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Abstract

To better study rock blasting in engineering and the initiation and propagation behavior of the pre-existing crack under
blasting stress waves, large-scale rock models containing a thorough centric crack were numerically blasted, using the LS-
DYNA and HYPERMESH software for solving, modeling and meshing as well as adding keywords, respectively. The rock
material chosen for the present study was granite, and the Holmquist-Johnson—Cook (HJC) model was applied to carry out
numerical simulations. To study the influence of incident angle of blasting stress wave, there were four groups of modes
in all designed with different borehole positions, labeled as M-1, M-2, M-3 and M-4. Based on the theoretical wavefront
reconstruction, the reflection and diffraction of blasting-induced waves at a finite crack and highly complex interaction with
crack were explained in detail. Furthermore, the maximum circumferential stress criterion was used to analyze the crack
initiation and propagation. The results are in accordance with the experiment results, which show that the incident angles of
blasting stress waves have a significant effect on the propagation characteristics of waves at the pre-existing crack and the
model failure modes. As the incident angle increases, the initiating time of crack tip B decreases, but the deflecting angle
increases, and damage near the pre-existing crack is more serious. In addition, reflected and diffracted waves cause stress
concentration at the crack tip, which plays a dominant role in crack initiation and propagation. While the pre-existing crack
hinders stress wave propagation and reduces its amplitude and inhibits the formation and development of cracks around the
borehole, thereby resulting in that the model damage is mainly concentrated at the crack ends and around the borehole, no
obvious damage occurs in other areas.

Keywords Crack propagation - Incident angle of blasting stress wave - Theoretical wavefront reconstruction - Fracture
mechanics - Numerical simulation
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p Density wave and crack surface
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Vv Relative volume position
D Detonation speed o, Radial stress
ch Detonation pressure 0, Oy and Tyy X-stress, Y-stress and shear stress
AB,R,R), ® Basic parameters of equation of state 0 Polar angle
Cy~Co Coefficients of linear polynomial PP Reflected waves generated by P wave
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E Internal energy per unit volume at the crack tip A
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P°P,*P, S°P,"P  Secondary diffracted waves generated
by P;*P and S;*P waves at the crack
tip B

Schmidt head waves generated by
PAP and S AP waves

V+P P, V_P,/*P

1 Introduction

In mining and tunnel engineering, the rock is often broken
by blasting. The propagation of blasting stress wave and
fracture caused by it are the important phenomena in engi-
neering. After the explosive is detonated, resulting shock
wave quickly attenuates into stress wave with the increasing
propagation distance. It can be a cylindrical, spherical or
plane wave, which plays an important role in rock crushing.
However, there are usually a lot of defects in natural rock
mass, such as bedding, joint, pore and crack, which have
a significant impact on the blasting effect and stability of
rock mass. Saharan et al. (Saharan et al. 2006) discussed the
rock fracturing mechanism due to blasting dynamic load-
ing detailedly, pointing out that blasting stress wave is the
dominant force of rock fracture. Due to the instantaneous
nature of the blasting process, it is necessary to use numeri-
cal method. The interaction between blasting stress wave and
defects in rock mass plays a critical role in crack initiation,
propagation and arrest, while the existence of cracks will
affect the reflection, transmission and diffraction of blasting
stress waves, which is an important subject of rock dynam-
ics and its related disciplines, but this process still remains
challenging. The action mechanism of blasting stress wave
is not understood enough, resulting in serious damage of
surrounding rock and increased disasters in blasting con-
struction. Therefore, it is necessary and urgent for further
research on it.

Stress wave and crack propagation in fracture mechan-
ics are widely studied by photoelastic method and caus-
tic method. In the early, Dally (Dally 1980) carried out
dynamic photoelastic experiments to research the interac-
tion between blasting stress waves and cracks and holes.
Theocaris (Theocaris and Katsamanis 1978) studied crack
dynamic behavior under impact loads by caustics experi-
ments, and results show that tensile stress pulses rather than
compressive stress pulses make the initial notch propagate.
Rommanith et al. (Rossmanith and Shukla 1981a, 1981b)
conducted a dynamic photoelastic experiment on specimens
with the prefabricated cracks and discussed the interaction
between blasting stress waves and static crack as well as
running crack and then theoretically analyzed the reflection
and diffraction of P and SV waves at the crack tip under
normal incidence, oblique incidence and tangential inci-
dence. The results show that blasting stress waves have a
vital effect on the stress field at the crack tip. Smith (Smith
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1971) studied the interaction between a static crack and an
impinging dilatational wave using photoelastic experiment.
Zhu (1988, 1993) studied the effect of blasting-induced
stress wave on the direction and velocity of crack propa-
gation using dynamic photoelastic experiment and analysis
method. Yang et al. (Yang et al. 2019, 2018) studied the
interaction between blasting-induced stress wave and static
crack, and running crack in the same direction and reverse
direction by dynamic caustics and photoelastic experiments,
and analyzed the dynamic characteristics of crack tip. More
recently, Li et al. (Li et al. 2021) studied the crack propaga-
tion behavior and stress distribution at the end of defects
under blasting by caustics method and ANSYS/LS-DYNA
simulation. Yue et al. (Yue et al. 2017; Qiu et al. 2019, 2021)
derived the stress field expression of crack tip by the optical
geometry principle of ray deflection and proposed the theory
of distorted caustics pattern, which was applied to study the
interaction between the blasting stress wave and pre-existing
crack. Chen et al. (Chen et al. 2022) studied the interaction
process between the oblique incident blasting stress wave
and the prefabricated crack and stress field at the crack tip
by the photoelastic and numerical methods.

