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Complex geological conditions often make the blasting effect difficult to control. In order to explore the influence of soft-hard rock
strata on rock blasting characteristics, based on PFC2D software, combined with particle expansion loading algorithm, the
numerical simulation blasting experiments are carried out. Firstly, the rationality of blasting method is verified by single-hole
sandstone blasting experiment. Then, the soft-hard composite strata are established, and the single-hole blasting experiments
of composite strata, with different distribution thickness of soft rock stratum and hard rock stratum, are carried out. The
experimental results are analyzed from three perspectives: crack network state, internal stress of rock mass, and energy field.
Results show that (i) the distance between the interface of soft-hard rock and the blasthole seriously affects the blasting effect.
The law of crack number varying with the distance is obtained through further analysis. (ii) When detonated in the hard rock,
if the structural plane is about 2 times the radius of crushing area from blasthole, the rock mass will be in a relatively high
stress state due to the reflection and superposition of stress waves. (iii) When detonated in the hard rock, if the structural
plane is about 2 times the radius of crushing area from blasthole, compared with pure hard rock case, the peak kinetic energy
and peak friction energy are increased by about 15 times and 2.6 times, respectively, and the peak strain energy is attenuated
by 18%.

1. Introduction

The shock wave generated by explosion attenuates with the
increase of propagation distance. At a certain distance from
the explosion center, the shock wave in rock mass is trans-
formed into continuous stress wave. Structural plane is a
geological interface with a certain extension direction and
relatively small thickness formed in rock mass. There are
many structural planes in natural rock mass, such as joints,
fissures, fault fracture zones, and weak intercalations as well
as layered rock mass [1–8], which seriously hinder the prop-
agation of stress waves and make it difficult to control the
blasting effect. Scholars from home and abroad had con-
ducted in-depth research on the influence of structural plane
on rock mass blasting stress wave. Natural rock mass with
joints is quite common. The position [9], number [3], angle,

and spacing of joints [10] seriously affected the propagation
of stress wave. In addition to the joints in the rock, the trend
and position of the fault, detonation sequence, and mining
depth also seriously affected the propagation law of stress
wave [11–13]. Feng et al. [14] discussed the influence of
interacting faults on stress propagation induced by explosion
load and found that the propagation of stress wave amplified
the stress energy through the region between the two faults.
Through numerical analysis and simulation experiments,
Gao et al. and Gao et al. [15, 16] studied the damage and fail-
ure characteristics of coal and rock in the reverse fault
caused by blasting stress wave and found that the reflection
of blasting stress wave to the reverse fault exacerbated the
damage of coal and rock. Weak interlayer is the weak part
of rock mass, which often has adverse effects on the project.
Wang et al. [17] established the propagation model of stress
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wave in one-dimensional rock mass with weak interlayer,
studied the waveform variation law of stress wave, and put
forward the dynamic test method of elastic modulus of weak
interlayer. Liu et al. [18] believed that the energy of stress
wave after the fourth refraction and reflection can be ignored
in the process of reciprocating reflection of stress wave in the
interlayer. By using numerical simulation method, Sun et al.
[19] discussed the influence of the thickness, position, and
angle of weak interlayer on the propagation of explosion
stress wave.

Soft-hard composite rock strata are often encountered in
practical projects such as tunnel excavation and deep
resource mining [20–24]. Due to the needs of the project,
blasting will be carried out in different positions of the stra-
tum or different strata, and the existence of soft-hard strata
makes it difficult to artificially control the blasting quality
and effect. In order to make up for the shortcomings of the
above scholars in the research of soft-hard rock blasting
and make the blasting effect more controllable, this paper
establishes the rock mass-blasting numerical model of soft-
hard rock and analyzes the blasting characteristics from
multiple angles. The conclusions can provide reference for
the practical blasting engineering.

