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Rock mass blasting is a complex process that involves the coupling of both discontinuous and continuous media. 2is paper aims
to reveal the dynamic failure process between adjacent boreholes under an elliptical bipolar linear charge structure using the SPH-
FEM (smooth particle hydrodynamics and finite-element method) coupling algorithm numerical simulation method. 2e
numerical simulation results are compared with the existing experimental results, which proves the rationality of the algorithm.
According to the numerical simulation results, the shaped jet will first shock the hole wall and form a stress concentration zone
that will guide the formation of cracks during the stress wave propagation process. In the case of double-hole blast loading, there is
a tendency for cracks coalescence to develop between adjacent boreholes due to the superposition of stresses between the double
holes and the increase in damage and plastic strain. 2e best blasting results will be achieved with this structure when the distance
between adjacent holes is 110 cm. Finally, the superiority of elliptical bipolar linear blasting in engineering blasting was verified
through field experiments. 2e results of this study provide a reference for subsequent applications of elliptical bipolar structures
in the field of rock blasting.

1. Introduction

Solid rock often exists in complex geological environments
in large-scale tunnelling and excavation projects, so the
drilling and blasting method is still the main construction
method for rock tunnel excavation. In recent years, the
blasting construction method represented by concentrated
energy directional blasting has shown great superiority in
large-scale excavation projects such as mineral development
and tunnel excavation. 2e elliptical bipolar linear shaped
charge blasting has been applied to many engineering
projects. However, there are few studies on the blasting
theory of elliptical bipolar linear shaped charge blasting and
the law of crack propagation.

2e impact process of explosive blast waves is a transient
process with high stress [1–4], so it is theoretically difficult to

understand the process of rock fracture damage under
blasting loading. To reflect the deformation characteristics of
rock masses under shaped charge directional blasting, Foster
[5] proposed in the early 20th century excavating an axial
groove near the borehole wall in advance to control the
direction of crack propagation after blasting. In 1952,
Williams et al. [6] conducted a theoretical analysis on the
problem of first slotting near the borehole and revealed the
mechanism of the initial crack on the formation of direc-
tional cracks. Shaped energy blasting originated early in
Europe and began to be mainly used in the military industry.
It has received attention and research from various countries
during the First and SecondWorld Wars [7, 8]. 2e Swedish
scholar Bjarnholt et al. [9] introduced the structure of
shaped charge into rock blasting and achieved good results
in the field of rock blasting, which promoted the
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development of shaped energy directional blasting. In the
1970s, Fourney et al. [10] used a tubular charge with axial
slits in the borehole. Many experiments have proven that this
structure can indeed achieve good directional rock-breaking
effects. Professor Wang and You-zhi [11] first proposed
using PVC pipes as energy-concentrating devices in direc-
tional blasting experiments of slitting charge bags and
studied the structure of energy-concentrating blasting by
many experiments. Jian-fei et al. [12, 13] used PVC pipes to
make a new type of elliptical bipolar shaped charge drug
package structure and produced good benefits in the project.
Li et al. [14–17] verified the rationality of the structure of an
elliptical bipolar linear shaped charge capsule through
theoretical analysis, numerical simulation, and experimental
verification. Zhu et al. [18] compared shaped energy blasting
with ordinary blasting and proved that shaped energy
blasting can improve the crack evolution ability in the di-
rection of energy accumulation. Meng et al. [19] used
PMMA materials to conduct experiments and revealed the
development mechanism of shaped energy jets. Many
studies have proven that energy-concentrating structures
can form jets that can induce the development of directional
cracks.

2is research focuses on the study of dynamic crack
propagation under elliptical bipolar linear shaped (Figure 1)
blasting loads. Figure 1 illustrates the process of fracture
formation by elliptical bipolar shaped charge blasting, where
a groove is formed after the shaped charge jet shocks the hole
wall, and finally, the rock is cracked under tensional stress.
Based on the Johnson–Holmquist (JH) constitutive model
[20], the SPH-FEM coupling method is adopted. First,
comparing and verifying the known parameter model in
Banadaki and Mohanty [21], the experimental and nu-
merical simulation results proved the rationality of the
parameters. 2e dynamic evolution process of the elliptical
bipolar linear structure burst pattern is reproduced in LS-
DYNA software and compared with the blasting effect of
ordinary blasting. It is proven that the elliptical bipolar linear
shaped charge structure has an effect that can result in a
certain crack orientation. Finally, the mechanism of double-
hole-shaped charge blasting is revealed, and then the dis-
tance between holes of the double-hole elliptical bipolar
linear shaped charge structure is optimized.

2. Method

2.1.Mechanism of Crack Formation in Rock by Shaped Energy
Blasting

2.1.1. Formation Mechanism of Shaped Jet. When the ini-
tiation point of the shaped charge pack is detonated in the
shaped charge blasting device, explosives will have a strong
chemical reaction to produce blast waves, which will spread
uniformly until they touch the shaped charge tube (Fig-
ure 2). When the detonation wave reaches the position of
radius R0, as shown in Figure 3, the shaped charge tube is
gradually crushed under the action of the detonation wave
and is squeezed into a surface such as CAB. Propelled by the
detonation wave, the axial surface of the shaped charge tube

collides and squeezes at points A1 and A2 successively and is
squeezed into curved surfaces such as C1A1B1 and C2A2B2 in
turn. Eventually, the shaped charge tube forms a shaped
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Figure 1: Mechanical model of single-hole elliptical and bipolar
shaped charge tension blasting.

