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Abstract: To investigate the propagation of surface flaws in rocks under dynamic loading, an elastic—plastic ordinary
state-based peridynamic model that considers the compressive to tensile strength ratio is used for numerical tests based
on the results of previous experiments. The failure process of rocks containing three-dimensional surface flaws at
different angles and depths under dynamic loading is simulated. The simulation results show that the peridynamic
model used can well simulate the propagation of three-dimensional cracks in rocks and the failure process of specimens.
Peridynamic simulations can be used to obtain strength variation regularity which is consistent with the experimental
results. The crack generated on the surface of the specimen penetrates to a certain depth inside the specimen, which is
related to the depth of the surface flaw. Shell-like cracks generated inside the specimen join with cracks generated on

the surface to form complex three-dimensional cracks.
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1 Introduction

There are different flaws on the surface and
within the rock, and most of these flaws are in
three-dimensional form. The presence of these
three-dimensional flaws can have an impact on the
failure of the rock, and it is therefore necessary
to investigate the propagation pattern of three-
dimensional cracks in rocks.

In previous studies, many scholars have
conducted experimental [1-3], numerical [4—6],
and theoretical [7,8] studies on the propagation of
two-dimensional cracks in rocks. Under plane stress
or plane strain conditions, the propagation of a
two-dimensional crack can be considered a
simplification of a three-dimensional crack.
ZHOU et al [9,10] experimentally studied three-
dimensional cracks under dynamic loading.
PAKZAD et al [11] used ABAQUS to simulate

crack propagation in a three-dimensional cylindrical
sample containing prefabricated flaws under
uniaxial compression and analyzed the effect of the
compressive to tensile strength ratio on the failure
of the specimen. MONDAL et al [12] investigated
crack propagation and failure in sandstone
specimens containing surface flaws under uniaxial
compression using a finite element method by
taking damage evolution into account. LIANG
et al [13] and QIAN et al [14,15] used rock failure
process analysis (RFPA) to study the failure process
of rock specimens containing different angles and
multiple surface flaws under static and dynamic
loading. WANG et al [16] investigated the effect of
cross fissures of different shapes on the mechanical
properties and failure characteristics of rocks using
experiments and PFC3D. RABCZUK et al [17]
proposed a mesh-free method to simulate initiation,
propagation, and connection of three-dimensional
cracks. LIAO et al [18] used a three-dimensional
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FEM-based numerical model to investigate rock
plate cracking and failure under impact loading.
Peridynamics is a simulation method proposed
by SILLING and ASKARI [19,20] that considers
non-local effects. YU et al [21,22] proposed
bond-based peridynamic models that take into
account tensile—rotation—shear coupling effects
and strain-rate effects and applied them to brittle
materials. Al et al [23,24] used bond-based
peridynamics to study the stress—strain curves and
crack propagation patterns in rock Brazilian discs
under dynamic loading. CHEN et al [25] proposed
a bond-based peridynamics model considering
initial damage for application to porous materials.
DIANA et al [26] used bond-based micro-elastic
peridynamics to simulate the crack initiation and
propagation of rock in three-point bending tests
under static conditions. ZHOU et al [27] proposed
a micro-elastic—plastic bond-based peridynamic
model considering post-peak damage to simulate
crack propagation and failure of rocks under
different compression conditions. FENG and
ZHOU [28] modeled the mechanical properties and
failure characteristics of granite under uniaxial
compression using bond-based peridynamics,
considering shear deformation. WANG et al [29]
used a peridynamic model based on conjugate
bonds to study three-dimensional crack propagation
in rock specimens containing intermittent fractures
under compression—shear conditions. ZHANG
et al [30] studied the dynamic mechanical response
of granular materials using the PMB model.
SILLING et al [31] developed bond-based
peridynamics into state-based peridynamics. YANG
et al [32] used ordinary state-based peridynamics
to study the crack propagation and failure
characteristics of rocks containing a single non-
straight fissure at different angles under static
loading. BUTT and MESCHKE [33] used state-
based peridynamics to study three-dimensional
crack propagation in PMMA specimens containing
flaws under dynamic tensile conditions. ZHOU
et al [34] studied the plastic response of rock using
ordinary state-based peridynamics incorporating
Drucker—Prager plasticity. ZHOU et al [35,36]
studied the crack initiation, propagation, and
coalescence of rock using non-ordinary state-based
peridynamics based on a stress damage criterion.
CHEN et al [37] used state-based peridynamics to
study the propagation of drill-induced borehole

damage.

