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-e mechanical response and failure process of a jointed rock mass subjected to dynamic loading is very important for the safety
and stability of rock engineering projects. In this study, we use RFPA2D-Dynamic, a rock dynamic failure process analysis
platform, to establish a two-dimensional impact model of a jointed rock mass to analyze the mechanism of crack propagation in a
jointed rock mass with preexisting cracks under dynamic loading. We discuss the influence of the stress wavelength and precrack
inclination on the dynamic failure process and mode of the rock mass and compare this failure process with the failure model
under static loading. -e results show that the dynamic failure process and crack initiation type of a jointed rock mass are closely
related to the stress wavelength. For a given peak, as the stress wavelength increases, the failure mode changes from local cracking
that occurs above the precracks to a global instability caused by wing cracks. Meanwhile, as the wavelength increases, the shear
cracks and mixed tensile-shear cracks generated at the two ends of the precracks are replaced by tensile cracks. -e precrack
inclination on a jointed rockmass mainly affects the strength of the jointed rockmass and the final failure mode. Specifically, when
the joint inclination is small, the rock mass is severely damaged in the region above the precracks because the stress wave forms a
region of cracks with a concentrated distribution. As the joint inclination increases, the damaged region becomes larger while the
rock mass is less prone to failure; the strength of the rock mass gradually increases, and the wing cracks produced at the two ends
of precracks propagate toward the upper and lower ends of the rock mass. However, when the stress wavelength is small, the
precracks of different inclinations form cracks in the region above the precracks with a length similar to the precracks. For this
condition, the propagation of the cracks is mainly controlled by the stress wavelength, while the influence of the inclination of the
precracks is not significant. -ere is a significant difference between the failure modes of a rock specimen under dynamic loading
or static loading because the stress wave produces a reflected tension wave in the direction parallel to the wave attack of the joint
plane, which leads to spalling, while the wing cracks are more likely to occur under static loading.

1. Introduction

Because the jointed rock mass is a type of nonhomogeneous
material, its failure process not only relies on the stress
wavelength but is also related to the distribution of its in-
ternal joints [1, 2]. -erefore, studying the patterns of crack
propagation of a jointed rock mass with different wave-
lengths and precrack inclinations has both theoretical sig-
nificance and engineering value.

Rock masses are generally characterized by disconti-
nuity such as fractures, joints, pores, and other original

defects that influence their mechanical properties and
fracture behavior of rocks in the stability assessments of
rock engineering. -e failure of rock masses is usually
associated with fractures propagation along preexisting
flaw, because it often induces the initiation of cracking
[3–8]. Moreover, it is well known that the loading rate also
plays a crucial important role in the mechanical properties
during the dynamic failure processes [9–12]. -erefore, a
systematic study of the mechanisms of crack initiation and
propagation processes in rock masses under dynamic
loading condition promises benefit in many areas from
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rock mechanics to mining engineering and earth quake
prediction.

In recent decades, many laboratory experimental and
numerical investigations have been well conducted to study
crack initiation, propagation, and coalescence in rock and
rock-like materials under static loading. For instance, papers
[13–15] investigated the strength and cracking behaviors of
rock and rock-like material containing single or multiple
preexisting flaws under static loading condition.With regard
to the dynamic investigations, they are extensively
researched to study the dynamic mechanical properties of
intact rock specimens under dynamic loading [16–23].
However, not so well understood is the dynamic failure
process, which is closely related to crack behavior in terms of
initiation, propagation and coalescence of cracks when the
rock specimen is undertook different loading conditions.
-ere have been few studies researching dynamic crack
behaviors in rock specimen under different loading ratios
[24–27]. For instance, Yang et al. [26] studied the mecha-
nism of crack branching and curving in rock-like material
under dynamic biaxial. -ey found that the loading ratio,
crack dip angle, and material heterogeneity play a significant
role in crack curving and branching. -e loading ration,
which is the load in horizontal and vertical direction,
controls the crack curving. -e crack dip angle and het-
erogeneity of the material are the decisive factor on the
tensile properties and failure patterns of heterogeneity
material with internal defects. Li and Wong [28] researched
the crack initiation and propagation from preexisting flaw
specimens under different loading conditions. -e results
indicate that different loading condition would produce
different resultant crack types, crack initiation sequences,
and crack pattern. Tensile cracks would tend to initiate prior
to shear cracks under a relatively low loading rate. Mean-
while, the effect of flaw dip angle on the dynamic failure
processes is also investigated by some researchers. Several
researchers hold the view that the flaw dip angle has a limited
influence on the crack propagation modes [29–33]. For
instance, Li et al. [32] conducted dynamic loading tests using
a modified split-Hopkinson pressure bar device to study the
effects of preexisting flaws with different flaw angles and
lengths on the dynamic failure processes. -ey have found
that the geometry of the flaws appears to have a slight effect
on failure patterns of flawed specimens. Zou et al. [30]
revealed the effect of the flaw dip angle on crack trajectories
during the dynamic failure processes by the SHPB.
According to the experimental results, the effect of the flaw
dip angle on the development of macrocracks is very limited
under impact loadings. However, other researchers thought
that there are significant influences of the flaw dip angle on
the crack behaviors [27, 34–36]. Li et al. [37] numerically
investigated the failure process of intermittent jointed rock
mass subjected to dynamic loading. -e failure character-
istics of intermittent jointed rock mass with different flaw
dip angles are simulated. -e numerical results imply that
the failure process is closely related to the dip angle of flaw.
With the increase of the flaw dip angle, the damage range
expands and the rock mass is more difficult to initiate new
cracks. Besides, the fracture effect of rock mass with a flaw