2. Basic Principles of PFC2D Method

Geotechnical engineering problems are usually complex.
The finite element method (FEM) and finite difference
method (FDM) in numerical simulation methods are diffi-
cult to solve the large deformation and failure of geotechni-
cal materials. In recent years, the discrete element method
(DEM) has been widely used and developed in geotechnical
engineering [25–27]. The DEM can solve the mechanical
phenomena of complex rock and soil mass that are difficult
to explain in geotechnical theory and reveal the failure
mechanism and damage deformation of rock and soil mass
materials from the macrolevel, mesolevel, and microlevel
perspectives. In 1979, Cundall and Strack [28] developed
the first two-dimensional discrete element program to simu-
late the mechanical behavior of granular media. Potyondy
and Cundall [29] believe that rock mass materials can be
composed of two elements: particles and contacts between
particles, in which particles and contacts can be deformed
and destroyed. Cho et al. [30] established a numerical model
of uniaxial compression test using PFC based on laboratory
uniaxial compression test, so as to obtain the micropara-
meters of rock mass.
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Figure 1: Mechanical behavior of parallel bond model [31].
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The basic assumptions of the PFC2D method are as fol-
lows [6]:

(1) One of the elements of the numerical model, a circular
particle, is considered as a rigid body in the program

(2) The contact between particles only occurs in a small
area, which can be approximated as point contact

(3) The contact between particles is also one of the ele-
ments of the numerical model, and the contact is

flexible. And the two particles in the connected state
are allowed to have a certain amount of overlap, but
the amount of overlap is far less than the radius of
the two particles

(4) The contact force and the overlap between particles
are connected by the force displacement equation

(5) The contact between particles can establish bonding
contact
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Figure 3: Blasting load loading curve.
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2.1. Basic Control Equations of PFC2D. The PFC2D numer-
ical model is based on the discontinuous medium theory.
Because the elements of the medium are discrete particles,

the particle motion is not constrained by the deformation
equation. The particle displacement and the contact force
between particles are controlled by physical equations. The
linear and nonlinear laws in the program change with the
particle distribution and stress state. Therefore, the particles
only need to satisfy the equilibrium equation. The whole
numerical simulation process is based on the force displace-
ment law and Newton’s second law. The law of force dis-
placement is reflected in the contact force between
particles, and Newton’s second law is reflected in controlling
the position of particles and readjusting the contact relation-
ship of each element. With the continuous iteration of time-
step, the contact force, element position, and contact
relationship are updated continuously.

The motion equation of PFC2D is expressed by two sets
of vector equations. For translational motion, the equation
can be expressed as

F =m ⋅ €x‐gð Þ, ð1Þ

where F is the resultant force or the sum of all externally
applied forces acting on the particle, €x is the acceleration of
the particle, m is the mass of the particle, and g is the body
force acceleration vector (e.g., gravitational loading).

For rotational motion, the equation can be expressed as

L = Iω, ð2Þ

where L is the angular momentum, I is the inertia tensor,
and ω is the angular velocity.

2.2. Rock Mass Material Simulation Method. In the numeri-
cal simulation experiment of this paper, two contact models
in PFC2D are applied, namely, linear model and parallel
bond model (Figure 1). Linear model mainly exists in the
contact between particles and the wall when the model is
established and the contact between particles after material
damage. The linear model can be assumed to be a pair of

Table 1: Microscopic parameters of sandstone [31].

Linear group Parallel-bond group

Effectivemodulus = 51:0GPa Bond effectivemodulus = 42:0GPa
Friction coefficient = 1:0 Bond stiffness ratio = 1:0

Stiffness ratio = 1:0
Bond tensile strength = 30:0MPa

Bond cohesion = 350:0MPa

Bond friction = 65°
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Figure 5: Comparison of uniaxial compression test results of
sandstone [35].
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Figure 6: Comparison of Brazilian splitting test results of
sandstone [35].
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4 Geofluids



springs with constant normal stiffness and tangential stiff-
ness, which can transfer normal force and tangential friction,
but not moment. Based on linear model, the parallel bond
model adds the function of transmitting moment. It mainly
exists in the contact between particles when the model is
established. The parallel bond model between particles will
become a linear model after the material is damaged. The
failure conditions are shown in Formula (3) [31].

σt max =
Fn

A
+

�M
�� ��
I

�R,

τmax =
FS

A
,

8>><
>>: ð3Þ

where σt max and τmax represent the maximum normal stress
and the maximum shear stress, respectively. Fn and FS repre-
sent the normal and tangential component of the parallel-
bonded force (�F), respectively.A and I are the area and inertial
moment of the bond cross section, respectively. �R is the bond
radius. If the tension stress exceeds the tension strength
(σ > σt max) or the shear stress exceeds the shear strength
(τ > τmax), it means that the bonded connect is failure, and
the corresponding tension crack or shear crack is generated.