Rocks are commonly subjected to different
dynamic loads, and the existing literature contains
relatively few studies of three-dimensional crack
propagation in rocks under dynamic loading.
In this work, based on the results of previous
experiments on dynamically loaded rocks with
surface flaws [38], failure process of dynamically
loaded rocks with three-dimensional surface flaws
at different angles and depths is simulated using
elastic—plastic ordinary state-based peridynamics,
by taking into account the compressive and tensile
strength ratio. By slicing the simulation results
and investigating the crack propagation process
inside the specimen, the three-dimensional crack
propagation pattern under dynamic loading is
studied.

2 Theories
2.1 Basic theory of state-based
peridynamics
Peridynamics discretizes solids into material
points, which interact with each other through
bonds. In state-based peridynamics, the bond forces
are allowed to vary in magnitude and direction.
Bond forces in the same direction and different
magnitudes are called ordinary state-based
peridynamics. The equations of motion in state-
based peridynamics are expressed as follows [31]:

poii(x,0) =] | {T[x.0(x' - x) -
T[x',t](x—x")}dV, +b(x,1) (1)

ordinary

where p is the mass density of the material point
and ii(x,f) is the acceleration related to material
point position x and time 7. T 1is the force state,
and the state can be interpreted as a function of
vectors. b represents the body force density, and Hx
is the domain of influence of the material point
denoted by ¢:

H, =H(x,8)={x'-x <5 | x'eR} (2)

The position vector ¢ and the displacement
vector 5 of the material point x as it moves to x' are
expressed as

&=x'"—x 3)
n=u'(x",1)~u(x,r) 4

Then, the stretch (s) of the bond can be
expressed as
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The mechanical form of ordinary state-based
peridynamics is expressed as

I=tM (6)

s(n,é,t) = Q)

where ¢ is the scalar force state, and M is the
vector state of the deformed direction. Ordinary
state-based peridynamics has been proven to satisfy
angular and linear momentum balance.

2.2 Elastic—plastic model

SILLING et al [31] proposed elastic and ideal
elastic—plastic models, as shown in Fig. 1, where f,
represents the yield strength and the elastic—plastic
material model is used in this work. The elastic—
plastic material model in the form of rates is
defined as follows:

-d
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where i is the scalar force state field; i and
are the co-isotropic part and co-deviatoric part of 7,
respectively; é is the extension scalar state; ]
represents dilatation; gfd is the deviatoric part of ¢
w is a function of a state; vy, is a fixed scalar;
é% and g’dp are the elastic and plastic deviatoric
extension rates, respectively; V% is the Frechet
derivative, and o is the influence function; m

is the weighted volume, and 6 characterizes the

(a) (b)

Strength, f
Strength, f

Stretch, s Stretch, s

Fig. 1 Elastic (a) and elastic—plastic (b) models

volumetric strain; a and & are parameters related to
shear modulus and bulk modulus, respectively.

2.3 Failure criteria

Figure 2(a) shows the prototype peridynamic
failure criterion considering the critical tensile
stretch, and the characteristic function of this
criterion is expressed as

I, s<s,
un.&.1) = (12)
0, s >s,
S~ SS
) RO |
(a) %n (b) §
77 )
SC SCC SlC
Stretch, s /,«’I Stretch, s

Fig. 2 Failure criteria: (a) Prototype model; (b) Elastic—
plastic model (sc—Critical tensile stretch; sc.—Critical
compression stretch; si—Critical tensile stretch)

According to results of existing studies [39],
the critical stretch in three-dimensional conditions
can be written as

5 = | Gt (13)