Explosive

0.15 cm

Shaped charge tube
1.8 cm

1.
8 

cm

0.
2 

cm

Figure 2: Cross section of the shaped charge tube.

Explosive
point

Blast wave R3
B3

R2
B2

R1
R0

A0
A2 A3A1

C1

C2

C3

B1

Figure 3: 2e formation process of shaped charge jet.
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energy jet under the action of the detonation wave and
destroys the borehole under the action of the subsequent
detonation wave and detonation pressure gas, thereby
guiding the formation of cracks in the shaped charge
direction.

2.1.2. Formation of Blast-Induced Cracks. 2e shaped charge
jet formed rapidly after the detonation of the shaped charge
pack and shocked the wall of the borehole to form a stress
concentration area. 2e subsequent shock wave shocks to
the rock mass, causing the borehole to be subjected to
tangential tensile stress in the shaped charge direction, and
the detonation wave in the nonshaped charge direction
shocks evenly to the borehole wall and squeezes the sur-
rounding rock mass.

2e stress intensity factor at the crack tip can be cal-
culated by the following equation [22]:

KΙ � PB
�������
π(r + L)


+ σ

���
πL

√
. (1)

P is the pressure applied to the crack tip when the crack
propagates. B is a correction coefficient, r is the borehole
radius, L is the instantaneous propagation length of radial
fissures, and σ is tangential tensile stress induced by blasting.

When crack propagation stops, the stress intensity factor
at the crack tip can be expressed as

KΙ � P0B
�������
π(r + L)


+ σ

���
πL

√
, (2)

where P0 is the pressure applied to the crack tip when the
crack propagation arrests.

According to the theory of fracture mechanics, when the
stress intensity factor (KI) at the end of the crack is greater
than the fracture toughness (KIC) of the rock mass, the crack
starts to propagate, and the crack propagation satisfies the
formula

P0 >
KΙC − σ

���
πL

√

B
�������
π(r + L)

 . (3)

With the weakening of the wall strength of the borehole
at the edge of the hole, a large amount of explosive gas
rapidly expands and enters the rock mass void to form a
quasistatic stress field.2e crack propagates if the pressure P
formed by the explosive gas at the tip satisfies the following
formula:

P≥
KΙC − σ − σmax( 

���
πL

√

B
�������
π(r + L)

 , (4)

where σmax max is maximum tangential tensile stress.
A shaped charge jet will produce more cracks in the

shaped charge direction that will be larger than the tiny
cracks produced in other directions. At the end of the blast, a
large amount of blasting gas will enter these cracks and exert
a tensile effect on the rockmass around the cracks. When the
tensile stress exceeds the tensile strength of the rock, the
surrounding cracks will extend further. Due to the devel-
opment of cracks in the shaped charge direction, a large
amount of explosive gas will actively influx into these cracks,

thereby increasing the rate of evolution of shaped charge
directional cracks. According to the principle of energy
conservation, this mechanism also plays a role in reducing
the development of cracks in the nonshaped charge
direction.

2.2. SPH-FEM Coupling Principle. In the numerical simu-
lation of rock blasting, traditional finite-element grids are
prone to grid distortion due to large deformation problems
during calculations, resulting in a decrease in the calcu-
lation accuracy and efficiency of the data during the cal-
culation process. In the end, the calculation result may not
converge, and the calculation cannot be completed. Smooth
particle hydrodynamics (SPH) is a meshless numerical
calculation method. In 1977, Lucy and Gingold et al.
[23, 24] proposed the basic method of SPH, which was
initially applied to solve astrophysics and cosmology
problems. As the SPHmethod does not require mesh, there
will be no mesh deformation problems when performing
large deformation calculations. Complex constitutive
model calculations can be achieved simply and accurately,
and it is also suitable for describing material fracture
problems under high loading rates. 2e SPH method is not
as computationally efficient as the finite-element method
when dealing with small deformation problems. In rock
blasting simulation, the area near the borehole of rock
blasting will exhibit large deformation in a short period of
time, while the distant zone is deformed to a lesser extent,
so the advantages of both SPH and FEM can be combined.
SPH particles are used to reflect the development of cracks
near the borehole wall, and the FEM is used to reflect the
mechanical state during blasting in the area far away from
the borehole. Johnson and Holmquist [20] combined the
SPH method and the finite-element method to numerically
simulate the high-speed collision problem and used the
experimental results to verify the feasibility of the nu-
merical simulation. 2e results of Gharehdashs et al. [25]
can be applied to effectively simulate both compressive and
tensile damage of rock subjected to blast loading by the
coupled SPH-FEM method used in numerical simulation.