2.3. Application of the Explosion Load Based on the Particle
Expansion Algorithm. In the numerical simulation of blasting,
there are generally three methods to apply blasting load. First,
the blasting force is directly applied to the innermost particles
of the rock which close to the blasting point. Second, the blast-

ing point compresses the surrounding rock mass through its
own expansion to apply blasting stress wave. Third, the veloc-
ity of particles around the blasthole is preset and then directly
applied to the particles. In this paper, the second blasting point
expansion method is selected to apply blasting load [32]. As
shown in Figure 2, when the explosion point particle
expanded, it will overlap with the particles of the surrounding
rock mass.

According to the particle contact principle of PFC2D,
the radial force F on the surrounding rock particles after
explosion point expansion is

F = Knd = 2πr0p: ð4Þ

Then the explosion point particle expansion radius is

d = 2πr0p
Kn

, ð5Þ

Kn =
2 rmax + rminð Þπp

rmax − rminð Þ , ð6Þ

where Kn is the contact stiffness of particles; r0 is the initial
radius of the blast point; d is the blast point radius after
expansion; p is the stress acting on the blasthole wall; rmax
and rmin are the maximum radius and minimum radius of
the particle expansion, respectively.

The explosion load propagates to the surrounding rock
mass with the explosion point as the center, and the action
form is equivalent to pulse wave. It is simplified as a half sine
wave (as shown in Figure 3) with the same time in the rising
section and the falling section, and its expression is

p tð Þ = pm
2 1 − cos 2π

ΔT
t

� �� �
, ð7Þ

where pðtÞ is the explosion load, pm is the peak pressure
which is 4GPa, △T is the half sinusoidal action time, gener-
ally 10ms, and t is the duration which is 20ms.

(a) (b)

Figure 8: Numerical simulation (a) [35] in this paper and numerical simulation (b) [31] by Yuan et al.

Table 2: Microscopic parameters of limestone [36].

Linear group Parallel-bond group

Effectivemodulus = 2:5GPa Bond effectivemodulus = 2:5GPa
Friction coefficient = 0:2 Bond stiffness ratio = 1:8

Stiffness ratio = 1:8
Bond tensile strength = 10:0MPa

Bond cohesion = 5:0MPa

Bond friction = 10°
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Therefore, the blasting stress wave can be applied to the
rock mass as long as the expansion radius of the blasting
point is changed according to Equations (7) and (5).

2.4. Configuration of Boundary Conditions. In order to elimi-
nate the reflection of stress wave at the boundary, there are three
common methods in numerical simulation [33]. The first
method is to expand the model size and dissipate the energy
generated by explosion through model internal friction, local
damping, and bonding contact, so that the stress wave has been
completely dissipated before reaching the boundary. The sec-

ond method is to fix the velocity and displacement of boundary
particles, which is opposite to the effect of stress wave on
boundary particles. The third method is to apply boundary
force to the boundary particles to meet the requirements of
absorbing stress wave energy.

This paper assumes that the rock model is an infinite
medium model and ignores the reflection of stress wave at
the boundary. Therefore, the method of applying boundary
force is adopted, and the stress wave dispersion boundary is
set in the PFC2D model to absorb the stress wave propagating
to the boundary so that the stress wave does not reflect. This
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paper considers the viscous boundary proposed by Kouroussis
and Verlinden [34] and the dispersion effect of stress wave
propagation at rock mass boundary proposed by [32].

The relationship between boundary force and particle
moving velocity is

F = −2ρC _ur, ð8Þ

where r is the particle radius, ρ is the rock density, C is the
wave velocity, and _u is the particle velocity.

F =
−ξ ⋅ 2ρCP _unr

−η ⋅ 2ρCs _usr

(
, ð9Þ

where ζ and η are the dispersion effect correction coefficients
of P-wave and S-wave, respectively; CP and CS are P-wave
velocity and S-wave velocity, respectively; _un and _us are the
normal and tangential velocities of particles, respectively.

3. Model Construction and Validation

3.1. Construction of Numerical Single-Hole Blasting Model.
The numerical blasting model of single-hole, as shown in
Figure 4 is established by using particle flow code (PFC2D).
The model size is 10m × 10m, a circular explosion point
with a radius of 10 cm is set in the geometric center of the
model. The model consists of 79372 particles in total. The
initial stress field is applied with a compressive pressure P
on the four sides of the rock model. Monitoring points, as
shown in Figure 4, are established inside the model to mon-
itor the internal stress (x1~x8 are the monitoring points in
the horizontal direction; y1~y8 are the monitoring points
in the vertical direction).