4
{3@(3) [K_SGJ}S
4 3
where G is the critical energy release rate; K and
G are the bulk and shear moduli in three dimensions,
respectively.
Peridynamics characterizes damage in its

theoretical definition through bond breakage, with
the damage parameters expressed as follows:

[y 1m.€.0d7

jH dv

Rock is a material whose compressive strength
is much greater than its tensile strength, and there is
a large difference between the corresponding
compressive and tensile strains at the time of failure.
The failure criterion (Eq.(13)) shows that the
critical stretch is related to the energy release rate,
which is related to the stress and strain at failure,
and should be applied to rock materials taking into
account the difference between compressive and
tensile strengths. In addition, rock material is also

D(x,t)=1- (14)
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characterized by plasticity. In this work, an elastic—
plastic ordinary state-based peridynamic failure
criterion that takes into account the compressive
and tensile strength ratio as shown in Fig. 2(b) is
used, and the code for the failure criterion is
rewritten. With positive stretch in tension and
negative stretch in compression, the characteristic
function is modified as follows:
Ls, <s<s,

M€, = {O, §>8,, Or §<s,, (13)

ZO0U et al [40] showed that the compressive
and tensile strengths of rocks under dynamic
loading increased differently with strain rate, with
the dynamic tensile strength increasing more
rapidly with dynamic strain rate. The tensile
strength of the simulated rock in static conditions is
approximately 1/10 of the compressive strength, but
in dynamic conditions the tensile strength increases
more rapidly, leading to an increase in this ratio.
After trying out different compression and tensile
strength ratios, a critical stretch of scc=4si is used in
this work.

2.4 Model setup and convergence analysis

Figure 3 shows the model used for the
simulation, which is consistent with the specimen
containing surface flaws used in the experiment.
The model size i1s 30 mmx 30 mm % 30 mm, and
the surface flaw depths (d) are 10, 20, and 30 mm,
respectively. The surface flaw angle increases from
0° to 90° at 15° intervals. The properties of the
material are set according to the experimental
results using the elastic—plastic model. The
dynamic yield stress is 82.0 MPa. The density of
the material is 2420 kg/m>. The bulk modulus is
5.0 GPa, and the shear modulus is 2.5 GPa. The

tensile critical stretch is 0.01 and the compressive
critical stretch is 0.04. The surface flaw width is
1.0 mm. The loading direction is in the y-axis
direction, and the same displacement boundary
conditions as in the experiment are used to achieve
constant strain rate loading. An explicit solver is
used with a time step of 1.3x1077s.

In order to ensure the accuracy of the
numerical simulation, the model is analyzed for
m-convergence and J-convergence in conjunction
with the experimental results. The experimental
results of specimens containing surface flaws at an
angle of 45° and a depth of d=10 mm (Fig. 11 in
Ref. 38) are compared with the simulated results by
varying the m (with ¢ fixed) and 0 values (with m
fixed) of the model, respectively. As the critical
stretch is related to J, the critical stretch is adjusted
simultaneously when ¢ is changed. Figures 4
and 5 show the results of the m-convergence and
o-convergence analyses, respectively. For ease of
observation, the simulation results are rotated 90°
counterclockwise around the z-axis. That is to say,
the up and down directions in Figs. 4(b) and 5(b)
are the y-axis loading directions, and the left and
right directions are the x-axis. The following
sections are identical.

As can be seen from Fig. 4(a), the simulated
stress—strain curves at m=3 and 4 for =1 mm are
close to the experimental results, and the simulated
maximum stress at m=2 is slightly greater than the
experimental results. Figure 4(b) shows that the
final failure pattern of the simulated result at m=2 is
not sufficiently clear, and the failure pattern of the
simulated result at m=4 differs slightly from the
experimental result. When m=3, the simulated result
is close to the experimental result.