2e basis of the SPHmethod is interpolation theory. Any
macroscopic variable in SPH (such as density, pressure, and
temperature) can be expressed as an integral interpolation
using a set of values on a set of disordered points. 2e
interaction of each particle is described by means of an
interpolation function. 2e interpolation function gives the
core estimation value of the quantity field at one point, and
the conservation law of continuum dynamics is changed
from the differential equation form to the integral form and
then into the summation. In the SPHmethod, themass point
approximation function is defined as [26]

f xi(  � 
N

j�1

mj

ρj

f xj W xi − xj



, h . (5)

In the formula, mj and ρj are the mass and density of the
particles, respectively. W is the kernel function (interpola-
tion kernel).
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2e kernel function W is defined using an auxiliary
function θ:

W(x, h) �
1

h(x)
d
θ(x). (6)

d is the space dimension, h is the smooth length, and the
smooth length varies with time and space.W(x, h) is the peak
function, and the most common smooth kernel in SPH is the
cubic B-spline.

θ(x) � C ×

1 −
3
2
u
2

+
3
4
u
3
, |u|≤ 1,

1
4
(2 − u)

3
, 1≤ |u|≤ 2,

0, 2≤ |u|.
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(7)

C is the normalization constant, which is determined by
the space dimension.

Mass conservation equation is as follows:

dρ
dt

xi(  � 
N

j�1
mj v xj  − v xi(  Aij. (8)

Momentum conservation equation is as follows:

dv
α

dt
xi(  � 

N

j�1
mj

σα,β
xj 

ρ2i
Aij −

σα,β
xi( 

ρ2j
Aji

⎡⎢⎢⎣ ⎤⎥⎥⎦. (9)

Energy conservation equation is as follows:

dE

dt
xi(  � −

Pi

ρ2i


N

j�1
mj v xj  − v xi(  Aij . (10)

To realize the transfer of effective information such as
stress and strain between SPH particles and FEM finite-
element grids, the key lies in how to define the coupling
contact between the two. In this paper, the
∗CONTACTˍTIEDˍNODESˍTOˍSURFACE keyword in LS-
DYNA software is used to cement the SPH particles and the
FEM grid together (Figure 4). 2rough such a contact
setting, the bonded particles will transfer the mechanical
state transferred from other particles to the FEM mesh. 2e
numerical calculation model of the SPH-FEM coupling
algorithm is shown in Figure 5.

2.3. Material Model

2.3.1. Rock Material Model. 2e continuum constitutive
model (JH model) proposed by Johnson et al. [20] describes
the mechanical behaviour of brittle materials, such as strain
rate effects and damage changes under impact loading. 2e
mechanical properties of rock materials are described by the
JH constitutive model, which can well simulate the large
deformation, high strain rate, and high stress effects of the
material. 2erefore, the material is widely used in the nu-
merical simulation of rock blasting in civil engineering.

2e equivalent stress can be expressed as

σ∗i � A P
∗

+ T
∗

( 
N 1 + C ln _ε∗( . (11)

2e fully fractured strength is given as

σ∗f � B P
∗

( 
M 1 + C ln _ε∗( . (12)

2e strength of damaged material is given as

σ∗ � σ∗i − D σ∗i − σ∗f . (13)

In the formula, σi is the actual failure strength of the rock
material. On normalizing the effective stress of the material,
the effective stress of the completely fractured material, and
the current effective stress expression, the following are
obtained: σ∗i � σi/σHEL, σ∗f � σf/σHEL, and σ∗ � σ/σHEL,
where σHEL is the Hugoniot elastic limit; P∗ is the nor-
malized hydrostatic pressure, P∗ � P/PHEL, P is the actual
strength and PHEL is the strength at the Hugoniot elastic
limit; T∗ is the maximum tensile hydrostatic pressure that
the rock can withstand, T∗ � T/PHEL, T is the maximum
tensile; D is the damage factor, with a value between 0 and 1;
A, C, and N are the rock material constant; B and M are the
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Figure 4: Contact face between SPH and FEM.
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Figure 5: 2e numerical model used in the calculations.
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residual strength of the rock material; σ is the effective stress,
and its general expression formula is

σ �
σx − σy 

2
+ σx − σz( 

2
+ σy − σz 

2
+ 6 τ2xy + τ2xz + τ2yz 

2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

1/2

. (14)

σx, σy, and σz are three normal stress components; τxy,
τxz, and τyz are three shear stress components. 2e strain
rate of the JH model is expressed by the dynamic intensity
factor (DIF):

DIF � 1 + C ln _ε∗. (15)

In the formula, C is a constant, normalized strain rate:
_ε∗ � _ε/_ε0, _ε is the actual strain rate of the rock, and _ε0 �

1.0s− 1 is the reference strain rate and is similar to the
equivalent stress. 2e actual equivalent strain rate can be
expressed as

_ε �

������������������������������������������������
2
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2
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2
yz + _c

2
zx  



. (16)