Sandstone (hard rock) is taken as the research object to
carry out the numerical simulation of single-hole blasting.
Yuan et al. carried out the indoor tests and single-hole blast-
ing numerical simulation of sandstone, and the test results
were good. Therefore, the microscopic parameters of sand-

stone obtained by Yuan et al. are used in this paper, as
shown in Table 1.

In order to verify the rationality of sandstone microscopic
parameters in Table 1, uniaxial compression test, Brazilian split-
ting test, and biaxial compression test are also carried out in this
paper. The experimental comparison results are shown in
Figures 5–7, which show that the parameters in Table 1 are
accurate and reasonable. What is more, the results of the three
tests are identical to those in the literature [35] which is
obtained by Cui et al.

3.2. Comparison and Verification of Blasting Results. In the
particle flow code (PFC2D), the particle expansion method
is used to generate particles with an initial radius range of
5~7.5mm, and then the servo mechanism proposed by Cun-
dall and Strack [28] is used to set an initial stress field of
5MPa for the rock sample. When the confining pressure of
the sample reaches the target confining pressure, delete the
wall and exit the servo. The parallel bond model is selected
for the rock sample with the initial stress field, and the
microparameters are given to the contact between particles.
Finally, set the transmission boundary and apply the blasting
load to the blasting point. The whole blasting process lasts
for 20ms, and the final blasting effect is shown in
Figure 8(a) which is the same result gained by authors
shown in the literature [35]. Under the same model size,
rock mechanical properties and initial stress field, the result
is basically consistent with that obtained by Yuan et al. [31]
(Figure 8(b)), which proves the rationality of the blasting
method adopted in this paper.

4. Working Cases Setting

In practical blasting engineering, the condition of multiple
strata is quite common. Due to engineering needs, blasting
will be carried out at different positions in the same stratum
or different strata, which has an important impact on the
blasting effect. Based on this, this paper carries out single-
hole blasting experiments in soft-hard rock strata.

Table 3: Distribution cases of soft and hard rock stratum.

Case
Height of stratum

Working diagram
HS (m) HH (m)

1 0 10

2 1 9

3 2 8

4 3 7

5 4 6

6 5 5

7 6 4

8 7 3

9 8 2

10 9 1

11 10 0
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The confining pressure is the same as that of the single-
hole blasting model, which is 5MPa. And soft rock stratum
is introduced to sandstone and study the influence of different
soft and hard rock thickness on the blasting effect. Liangfu
et al. [36] used PFC2D to conduct uniaxial compression test
and biaxial compression test, which accurately calibrated the
microparameters of limestone. Thus, this paper takes the
group of microparameters of limestone (Table 2) as the
parameters of soft rock. Uniaxial compression test and biaxial
compression test are also carried out which results are shown
in Figures 9 and 10, which prove the accuracy of the parame-
ters in Table 2. The specific distribution cases of soft rock stra-
tum thickness (HS) and hard rock stratum thickness (HH) in
rock mass model are shown in Table 3.

5. Blasting Results

5.1. Crack Network Analysis. In the process of stress wave
propagation, reflection and transmission will occur when
encountering faults or joints. When there is little difference
between the wave impedance of fillers in faults and media
around the blasthole, the energy of stress wave is mainly
transmission. On the contrary, the stress wave energy is
mainly reflected. The incident compression wave interacts
with the reflected tensile wave and other tensile waves to
form a stress wave superposition area on the wave front
[37]. In addition to the reflection of the structural plane of
the rock mass itself, the crack generated in the rock mass
during blasting also blocks the reflected stress wave. There-
fore, the stress wave will converge on the side of the wave
face, which will aggravate the failure of this part of rock
mass. It is illustrated in Figure 11 that the corresponding
blasting crack network states of structural planes at different
positions (11 working cases in Table 3). It can be seen from
Figure 11 that the position of structural plane has an impor-
tant impact on the damage degree of rock.

It can be seen from Figure 11 that the position of struc-
tural plane has an important impact on the number and
shape of cracks. According to the results of the crack net-
work, the cracks are mainly distributed around the blasthole,
and the number of cracks can reflect the damage degree of
the rock mass to a certain extent. The more the number of
cracks, the higher the degree of rock damage, and vice versa.
Therefore, this paper studies the relationship between the
thickness of soft rock stratum (HS) and the total number
of cracks under corresponding working cases (Figure 12).
As shown in Figure 12, the curve can be divided into three
parts:

(1) The Structural Plane Is above the Blasthole. As shown
in Figure 12, HS = 0 ~ 4m in the curve (correspond-
ing to working cases 1~5 which are Figures 11(a)–
11(e)), explosive is detonated in hard rock, and the
stress wave is incident from the hard rock to the soft
rock. According to Figure 11, under above working
cases, the distance between structural plane and
blasthole seriously affects the damage degree of the
rock mass. The closer the structural plane is to the
blasthole, the more cracks occur in the rock mass,

and the longer the length of the main crack. The rea-
son for these phenomena is that the closer the struc-
tural plane is to the blasthole, the more the reflected
and transmitted stress wave energy is. In addition,
the continuous development of cracks also has a bar-
rier effect on the stress wave, resulting in an increase
in the stress wave energy that converges between the
blasthole and the structural plane, thereby increasing
the degree of damage to this part of the hard rock.
Similarly, the more the energy of the transmitted
stress wave transmitted to the soft rock, the greater
the damage degree of the soft rock. Through the sim-
ulation of the results obtained from the numerical
experiment, the relationship between HS and the
total number of cracks under corresponding working
cases can be obtained

y = y0 + Ae −x/Bð Þ, ð10Þ

where y0 = 1387:29, A = 31:34, and B = −0:92.

(2) The Structural Plane Is near the Blasthole. As shown in
Figure 12,HS = 4 ~ 6m in the curve (corresponding to
working cases 5~7 which are Figures 11(e)–11(g)).
When the structural plane changes within 2 times
the radius of the crushing area, the number of cracks
decreases sharply with the growth of HS. The main
reason for this phenomenon is that the structural
plane changes in the shock wave propagation area,
so the change trend of rock mass damage degree is
quite different from that in the stress wave propaga-
tion area. The result can also be fitted to obtain the
relationship between the total number of cracks and
HS

y = CxD, ð11Þ

where C = 121599:21 and D = −2:51.

(3) The Structural Plane Is below the Blasthole. As shown
in Figure 12, HS = 6 ~ 10m in the curve (corre-
sponding to working cases 7~11 which are
Figures 11(g)–11(k)), the explosive is detonated in
soft rock, and the stress wave is incident from soft
rock to hard rock. It can be seen from Figure 11 that
with the growth of HS, the numbers of cracks are
basically stable at about 1500, and the states of cracks
are basically unchanged. The reason for this phe-
nomenon is that the stress wave energy will decrease
rapidly in soft rock, so the stress wave reflected and
transmitted by the structural plane is quite few,
which is not enough to aggravate the damage of
rock. This is also the reason why the damage degree
of rock mass around the borehole is higher than that
detonated in hard rock when detonated in soft rock.
It shows that when the explosive is detonated in soft
rock, the distance between structural plane and

8 Geofluids



blasthole has little effect on the damage degree of
rock mass

To sum up, when the structural plane is above the blast-
hole, the number of cracks increases exponentially with the
growth of HS. When the structural plane is around the blast-
hole, the number of cracks will decrease sharply with the
growth of HS. When the structural plane is below the blast-

hole, the state and number of cracks are less affected by the
change of HS.

According to the analysis of Figures 11 and 12:

(1) Comparing Figure 11(a)with Figure 11(k). Under the
working cases of initiation in pure hard rock and
pure soft rock, respectively, the total number of
cracks is almost the same, but the states of cracks

(a) Case 1 (b) Case 2

(c) Case 3 (d) Case 4

(e) Case 5 (f) Case 6

(g) Case 7 (h) Case 8

(i) Case 9 (j) Case 10

(k) Case 11

Figure 11: Blasting effect drawing under different working cases.
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are quite different. When initiation in pure hard
rock, the crushing area is small, the attenuation of
explosion stress wave is slow, and the cracking area
is large. Initiation in pure soft rock is opposite to that
in pure hard rock, and the crushing area is large,
indicating that the stress wave attenuates rapidly in
soft rock, resulting in a small range of cracking area.
Compared two cases with Figure 11(f), when initia-

tion in the structural plane, it inhibits the develop-
ment of cracks in hard rock, promotes the
development of cracks in soft rock, and the cracks
are prone to develop along the structural plane

(2) Comparing Figure 11(e)with Figure 11(g). When the
distance between blasthole and structural plane is the
same, the attenuation of stress wave is slow due to
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the high strength of hard rock, so the stress wave will
cause cracking after transmitted to soft rock. In con-
trast, due to the low strength of soft rock, the stress
wave attenuates rapidly, so the stress wave will not
cause cracking after transmitted to hard rock

5.2. Internal Stress Analysis of Rock Mass

5.2.1. Initiation in Hard Rock. By using monitoring points x1
~x8 and y1~y8, the peak stress Sxx which is parallel to the
blasthole direction and the peak stress Syy which is perpen-
dicular to the blasthole direction in working cases 1~5 are
set. And the variation curves of the peak stress in the two
directions are obtained (Figure 13).