As can be seen from Fig. 5(a), the simulated

A

\
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S

=30 mm

' w=30 mm
z
‘e > ® =4 S e
*x \ A V:

Fig. 3 Specimen models
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Fig. 4 m-convergence analysis results: (a) Simulated and experimental stress—strain curves for different m (6=1 mm);
(b) Failure patterns for different values of m (6=1 mm)
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Fig. 5 J-convergence analysis results: (a) Simulated and experimental stress—strain curves for different & (m=3);
(b) Failure patterns for different values of 6 (m=3)

stress—strain curves at m=3, 6=1.50, and 1.00 mm experimental result. Figure 5(b) shows that the
are close to the experimental result, and the simulated failure pattern is slightly coarse at
maximum stress at 6=0.75 mm is greater than the 0=1.50 mm. At 6=1.00 mm, the simulated failure
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pattern is close to the experimental result. At
0=0.75 mm, the strength and damage zone increase,
resulting in a change in the failure pattern.

The results of the convergence analysis show
that the stress—strain curves and failure modes for
m=3 and 6=1.00 mm are in good agreement with
the experimental results. Therefore, m=3 and
0=1.00 mm are used eventually in this work for the
simulation study, with a model Ax of 0.33 mm. In
the computation, m is taken to be slightly greater
than 3, as 0=3.015Ax [20]. Each model has
approximately 720000 material points.

3 Simulation results and discussion

3.1 Mechanical properties

Figure 6 shows the simulated and experimental
stress—strain curves for specimens containing
surface flaws at different angles and depths. As can
be seen from Fig. 6, the angle of the surface flaw

has different effects on specimens containing
different depths of surface flaws. As the surface
flaw depth increases, the dynamic strength and
strain of the specimen decrease.

Figure 7 shows the simulated and experimental
dynamic strength results for specimens containing
surface flaws at different angles and depths. The
simulated results for dynamic strength are in good
agreement with the experimental results. The
simulation results for specimens containing three
different depths of surface flaws all show the lowest
strength at a surface flaw angle of 0° and the
highest strength at an angle of 90°. The strength of
the specimens all increases as the angle of the
surface flaw increases. At surface flaw angles less
than 60°, the dynamic strength of the specimen
decreases significantly as the depth of the surface
flaw increases. At surface flaw angles of 75° and
90°, the effect of the depth of the surface flaw on
the strength of the specimen decreases. The results
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Fig. 6 Results of numerical and experimental stress—strain curves for specimens containing surface flaws at different
angles and depths: (a) a=0°; (b) a=15°; (¢) a=30°; (d) a=45°; (e) a=60°; (f) a=75°; (g) a=90°



Jun ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2313-2327 2319

85
L |
80
|

75
g .
S70¢ ’
< <
265 —
% — s

D
(=}
T

Numerical, =10 mm
< Experimental, =10 mm

55t —=—Numerical, =20 mm
» Experimental, =20 mm
50 . . —e—Numerijcal, =30 mm

0 15 30 45 60 75 90
a/(°)
Fig. 7 Numerical and experimental results of dynamic
strength of specimens containing surface flaws at
different angles and depths

of the simulations are consistent with those
obtained from the tests.

On one hand, these results show the accuracy
of the simulations, and on the other hand, they show
that the strength variation regularities of specimens
containing three-dimensional flaws can be obtained
by peridynamics using the basic parameters of the
rock. In practice, if flaws are encountered parallel to
the bearing surface or at an angle less than 60° to
the bearing surface, especially when the flaw depth
is large, the flaws reduce the strength of the
structure significantly. Cracks tend to propagate and
cause structural instability, which requires extra
attention.

x=0 mm x=4 mm

108 ps

122 ps

136 ps

3.2 Crack propagation process

The coordinate axes of the model are shown in
Fig. 3, with the center point of the specimen as the
origin and the coordinates of the specimen size
ranging from —15 mm to 15 mm. In order to study
the internal crack propagation process, the
simulation results are sliced at different time
points using a plane perpendicular to the x-axis.
Considering the symmetry of the specimens and
loading conditions, all slices are made at x=0, 4, 8,
and 12 mm. To avoid repetitive analyses, specimens
with a depth of d=10 mm are analyzed at different
angles of 0°, 30° and 90°, specimens with a depth
of d=20 mm are analyzed at different angles of
0°, 45° and 90°, and specimens with a depth of
d=30 mm are analyzed at angles of 0° and 90°.

