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Major civil and military infrastructures are usually located in mountainous areas with complex geological structures. When
subjected to impact loads caused by operational blasting or seismic activities, the inherent flaws or joints in the hosting rock mass
may grow irreversibly and eventually and cause the entire structure to collapse. It is, therefore, desirable to understand the
mechanical and cracking behaviors of flawed rock structures under dynamic loads. In this work, the cement mortar is used to
make the plate specimens, and two different types of flaws, i.e., the open and the closed (resin-filled) flaws, with different
inclination angles from 0° to 90° with respect to the loading direction are prefabricated.0e nominal strength, crack initiation, and
failure characteristics of the specimens under different loading rates are investigated using the split Hopkinson bar (SHPB) system
in conjunction with the digital image correlation (DIC) technique. 0e results indicate that the dynamic nominal strength of both
two types of specimens shows similar loading rate and flaw angle dependency, specifically, monotonically increasing with the
increase of the loading rate while increasing first and then decreasing with increasing the flaw inclination angle. 0e strength of
specimens with an open flaw is obviously lower than that of the specimens with a closed flaw at a similar loading rate. Besides, the
failure mode of specimens with an open flaw is mainly an X-shaped tensile or tensile-shear mixed form regardless of the flaw
inclination, whereas the resin-filled flawed specimens always fail in the form of an atypical X-shaped shear pattern with obvious
randomness. Moreover, the stress field around the crack tip is carefully extracted based on the obtained displacement field from
DIC analysis; the stress intensity factors at crack initiation onset also show flaw inclination- and loading rate-dependent behavior.
0e strength, cracking behavior, and stress field around the tip during the dynamic loading are closely related to the friction effect
between the flaw surfaces. 0e findings in this work provide some basic insights into the cracking mechanism of rock with open
and closed flaws under dynamic loading conditions.

1. Introduction

Rock masses are generally discontinuous at various scales
due to the presence of faults, joints, fissures, partings, flaws,
and any other inherent defects formed during the diagenesis
process and geological-tectonic evolution [1–3]. When

subjected to external loading, these discontinuities may be
activated and uncontrollably developed, further leading to
the ultimate collapse of the entire rock structure. Hence, the
understanding of mechanical responses and fracture
mechanisms of rocks with discontinuities is crucial in
evaluating the stability of the geostructures. Considering the
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difficulties in monitoring in situ stress distribution and
detecting the fracture characteristics in field, the flawed raw
rock or rock-like materials with prefabricated flaws are
commonly adopted as an alternative approach to reproduce
the fracture process in laboratory studies [2–14].

To date, the influences of various experimental param-
eters such as the loading conditions [2–4, 7, 15, 16], rock
types [17, 18], and flaw properties (i.e., open and closed
flaws, geometries, and quantities) [4, 14, 19–21] on the
mechanical and cracking properties of the flawed rock have
been extensively investigated using the experimental and
numerical methods, andmany significant findings have been
revealed. Typically, the overall compressive strength of the
flawed rock is significantly lower than that of the intact rock
at similar loading conditions [5], and the flaw inclination
angle can significantly affect the crack initiation position,
propagation angles, and even the propagation priority [21].
Besides, the crack coalescence pattern is also affected by the
confining pressure. Under high confining pressure condi-
tions, antiwing cracks were often observed, and the con-
fining pressure effect is dominated in determining the failure
mode [15, 22]. Moreover, considering the flaw in practical
rock engineering is often infilled, some efforts have been
devoted to studying the effect of the closed flaws on the
fracturing process [9, 19, 23–25]. 0eir results demonstrate
that the cracking behaviors are obviously different between
closed and open flaws, and the overall strength, initiation,
and coalescence stresses for closed flaws are higher than
those of the open flaws due to the friction effect and the
stress transmission capacity.