Additionally, Zhu et al. (Hu et al. 2015) studied numeri-
cally the crack propagation behavior of blasting model with
a crack by developing a mixed failure criterion. Wang et al.
(Wang et al. 2018) used a laser to generate Rayleigh wave
and then simulated it interacting with a subsurface crack. Fan
et al. (2019) used the numerical manifold method (NMM) to
study the crack and wave propagation on underground rock
mass and analyzed effects of stress wave and existing crack
on the stress field. Lalegname et al. (Lalegname and Séndig
2011) discussed the influence of plane elastic waves on a
running crack based on theoretical derivation and numerical
analysis. Chen and Sih (Chen and Sih , 1977) have studied
the cracks and waves scattering in theory under impact load-
ing. Harris (1980) used the Cagniard-de Hoop technique to
invert the various transforms, calculating expressions for a
semi-infinite crack. However, there are many mathematical
difficulties for the finite crack problem. Zhao et al. (Zhao
et al. 2003) considered the nonlinear deformation constitu-
tive relation (BB model) of the joints and deduced the wave
propagation equation for normally incident elastic P wave
across the rock joints by combining the characteristic func-
tion method. Li et al. (Li and Ma 2010) deduced a wave
propagation equation for a linear elastic rock joint in view
of the conservation of momentum at the wave fronts and
the displacement discontinuity method. In addition, wave
propagation equation derived can be appropriate for non-
linear rock joints with no need for the complex Fourier and
inverse Fourier transforms.

As can be seen from the above researches, numerical
investigation in dynamic crack—wave interaction is rather
limited to date, covering incidence, reflection, transmission,
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diffraction and surface waves. A large number of studies
focused on analysis of experimental phenomena. Compared
with the theory and experiment, the numerical method is
more intuitive; parameters can be adjusted at any time,
very high efficiency. Therefore, the blasting analysis of
rock mass has gradually adopted numerical analysis as the
main method and experiment as the auxiliary method and
reduced experiment to avoid wasting manpower and material
resources(Jing and Hudson 2002; Jing 2003).

Due to the complexity of a variety of waves and interac-
tion between the waves and cracks, the mechanism of stress
waves on crack has not been clearly concluded. Thus, in
this paper, the interaction between blasting-induced stress
waves with different incidence angles and crack has been
systematically studied using numerical method combined
with theoretical analysis, which is mainly divided into two
parts. The objective of the first part is to analyze the effect
of the pre-existing crack on blasting stress wave propaga-
tion and explain how the reflected, diffracted, surface and
Schmidt head waves are created combined with theoretical
wavefront reconstruction. It has been shown that the posi-
tion and shape of the blasting-induced wave continuously
evolve with time and the order in which the wave compo-
nents appear is dependent on the propagation velocity in
the rock. The second part of the study discusses about crack
initiation and propagation induced by dynamic wave propa-
gation based on the maximum circumferential stress crite-
rion. The simulation results agree well with the published
experimental results (Rossmanith and Shukla 1981a; Chen
et al. 2022) which is conducive to our deep understanding of
the blasting-induced stress wave propagation and the inter-
action mechanism between blasting stress wave and crack,
suggesting a broad reference for the further development of
rock blasting in engineering practice. It is worth noting that
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the pre-existing crack is the finite straight crack, and the
incident P wave is considered in this study.

2 Theoretical Analysis
2.1 Generation of Stress Waves

Wave is any disturbance propagating in space or matter,
which can be produced by dynamic loading, such as blast-
ing, earthquake and impacting, and can be divided into
the body wave and surface wave. They are the longitudi-
nal wave (P wave) and the distortional wave (S wave) as
well as Rayleigh wave (R wave), respectively. The lon-
gitudinal wave propagates in the parallel direction to the
particle motion, while the distortional wave propagates
in the perpendicular direction. The propagation of vari-
ous waves generated by typical disturbances is shown in
Fig. 1, which belongs to the spherical wave emission, with
displacement amplitudes attenuating with radial distance.
The propagation of two-dimensional stress waves is simi-
lar to it, such as explosive excitation generates P wave, S
wave and R wave radiations. Figure 1b shows the numeri-
cal result of the waves generated by explosion excitation
in a PMMA sample with free boundary conditions. The P
wave, S wave, head wave and R wave have been explic-
itly predicted, which is consistent with Fig. 1a, indicat-
ing that numerical simulation can well characterize the
wave propagation process and displacement field evolu-
tion. However, discontinuities, such as cracks, joints and
large-scale faults, exist in natural rock masses, make the
wave propagation and stress field changed. The reflection
occurs on the crack surface and diffraction at the crack tip,
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Fig. 1 a Displacement distribution in P wave, S wave and R waves (Woods 1968); b normal displacement fields of waves emission during explo-

sion excitation
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leading to stress concentration and even crack instability,
and the crack will hinder the propagation of stress wave,
which is a complex interaction process.