(1) Flaw depth =10 mm

Figures 8 and 9 show the failure of specimens
containing surface flaws at angles of 0° and 30° at a
depth of =10 mm. As can be seen from the slices
for specimen x=0 and 4 mm at 108 ps, the cracks on
the surface of the specimen and the shell-like cracks
inside the specimen start cracking separately. The
crack propagation length on the surface of the
specimen is larger than the crack propagation length
inside the specimen, indicating that the crack on the
surface of the specimen starts earlier and is more
likely to propagate than the crack inside the
specimen. In addition, wing cracks and anti-wing
cracks observed on the surface of the specimen
penetrate to a certain depth into the specimen. At

x=12 mm
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Damage

o
&
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Fig. 8 Failure of specimen with surface flaw depth of =10 mm and angle of a=0°
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122 ps, as can be seen from the slices at x=8 mm,
the surface cracks and shell-like cracks connect,
with the shell-like cracks propagating along the
loading direction towards both the upper and
lower parts of the specimen. The shell-like cracks
propagate to the end of the specimen at 136 ps. The
wing crack of the specimen with a surface flaw
angle of 30° joins the shell-like crack first, which is
different from the specimen with a surface flaw
angle of 0°. From the slices at x=0 mm at 122 ps, it
can be seen that the length of shell-like crack
propagation decreases with increasing surface flaw
angle.

x=4 mm

x=0 mm

108 ps

122 ps

136 ps

Figure 10 shows the failure of a specimen
containing a surface flaw with an angle of 90° and a
depth of 10 mm. A small damage zone is formed
around the surface flaw at 122 ps. Comparison with
Figs. 8 and 9 shows that the crack initiation time is
later at a surface flaw angle of 90° than at other
angles. At 136 ps, the damage zone expands to the
end of the specimen, forming an X-shape damage
zone, and the slice at x=0 mm indicates the
beginning of shell-like cracks within the specimen.
Cracks are formed on the surface of the specimen
at 150 ps, and the slice at x=4 mm shows that
the cracks on the surface also penetrate to a certain

x=12 mm
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Fig. 9 Failure of specimen with surface flaw depth of =10 mm and angle of 0=30°
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Fig. 10 Failure of specimen with surface flaw depth of =10 mm and angle of a=90°
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depth into the specimen.

(2) Flaw depth d=20 mm

Figures 11 and 12 show the failure of
specimens containing surface flaws at angles of 0°
and 45° at a depth of d=20 mm. As can be seen
from the slices of specimens at x=0 and 4 mm at
108 ps, similar to the specimens containing surface
flaws at depth of d=10 mm, the propagation length
of the cracks on the surface of the specimens is
larger than that of the internal shell-like cracks.
The wing and anti-wing cracks generated on the
surface of the specimen also penetrate to a certain
depth, but at a greater depth for =20 mm than for

x=4 mm

x=0 mm

108 ps

136 ps

122 ps

d=10 mm. This indicates that the depth of surface
wing crack and anti-wing crack initiation on the
specimen is related to the depth of the surface flaw,
which increases as the surface flaw depth increases.
The internal shell-like crack starts at the end of the
internal surface flaw in the specimen and is deeper
than that in the specimen containing the surface
flaw at a depth of d=10 mm. As can be seen from
the slice at x=8 mm at 122 ps, the cracks on the
surface begin to join with the internal shell-like
cracks. Similar to d=10 mm, the wing cracks of the
specimen containing the surface flaw at an angle of
45° join the shell-like cracks first, which is different