0e aforementioned investigations are mainly focused
on the mechanical and failure properties of flawed rocks
under static stress conditions, whereas in real rock engi-
neering the external loads induced by the operational
blasting or seismic activities are fundamentally dynamic.
0e mechanical responses of the flawed rock and the flaws
under dynamic loading are different from those under
static or quasistatic stress conditions, and the damage
formed in rock at high loading rates can hardly be man-
ifested by reloading at low loading rates [26]. Li and Wong
[21] pointed out that the loading rate could affect the crack
initiation sequence and the mechanical mechanism based
on the stress wave propagation theory was also analyzed.
Later, Zhang and Wong [27] investigated the stress vari-
ations enclosing the crack tips, stress-strain curves, and the
coalescence stress and mode under various loading rates.
Generally, both the crack initiation and the peak stresses
increased linearly with increasing the loading rate [28], and
the cracks’ coalescence pattern gradually changed from
tensile-segments-dominant to shear-band-dominant as the
loading rate increased. Moreover, Li et al. [29] conducted
the dynamic compressive test of single and double flawed
marble using the split Hopkinson pressure bar (SHPB)
system and suggested that an optimized arrangement of the
flaws could significantly improve the fragmentation effi-
ciency. However, the existing studies are mostly limited to
qualitatively describing the effects of the loading rate on
cracking process and nominal mechanical properties of the
rock with open flaws, whereas some essential issues such as

the quantitive analysis of the stress field around the crack
tip, the cracking mechanism, and even the cracking be-
havior of the infilled flaws under dynamic loading con-
ditions are rarely involved.

In order to describe the initiation, propagation, and
coalescence process of the flaws, various monitoring ap-
proaches such as direct photographic snapshot with high-
speed cameras [5, 29–31], numerical simulation techniques
[17–20, 32–34], microcomputed tomography (micro-CT)
scanning [15, 22], acoustic emission (AE) location [35–37],
and digital image correlation (DIC) method [32, 38] have
been widely adopted. Among them, the DIC method has
particular advantages in quantitively characterizing the full-
field displacement and strain fields, based on which more
mechanical and fracture parameters can be accurately de-
termined, and thus, more in-depth information with regard
to real-time cracking behaviors and cracking mechanisms
can be revealed. For example, Gao et al. [39, 40] obtained the
fracture propagation parameters such as the location of the
crack tip, propagation velocity, and the fracture initiation/
propagation toughness using the deformation fields in DIC
analysis. Zhao et al. [41] analyzed the cracks’ mechanism
using the strain field around crack tips and summarized the
crack evolution characteristics in the hydraulic fracturing
process. Moreover, Miao et al. [42] distinguished the
cracking process of flawed sandstone with different infilling
materials by quantifying the displacement information be-
tween the observation points enclosing the flaws. To date,
few indoor experiments have attempted to use the DIC
technique to investigate the cracking behavior of flawed
specimen in dynamic compression tests.

0erefore, the objective of this work is to provide a
further understanding of the cracking behavior of single-
flaw specimens under dynamic loading conditions.0e open
and closed flaws with different inclination angles were
prefabricated in the cement mortar plate specimens, and the
dynamic compression tests were carried out using a 50 mm
diameter SHPB system.With the dynamic stress equilibrium
achieved, the macroscopic strength characteristics of two
types of specimens were investigated and presented in detail.
During the dynamic loading, a high-resolution camera was
arranged to capture the macroscopic cracking information,
the crack patterns were subsequently identified and classi-
fied, and the cracking sequence and failure mode are also
studied. In addition, the DIC technique was introduced to
measure the surface deformation characteristics, based on
which the stress field characteristics were quantitively an-
alyzed. In the last, the relationship among the nominal
strength, crack type, and SIFs of the specimens with an open
and closed flaw was discussed.

2. Experimental Program

2.1. Specimen Preparation. 0e rock-like plate specimens
with desirable brittleness regarding the crack speed and
loading rate were adopted in this study. 0e plates are made
of cement, sand, and water with mass proportions of 1 : 3:
0.57. 0e cement used was the ordinary Portland cement
(62.5 Grade) with high-strength characteristics, and the sand
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used was the ordinary sieved fine river sand with an average
particle size less than 0.5mm [25]. 0e mixture was first
poured into a cement mixer and evenly stirred; then, a rod
cement vibrator was used to promote the escape of air
bubbles within the mixture, thereby making the mixture
more homogenous. Afterward, the mixture was cast into the
specialized plate mold, and an ultrathin metal (0.15mm in
thickness and 6mm in length, dismantled from the speci-
mens after the mixture is hardened) with different incli-
nation angles was inserted into the mixture to simulate the
open flaws. Correspondingly, the epoxy resin sheets of the
same dimensions as that of the metal sheets were inserted to
mimic the infilled flaws. 0e angles of the flaws varied from
0° to 90° at an interval of 15°. 0e cement mold was then
placed in a curing box with a constant temperature of 20°C
and relative humidity of 95%. 0e average final compressive
strength and elastic modulus of the cement mixture after
curing were 30MPa and 23.63GPa, respectively. Moreover,
the elastic modulus of the epoxy resin is 0.12GPa, which is
much lower than that of the cement mixture. After curing,
the cement mixture was carefully polished to the specimens
with a dimension of 47mm× 47mm× 15mm, as illustrated
in Figure 1.