2.2 Establishment of Theoretical Analysis Model

To analyze the interaction between blasting stress waves
with different incidence angles and crack, a theoretical
analysis model is set up as illustrated in Fig. 2. Excited
by blasting, P wave front divides the whole region into
two parts: the disturbed area and undisturbed area. The
included angle between the incident wave and the crack
surface is a, 0° <@ <90°. When the incident wave encoun-
ters the crack, it will be reflected on the crack surface to
form a reflected tensile wave, and when the incident wave
reaches crack tip, diffraction will occur to generate a dif-
fraction wave.

The incident wave can be either a P wave or S wave. For
the convenience of analysis, only the influences of P waves
are considered with ignoring S wave in whole process. The
incident wave is reflected on crack surface and diffracted
at the crack tip, producing a total stress field aij(x, v, b); it
may be considered as the simple superposition of the stress
fields induced by incident wave and wave scattering about
the crack. The diffraction and reflection wave stress fields
are also called scattering wave stress fields; the incident
wave and scattering wave stress fields are, respectively,
written as ag)(x, y,t) and a;‘.y)(x, y,1). Therefore, stress state
under the interaction between blasting stress wave and
crack can be expressed as follows:

o;(x,y,1) = ag) (x,y,0) + Gé.s)(x, v, 1) 1)

and :
when (x¥*+)%)? = 0, o-l.(js) -0

y
09<a<900
Crack
P-wave front >
X
/,,\ \\ a
Disturbed area @  # N\¢---—--- Undisturbed area

Explosion source

Fig.2 Theoretical analysis model
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3 Numerical Modeling and Material
Parameters

Finite element method (FEM) has been generally applied
in simulating rock blasting, which can provide the full-
field data of blasting and obtain a better insight into the
highly complex interaction process between stress wave
and crack. Thus, in this study, the commercial finite
element code LS-DYNA will be employed for solving,
HYPERMESH software for modeling and meshing as well
as adding keywords, LS-PREPOST for post-processing.
The calculation termination time is 1000 ps, and the time
step is set to 1 ps. The adopted system of unit is cm-g-ps
in this section.

3.1 Model design

The paper adopts the large-scale model, and the rock mate-
rial is the granite. A cuboid rock model with the length
and width of 250 cm and height of 1 cm was modeled,
having a 10-cm-diameter borehole and a thorough centric
crack in the model. The charge mode is decoupled charge
with decoupled coefficient being 2. The explosive is 5 cm
in diameter, and the length and width of centric crack are
1=100 cm and w=0.5 cm, respectively. In addition, r is
the shortest distance from borehole to the crack, 50 cm.
Incidence angle a of blasting stress wave is variable,
0° <a<90°. Based on the above analysis, by changing the
borehole position in the model, that is, the incident angle
of the blasting stress wave, the model was established.
Meanwhile, to comprehensively and systematically ana-
lyze the interaction process between blasting stress waves
with different incidence angles and crack and also reduce
the workload, four representative models were established,
with incident angles being 0°, 45° and 90°, respectively,
and were marked as models M-1, M-2, M-3 and M-4, as
shown in Fig. 3.

3.2 Establishment of Numerical Model
3.2.1 Element and the Selection of Algorithm

The solid 164 element is applied to the rock, explosive
and air. Rock adopts the Lagrange algorithm. As the air
and explosive deform greatly in the process of blasting,
arbitrary Lagrangian—Eulerian (ALE) algorithm is uti-
lized for the explosive and air, which avoids the numeri-
cal calculation difficulties caused by serious distortion and
achieves the dynamic analysis of fluid—structure coupling.
Air and explosive are bound in an element algorithm by
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Fig.3 Schematic diagram of blasting models with a thorough centric crack
Table 1 The HJC constitutive parameter of granite (Bi, 2018)
Parameter plkg-m™3 f/MPa A B C Simax G/GPa T/MPa D, D,
Value 2600 154 0.28 2.5 0.00186 5 28.7 0.28 0.04 1.0
Parameter P /MPa Herush P/ GPa Hiock K,/GPa K,/GPa K;/GPa EF ;. N FS
Value 51 0.00162 1.2 0.012 12 25 42 0.01 0.79 0.035
Table2 The relevant . Parameter p/kgm™ D/ms™! P_/GPa A/GPa B/GPa R, R, w E,/GIm™ V,
parameters of the explosive J
(Wang , 2003) Value 1500 7450 22 6253 2329 525 16 028 856 1.0
Table3 The relevant Parameter  pkgm™ CJ/GPa C, C, C; C, Cs C, E,MIm™> V,

parameters of air (Gao and Wu

2015)

Value 1.290 0

0 0 0 0.4 0.4 0 0.25 1.0

*ALE_MULTI_ MATERIAL_GROUPA keyword. In
addition, in modeling, it is necessary to separate grids for
explosive and air and give their own equations of state.

3.2.2 Material Parameters and the Equation of State

To model the rock material with a crack, the rock is modeled
with the HIC (Holmquist-Johnson—Cook) material model.
In this paper, *MAT_ADD_EROSION failure criterion is
introduced to control element failure and principal stress
criterion is set, i.e., when the stress and strain are set in the
finite element model, the element exceeding the set value
will be deleted and then cracks are formed in the model. The
parameters of granite material are shown in Table 1.

