to the
coal and expanded the fractures to propagate further.

6. Conclusions

By changing the angle between the borehole and the
coal-rock interface, the numerical simulation of the top coal
blasting was carried out. The simulation results were post-
processed and the following conclusions were drawn.

(1) When the explosive stress wave enters the rock from
the coal, the propagation velocity is accelerated, and a
“mushroom-like” explosion stress contour is formed at
the interface of the coal and rock. The crushing of the
coal is mainly due to the accumulation of a large amount
of elastic potential energy in the coal when the
explosion stress wave compresses the coal. And then
when the stress wave passes, the elastic potential energy
in the coal is quickly released and the tensile fracture is
formed by excessive stretching. The explosion crack of
the coal at the two ends of the columnar charge is
connected to the borehole by “tree root”. Cracks are
generated at a certain distance on both sides of the
charge, and the whole crack is formed as “petal” around
the borehole.

(2) The explosion crack is blocked by the interface of

coal and rock, and there is a phenomenon of

“suspending”. By comparing the final blasting effect

and the ratio of the number of failure units to the total

number of units, it can be seen that with the increase of
the angle between the borehole and the coal-rock
interface, the crushing degree of the coal and rock first
decreases, then increases, then decreases and then
increases as characterized by the “W” trend. When the
angle between the borehole and the interface of the coal
and rock is 0°, the overall degree of fracture is the

largest, about 11%.

(3) The vibration velocity curves of the two measuring

points in the coal and rock at the interface indicate that

the peak velocity in the rock and the coal gradually
decreases with the increase of the angle between the
borehole and the interface. The transmission coefficient
of the explosion stress wave from the coal to the rock

increases with the increase of the angle between the
borehole and the interface. The transmission coefficient
is the largest when the angle is 0°, which is 0.35.

(4) When the charge is arranged in parallel with the
coal-rock interface, as the distance between the charge
and the coal-rock interface increases, the degree of
fracture of the coal and rock decreases slowly and then
decreases rapidly. The stress wave transmission
coefficient decreases rapidly first and then slowly
decrease. When the distance between the charge and the
interface is 50 cm, the stress wave transmission
coefficient and the crushing degree of the coal and rock
are the largest, which is 0.83 and 12.3%, respectively.
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