2.2. SHPB System and DIC Configurations. 0e dynamic
compressive tests of the flawed specimens containing open
and closed flaws were performed using a 50 mm diameter
SHPB system (Figure 2).

0e SHPB system mainly consists of a high-pressure gas
gun system, a striker, an incident bar, a transmission bar,
and a signal acquisition system. All the bars are made of
high-strength maraging steel with a nominal yield strength
of 2.5GPa. Two sets of strain gauges attached at the center
parts of the incident and transmitted bars in combination
with the Wheatstone bridges are used to record the strain
history during the dynamic loading. A high-speed Kirana
camera was adopted to capture the images of the deformed
specimen throughout the test, and two flashlights were
placed nearby the camera to provide sufficient luminance on
the specimen surface. 0e DIC technique is an optical
method that uses the random natural or artificial speckle
patterns on the specimen surface to obtain the full-field
displacement information by matching the interrogated
subsets before and after deformation, and the strain dis-
tribution can thus be derived using the specific algorithms
[43, 44]. In this work, in order to achieve an optimal speckle
pattern, the high-contrast speckles with an average size in
the range of 4 to 5 pixels [45] were premade on the specimen
surface as shown in Figure 2. 0e subset size in DIC analysis
was chosen as 21× 21 pixels. Prior to the dynamic loading,
the resolution of the camera was set as 605× 605 pixels for
the frame rate of 1 000 000 fps and the corresponding
interframe time was about 1.0 μs. 0e length to pixel ratio of
the imaging system was calibrated as 0.0776mm per pixel.

2.3. Data Measurement and Processing. Based on the strain
history obtained by the strain gauges on the incident and
transmitted bars, the stress on the two bar/specimen surfaces
can be governed by

P1(t) � A0E0 εi(t) + εr(t) ;

P2(t) � A0E0εt(t),
(1)

where E0 is the elastic modulus of the bars; A0 is the cross-
sectional area of the bars. P1(t) and P2(t) refer to the stress on
the incident and the transmitted bar ends. εi(t), εr(t), and
εt(t) denote the incident, reflected, and transmitted strain
histories on the bars, respectively.

Typically, the stress equilibrium in the specimen before
the dynamic failure is the fundamental prerequisite for the
constitutive measurement of materials [46]. To meet this
requirement, a pulse shaper made of C11000 copper disc
was used to shape the waveform and a bell-shaped incident
wave with a relatively long rising edge was generated,
which provided sufficient time for the elastic wave to travel
back and forth within the specimen for several times
before the peak value, and thus the stress equilibrium (i.e.,
P1(t) ≈P2(t) � P(t)) could be easily achieved as shown in
Figure 3.

With dynamic stress equilibrium achieved, the dynamic
compressive stress/strain history of the specimen can be
calculated by

σ(t) �
P1(t) + P2(t)

2As

;

ε(t) �
C

Ls


t

0
εi(t) − εr(t) − εt(t) ,

(2)

where As and Ls are the cross-section area and length of the
specimen, respectively. C is the 1D elastic bar wave speed.
0erefore, the effective dynamic compressive stress-strain
curve can be obtained, and the nominal dynamic com-
pressive strength, σc, can be attained by identifying the peak
value of the stress-time curve. Moreover, the loading rate,
characterized by _σ and defined as the slope of the prepeak
linear regime of the stress-time curve in Figure 3, was
adopted in this work to study the rate-dependent behavior of
compressive strength.