To calculate the detonation products, explosives need to
be defined by the keyword *MAT_HIGH_EXPLOSIVE_
BURN in conjunction with the John—Wilkins—Lee (JWL)
equation of state. The JWL equation expressed in terms of
the pressure of detonation product:

© \ RV ® \ _gyv, OF
P=A(1-2)e®V +B(1- -2 etV 4 22
(1-7)ees(1-g5 ) e

where P is pressure generated by the explosion; V is the
relative volume; E is the internal energy per unit volume
and A, B, R, R, and w are basic parameters. The relevant
parameters are presented in Table 2, p represents density of
explosive, D represents detonation speed, and P represents
detonation pressure.

The air medium was considered, which was added by
the keyword *MAT_NULL. Linear polynomial equation of
state was adopted for air and was defined by the keyword
*EOS_LINEAR_PLOYNOMIAL and can be expressed as
follows:

P=(Cy+Ciu+Cou* + Csp®) + (Cy + Csp + Cop® ) E
3

where C,~Cy are coefficients of equation of state; P is the

detonation pressure; E is the internal energy per unit volume;

@ Springer
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u=p / po — Lp is the density of air, and p, is the reference
density. The relevant parameters are displayed in Table 3.

3.2.3 Modeling

The finite element model was established by HYPERMESH
software, which mainly consists of three parts: air, explo-
sive and rock. Single-layer solid grid was used to mesh
the model, and the total number of elements is more than
128,408. Time step was set as 1 ps, and maximum mesh size
is not more than 1 cm. The explosive grid and the air grid
are shared nodes at the interface. Under blasting stress wave,
the rock deformation may occur, leading two interfaces of
the crack along its length to contact each other. Therefore,
automatic surface to surface contact was set up at both inter-
faces. In the meantime, to better compare and analyze, the
area near the borehole in all models has the same meshing,
and Fig. 4 illustrates the details of the part mesh of model
in HYPERMESH.

In dynamic analysis, the stress waves are reflected
from the boundaries of the model and converted into ten-
sile waves, which will cause rock fragments. Therefore,
to more realistically simulate the propagation of waves
through rock mass, absorbing boundaries were employed
in all sides with the exception of pre-existing crack bound-
aries, which are the free faces by the keyword * BOUND-
ARY_NON_REFLEC-TION, so that no reflection waves

Fig.4 The part mesh of model

will be generated when the blasting stress waves arrive at
the model boundaries. A normal constraint was imposed
in the thickness direction of model.

4 Results and Analysis

4.1 Influence of the Pre-existing Crack on Blasting
Stress Wave Propagation

After the explosive detonation, the cylindrical P wave radi-
ates outward from the explosion source. When it propa-
gates for a certain distance, which can be considered as a
plane P wave (Li et al. 2018). Stress concentration around
crack tips results in the cracking of rock mass and fur-
ther affects stress wave propagation. Propagation charac-
teristics of the wave will vary along the crack when the
incident wave comes from different directions, as shown
sequence of pictures in Figs. 5, 7, 10 and 12. It can be
clearly seen that the position and shape of the blasting-
generated waves continuously evolve with time, through
which the interaction between blasting stress waves from
different directions and crack can be analyzed intuitively.
Nevertheless, the latter wave system has not been given
here because of the limited space in the paper, and it is
not so significant for analysis when that attenuates to a
certain extent.

Rock(Lagrangian)

CASCALE)::

Explosive
(ALE)

Contact automatic

Shared nodes
surface to surface

o @ Springer
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Fig.5 Propagation process of the blasting-generated waves at the crack in the model M-1

4.1.1 Incident Angle 0°

(1) Model M-1

For model M-1, the direction of wave propagation is parallel
to the crack line, i.e., the stress wave front is vertical to the
crack walls. Figure 5 shows the effective stress contours of
interaction between blasting stress wave and crack at differ-
ent times in the model as a result of the explosive detona-
tion. First of all, the blasting stress wave radiates outward
from the explosion source position. Before the blasting stress
wave interacts with crack, and it propagates to the right and
approaches the crack tip continuously, corresponding con-
tour is not presented in Fig. 5. As can be seen from the
sequence figures, when t=90 ps, the stress wave arrives at
left tip A of the crack. After that, the blasting stress wave
begins to interact with crack. Wave diffraction occurs at
tip A and reflection on the upper and lower surfaces of the
crack, which lasts until the stress wave propagates to the
right tip B of the crack.

Based on blasting simulation results, P wave diffraction
at the crack tip A is displayed at =200 ps, and associated
wavefront reconstruction is displayed in Fig. 6, where the
superscript “+” in Fig. 6 represents the upper surface and
“-” denotes the lower surface. When the P wave is diffracted
at the crack tip A, both PdAP wave and SdAP wave are gener-
ated. During wave propagation, the P wave is reflected at the
surfaces of the crack to generate the so-called Schmidt head
waves (V + P, V_P), which are tangent to the diffracted SdAP
wave (Yue et al. 2019). However, there are no reflected PP

Explosion source

"~ Crack

Fig.6 Schematic of the theoretically generated wavefront construc-
tion in the model M-1

wave and S,P wave produced in this case. At the same time,
Rayleigh waves R+ P and R_P are formed on the upper and
lower surfaces of the crack and propagate from tip A to tip
B along the crack walls. These waves (Hoop 1958) gradually
travel to the right and attenuate.