dip angle of 45°–60° is the best. In view of these arguments,
further study of the effect of the flaw dip angle on the dy-
namic process in flawed specimen under a wide range of
loading rates is essential to illuminate the relationship of
these two factors. In addition, the similarities and differences
of the crack propagation patterns on the specimen con-
taining a preexisting flaw subjected to static and dynamic
loading conditions have been summarized by several re-
searchers [29, 31, 37, 38], whereas difference of the crack
propagation patterns under static and dynamic loading
conditions still needs more detailed research.

In this study, we select the dynamic analysis system of
RFPA dynamic to conduct numerical experiments on the
dynamic characteristics of a jointed rock mass and inves-
tigate the influence of the stress wavelength and joint in-
clination on the dynamic failure of a rock mass as well as the
difference in the failure modes of a jointed rock mass with
different preset inclinations under dynamic loading and
static loading. We also discuss in depth the relationship
between the influence of the stress wavelength on the type of
initiation cracks and the influence of the wavelength and
inclination on the mode of crack propagation, thus pro-
viding a reference for the design of relevant rock mass
engineering projects.

2. Verification of the Numerical Method and
Model Setup

2.1. Verification of the Numerical Method. -e RFPA-dy-
namic analytical system used in this study can simulate the
cracking process of a brittle nonhomogeneous material such
as rock under dynamic loading. Details about the RFPA-
dynamic software can be found in the literature [26, 39].

To ensure the accuracy and comparability of simulation
results, we first verify the accuracy of numerical simulation
results comparing them with results from a physical ex-
periment in the literature [31]. -e experiment utilized a
horizontal impact test platform with a split Hopkinson
pressure bar (SHPB) with a diameter of 50mm to evaluate a
brittle, rock-like material. -e macroscopic modulus of
elasticity, uniaxial compressive strength, and Poisson’s ratio
of the specimen were 4.5GPa, 25.5MPa, and 0.2, respec-
tively. Figure 1 compares the results from the numerical
simulation and physical experiment of the precracked
specimen with the SHPB. We can see that the numerical
simulation satisfactorily reproduces the crack propagation
mode of the rock specimen under an impact load and reveals
an “X”-type final failure mode, which is consistent with the
experimental result.

To validate the feasibility of the numerical method on
simulating the stress wave propagation characteristics, the
SHPB test on limestone by Frew et al. [40] is selected. -e
geometric and material parameters of the SHPB model are
consistent with those in the literature. -e length of impact
bar, incident bar, transmission bar, and rock sample is
152mm, 2130mm, 915mm, and 12.5mm, respectively, and
the diameter is 12.5mm. -e schematic diagram of the
model is shown in Figure 2. To maximize computational
efficiency based on guaranteed accuracy, the element size is
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selected as 0.5mm according to the findings by Liao et al.
[41]. Meanwhile, the impact bar, incident bar, and trans-
mission bar are homogeneous materials, and the rock ho-
mogeneity coefficient is 4. In addition, the right boundary of
the transmission bar is set with artificial absorption
boundary to eliminate the influence of the reflected stress
wave on the monitoring results. -e monitoring points are
located on the incident bar and the transmission bar, re-
spectively, which is consistent with the literature. -e me-
chanical parameters of rock and bar are shown in Table 1.