2e JH material constitutive model is divided into three
parts: the polynomial state equation is described in
Figure 6(a), the strength model is described in Figure 6(b),
and the damage model is described in Figure 6(c). 2e
polynomial state equation can be divided into two parts:

P �
K1μ + K2μ

2
+ K3μ

3
+ ΔP μ< 0

K1μ μ> 0

⎧⎨

⎩ , (17)

where K1, K2, and K3 are material constants of the state
equation, P is the actual hydrostatic pressure, μ is the vol-
umetric strain, μ � ρ/ρ0 − 1, ρ is the current density of the
material, ρ0 is the initial material density, and ΔP is the
increment of the additional pressure. When the damage
starts to accumulate, the additional pressure increase is
accompanied by the appearance of the volume expansion
effect (the volume increases while the body strain increases).
2e pressure increase mainly comes from energy changes,
and its value range is change between ΔP � 0 (i.e., when
D � 0) and ΔP � ΔPmax max (when D� 1).

2e damage factor D in the JH material model can be
expressed as

D � 
Δεp

εf
p

, (18)

where Δεp is the finite plastic strain integral in a single cycle
and εf

p � f(P) is the equivalent fracture plastic strain of the
material.

εf
p � D1 P

∗
+ T
∗

( 
D2 , (19)

where D1 and D2 are the rock damage degree functions
introduced in the JH model. 2e parameters of the JH
constitutive model are shown in Table 1 [21].

2.3.2. Explosive and Shaped Tube Material Model. 2e ex-
plosive used in this paper is a DYNO cord made of PETNs
[21]. 2e explosive constitutive model adopts constitutive
model No. 8 in LS-DYNA
∗MAT_HIGH_EXPLOSIVE_BURN, combined with the
JWL state equation. 2e model can comprehensively con-
sider factors such as aperture, hole depth, and explosive
properties and can more truly reflect the actual collision
process of explosives. 2e relationship between pressure and
specific volume is as follows:

P � A 1 −
ω

R1V
 e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE0

V
εf

p ,

(20)

where A, B, R1, R2, and ω are the material constants; P is the
pressure; V is the relative volume; and E0 is the initial
specific internal energy. 2e specific parameters are shown
in Table 2.

Since the condenser tube used in the actual project is
generally a PVC, in this order value simulation, the plastic
follow-up model (MAT_PLASTIC_KINEMATIC) is se-
lected to represent the constitutive equation of the PVC
material, and the strain-rate-related parameters are used to
represent the stress state; namely, σY is the yield stress; σ0 is
the initial stress; C and P are the Cowper-Symonds strain
rate parameters; εeff

p is the effective plastic strain; and Ep is
the plastic hardening modulus. 2e specific parameters of
the PVC pipe material are shown in Table 3 [27].

3. Numerical Simulations

3.1. Numerical Calculation Model Verification. 2e distri-
bution of cracks near the rock mass obtained by the
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Figure 6: Schematic illustration of the JH material model: (a) strength model, (b) damage model, and (c) pressure-volume relations.

Table 1: Parameters of JH constitutive model [21].

Parameters Unit Value
Equation of state
Reference density ρ0 g/cm3 2.66
Bulk modulus K1 GPa 25.70
Polynomial EOS constant K2 GPa −4500.00
Polynomial EOS constant K3 GPa 300000.00
Johnson–Holmquist strength model
Shear modulus G GPa 21.90
Hugoniot elastic limit HEL GPa 4.50
Intact strength constant A 0.76
Intact strength exponent N 0.62
Strain rate constant C 0.005
Fractured strength constant B 0.250
Fractured strength exponent M 0.62
Max. fractured strength ratio σ∗FMax 0.25
Johnson–Holmquist failure model
Hydrotensile limit HTL MPa −54.00
Damage constant D1 0.005
Damage constant D2 0.70
Bulking constant β 0.50
Type of tensile failure Hydro
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numerical simulation of a single borehole is shown in
Figure 7(a). 2e impact created the crushing zone and crack
zone near the surrounding rock of the borehole. In the
experimental result of Banadaki andMohanty [21], as shown
in Figure 7(b), Banadaki and Mohanty [21] used digital
photography to count the area of the crushing zone and
crack zone near the borehole. 2e analysis results are as
follows. 2e crushing zone is approximately 5–6 times the
borehole radius, and the crack zone is 20–22 times the
borehole radius. In the numerical simulation of this paper,
the borehole radius is 3 cm, as shown in Figure 7(a). 2e
radius of the crushing zone is approximately 16 cm, and the
crushing zone is 5–6 times the radius of the borehole; the
radius of the crack zone is approximately 58 cm, and the
radius of the crack zone is approximately 19 times the radius
of the borehole, which is roughly the same as the experi-
mental results of Banadaki and Mohanty [21] in the mac-
roscopic view. At the same time, Banadaki andMohanty [21]
also used numerical simulation to reproduce the crack
propagation process in the experiment and made certain
corrections and verifications to the parameters of the granite
JH model. 2e numerical simulation results obtained are in
good agreement with the experimental results, which fully
shows that the model and parameters of the numerical
simulation adopted in this paper are reasonable.