4.1.2 Incident Angle 45°

(1) Model M-2

For model M-2, P wave impacts on the crack tip at an
angle of 45 deg with respect to the crack surface; Fig. 7
shows wave propagation at different time steps. When P

@ Springer
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Fig. 7 Propagation process of the blasting-generated waves at the crack in the model M-2

Explosion source wave obliquely impinges on a static crack, the diffraction
and reflection will occur. In the same way, it can be seen that
the blasting stress wave propagates freely and approaches
the crack continuously before t=90 ps from Fig. 7. When
t=90 ps, blasting stress wave moves to the left tip A of
crack; it then begins to interact with the crack. During the
interaction between wave and crack, the field near the crack
tip is disturbed, but disturbance does not occur in the far
field. Thus, undisturbed area I and disturbed area II can be
identified, and disturbed area II is the main action region,
including reflection area III, diffraction area IV, Schmidt
head wave area V and shadow area VI, as shown in Fig. 8.
Figure 8 shows the theoretically generated wavefront recon-

Fig.8 Schematic of the theoretically generated wavefront construc- struction due to blasting load. P wave propagates to lower
tion in the model M-2

20mm 20mm

Prefabricated crack B

b

P way c\

Fig. 9 Propagation of blasting stress wave in the experiment (Chen et al. 2022)
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surface of the crack, generating reflected P,P wave and SrP
wave. Note that, t=199 ps, a clear boundary cone has been
made at the interface between the reflected P,P wave and
P wave, which is consistent with the experimental results
(Chen et al. 2022), as displayed in Fig. 9. The P wave is
diffracted at the crack tip A; both P,/AP and S,*P waves
have been generated. In addition, producing the so-called
Schmidt head waves V +P and V_P, which are tangent to
the diffracted S;*P wave, Rayleigh waves R +P and R_P are
formed on crack surfaces and travel along the crack walls
from tip A to tip B. As the waves gradually propagate to the
right, diffraction also starts to occur at tip B, inducing dif-
fracted P ,BP wave and S BP wave, which can be seen from

375us

the subsequent figures in Fig. 7. And r=331 ps, the diffrac-
tion waves at crack tips A and B are joined together. The
process will be described in detail later, in the mode M-3.

4.1.3 Incident angle 90°

(1) Model M-3

In fact, the model M-3 is similar to model M-2. In this case,
P wave is vertically incident on the crack surface. The reflec-
tion and diffraction of a P wave about the crack are shown in
Fig. 10, and the associated theoretical results are shown in
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Fig. 10 Propagation process of the blasting-generated waves at the crack in the model M-3

Explosion source

(a)

Explosiin source

(b)

Fig. 11 Schematic of the theoretically generated wavefront construction in the model M-3
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Fig. 11a, b, respectively. Similarly, the blasting stress wave
propagates freely and approaches the crack tip continuously
in the early stage, and by the time the interaction occurs,
corresponding contour is not given in Fig. 10. As can be
seen from the sequence figures, when t=90 ps, the stress
wave extends to crack lower surface. After that, it begins
to interact with the crack, and the crack hinders the stress
wave propagation. When the stress wave arrives at the left
tip A of the crack, diffraction occurs at tip A and reflection
occurs on crack lower surface, which lasts until the stress
wave propagates to the right tip B of the crack. At r=150 ps,
P wave is diffracted at the crack tip A; both PdAP wave and
S*P wave are formed. During the propagation phase, the
P wave is reflected at the lower surface of the crack to gen-
erate reflected PrP wave and S.P wave. In the same way,
a clear boundary cone is visible at the interface between
the reflected P,P wave and P wave. In addition, producing
so-called Schmidt head waves (V + P, V_P), which are tan-
gent to the diffracted S;*P wave, Rayleigh waves R + P and
R_P are formed on crack surfaces and travel along the crack
walls from tip A to tip B. During this period, the interaction
between P wave and crack and the corresponding wavefront
reconstruction are shown in Fig. 11a. As the waves gradually
propagate to the right, in the subsequent figures, the wave
system becomes extremely complicated. When the stress
wave propagates to the crack tip B, diffraction also occurs at
tip B, inducing diffracted P,°P wave and S ;BP wave. Differ-
ent from the crack tip A, except for diffracted P,5P wave and
S°P wave, reflected PP wave and S P wave, Rayleigh waves
R +P and R_P and Schmidt head waves V +P and V_P, the
PP and S,*P waves formed by diffraction at the crack tip
A have secondary diffraction at the crack tip B, inducing

90us

S
\ S\

254ps

316ps

336ps

diffracted P,°P,*P and S,°P,*P waves. And S;°P,/*P wave
is tangent to the produced Schmidt head waves V + PdAP and
V_PAP. The interaction process and theoretical wavefront
reconstruction are shown in Fig. 11b. Moreover, =375 ps,
the diffraction waves at crack tips A and B hold hand with
each other, then fuse together and propagate to the right;
they gradually attenuate and dissipate, eventually.