-rough comparison between the reflected wave his-
tories measured by Frew and the simulation results, as
shown in Figure 3, good agreement can be found. It is found
that the waveforms of incident wave, reflected wave, and
transmitted wave obtained by numerical simulation and
experiment are in good agreement. However, the stress
waves in the simulated test are slightly greater than that in
the laboratory experiment. -is is because the impact
process is ideal in the simulation, which ignores the
roughness at the impact interface between the rock specimen
and bars.-e results indicate that the RFPA can simulate the
stress wave propagation in dynamic loading process.
-erefore, in the present study, this numerical code, which is
able to simulate the responses of rock subjected to dynamic
loading, is used.

2.2. Model Setup. -e computational model employed in
this study is shown in Figure 4. -e size of the model is
50×100mm, and the number of elements is
200× 400� 80,000. -e computational model does not
consider the influence of damping for the time being. A
plane stress condition is assumed in the model, and all
boundaries of the numerical rock samples are set as the free
boundary, except the bottom one, which is set as viscoelastic
absorption boundary. -e specimen is fixed at the lower
surface and subjected to a triangular compressive stress wave
σ at the upper surface.

According to the modulus of elasticity and density of
rock materials, we can calculate the propagation velocity of a
one-dimensional longitudinal wave as 3,798m/s. To study
the influence of different stress wavelengths and peaks on the
failure mode of the specimen, we apply the stress waves
shown in Figure 5 to the numerical model. In Figure 5, the
peaks of the stress waves I to IV are all 20MPa, and the

wavelengths λ of the applied compressive stress waves I to IV
are 7.6, 37.98, 75.96, and 189.9mm, respectively. -e time
step size Δt is set to be 0.1 μs in the calculation. To fully
consider the propagation and action time of the stress wave
inside the rock mass, the time t needed for a specimen to end
its dynamic response is 70 μs in the calculation.

To study the influence of the precrack inclination on the
failure mode of the specimen, we set the precrack to be an
unfilled pore element, which is located in the middle of a
specimen. To reduce the influence of the precrack size, we set
the precrack to be 15mm long and 0.5mm wide. -e crack
inclination α is 0°, 15°, 30°, 45°, 60°, 75°, or 90°.

-e matrix elements in the model of this study have an
average compressive strength of 205MPa, average modulus
of elasticity of 37.5GPa, degree of homogeneity of 3, density
of 2,600 kg/m3, friction angle of 50°, Poisson’s ratio of 0.25,
compression-tension strength ratio of 10, damping factor of
0 (i.e., the influence of damping is not considered), and time
step of 0.1 μs. -e model has a free boundary, and a plane
stress analysis is adopted.

3. Analysis of the Calculated Results

3.1. Influence of the StressWavelength on the Failure Process of
a Rock Mass. Herein we use the example of α� 45° and the
peak of the stress wave is 20MPa to discuss in detail the
influence of the stress wavelength on the pattern of precrack
propagation.

Figure 6(a) shows the distribution of themaximum shear
stresses during the failure process of the rock mass specimen
with precracks under stress wave I (λ� 7.6mm). We can see
from the simulation plot the whole process of the stress wave
propagating at a certain velocity from the upper end to the
lower end of the specimen. -e color brightness of the el-
ements in the figure reflects the relative magnitude of the
elemental shear stress; a brighter position means a larger
maximum shear stress at that location. -e influence of the
reflection on the two side boundaries of the rock specimen is
considered. As the stress wave propagates downward, the
stress waves are reflected and superposed on the side
boundaries and act jointly with the applied compressive
stress wave on the rock specimen. -e propagation of the
stress wave is accompanied by the failure of elements, which
also changes the distribution of the stress field. When the

(a) (b) (c)

Figure 1: Comparison of numerical and experimental rock failure modes for SHPB.
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stress wave propagates to the crack tip, a stress concentration
occurs in the local zone, which causes a damaged and failing
element to appear. As the stress wave continues to propa-
gate, the number of damaged elements at the crack tip
gradually increases, and the damaged elements coalesce to
form wing cracks that are perpendicular to the precrack. In
addition, the presence of joints changes the propagation path
of the stress wave, and the stress wave is reflected at the
crack, which causes the compressive stress wave to become a
tensile stress wave and leads to a spalling failure above the
precrack plane. Meanwhile, the cracks undergo close contact
under a compressive stress wave when the stress wave
transmission occurs at the crack. As the stress wave con-
tinues to propagate downward, the tension-damaged ele-
ments gradually appear in the region parallel to and above
the precrack. -ey develop into fine cracks and finally co-
alesce to form a macroscopic crack, which is parallel to and
has a similar length of the precrack, indicating that the
failure mode of a rock mass is closely related to the existing
joint cracks inside the rock mass.