As shown in Figure 13(a), when HS = 0, 1, and 2m, Sxx
decreases rapidly with the increase of rx. The farther the
structural plane is from the blasthole, the less the reflected
stress wave is. What is more, there is the blocking effect of
the cracks on the stress wave, so the superposition effect of
the stress wave parallel to the blasthole is not obvious. When
HS = 3 and 4m, the attenuation trend of Sxx begins to
change. Especially when HS = 4m, the change trend of Sxx
tends to decrease and then increase, indicating that when
the structural plane is 2 times the radius of crushing area
away from the blasthole, the stress wave will be seriously
reflected and superimposed on both sides of the blasthole,
resulting in high internal stress in the rock mass far away
from the blasthole.

As shown in Figure 13(b), the change trend of Syy with
HS is relatively consistent. The impact of HS on Syy is
mainly reflected in that when ry is 1m, Syy decreases with
the increase of HS. Especially, when initiation in hard rock,
the Syy decreases exponentially. The closer the structural
plane is to the blasthole, the more stress wave is reflected.
In addition, the blocking effect of the cracks on the stress
wave will lead to the higher energy gathered in the rock mass

between blasthole and structural plane, and finally the
higher the damage degree of the rock mass. Therefore, the
higher the attenuation amplitude of the stress wave.

In conclusion, when initiation in hard rock and the
structural plane is within 2 times the radius of the crushing
area (HS = 4m), Sxx decreases first and then increases with
the growth of rx, so the hard rock between blasthole and
structural plane is in a high stress state. With the increase
of HS, the peak stress Syy perpendicular to the blasthole
direction decays rapidly in an exponential.

5.2.2. Initiation in Soft Rock. The variation curves of Sxx and
Syy in working cases 7~11 are shown in Figure 14.

As shown in Figure 14(a), the change trend of Sxx is rel-
atively consistent, decreases rapidly with the increase of rx
and is hardly affected by the change of HS. It shows that
the stress wave decays rapidly in soft rock and is consumed
a lot before it propagates to the structural plane. Therefore,
there are few reflected stress waves, resulting in a small
impact of the change of HS on Sxx.

As shown in Figure 14(b), the change trend of Syy is also
relatively consistent, which also shows that the change of HS
has little impact on the Syy in the upper rock mass. How-
ever, the change of HS has a great impact on the Syy in the
lower rock mass. With the increase of HS, the Syy at the
place where ry is 1m decreases rapidly. Under the same
working case of HS, the Syy shows an increasing trend with
the growth of ry. when ry > 2m.

In conclusion, when initiation in soft rock, with the
increase of HS, the peak stress Syy decreases rapidly at 2
times the radius of crushing area (ry is 1m). When HS is
constant, Syy will increase with the growth of ry. when ry
> 2m.

5.3. Evolution Processes of Energy Fields. In order to explore
the influence of the structural plane position on the internal
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Figure 14: Variation curve of peak stress with rx and ry .
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energy of rock mass, this paper analyzes the blasting results
from the perspective of kinetic energy, friction energy, and
strain energy. Three energy calculation methods (Formulas
(12)–(14)) are given in the particle flow program (PFC2D).
Through the energy records in the software, the energy evo-
lution curves of rock mass can be obtained.

Kinetic energy (EK) calculation method:

EK = 〠
n

i=1

1
2mivi

2, ð12Þ

where mi is the mass of the particle, vi is the velocity of the
particle, and n is the total number of particles.

Friction energy (EF) calculation method:

EF = −Fd ⋅ δ
·
t

� �
, ð13Þ

where Fd is the dashpot force, δ· is the relative translation
velocity, and t is the during time.

Strain energy (ES) calculation method:

ES =
1
2

F2
n

knA
+ Fsk k2

ksA
+ M2

t

ks J
+ Mbk k2

knI

� �
, ð14Þ

where kn is the normal stiffness, ks is the shear stiffness, A is
the cross-sectional area, I is the moment of inertia of the
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Figure 15: Energy evolution curves (1~5 working cases).
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parallel bond cross-section, J is the polar moment of inertia
of the parallel bond cross-section, Fn is the parallel-bonded
normal force, Fs is the parallel-bonded shear force, Mt is
the parallel-bonded twisting moment (2D model: Mt = 0),
and Mb is the parallel-bonded bending moment.