(2) Model M-4

Different from the above three models, models M-1, M-2
and M-3, the explosion source of model 4 is located directly
below the midpoint of the crack, and generating the blast-
ing stress wave after detonation impinges vertically on the
crack surface. Figure 12 shows the interaction process; it is
observed that the graphics are symmetrical with respect to
the connection line between the midpoint of the crack and
borehole at the different times. The propagation of blast-
ing stress wave is the same as that in the early stage in the
mode M-1, M-2 and M-3, which is all freely propagated.
At =90 ps, the P wave front reaches the lower surface of
crack. After =90 ps, P wave has a very complex interaction
with crack. When #=106 ps, the P wave extends to the tip
A and tip B of crack. In the meantime, reflected waves P.P
and S,P are induced and can be seen clearly at =133 ps.
The experimentally recorded isochromatic fringe patterns of
blasting stress wave with a crack in Fig. 13 show an appar-
ent reflection phenomenon from the surface of crack (Chen
et al. 2022). At =213 ps, the diffracted PP wave, S,*P
and diffracted P P, S,BP wave have been induced due to P
wave interacting with the crack tip A and tip B, and as the
waves propagate little by little, the graphic likes an “apple”
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Fig. 12 Propagation process of the blasting-generated waves at the crack in the model M-4
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Fig. 13 Isochromatic fringe
patterns of blasting stress wave

(Chen et al. 2022)

propagation in the experiment / Reflection wave

“,

#
.

Prefabricated crack A

Explosion source

Fig. 14 Schematic of the theoretically generated wavefront construc-
tion in the model M-4

at t=254 ps. The numerical results of P wave reflected on
the crack surface and diffracted at the crack tip are in agree-
ment with the results of photoelastic experiment (Chen et al.
2022), as shown in 14(b). With the Schmidt head waves
V +P and V_P and Rayleigh waves R + P and R_P, the theo-
retical wavefront reconstruction is presented in Fig. 14a.

It should be pointed out that crack initiation time varies
with stress wave incidence angles, which will be discussed
later. Furthermore, as the stress waves continue to propagate,
the energy attenuates quickly.

4.2 Crack Initiation and Propagation

As described in Sect. 2, the diffraction process of the blast-
ing stress wave with different incident angles at the crack
tip produces high local stress, which may lead to unstable
crack propagation. The photoelastic experiments have also
proved that the stress wave makes crack initiate and propa-
gate (Dally et al. 1975). Figure 15a—d displays the failure
modes of the models M-1, M-2, M-3 and M-4 with time
after detonation, in angular degree range 0°-90°. To analyze
the failure modes combination with the stress states (tension

e | COECEN,

Reflection wave
-

\‘: L L

N,

»

1]

y 7 /‘

Diffraction wave

20mm 20mm

(b)

and compression) during the propagation of blasting stress
wave, Fig. 16a—d shows the pressure evolution curves with
time at a certain point when the incident angle a«=0°, 45°
and 90°; the pressure change of four measuring points is pre-
sented, where positive value denotes compressive; negative
value represents tensile. The measuring points al, a2, a3 and
a4 are set in M-1 as displayed in Fig. 15a (=100 ps), which
are located at the crack tip, the midpoint of the upper and
lower surfaces of the crack, respectively, and a3 and a4 are
symmetrical about the crack surface. Moreover, the measur-
ing points b1, b2, b3 and b4 in M-2, cl1, c2, c3 and ¢4 in M-3
and d1, d2, d3 and d4 in M-4 are also presented in Fig. 15,
which is the same as that in the model M-1.

4.2.1 Failure Modes of Model

As shown in Fig. 15, the fracture of the models is mainly
concentrated at the pre-existing crack tip and around the
borehole, while there is no obvious fracture in other areas.
With the increase in the incident angles, the damage near
the crack becomes more serious. In addition, the crack hin-
ders the propagation of blasting stress wave, resulting in
more energy dissipation, and also restricts the formation and
development of cracks around the borehole. Except for the
blasting-induced cracks, the stress concentration occurs at
the crack tips, thus driving the crack to initiate at both ends.
When the energy gathered at the end exceeds the fracture
toughness, the crack initiation and propagation occur. It can
be found that the crack tips A and B of the four models ini-
tiate and propagate, respectively. In the early stage of free
propagation of blasting stress waves, the damage degree
of models M-1, M-2, M-3 and M-4 is basically the same
because it is not influenced by the pre-existing crack. After
that, it propagates to the crack tip A and begins to interact
with the crack; then, the crack tip A initiates and propagates.
As the crack tip A is close to the borehole, the crack initia-
tion occurs firstly and then is connected with the radial crack
radiated from the borehole, but the propagation length is also
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Initiation of crack tip A Initiation of crack tip B
f \

100ps 150us 438us 544ps 1000us
(a) model M-1 (a=0°)

Initiation of crack tip A

100us 121ps 281us 396us 1000ps
(b) model M-2 (0=45°)

100us 104ps 225us 303us 1000us
(c) model M-3 (a=90°)

Initiation of crack tip A and B Crack propagation
LN

100us 106us 148us 223us 1000ps
(d) model M-4 (0=90°)