From the diagram of the maximum shear stress distri-
bution shown in Figure 6(b), we can clearly see the failure
process and stress distribution of the rock specimen when its
upper surface is subjected to stress wave II (λ� 37.98mm).
Due to the difference of the stress wavelength, the initiation
and propagation of cracks in the rock specimen are different
from those of the specimen under stress wave I (λ� 7.6mm):

(1) -e stress waves reflected on the two sides of the
specimen are superposed in the middle of the upper
end of the specimen, causing a failure in the middle
of the specimen top end. As the stress wave prop-
agates downward, the superposition position of the
stress waves continuously moves downward, and the
damaged elements gradually coalesce to form a
macroscopic crack, which appears almost simulta-
neously as the wing crack perpendicular to the tip of
the precrack, as shown in Figure 6(b). As the energy
of the stress wave continuously attenuates during the
propagation process, the intensity of the tensile stress
wave that is reflected and superposed on the two
sides gradually decreases, and the crack at the upper
end of specimen develops to a certain extent and
then stops.

(2) -e wing crack perpendicular to the precrack tip
appears; the densely distributed short and small
cracks appear in the region parallel to and above the
precrack, and they gradually coalesce to form a local
fractured region.

(3) A macroscopic wing crack perpendicular to the
lower end of the precrack is formed at the lower end
of the crack. When a wing crack develops to a certain
length, its direction gradually aligns itself with the
direction of the external loading. When the stress
wave propagates to the lower end of the specimen, it
is reflected and refracted, which leads to failure of the
new elements at the lower end of the specimen
gradually developing into fine cracks. As the re-
flected stress wave propagates upward, the cracks at
the lower end of specimen develop upward, and,
therefore, a concentrated failure zone appears at the
lower end of the specimen.

When stress wave III (λ� 75.96mm) is applied to the
upper surface of the rock specimen, the distribution of the
maximum shear stress, as shown in Figure 6(c), shows that
the crack propagation of the rock mass is similar but dif-
ferent than that under stress wave II (λ� 37.98mm). -e
crack in the upper end of the specimen produced by the
tensile stress wave reflected by the two sides of the specimen
is longer, as shown in Figure 6(c). -e wing crack per-
pendicular to the tip of the precrack continuously develops
and propagates with the stress wave in the rock specimen
and gradually connects with the crack in the upper end of the
specimen. Meanwhile, the wing crack generated at the lower
end of the precrack continuously develops downward, with
its direction gradually aligning with the direction of the
external loading, and it gradually connects to the fractured
region produced by the tensile stress wave reflected at the
lower end of the specimen. -e wing crack eventually co-
alesces to form two macroscopic cracks through the upper
and lower ends of the specimen.

When the stress wavelength continues to increase to a
certain level (λ�189.9mm), as shown in Figure 6(d), the
final failure mode of the specimen is similar to that under
static loading. A wing crack perpendicular to the precrack is
gradually produced at the upper and lower ends of the
precrack, and it gradually propagates to the upper and lower

Impact bar Incident bar Rock sample Transmission bar

Velocity

Figure 2: Schematic diagram of SHPB numerical model.

Table 1: -e material properties of SHPB tests.

E (GPa) υ σ (MPa) ρ (kg/m3)
Rock sample 24 0.23 67 2650
SHPB bar 200 0.28 2500 8100
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ends of the specimen.-e development direction of the wing
crack gradually aligns itself with the direction of the external
loading and eventually forms two macroscopic cracks.

-e maximum shear stress diagram in Figure 6 clearly
shows the influence of the stress wavelength on the crack
propagation and failure mode of the rock mass. As shown in
Figure 6(a), when the stress wavelength is short
(λ� 7.6mm), a new crack is initiated parallel to and above
the precrack, and its length is similar to that of the precrack.
As the stress wavelength continues to increase, the wing
cracks perpendicular to the precrack appear at the upper and
lower ends of the precrack, and they expand and coalesce
toward the upper and lower ends of the rock specimen.
When the stress wavelength increases to a certain length, the
final failure mode of the specimen is similar to that under
static loading.