2.4. Determination of the Stress Field around the Crack Tip.
0e accurate evaluation of the stress field around the crack
tip is of great significance to reveal the cracking mechanism,
among which the key problem is to determine the stress
intensity factors (SIFs), KI and KII. To achieve this goal, an
experimental approach using the DIC displacement field was
adopted to calculate the SIFs. Specifically, assuming the
origin of the polar coordinates coincides with the initial flaw
tip and the x-axis is in the flaw plane, and ignoring the rigid
body translation and rotation in the dynamic loading, the
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Figure 1: 0e geometry of the single-flaw specimen.
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Figure 2: Schematics of the split Hopkinson pressure bar (SHPB) system with the DIC technique.
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theoretical displacement fields around the tip of mode I,
mode II, and mixed-mode fracture in plane problems can be
written as [39, 47, 48]

uk � 
N

n�0
AnfI rk, θk(  − 

N

n�0
BnfII rk, θk( , (3)

vk � 
N

n�0
AngI rk, θk(  − 

N

n�0
BngII rk, θk( , (4)

where fI(rk, θk) � (r
(n/2)
k /2μ)[(κ + (n/2) + (− 1)n)cos(n/2)

θk − (n/2)cos((n/2) − 2)θk], gI(rk, θk) � (r
(n/
k 2)/2μ)[(κ+

(n/2) − (− 1)n)sin(n/2)θk − (n/2)sin((n/2) − 2)θk], fII(rk, θk)

� (r
(n/2)
k /2μ)[(κ − (n/2) − (− 1)n) sin(n/2)θk + (n/2)cos(

(n/2) − 2)θk], gII(rk, θk) � (r
(n/2)
k /2μ)[(κ − (n/2)+ (− 1)n)

cos(n/2)θk + (n/2)cos((n/2) − 2)θk].
uk and vk are the directional displacement compo-

nent. μ and κ donate the shear modulus and Muskhe-
lishvili’s coefficient, respectively. rk and θk are the polar
coordinates around a tip. In particular, the coefficients of
the first terms of parameters An and Bn are related to the
mode I and mode II stress intensity factors [49]. k refers
to the number of displacement data points around the
crack tip.

IfM points are selected in the flaw tip region andN terms
are adopted in the calculation, equations (3)–(4) can be
rewritten in the matrix form as

h � bΔ, (5)

where h �

u1
⋮
um

v1
⋮
vm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, b �

fI1
⋮

fIM
gI1
⋮

gIM

· · ·

⋱
· · ·

· · ·

⋱
· · ·

− fII1
⋮

− fIIM
− gII1
⋮

− gIIM

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,Δ �

A1
⋮
Am

B1
⋮
Bm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Considering the full-field displacement information with
subpixel accuracy of the points enclosing the flaw tip can be
easily obtained in the DIC analysis and the location of the
flaw tip before initiation is known, as long as the number of
the selected displacement data pointsM exceeds the number
of terms N, the coefficients An and Bn can be easily resolved
through the nonlinear least-squares method using the
MATLAB Software. 0erefore, the mode I, mode II SIFs
histories, and KI and KII at the crack initiation onset can be
obtained as follows [47]

KI �
���
2π

√
A1,

KII �
���
2π

√
B1.

(6)

It is noteworthy that, with the dynamic stress equilib-
rium achieved, the cracking behaviors of the two crack tips
are similar and roughly symmetrical; hence, for simplicity
purposes, only the stress intensity factors of the crack tip on
the incident bar side are displayed in the following work.

3. Experimental Results

3.1. ?e Dynamic Mechanical Properties of Specimens with
Open and Closed Flaws. Figure 4 shows the dynamic
compressive stress-strain behavior of the specimen with 30°
open and closed flaws.

Figure 5 depicts the nominal strength variations of the
specimens with open and closed flaws, in which the black
legends starting with the letter C refer to the specimens with
a closed flaw. One can see that regardless of the flaw type, the
nominal dynamic strength of the flawed specimens increases
with the increase of the loading rate, and the strength of
specimens with an open flaw is obviously lower than that of
the specimens with a closed flaw at a similar loading rate,
which is consistent with the results under static stress state
[25]. Interestingly, the peak strain of specimens with an open
flaw decreases with the increase of the loading rate, and the
tangent modulus (the slope of the linear regime of the stress-
strain curve) slightly increases whereas for specimens with a
closed flaw, the peak strain increases with increasing the
loading rate, and the tangent modulus is almost identical.