3.2. Results and Discussion

3.2.1. Comparative Analysis of Single-Hole Ordinary Smooth
Blasting and Shaped Charge Blasting. 2e arrangement of
measuring points for ordinary blasting and directional
blasting of shaped charge packs is shown in Figure 8. After
the blasting of ordinary smooth blasting explosives, the
damage evolution law is shown in Figures 9(a)–9(c). For the
ordinary blasting structure, after the explosive is blasted, the
explosive particles will spread around, as shown in
Figure 9(a). After the blasting time reaches 7 µs, the ex-
plosive wave makes the explosive particles contact the rock
particles and causes damage around the borehole wall. After
the blasting time reaches 250 µs, as shown in Figure 9(b), the
crushing area and cracked area are produced on the sur-
rounding rock. 2e crushing zone is mainly concentrated in
the area near the borehole, and the cracks in the crack zone
show a development trend of expanding to the surround-
ings. After the time reaches 400 µs, the crack propagation
activity stops, and the length of the cracks propagating in all
directions is different and shows certain randomness.

However, because the rock is mainly subjected to tensile
stress to produce damage, the main cracks are still con-
centrated in the 0°, 45°, and 90° directions.

For the shaped charge structure, the explosive particles
will spread around after the explosive is detonated. 2e PVC
particles of the shaped charge tube in the shaped charge
direction will be squeezed so that a shaped energy jet is
formed in the shaped charge direction. 2e nonshaped
charge directional PVC shell has a certain hindering effect
on the diffusion of explosive particles and delays the time for
explosives to impact the borehole. As shown in Figure 9(d),
when it reaches 10 µs after initiation, the energy-concen-
trating jet formed in the energy-concentrating direction first
contacts the borehole, which has a certain corrosive effect on
the rock. For the nonenergy-concentrating direction, the
shell affects the explosive particles. 2e obstructive effect of
the shell caused the damage to nonenergy-concentrating
borehole to lag behind, so that the overall blasting damage
reached a kind of “notch” blasting effect. After the blasting
time reaches 200 µs, cracks in all directions around the
borehole develop, and the cracks in the shaped charge di-
rection extend longer; at the same time, the preliminarily
shaped charge orientation effect is achieved. 2e crack
development speed in the nonshaped charge direction
gradually stagnates. After the time reaches 400 µs, the ex-
pansion of the overall burst pattern also tends to stop.
Because of the secondary action of the detonation wave, the
cracks in the shaped charge direction continue to expand
within 200 µs to 400 µs until the overall blasting activity
ends. 2e cracks in the shaped charge direction are much
longer than the cracks in other directions, so the shaped
charge effect is obvious.

Comparing the directional blasting of the shaped charge
pack and ordinary smooth blasting, in the early stage of the
blasting action, since there is no need to perform a certain
impact on the energy tube and shell, ordinary smooth
blasting explosive particles will quickly and synchronously
impact the borehole wall. 2e explosive particles of the
energy charge blasting will form a shaped energy jet that will
corrode the borehole in the direction of energy accumula-
tion. Particles in other directions will lag behind due to the
obstruction and reflection of the shell. Certain stress con-
centration phenomena in the borehole wall are first eroded
so that the cracks in the energy direction will continue to
expand under the continuous action of subsequent stress
waves. After the blasting time reaches 200 µs, both ordinary
smooth blasting and shaped charge blasting cause certain
damage to the surrounding rock near the borehole. Because

Table 2: Parameters of explosive [21].

Explosive density (g/cm3) Velocity of detonation (m/s) CJ pressure (GPa) A (GPa) B (GPa) R1 R2 ω E0 (GPa)

1.32 6690 16.0 586 21.6 5.81 1.17 0.28 7.38

Table 3: Parameters of PVC [27].

ρ (g/cm3) E (GPa) Etan (GPa) σc (MPa) µ
1.43 3.59 1.08 61.7 0.32

Shock and Vibration 7



the amount of explosives in the ordinary cartridge is nearly
1/3 more than that of the shaped cartridge, ordinary smooth
blasting has a wider damage surface to the surrounding rock,
and the crack is longer. 2e shaped charge effect of the
shaped charge cartridge blasting is initially formed, and the
crack in the shaped charge direction is longer. After 400 µs,
the activities of ordinary smooth blasting and shaped charge
blasting stopped. In the later blasting stage, all directional
cracks of ordinary smooth blasting developed to a certain
extent. 2e overall blasting development trend and blasting
profile are the same as before. For shaped charge blasting,
under the secondary action of the detonation wave, cracks in
the shaped charge direction are further developed due to the
stress concentration, forming an obviously shaped charge
effect. In contrast, crack propagation in the nonshaped
charge direction basically stagnates and reduces damage to
the surrounding rock in the nonshaped charge direction.2e
four measuring points A, B, C, and D are shown in Figure 8
for ordinary smooth blasting and shaped charge blasting.