x=8 mm x=12 mm
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Fig. 11 Failure of specimen with surface flaw depth of =20 mm and angle of a=0°
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Fig. 12 Failure of specimen with surface flaw depth of =20 mm and angle of a=45°
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from the specimen with a surface flaw angle of 0°.
As can be seen from the slices at x=0 and
4 mm in Fig. 12, the shell-like crack does not
initiate at the end of the internal surface flaw of the
specimen for the angle of 45° at 108 ps, but only at
the middle of the internal surface flaw. At 122 ps, as
shown by the slice at x=4 mm, the shell-like crack
extends to the end of the internal surface flaw.
Figure 13 shows the failure process of the
specimen containing a surface flaw at an angle of
90° and a depth of d=20 mm. At 122 ps, a damage
zone appears around the surface flaw. At 136 ps, an
X-shaped damage zone similar to that of &=10 mm

x=0 mm x=4 mm

122 ps

150 ps

136 ps

is formed, and the internal shell-like crack begins to
propagate with a slightly larger propagation length
than that of d=10 mm. At 150 ps, a crack similar to
that at a depth of =10 mm is formed on the surface
of the specimen. The crack on the surface also
penetrates to a certain depth inside the specimen,
but to a greater depth than in the specimen at depth
of d=10 mm.

(3) Flaw depth =30 mm

Figure 14 shows the failure process of the
specimen containing a flaw at an angle of 0° and a
depth of d=30 mm. At a flaw angle of 0°, no
shell-like crack is formed inside the specimen as the

x=8 mm x=12 mm
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Fig. 13 Failure of specimen with surface flaw depth of =20 mm and angle of a=90°
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Fig. 14 Failure of specimen with surface flaw depth of =30 mm and angle of a=0°
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crack penetrates it. The crack propagation within
the specimen is consistent with the crack
propagation on the surface of the specimen, and it
can also be regarded as the depth to which the crack
propagation generated on the surface penetrates the
specimen. The crack propagation is similar to that
of the surface-flawed parts of the specimens
containing surface flaws to a depth of d=10 and
20 mm.

Figure 15 shows the failure process of the
specimen containing a flaw at an angle of 90° and a
depth of d=30 mm. At 122 ps, a zone of damage
appears around the flaw. At 136 ps, an X-shaped
zone of damage is formed through the specimen. At
150 ps, the damage increases further to form a
crack through the specimen.

Simulation results for specimens containing
surface flaws at angles less than 60° all show wing
and anti-wing cracks, which are in good agreement
with the test results. The simulated results for
specimens containing surface flaws at a depth of
d=10 mm and an angle of 75° are similar to the
results for specimens at 90°, both of which are
somewhat different from those with no tensile
cracks appearing in the simulation. The discrepancy
between the simulated and experimental results
may be due to the non-homogeneity of the rock,
and the model used does not take into account the
non-homogeneity of the material. It may also be
that the defined failure criterion or material model
is insufficient to characterize the propagation of

x=0 mm x=4 mm

_

122 ps

136 ps

150 ps

1.0e+00
Fo
-~ 08
—07
- 06
I»OS
04
=03
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tensile cracks
dimensional flaws under dynamic loading. It is
shown that the micro-mechanics of tensile cracking
under dynamic loading are more complex and need
to be studied in depth.

in specimens containing three-

3.3 Internal cracks and failure modes

The damage values of the material points are
filtered, and those with damage greater than 0.85
are taken as cracks. The internal cracks and the final
failure mode of the specimen are studied. Figure 16
shows the internal cracks and the final failure
pattern of specimens containing surface flaws at
angles of 0°, 30°, and 90° at a depth of d=10 mm.
At a surface flaw angle of 0°, the shell-like cracks
that appear at the end of the surface flaw within the
specimen extend to the top and bottom of the
specimen. The shell-like cracks join with the
surface-generated cracks deep inside the specimen
to form a semi-open trumpet-shaped three-
dimensional crack. At surface flaw angle of 30°, the
wing cracks are the first to extend to the top and
bottom of the specimen, and the shell-like cracks
extend to the end of the specimen and join with the
wing and anti-wing cracks. A shear crack similar to
the one on the front surface appears on the back
face of the specimen, forming a three-dimensional
shear primary crack within the specimen. When the
surface flaw angle is 90°, wraparound cracks appear
in the vicinity of the surface flaw. A similar
X-shaped crack is formed on the surface of the

x=8 mm x=12 mm

Damage
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2 &
Damage
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Fig. 15 Failure of specimen with surface flaw depth of =30 mm and angle of a=90°
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Fig. 16 Internal cracks and failure modes of specimens containing surface flaws at depth of =10 mm

specimen and penetrates to a certain depth into the
specimen, joining the shell-like crack at the bottom
inside the specimen.