To investigate the influence of the flaw orientation on the
nominal strength of the flawed specimen, the strength
variations at similar loading rates, i.e., ∼600, ∼800, and
∼1000GPa/s, of specimens with both open and closed flaws
are separately plotted in Figure 6.

As illustrated in Figure 6, the dynamic strength of both
the two types of specimens exhibit an overall downward
tendency with increasing the flaw angle except the strength
values at the inclination of 30°; this result is mainly due to the
high shear stress field of 30° sample, as shown in Section 3.3,
it can be found that the shear stress of the 30° sample is the
maximum, and the shear strength of the brittle material is
greater than the tensile strength. 0erefore, in the shear-
dominated state, its strength will be improved. 0is phe-
nomenon is similar to the results reported in the literature
[50, 51] but slightly different from those in [5, 29], in which
the static or dynamic strength monotonously decreases with
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Figure 3: Dynamic stress equilibrium and the determination of the
loading rate.
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increasing the flaw inclination. 0is discrepancy can be
attributed to the different rock types used in this work
because whether the tensile cracks or shear cracks are pri-
marily generated around the flaw tips relies on not only the
specific stress field (dominated by the flaw geometry) but
also the shear strength to tensile strength ratio (dominated
mechanical properties of rocks) [52].

3.2. Cracking Behavior and Failure Modes. Figures 7 and 8
demonstrate the failure characteristics of the specimens with

different flaw properties at a similar loading rate (∼600GPa/
s). Note that the relatively low resolution and weak contrast
of image snapshots can hardly achieve the accurate char-
acterization of the crack morphology; the vertical dis-
placement distribution images are thus used as a
complementary approach in this work. In the DIC images,
the paths of the macroscopic cracks can be well distin-
guished by recognizing the dividing lines in the cloud maps.
One can see that for specimens with an open flaw, four
distinct cracks along the diagonal directions of the specimen
are observed, and the macrofailure mode displays a typical
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Figure 4: Dynamic stress-strain curves of specimens with 30° (a) open and (b) closed flaw.
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X-shaped crack band regardless of the flaw inclination,
which is consistent with the findings in [50, 51]. Under
dynamic loading, the failure mode is fundamentally different
from that under static loading, while the latter always shows
a typical splitting failure mode with two identical halves due
to the further development of the tensile wing cracks. In
addition, the failure mode for specimens with a closed flaw is
more complicated.

To achieve better visualization, the ultimate crack
trajectories of the specimens with a closed flaw are sketched
in Figure 9. In these sketches, the other observed macro-
cracks that are not directly involved in the ultimate failure
are neglected and not shown. 0e main cracks are labeled
by alphabets a∼e, and it is observed that the macrocrack
properties of the specimens vary with flaw inclination
angles. Specifically, for 0° specimen, only two macrocracks

60° 75° 90°

0° 15° 30° 45°

(a)

0°

60° 75° 90°

15° 30° 45°

a b

c d

-0.3 0.3V [mm]

Crack sketch

(b)

Figure 7: Failure characteristics of specimens containing an open flaw with different inclinations at a similar loading rate. (a) Image
snapshots. (b) Vertical displacement distributions. Loading direction: from left to right.
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emanated from the flaw tips are observed, and as the in-
clination angle increased, both the crack types and crack
density correspondingly increase, and the failure mode
exhibits an atypical X-shaped form with four shear cracks
emanating from the flaw tips but ending at the specimen
edges near the horizontal centerline.

Based on the crack initiation/propagation mechanism
and high-speed camera observations, and referring to the
crack classification proposed by Wong and Einstein [53],
only five crack types with different trajectories are identified
and categorized for the specimens with two flaw types under
dynamic loading. Note that these five crack types are

60° 75° 90°

0° 15° 30° 45°

(a)

0° 15° 30° 45°

60° 75° 90°

-0.3 0.3V [mm]

(b)

Figure 8: Typical failure characteristics of specimens containing a closed flaw with different inclinations at a similar loading rate. (a) Image
snapshots. (b) Vertical displacement distributions. Loading direction: from left to right.
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summarized by observing for the multiple specimens with
the same flaw geometry, not only limited to the typical
sketches in Figures 8 and 9. As schematically illustrated in
Figure 10, two crack types are shear cracks (Type I and Type
II), two are tensile cracks (Type III and Type IV), and the
remaining one is a mixed shear-tensile crack (Type V).