5.3.1. Initiation in Hard Rock. When initiation in hard rock,
the evolution processes of kinetic energy, friction energy,
and strain energy are shown in Figures 15 and 16.

According to the energy evolution curves, the thickness
of soft rock HS seriously affects the changes of three kinds
of energy:

(1) As shown in Figure 15(a), the kinetic energy of the
rock mass surges due to the continuous proximity
of the structural plane to the blasthole. When initia-
tion in pure hard rock, the peak kinetic energy is
7.7 kJ; when the structural plane is 1m away from
the blasthole, the peak kinetic energy is 124 kJ, which
is about 15 times higher than that of pure hard rock

When the blasting duration is about 5ms, the kinetic
energy reaches the first peak value as well as the maximum
peak value. As the blasting process proceeds, the kinetic
energy amplitude begins to decrease significantly. In order
to clearly observe the change of kinetic energy amplitude
with the growth of HS, the inclined lines L0~L4 (represent-
ing HS = 0 ~ 4m) are used to fit the amplitudes. It can be
seen that when HS is constant, the kinetic energy amplitudes
decrease linearly. The specific reduction values are shown in
Table 4. When there is no structural plane in the rock, the
kinetic energy has about two obvious amplitudes, and the
second amplitude is about 25% of the first amplitude; when
there is a structural plane in the rock, the kinetic energy has

at least three obvious amplitudes. Compared with the first
amplitude, the second amplitude and the third amplitude
are attenuated by about 42% and 65%, respectively.

(2) As shown in Figure 15(b), as the blasting process
proceeds, the friction energy increases rapidly before
7.5ms and then tends to be stable after 7.5ms. With
the structural plane approaching to the blasthole, the
growth degree of friction energy increases rapidly.
When initiation in pure hard rock, the peak friction
energy is 119 kJ; when the structural plane is 1m
away from the blasthole, the peak friction energy is
435 kJ, which is about 2.6 times higher than that of
pure hard rock

(3) As shown in Figure 15(c), as the blasting process
proceeds, the strain energy increases rapidly before
5ms, reaches the peak strain energy at about 5ms,
and decreases sharply at 5~7.5ms. As the structural
plane approaches to the blasthole, the strain energy
begins to decay. When initiation in pure hard rock,
the peak strain energy is 1260 kJ. When the struc-
tural plane is 1m away from the blasthole, the peak
strain energy is 1030 kJ, which is attenuated by 18%
compared with pure hard rock

5.3.2. Initiation in Soft Rock. When initiation in soft rock,
the evolution processes of kinetic energy, friction energy,
and strain energy are shown in Figure 17.

According to the energy evolution curves, the thickness
of soft rock HS has little effect on the three kinds of energy:

(1) As shown in Figure 17(a), the change trend of kinetic
energy is similar to the detonation of hard rock. At
about 5ms, the maximum peak value of kinetic energy
appears. As the blasting process proceeds, the kinetic
energy amplitudes begin to decrease significantly.
The inclined lines L6~L10 (representing HS = 6 ~ 10
m) are used to fit the amplitudes. When HS is con-
stant, the kinetic energy amplitudes also decrease line-
arly, and the specific reduction values are shown in
Table 5. When initiation in soft rock, the kinetic
energy curve has at least three obvious amplitudes in
every case. Compared with the first amplitude, the sec-
ond amplitude and the third amplitude are attenuated
by about 20% and 56%, respectively

(2) As shown in Figures 17(a)–17(c) and 18, the change
trends of kinetic energy, friction energy, and strain
energy are the same as that of initiation in hard rock,
but the increase of HS has little impact on three
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Figure 16: Curves of peak energy versus HS (1~5 working cases).

Table 4: Amplitude attenuation values (1~5 working cases).