Figure 17 shows the internal cracks and the
final failure pattern of specimens containing surface
flaws at angles of 0°, 45°, and 90° at a depth of
d=20 mm. As can be seen from the graph, the
shell-like cracks within the specimen extend to the
top and bottom of the specimen at a surface flaw
angle of 0°. The shell-like crack is slightly smaller
than that at 4=10 mm due to deeper surface flaw,
but the depth of the crack formed on the surface of
the specimen is larger. The joining of the two
produces a three-dimensional crack with a semi-
open trumpet shape similar to that of the specimen
with a surface flaw at =10 mm. At a surface flaw
angle of 45°, the wing cracks are the first to extend
to the top and bottom of the specimen. The
shell-like crack joins the wing crack and the
anti-wing crack. A shear crack similar to the front
surface is formed at the back of the specimen, and
a three-dimensional main shear crack is formed
within the specimen. At a surface flaw angle of 90°,
wraparound cracks appear around the surface flaw.
The depth of the wraparound cracks is greater than
that of the specimen containing a surface flaw at
depth of d=10 mm. The depth of the X-shaped
crack is close to the depth of the specimen.

Figure 18 shows the internal cracks and the

final failure pattern for specimens with angles of 0°
and 90° at depth of d=30 mm. As can be seen from
the graph, when the flaw penetrates the specimen
and the stress is the same on the specimen scale, the
crack propagation on the surface of the specimen is
the same as the crack propagation inside the
specimen. At a flaw angle of 0°, wing and anti-wing
cracks appear at the tips of the flaw and penetrate
the entire specimen. At a flaw angle of 90°,
wraparound cracks appear around the flaw and
penetrate the specimen. An X-shaped crack formed
on the surface also penetrates the specimen.

From the above crack propagation process and
internal cracks, it can be seen that when the surface
flaws do not penetrate the specimen, the shell-like
cracks inside the specimen join with the cracks
generated on the surface of the specimen to form
complex three-dimensional cracks. The cracks
formed on the surface penetrate to a certain depth
inside the specimen, indicating that the crack
propagation on the surface is indicative of the
internal crack propagation. The simulation results
of this work and those of QIAN et al [14] using
RFPA both show the propagation of shell-like
cracks inside the specimen. The RFPA results
showed shell-like cracks extending towards the
front of the specimen, and this simulation shows
shell-like cracks extending towards the back of
the specimen. The loading waveform in their model
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183 s

was a triangular wave, while the loading waveform
in this simulation is a half-sine wave. They used
rectangular specimens, and this simulation has
square specimens. Both the loading waveform and
the size of the specimen may affect the three-
dimensional crack propagation and need to be
investigated further.

4 Conclusions

(1) The elastic—plastic state-based peridynamics
that takes into account the ratio of compressive to
tensile strengths can simulate three-dimensional
rock crack propagation very well. The difference
between the compressive and tensile strengths of
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rocks should be taken into account when modeling
damage and fracture with peridynamics.

(2) The dynamic strength of the specimens
containing surface flaws increases as the angle of
the surface flaws increases. The weakening effect of
depth on strength is evident at surface flaw angles
less than 60°. When the surface flaw angle is
between 75° and 90°, the surface flaw depth has a
limited effect on strength. The simulation results are
in good agreement with the experimental results,
and the peridynamic simulation can be used to
obtain a strength variation regularity consistent with
the experimental results.

(3) The cracks generated on the surface of the
specimen penetrate to a certain depth inside the
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specimen, which is related to the depth of the
surface flaws. Shell-like cracks extending from
the internal surface flaws of the specimen under
dynamic loading propagate to the top and bottom of
the specimen, connecting with the cracks generated
on the surface to form complex three-dimensional
cracks.
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