Fig. 15 The fractural forms of rock models with different incident angles of blasting stress wave

limited, in models M-1, M-2 and M-3. Only the crack tip =~ M-3 and M-4 are 438 ps, 281 ps, 225 ps and 148 ps, respec-
A in the model M-4 can propagate to a certain length. The  tively. It can be found that the initiation time of crack tip B
initiation times of the crack tip B in the models M-1, M-2, is obviously advanced, and the deflecting angle increases
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Fig. 16 The pressure—time curves of the measuring points in the four models

with the incident angle o increasing. In the model M-1, the
crack tip B propagates to the right after initiation and then
runs through the right boundary of the model. However, in
the models M-2, M-3 and M-4, in the later stage of crack
propagation, the blasting stress wave is basically dissipated.
Although the crack continues to propagate by inertia, it does
not penetrate through eventually and stops before reaching
the model boundary. The pre-existing crack is symmetric
about the borehole, following a path almost parallel to the
crack surface in the model M-1, and the crack forms at crack
tips A and B are basically consistent in the model M-4. It
should be pointed out that a new crack appears at a certain
distance from the lower surface of the pre-existing crack at
first in the model M-4. Furthermore, compared with Figs. 5,
7, 10 and 12, it is also found that the crack initiation time is
much greater than the time that the wave propagates from the
explosion source to the crack tip A for four models. Thus,

the incident wave, reflected wave and diffracted wave have
an effect on crack initiation and propagation.

4.2.2 Pressure-Time History Curves

The incident angle of blasting stress wave influences the time
of various stress waves arriving at the crack tip. Figure 16
displays the pressure—time curves on measuring points in the
M-1, M-2, M-3 and M-4. Combined with the propagation
process of blasting stress waves, the failure modes of the
model shown in Fig. 15 will be analyzed in detail. The four
models are different in terms of initiation and propagation
of the pre-existing crack. As shown from Fig. 16, the curve
at each measuring point goes up and down, which mainly is
the action of compressive stress and tensile stress caused by
blasting stress waves.
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From Fig. 164, it can be seen that, after blasting, the crack
tips A and B (measuring points al and a2) are compressed
first and then strained in the model M-1. The measuring
point al is firstly influenced by blasting stress waves and
point a2 last. As the pre-existing crack is symmetric with
respect to the borehole, the trend of pressure at the a3 and a4
is the same on the whole. The crack tip A first initiates due to
the tensile stress caused by the diffraction wave at =150 ps,
and it gradually propagates to the left and then intercon-
nects with the radial crack emanating from the borehole, as
shown in Fig. 15a. At =438 ps, crack tip B initiates and
then starts to propagate to the right, and it quickly reaches
the right boundary of the model. This failure behavior in
Fig. 16a presents the pressure at measuring points al and
a2 changes to zero. Eventually, the fracture mode is formed,
and the crack propagates to both ends along the horizontal
direction approximately, and the propagation path does not
change significantly.

As shown from Fig. 16b, crack tips A and B (measur-
ing points bl and b2) have been subjected to compressive
stress. Similar to model M-1, blasting stress wave firstly acts
on measuring point bl and finally acts on the point b2 in
the model M-2. The pressure evolution of the b3 and b4 is
different, which is mainly because measuring point b4 is
first subjected to compressive wave and then reflected wave
from the lower surface of crack, while measuring point b3 is
mainly subjected to diffraction wave. When =121 ps, crack
tip A is affected by the diffraction wave and then attracted by
the radial crack from the borehole, and initiates downward
until propagating to intersect with the radial crack radiated
from borehole. Measuring point b2 is first affected by com-
pression wave and then diffraction wave. When =281 ps,
the crack tip B begins to initiate upward and then bifurcates
under the action of diffraction wave.

As displayed in Fig. 16c, it could be observed that the
blasting stress wave arrives first at the measuring point cl
and measuring point c3 at last. Measuring point cl is sub-
jected to compression wave and diffraction wave, appearing
two peak pressures, which peaks 120 MPa at 300 ps and
99 MPa at 715 ps, respectively. At t=104 ps, the crack tip
A initiates to the lower right and then is connected with the
radial crack emanating from the borehole. No blasting wave
is transmitted to the upper surface (measuring point c3),
which is mainly affected by the tensile stress of diffraction
wave at the crack tips A and B. The measuring point c4 is
subjected to compression waves. Measuring point c2 is also
subjected to compression wave and diffraction wave, which
drives the crack tip B to initiate upward at r=225 ps, and
then propagates. Finally, the crack arrests due to the attenu-
ation of blasting stress wave.

Figure 16d shows that the measuring point d4 is firstly
influenced by the blasting stress waves and d3 at last, and
point d4 is first compressed and then subjected to the action
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of the reflected tension wave. Since there is no blasting stress
wave transmitted, the pressure on the upper surface of the
crack (measurement point d3) is almost zero. After that, the
diffracted waves of crack tips A and B have a weak effect on
it. At =106 ps, a new crack appears at a certain distance
from the lower surface of pre-existing crack; the reason is
that the reflected tension waves from the lower surface of
crack act on it. And it intersects with the radial crack radi-
ated from borehole to form the crushing zone at last, in the
model M-4, as shown in Fig. 15d. At =148 ps, crack tips
A and B initiate and propagate upward successively. Note
that, the pressure of the measuring point d2 rises again in
the later stage; this is because the crack starting from crack
tip A stops due to deflection and bifurcation, resulting in
the energy accumulation at the crack tip B (measurement
point d2).