3.2. Failure Process of the Rock Mass with Different Precrack
Inclinations. To study the influence of different inclinations
of the precrack on the crack propagation and failure process
of rock mass, we apply stress wave II to the upper surface of
the fractured rock mass with precrack inclinations α of 0°,
15°, 30°, 45°, 60°, 75°, and 90°.

We use three failure mode types corresponding to 0°, 30°,
and 75° for a detailed discussion. Different inclinations of the
precrack change the propagation direction of the stress
wave, thus leading to different crack propagationmodes.-e
diagram of the maximum shear stress for the failure process
of the rock specimen with a precrack inclination α� 0° is
shown in Figure 7. As the stress wave propagates inside the
rock mass, the tensile stress wave and the subsequent stress
wave reflected by the precrack plane are superposed in the
upper part of the precrack plane, forming a tensile failure
zone, and the damaged elements gradually increase to form
macroscopic cracks. -e newly generated macroscopic
cracks are approximately parallel to the precrack plane and
distributed in layers from near to far relative to the precrack
plane and their lengths are similar to that of the precrack. In

particular, the two ends of the new cracks closest to the
precrack plane gradually connect to the two ends of the
precrack and form a closed failure zone. Meanwhile, the
failure of the rock mass below the precrack plane is initiated
by gradual generation of a macroscopic crack nearly per-
pendicular to the surface of the precrack and from the
middle of the precrack, which extends downward as the
stress wave propagates in the rock mass. When α is 30°, the
new cracks above the precrack are parallel to the precrack
and approximately distributed in layers. -e initiation di-
rection of the new cracks under the precrack plane is per-
pendicular to the precrack, and the initiation position of the
cracks gradually moves from the middle to the bottom of the
precrack. As the inclination of the precrack continues to
increase, the wing cracks perpendicular to the precrack are
generated at the two tips of the precrack, and they gradually
propagate toward the upper and lower ends of the rock
specimen with the propagation of the stress wave. When the
inclination of the precrack is 75°, the development of new
cracks at the upper tip of the precrack is not significant,
while the direction of new cracks at the lower tip of the
precrack is nearly aligned with the direction of the external
loading, as shown in Figure 7(c).

In this study, we also conduct a numerical simulation on
the rock specimen with the precrack inclination of 15°, 45°,
60°, and 90°. -e propagation mode of cracks with α� 15° is
similar to that with α� 0° (Figure 7(a)). When the inclination
of the precrack is 45° or 60°, the propagation of the wing
crack at the lower end of the precrack initially exhibits a step-
like zigzag, and then it tends to develop downward in the
loading direction. Wing cracks perpendicular to the pre-
crack are generated at the precrack tip and, as the precrack
inclination gradually increases, the propagation direction of
the wing cracks gradually inclines toward the top of the rock
mass. When the precrack inclination α is 90°, the incident
direction of the stress wave is parallel to the precrack, and the
new cracks in the lower end of the precrack propagate along
the existing precrack, while there is no obvious crack
generated above the precrack. Figure 8 shows a diagram of
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Figure 3: Comparison of numerical and experimental stress wave waveforms for SHPB impact test.
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the final failure shear stress at t� 30 μs for different incli-
nations. When α� 0°, cracks in the rock mass develop most
significantly, which leads to the most severe failure. As the
precrack inclination gradually increases, the degree of the
rock mass failure also decreases, which indicates that the
precrack inclination has an important influence on the re-
sponse of the rock mass to dynamic loading.

3.3. Comparative Analysis of Failure Modes under Dynamic
Loading and Static Loading. To compare the initiation,
propagation, and coalescence process of cracks under both
dynamic loading and static loading and to reveal the cor-
responding differences in failure modes of the specimens
with precracks, we obtain through simulation the failure
modes of rock specimens with different precrack inclina-
tions under static loading, as shown in Figure 9. A dis-
placement-controlled static loading rate of 0.003mm/step is
adopted.

We can see from Figure 9 that, under static loading, the
cracks are initially closed under pressure, and the stress
concentration occurs simultaneously at the two ends of the

crack. When the precrack inclination α� 0°, as the load
increases, the failure occurs in the middle of the precrack
and gradually develops upward and downward, eventually
forming two macroscopic cracks aligned with the direction
of the loading. As the precrack inclination gradually in-
creases, new cracks are always initiated at the precrack tip
and eventually form two macroscopic cracks through the
upper and lower ends of the specimen. -rough a com-
prehensive comparison, we obtain the following patterns:

(1) -e propagation mode of cracks under a relatively
long stress wavelength is close to that under static
loading.