2e stress wave spreading process under the structure of
single-hole-shaped energy blasting is shown in Figure 10.
2e circumferential stress of the four points is shown in
Figure 11, and Figure 11(a) shows ordinary smooth blasting.
2e circumferential stress at four points A, B, C, and D can
be seen in Figure 11. After the blasting time reaches 47 µs,
the stress at points A and C 15 cm from the blasting centre
will reach the highest peak and then continue to decay; after
the time reaches 94 µs, the stress at points B and D 30 cm
from the blasting centre will reach the highest peak, and then
the stress wave decays continuously. From Figure 11, we can
observe that the stress development of the two Gauss points
in the horizontal and vertical directions is roughly similar.
2e detonation wave is scattered in ordinary smooth
blasting. Figure 11(b) shows the circumferential stress at
four points A, B, C, and D under shaped charge blasting,
where points A and B are arranged in the transverse di-
rection of energy accumulation and points C and D are
arranged in the longitudinal direction of nonenergy

Crushing zone

Crack zone

(a) (b)

Figure 7: Comparison between the numerical simulation and the experimental result by Banadaki and Mohanty [21]. (a) Crack pattern of
numerical model. (b) Crack pattern of rock experiment (Banadaki and Mohanty 2010) [21].
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Figure 8: Key points on single-hole loading. (a) Single-hole loading. (b) Double-hole loading.
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accumulation. Figure 11 shows that the detonation wave first
reaches point A 15 cm from the centre of the borehole after
the detonation of the energy-concentrating charge at 54 µs,
and the detonation stress arrives at a stress peak, while the
stress development at point B in the nonenergy-concen-
trating direction falls behind the stress at point A. At the
same time, the stress peak at point B is also lower than the
stress peak at point A.2e reason is that, after the blasting of
the accumulating charge, the jet in the accumulating

direction first contacts the hole wall, so the stress propa-
gation speed in the accumulating direction is slightly faster
than that in the nonaccumulating direction. Comparing
diagrams in Figure 11(a) and Figure 11(b), the propagation
time of the stress wave of ordinary smooth blasting is earlier
than that of energy-forming charge blasting. 2is is because
ordinary smooth blasting does not require a crushing effect
on the energy-generating tube. At the same time, the amount
of ordinary medicine packaging is also larger than the

(a) (b) (c)

(d) (e) (f )

Figure 9: Damage propagation process under single-hole load. (a–c) Ordinary blasting. (d–f) Shaped blasting.

(a) (b) (c)

Figure 10: Stress wave spreading process under single-hole loading.
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shaped charge bag, which also causes the stress wave peak
generated by ordinary blasting to be greater than the blasting
stress wave peak of the shaped charge bag.

3.2.2. Establishment of the Bree-Dimensional Single-Hole
Numerical Simulation Model. A model test block model of
80 ∗ 80 ∗ 80 cm was built in LS-DYNA, where the borehole
diameter is 42mm and the depth of the borehole is 20 cm.
2e 3D calculation model and the experimental test block
model are shown in Figures 12 and 13.

2e results of the numerical simulation are analyzed. It
can be seen from Figure 14 that when the time after blasting
reaches 100 μs, the shock wave generated by the explosives
will rapidly impact the model test block, in which the normal
blast shock wave impacts the wall of the shell hole and later
develops around the test block, producing a huge damage
zone in the preblast period, while the energy in the early
stage of polyenergy blasting is mainly concentrated in the
formation of shaped charge jets. 2us, damage to the
specimen is not obvious. When the blasting time reached
300 μs, comparing the normal blast and the shaped blast, the
normal blast crack developed in all directions, and the crack
extension direction was largely concentrated in the 0°, 45°,
and 90° directions of the test block. 2e blast wave had a
tensioning effect on the model block, which was the same
trend as the previous results. In contrast, the crack devel-
opment trend was similar in the gather energy and non-
gather energy directions. 2e trend of crack development is
similar; while the cracks produced by the gather energy
blasting are mainly concentrated in the gather energy di-
rection, the cracks in the nongather energy direction are
inhibited from developing, producing an obvious gather
energy directional blasting effect. When the time reaches

1000 μs, the energy of the explosive is dispersed in all di-
rections, and the development of cracks stops after ordinary
blasting. According to the principle of energy conservation,
after the energy required for the development of cracks in
other directions is reduced, it will further enhance the de-
velopment of cracks in the gather energy direction and the
reduction of energy required for the development of cracks
in other directions. Finally, it leads to the crack extension of
the specimen mode and is eventually destroyed.