4.2.3 Stress Field at the Crack Tip Induced by Blasting
Stress Wave with Different Incidence Angles

In fracture mechanics, the attention is paid to the stress con-
centration near the crack tip. To further assess the above-
mentioned issue, the maximum circumferential stress crite-
rion was used to analyze the crack initiation and propagation
behavior under blasting stress wave with different incidence
angles. Meanwhile, in order to conveniently study the stress
distribution of the pre-existing crack tip, Fig. 17 illustrates
that the local coordinate system is set up with the midpoint
of the crack as the origin. The literature (Herakovich 2016)
gives the stress expression at a certain position near the
crack tip, and it can be written as

0gp = 0,08° 0 + 0, sin® @ — 27, sin @ cos 0
0,, = 0, sin” 0 + o, cos? 0 + 27, sin O cos 0

where o, represents the circumferential stress at a certain

position; o,, represents corresponding radial stress; o, o,

y

0
1 0,
60 o
: % rr
1
: o 5%
1
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1 r
- —--->
Tip A Crack TipB

Fig. 17 Schematic of the created polar coordinate system
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(c) model M-3 (0=90°)

Fig. 18 Stress evolution with time at the crack tips

and 7, Tepresent X-stress, Y-stress and shear stress; and 0
represents the polar angle.

Figure 18a—d shows that the circumferential tensile stress
changes with time near the crack tip when a=0°, 45° and
90¢°; the circumferential tensile stress distribution indicates
that the blasting stress waves induce stress concentration at
the crack tip. And the evolution curves of circumferential
tensile stress at crack tips captured in the four models are
provided in Fig. 19a—d. From the sequence in Fig. 19, we
note that the stress oscillates with time. In Fig. 18a, when
t=150 ps, the circumferential tensile stress near the crack
tip A reaches a maximum, and tip A initiates at this time and
gradually propagates to the left. Then, with further propa-
gation of the stress wave, at t=438 ps, the circumferential
tensile stress near the crack tip B reaches a maximum, which
results in that crack tip B initiates and gradually propagates
to the right. Figure 18a and Fig. 19a also indicate that the
stress distributions near the crack tips A and B are approxi-
mately symmetrical, the pre-existing crack propagates along
the horizontal direction to both ends, respectively, and final
crack path is roughly straight. Similarly, Fig. 18b—d can be

user local axes

(d) model M-4 (a=90°)

analyzed, and there will not repeat it. In the meantime, it
is also shown that, in Fig. 19b—d, the crack initiates when
the circumferential tensile stress reaches a maximum. While
Fig. 19b—d shows obviously different from Fig. 19a, that is
not symmetrical; thus, crack propagation paths are curved. It
is worth noting that, at =106 ps, a new crack appears at first
below the midpoint of the pre-existing crack in Fig. 15d, and
the circumferential tensile stress also reaches its maximum
at this time, as shown in Fig. 18d. Additionally, there curves
at the crack tips A and B in Fig. 19d almost coincide, indi-
cating that almost same stress field at tips A and B is created
when the pre-existing crack is symmetric with respect to the
borehole, but only crack propagation path is not exactly the
same as shown in Fig. 15d.

On the basis of the above analysis of the propagation
of blasting stress waves with different incidence angles
and crack behavior, the propagation characteristics of
blasting-induced stress wave and dynamic behaviors of
that interaction with the pre-existing crack are comprehen-
sively reflected. Due to the different incident angle «, these
mechanical properties and aging characteristics of blasting
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Fig. 19 Evolution curves of the circumferential tensile stress with time at the crack tips

stress wave cause the different dynamic behavior and failure
modes of the models with the pre-existing crack at different
stages. No blasting stress wave is transmitted to the upper
surface of the pre-existing crack; the stress on it is caused
by diffraction wave generated at the crack tips diffracting to
the upper surface of the crack.

5 Conclusion

In this paper, the interaction between the blasting stress
waves and pre-existing crack has been studied by finite ele-
ment method combined with theoretical analysis, in which
the influences of the incident angles of blasting stress waves
on the wave propagation, crack initiation and propagation

@ Springer

have been detailedly analyzed. The comparative analy-
sis shows that numerical simulation agrees well with the
experimental results and theoretical wavefront reconstruc-
tion, indicating that the numerical simulation used in this
study can well characterize the interaction between the blast-
ing stress waves and pre-existing crack. Actually, this is of
great significance to the control and prediction of fracture
and fragmentation of rock in actual blasting.

The incident angles of blasting-induced stress waves
influence remarkably the propagation characteristics of
waves at the pre-existing crack and model failure mode. The
existence of cracks in rock leads to discontinuity of rock
medium, hinders wave propagation and reduces its ampli-
tude and restrains the formation and development of cracks
around the borehole. Thus, the model damage is mainly
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concentrated at the pre-existing crack ends, and around
the borehole, no obvious damage occurs in other areas. In
addition, reflected wave and diffraction wave cause stress
concentration at the crack tip, which plays a dominant role
in crack initiation and propagation. With the incident angle
increasing, initiating time of crack tip B decreases, but the
deflecting angle increases, and damage near the pre-existing
crack is more serious.

In the end, it is worth mentioning that only the longitu-
dinal wave radiating from the borehole is considered, while
the shear wave is ignored due to the simplified plane strain.
Besides, the incident angle of blasting stress wave discussed
in this paper is one of the factors affecting the blasting effect.
To more realistic description of the whole explosion pro-
gress, the more factors should be introduced in the future.
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