(2) -e stress wave generates a reflected tension wave in
the direction parallel to the wave attack of the joint
plane, which leads to spalling, while wing cracks are
more likely to occur under static loading.

(3) -e morphology of crack propagation under static
loading has a symmetric distribution. Unlike static
loading, the stress wave generates an asymmetric
failure at the upper and lower ends of the specimen
as well as above and below the cracks. Due to the





Figure 4: Geometrical parameters and loading conditions of rock specimen.
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Figure 5: Stress waves applied on the rock specimen.
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t = 15s t = 20s t = 30s

(a)

t = 15s t = 20s t = 30s

(b)

t = 15s t = 20s t = 30s

(c)

t = 15s t = 20s t = 30s

(d)

Figure 6: Failure process of flawed rock specimen with α� 45° when subjected to stress wave from I to IV. (a) Failure process of flawed rock
specimen with α� 45° when subjected to stress wave I. (b) Failure process of flawed rock specimen with α� 45° when subjected to stress wave
II. (c) Failure process of flawed rock specimen with α� 45° when subjected to stress wave III. (d) Failure process of flawed rock specimen
with α� 45° when subjected to stress wave IV.

t = 15s t = 20s t = 30s

(a)

t = 15s t = 20s t = 30s

(b)

t = 15s t = 20s t = 30s

(c)

Figure 7: Failure process of rock specimen with different angle preexisting crack. (a) Failure process of flawed rock specimen with α� 0°
when subjected to stress wave II. (b) Failure process of flawed rock specimen with α� 30° when subjected to stress wave II. (c) Failure process
of flawed rock specimen with α� 75° when subjected to stress wave II.
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shielding effect of cracks, the stress wave is attenu-
ated after passing through the cracks, which leads to
changes in the propagation mode above and below
the precrack.

(4) Relative to static loading, the cracked rockmass under
dynamic loading exhibits a stress field with a com-
plicated distribution. Due to the shielding effect of
cracks and the reflection effect of the boundaries, the
stress waves inside the specimen under a dynamic
loading undergo complicated interactions and thus
exhibit a complicated distribution of the stress field.

(5) -e influence of the crack inclination on the dynamic
and static strengths of a rock mass is also different.
When the crack inclination varies in the range of
0°–90°, the static strength of the specimen exhibits a
U-shaped decrease-increase distribution curve.
Under dynamic loading, as the inclination increases,
the contact area between the stress wave and the
crack inclination decreases and more energy is ap-
plied to the specimen, and, therefore, the rock mass
strength monotonically increases.

4. Discussion

4.1. Influence of the Stress Wavelength on the Type of Cracks.
-e cracks produced around the precrack in the rock
specimen under dynamic loading have different types of
generated cracks for different wavelengths. Figure 10
shows the propagation modes of cracks in the rock

specimen under four different stress wavelengths. In
reference to the crack type definition in Figure 11, we
discuss the influence of different wavelengths on the type
of generated cracks. When the rock mass is subjected to
stress wave I, a large number of damaged elements appear
parallel to and above the precrack plane in the region
above the precrack, and the elements gradually coalesce to
cause a spalling failure with a length similar to that of the
precrack. When stress wave II acts on the cracked spec-
imen, significant shear cracks are generated in the upper
end of the precrack. As the wavelength increases, the crack
type in the upper end of the precrack gradually evolves
from a shear crack to a mixed tension-shear crack, and
when stress wave IV is applied, the crack type completely
evolves to a tensile crack. In the lower end of the precrack,
different types of cracks also appear as the wavelength
varies. Due to the reflection and attenuation of the stress
wave, when only subjected to the stress wave II, a tensile
crack occurs in the upper end of the precrack. Numerical
simulation results reveal that, in combination with a long
wavelength, the tensile crack is the main type of crack that
appears around the precrack; as the wavelength decreases,
the type of cracks gradually changes from tensile cracks to
mixed tensile-shear cracks and then to shear cracks, which
eventually leads to fracturing of the local region. Mean-
while, even if subjected to the same stress wave, due to the
difference in positions, different types of cracks appear at
the two ends of the precrack. -erefore, the stress
wavelength and the relative position of the precrack

(a) (b) (c) (d) (e)

(f ) (g)

Figure 8: Failure patterns of rock specimens with different inclination angles of preexisting cracks when subjected to stress wave II.
(a) α� 0°. (b) α� 15°. (c) α� 30°. (d) α� 45°. (e) α� 60°. (f ) α� 75°. (g) α� 90°.
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jointly determine the type of cracks that dominate
specimen failure.