3.2.3. Analysis of the Double-Hole Blasting Effect of the
Directional Blasting of Shaped Charge Packs. Amodel with a
double-hole drill spacing of 80 cm was used for analysis. In
the early stage of the explosion, the directional blasting effect
of the double-hole-shaped charge pack is the same as the
single-hole blasting effect. 2e explosive particles will have a
crushing effect on the shaped energy tube so that the shaped
energy tube will form a shaped energy jet that rapidly im-
pacts the wall of the corroded hole and creates a groove
similar to the “V” shape. 2e groove plays a role in guiding
the development and formation of subsequent cracks. In the
numerical simulation in this paper, when the time reaches
50 µs, as shown in Figure 15(a), the double-hole blasting
effect still acts independently, and the development speed of
cracks in the energy-concentrating direction is slightly faster
than that in the nonenergy-concentrating direction. When
the time after blasting reaches 150 µs, as shown in
Figure 15(b), the stress waves between the holes are
superimposed on each other so that the cracks between the
double holes develop faster, and the evolution process of the
cracks between the holes has a certain direction. After
reaching 200 µs, as shown in Figure 15, the length of the
cracks between the holes is significantly longer than that of
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Figure 11: Stress diagram under single-hole load. (a) Ordinary smooth blasting. (b) Shaped blasting.
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the cracks in other directions. After the time reaches 220 µs,
as shown in Figure 15(d), under the superimposition of the
stress wave, concentrated stress is formed along the cen-
terline of the double hole so that square damage is formed
between the cracks connected on both sides of the double-
hole area, and the axial crack between the double holes is
perforated. To further understand the propagation process
of the stress wave in the surrounding rock under the double-
hole load, as shown in Figure 16, five measuring points are
taken between the double holes, and the stress data of each
measuring point are derived through LS-DYNA software. It
can be seen from Figure 17 that the stress waveforms of the
measuring points that are symmetric about the central axis
between the two boreholes are roughly the same, the stress
peak of the measuring point closer to the borehole comes
earlier, and the stress magnitude of the stress wave peak is
also larger. With increasing distance, the size of the stress
wave is continuously reduced. It can be seen from Figure 17
that when the distance from the borehole reaches 25 cm, the
peak stress of the stress wave is obviously less than the peak
stress of the stress wave at 10 cm. However, the stress wave
peak at 40 cm of the measuring point is larger than that at

25 cm. 2is is because the superposition of stress waves
under the load of the double holes causes the stress waves
near the central axis of the two boreholes to become larger,
thus leading to the extension of the crack.

3.2.4. Expansion of the Blasting Pattern of the Shaped Charge
under Different Drilling Distances. For the investigation of
the expansion process of the double-hole blasting rupture
under different drilling distances, the parameters of the
shaped charge blasting hole spacing were optimized. 2e
cracks from 80∼140 cm double holes finally evolved. 2e
explosives inside the two boreholes are blasted at the same
time. Table 4 shows the structural parameters adopted by the
six numerical simulations.

It can be found from Figure 18 that when the distance
between the holes is 80∼130 cm, the axial cracks between
the two holes are developed to a certain extent; also, the
cracks in all directions between the double holes are de-
veloped under the superposition of stress waves. 2e ex-
tension of the two holes and the direction of extension have
a certain tendency (extending to the direction of another

80 cm

60
 cm

Rock (FEM)

Rock (SPH)

Stemming (SPH)

Figure 12: 2e 3D calculation model.

Figure 13: 2e experimental test block model.
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hole). 2e superposition of stress between holes will be
weakened as the spacing between holes increases. When the
distance between two holes reaches 120 cm, 130 cm later,
the axial cracks between the double holes cannot form a
coherent damage zone.

With the increase in the distance between the two holes,
the axial cracks between the two holes (the crack on the right
of the left hole and the crack on the left of the right hole)
show a trend of increasing first and then decreasing. When
the aperture spacing is between 80 and 110 cm, the cracks

Damage
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Figure 14: 3D damage map of the specimen model: (a) ordinary charge and (b) shaped charge.

(a) (b)

(c) (d)

Figure 15: Damage propagation process under double-hole load.
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between the double holes show an overall increasing trend,
but the growth rate of the cracks between the two holes is
random. When the double-hole spacing reaches 110 cm, the
length of the middle crack reaches the maximum, and the
total length of the cracks between the double holes reaches
110 cm, which forms a crack penetration zone. After the
distance between the holes is greater than 110 cm, the axial
crack length is continuously reduced, and the change trend
and rate of the double holes are the same, which indicates

that the superposition of stress waves is constantly
weakening. When the distance between holes reaches
140 cm, the axial cracks between the two holes are almost the
same as the cracks in the other two directions. According to
Figure 19, when the distance between holes reaches 140 cm,
the superposition effect of the stress wave produced by
double-hole blasting is very small.

As shown in Figure 19, when the distance between the
holes and the double holes is 80∼110 cm, the length of the
axial cracks between the double holes increases, and the
development rate is approximately the same.2is is because,
in the gap between the double holes, axial cracks will
penetrate in this interval in advance. When the distance
between holes reaches 110 cm, the evolution speed of the
axial crack length between double holes and nonholes slows
down. When the distance between holes reaches 140 cm, the
axial crack length between double holes and the growth rate
of the longitudinal crack length tend to zero, and the length
of the axial crack between the double holes and the axial
crack between the double holes is approximately the same.
2is indicates that the distance between the double holes
reaches 140 cm, and the superposition effect of the stress
wave produced by double-hole blasting is very small.

4. Field Experiment

2e Xingquan railway tunnel is selected as the blasting
experiment site. Figure 20 shows the shaped charge device
after charging.