Amplitude attenuation
HS (m)

0 1 2 3 4

AF (%) 75 49 44 36 38

AS (%) 65 63 64 69

In the table, compared with the first amplitude, the attenuation degrees of
the second amplitude and the third amplitude are AF and AS, respectively.
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energy peaks. The peak kinetic energy, peak friction
energy, and peak strain energy are about 43 kJ,
205 kJ, and 105 kJ, respectively

6. Discussions

According to the experiment results obtained from the three
angles of crack effect, internal stress of rock mass and energy
fields, the detonation position and the distance between

blasthole and structural plane seriously affect the blasting
characteristics. Therefore, the blasting effect can be more
controllable by adjusting the detonation position and the
distance between blasthole and structural plane:

(1) The results of detonation in hard rock and soft rock
are quite different. Detonation in hard rock can
expand the influence range of crack, increase the
penetration of cracks, and aggravate the damage of
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Figure 17: Energy evolution curves (7~11 working cases).

Table 5: Amplitude attenuation values (7~11 working cases).

Amplitude attenuation
HS (m)

6 7 8 9 10

AF (%) 15 17 28 21 26

AS (%) 54 49 63 58 59

In the table, compared with the first amplitude, the attenuation degrees of the second amplitude and the third amplitude are AF and AS, respectively.

14 Geofluids



rock. It is more suitable for blasting engineering in a
large area blasting engineering. When blasting in soft
rock, the cracks are relatively concentrated and the
influence range of cracks is small, which is more
suitable for blasting in a small area blasting engineer-
ing. In addition, in the whole process of detonation
in hard rock, the rock mass is in a high stress state.
When blasting in soft rock, the whole rock mass is
in a low stress state, so blasting in soft rock has little
impact on the surrounding rock mass

(2) According to the energy field evolution results, when
initiation in hard rock and the distance between
structural plane and blasthole is less than 2m, the
variation amplitude and energy peak of kinetic
energy are large, which will cause large amplitude
vibration of the whole rock mass and even the rock
mass far away. Although the penetration effect under
this working case is good, it also has a great impact
on the stability of the surrounding rock mass. When
initiation in hard rock and the distance between
structural plane and blasthole is more than 2m, the
penetration of cracks in the rock mass is also good,
and the peak value of kinetic energy is significantly
less than the former which will not cause large-
scale vibration of the rock mass far away

(3) In addition to the influence of structural plane posi-
tion and detonation position on blasting characteris-
tics considered in this paper, due to the complexity
of the stratum, there may be many factors such as
the existence of joints or resource mining under high
temperature and high pressure. These factors will
affect the propagation of stress wave and affect the
blasting characteristics of rock mass, which make it

difficult to accurately control the effect. Based on
the complex strata, further in-depth research on
these factors will be carried out in the future stage

7. Conclusions

In this paper, the numerical model of rock blasting is estab-
lished by using particle flow code (PFC2D), and the rational-
ity of hard rock single-hole model blasting method is
verified. On this basis, soft rock with different thickness is
introduced, and the main conclusions are as follows:

(1) When initiation in hard rock and structural plane is
far from the blasthole, crack number increases expo-
nentially with the growth of soft rock thickness.
When structural plane is around the blasthole, crack
number decreases sharply. When initiation in soft
rock, the number and state of cracks are little
affected by structural plane position. Based on the
first two cases, the variation laws of crack number
with soft rock thickness are obtained

(2) When initiation in hard rock and structural plane is
about 2 times the radius of crushing area from blast-
hole, with the increase of the distance between blast-
hole and horizontal monitoring point, horizontal
peak stress Sxx decreases first and then increases.
In this case, the rock mass is in a relatively high
stress state. With the increase of soft rock thickness
HS, the vertical peak stress Syy decays rapidly in an
exponential form at 2 times the radius of crushing
area. When initiation in soft rock, with the increase
of HS, Sxx and Syy decrease rapidly and then
increase

(3) When initiation in hard rock, the existence of struc-
tural plane will increase the kinetic energy in the
rock mass, and there are at least three obvious ampli-
tudes in the attenuation process of kinetic energy.
Compared with the first amplitude, the second
amplitude and the third amplitude are attenuated
by 42% and 65%, respectively. When initiation in
soft rock, the peak kinetic energy is less affected by
structural plane position. There are also at least three
obvious amplitudes in the kinetic energy attenuation
process. Compared with the first amplitude, the sec-
ond amplitude and the third amplitude are attenu-
ated by 20% and 56%, respectively

(4) When initiation in hard rock and the structural
plane is 2 times the radius of crushing area from
blasthole, the three energies change greatly. Com-
pared with pure hard rock case, the peak kinetic
energy increases by about 15 times, the peak friction
energy increases by about 2.6 times, and the peak
strain energy attenuates by about 18%. When initia-
tion in soft rock, the peak values of the three energies
are relatively stable and are less affected by the
change of structural plane
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