4.2. Influence of the Stress Wavelength and Precrack Incli-
nation on the Propagation of Cracks in a Rock Mass. On the
basis of previous studies, to illustrate the influence of the

stress wavelength and precrack inclination on the crack
propagation mode of a rock mass, we simulate the failure
process of rock specimens with precracks for different in-
clinations under stress wave I as a supplemental study.
Figure 12 shows a diagram of the shear stress at time t� 20 μs
for the rock specimen with precrack inclinations of 0°, 30°,
and 60° under stress wave I. Although different from those

(a) (b) (c) (d)

Figure 10: Failure patterns of rock specimen crack when subjected to stress wave from I to IV. (a) λ� 7.6mm. (b) λ� 37.98mm.
(c) λ� 75.96mm. (d) λ� 189.9mm.
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Figure 11: Various crack types initiated from the preexisting flaws identified [42]. T—tensile cracks. S—shear cracks. (a) Type 1 tensile crack
(tensile wing crack). (b) Type 2 tensile crack. (c) Type 3 tensile crack. (d) Mixed tensile-shear crack. (e) Type 1 shear crack. (f ) Type 2 shear
crack. (g) Type 3 shear crack.
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Figure 9: Failure patterns of rock specimens with different inclination angles of preexisting cracks under static loading. (a) α� 0°. (b) α� 30°.
(c) α� 45°. (d) α� 60°. (e) α� 75°.
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under stress wave II, the propagation modes of cracks in a
rock mass under stress wave I are almost identical for the
different precrack inclinations. As the stress wave propagates
in the rock mass, the damaged elements appear parallel to
and above the precrack plane and gradually coalesce to form
a spalling failure with a length similar to that of the precrack.
-e failure mode of rocks is not significantly affected by the
precrack inclination, and the level of failure gradually de-
creases as the precrack inclination increases. -at is, when
the stress wave applied above the rock specimen has a
relatively short wavelength, the propagation of cracks is
mainly controlled by the stress wavelength and is not sig-
nificantly influenced by the precrack inclination.

5. Conclusions

(1) -e stress wavelength has a relatively large influence
on the crack propagation and failure mode of a rock
specimen. When the stress wavelength is short, the
length of new cracks initiated parallel to and above
the precrack is similar to that of the precrack. As the
stress wavelength gradually increases, the wing
cracks produced at the two ends of the precrack
change from shear cracks to mixed tensile-shear
cracks to tensile cracks. -e failure mode changes
from local failure to global instability. When the
stress wavelength increases to a certain level, the
failure mode of the rock specimen is rather close to
that under static loading.

(2) -e morphology of the spatial distribution of joints
has an important influence on the failure mode of a
rock mass. -e smaller the precrack inclination is,
the larger the failure zone that occurs in the upper
part of the cracks because the stress wave is reflected
by the precrack and wing cracks appear at the lower
end of the cracks. As the precrack inclination in-
creases, the wing cracks perpendicular to the pre-
crack are formed at the upper and lower tips of the
precrack, and the propagation of cracks at the lower
tip is more significant. As the inclination increases
and the propagation of the stress wave is parallel to
the crack surface, the rock mass is less vulnerable to
failure. Otherwise, when the direction of the stress

wave is perpendicular to the crack plane, the rock
mass is more vulnerable to failure.

(3) Under dynamic loading and static loading, there is a
significant difference in the failure modes of a rock
specimen. -e stress wave produces a reflected
tension wave in the direction parallel to the wave
attack of the joint plane, which leads to spalling,
while the wing cracks are more likely to occur under
static loading. -e morphology of crack propagation
under static loading is symmetrically distributed,
while the stress wave leads to asymmetric failure at
the upper and lower ends of the specimen as well as
above and below the cracks.

(4) Under a certain peak condition, when the shear
wavelength is relatively short, the propagation of
cracks is mainly controlled by the wavelength, and
the precrack inclination has a relatively small in-
fluence on the propagation of cracks.
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