2e rock type of the road section using blasting tech-
nology is mainly granite. Ordinary blasting and energy-
accumulating blasting structures are applied to on-site
construction, and the blasting effects obtained are as follows.

Table 5 shows the design parameters of ordinary blasting,
and Table 6 shows the design parameters of shaped blasting.
Comparing Tables 5 and 6 shows that the use of shaped
charge can achieve a relatively good blasting effect. For the
required number of boreholes, the unit consumption of
explosives and the utilization rate of boreholes are better
than those of the ordinary charge structure. 2e main dif-
ference between the two blasting methods is the number of
perimeter holes, as the number of perimeter holes required is
less due to the longer crack length after blasting compared to
normal blasting. 2e rock fragmentation degree is better

10 cm 15 cm 15 cm 15 cm 15 cm 10 cm

Figure 16: Key points location on double-hole loading.
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Figure 17: Stress diagram under double-hole loading.

Table 4: Parameters of the test.

Test Borehole diameter (cm) Borehole spacing (cm)
1 6 80
2 6 90
3 6 100
4 6 110
5 6 120
6 6 130
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Figure 18: Damage evolution diagram under different borehole spacing.
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Figure 20: Shaped charge device after charging.
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Table 5: Design parameters of ordinary blasting.

Type of
borehole

Depth of
hole (m) Number Charge of a

borehole (kg)
2e total amount of

explosives (kg)
Borehole

utilization (%)
Degree of rock

fragmentation (cm)
Excavated
area (m2)

Cutting
undermine 3.0 8 2.0 16

90 36 68.2

Cut spreader
hole 2.5 8 1.8 14.4

Satellite hole 2.5 27 1.4 37.8
Inner hole 2.5 20 1.3 26
Periphery hole 2.5 42 0.6 25.2
Bottom outlet 2.6 14 1.6 22.4
Total 119 141.8

Table 6: Design parameters of shaped blasting.

Type of
borehole

Depth of
hole (m) Number Charge of a

borehole (kg)
2e total amount of

explosives (kg)
Borehole

utilization (%)
Degree of rock

fragmentation (cm)
Excavated
area (m2)

Cutting
undermine 3.0 8 2.0 16

95 30 68.2

Cut spreader
hole 2.5 8 1.8 14.4

Satellite hole 2.5 27 1.4 37.8
Inner hole 2.5 20 1.3 26
Periphery hole 2.5 25 0.6 15
Bottom outlet 2.6 14 1.6 22.4
Total 102 131.6

Figure 21: 2e tunnel face before blasting.

Figure 22: 2e charging process of borehole.
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than that of ordinary blasting because the cracks produced
by the structure of the shaped charge have a strong guiding
type.

Figure 21 shows the tunnel face before blasting. Figure 18
shows that the diameter of the cannon hole in the palm face
of the tunnel before blasting is not large, and the diameter of
the borehole is 42mm.

Figure 22 shows the charging process of the borehole in
the tunnel. As shown in Figure 23, the fallen rock blocks
produced by the shaped energy blasting explosion are well-
formed and larger in volume.

Figure 24 shows the overall blasting effect of the sur-
rounding rock after shaped charge blasting and ordinary
blasting. Figure 24(a) shows that after adopting the elliptical
bipolar linear energy-accumulating blasting structure, a
good blasting effect is achieved. 2e overall shape of the
tunnel is better, and the surrounding rock after blasting is
relatively smooth and flat, which is conducive to the layout
of the support and lining structure.

5. Conclusion

To research the rock-breaking mechanism of single and
double holes by directional blasting of shaped charge car-
tridges and optimize the spacing between the double holes,
the SPH-FEM coupling algorithm and damage theory are

applied to the numerical simulation of rock blasting. 2e
rock parameters are verified, the principle of gather energy
directional blasting is revealed, and the response process of
rock blasting is reproduced. Based on previous research, the
dynamic fracture process between the double holes was
numerically simulated, and the spacing between the double
holes was optimized.

In the single-hole numerical simulation, the general
smooth blasting effect adopted is more consistent with the
existing experimental results. On this basis, a good blasting
effect is obtained by adopting a shaped charge structure, and
the charge quantity is reduced, which reduces the extension
of damage cracks in the nongather energy direction and
increases the extension of gather energy axial cracks. 2e
optimum blast spacing between the twin holes was 110 cm.
Finally, field experiments have verified that the elliptical
bipolar linear shaped charge structure can indeed achieve
good results in the blasting activities of tunnels.

2is paper verifies the directional blasting effect of el-
liptical bipolar aggregates using numerical simulations and
field experiments and obtains the optimum blast spacing
between the twin holes. 2e use of an elliptical bipolar linear
charging structure can reduce the number of boreholes in
tunnelling, thus reducing the overall charge. It can effectively
reduce the over-under-excavation problem in tunnelling,
which is of significant engineering application value.

Figure 23: Rocks that fell off after blasting.

(a) (b)

Figure 24: Surrounding rock condition after blasting: (a) shaped blasting and (b) ordinary blasting.
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