0e detailed descriptions of the crack types and oc-
currences are given as follows. Type I. Coplanar or quasi-
coplanar shear cracks are commonly observed in specimens
with low to intermediate inclination angles (from 0° to 60°,
except for 0° specimen with an open flaw) regardless of
infilling conditions, and the two cracks emanate simulta-
neously from the flaw tips. 0e main difference between the
open and closed flaws is the extension angles, and the angles
are much higher for open flaws than those for closed ones.
Besides, the apparent surface crush and spalling phenom-
enon can be recognized in the snapshots recorded by the
high-speed camera, which is an indication of high com-
pression enclosing the crack plane [10]. Type II. Similar to
the coplanar shear cracks, the oblique shear cracks also
emanate simultaneously from the crack tips but propagate at
a certain angle with respect to the flaw plane, accompanied
by the surface crush and spalling. 0e coplanar shear cracks
develop in almost all the specimens with a closed flaw but are
absent for 75° and 90° specimens with an open flaw. Type III.
0e tensile wing crack is the most commonly observed first
crack form in the uniaxial compressive test under static loads
[53–56], which will further propagate as the loads continued
and lead to the eventual splitting failure of the specimen.
However, the wing tensile cracks only occur in the 0° and 15°
specimens with an open flaw under dynamic loads in this
study. Type IV. 0is type of cracks usually commences at or
near the flaw types and propagates along the loading di-
rection. 0e development of type IV crack is only generated
in 75° and 90° specimens with an open flaw. Type V. 0e

mixed shear-tensile crack is recognized in the specimens
with a closed flaw at higher inclination angles, which first
generates near the flaw tips at a certain angle with respect to
the flaw inclination accompanied by a small crushed zone,
then gradually transforms to the tensile form, and extends
toward the loading plate.

In order to well describe the cracking behavior of spec-
imens under dynamic loading conditions, the information of
the crack types and the cracking sequence before failure onset
of typical specimens are summarized in Table 1. It is note-
worthy that only four main cracks in different quadrants that
initiate at the crack tips (a∼d, as depicted in Figures 7 and9)
are considered for comparison purposes. One can see that the
shear cracks are the prevailing crack forms in dynamic tests
for both the open and resin-infilled flaws, whereas the tensile
cracks only generate around the open flaws with relatively
high (75° and 90°) or low (0° and 15°) inclinations, indicating
that the development of tensile crack is suppressed in dy-
namic loading, particularly for the specimens with a closed
flaw. 0is agrees well with the previous findings [50, 51, 54].
Besides, for specimens with shear-dominated failure mode
(e.g., 30° to 60° for the open flaw and all for the closed flaw),
type I shear cracks are always observed as the first crack,
whereas for specimens with tensile dominated (90° open flaw)
or mixed tensile-shear (0°, 15° and 75° open flaw) failure
modes, the involved tensile cracks generate earlier than the
shear cracks. Additionally, in accordance with the identified
crack types at the failure onset, it is found that specimens with
an open flaw first transform from the tensile-shear mixed
mode to shear-dominant and eventually to the tensile-
dominant failure mode. Considering the tensile strength is
always smaller than its shear strength, the failure mode
transition well explains the macroscopic dynamic strength
characteristics, that is, increasing first and then decreasing
with the flaw inclination angle.
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Figure 9: Schematic sketches of the failure patterns for specimens with a closed flaw at different inclinations. (a) 0°. (b) 15°. (c) 30°. (d) 45°.
(e) 60°. (f ) 75°. (g) 90°.
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3.3. Stress Field Characteristics around the Flaw Tip.
Figures 11 and 12 show the tensile and shear stress intensity
factors (KI and KII) at the crack initiation onset as a function
of the loading rate. 0e crack initiation onset can be de-
termined by directly reading the time corresponding to the
first peak point of the SIF history curves [39]. It is found that
both KI and KII obviously increase with the increase of the
loading rate, regardless of the flaw angle and the infilling
conditions. Note that the results of 90° specimens are ex-
cluded because the first cracks always initiate at the center of

the flaws rather than the tips, which is consistent with those
observations in literature [54, 57]. Although there is wide
scatter in the data, the values of the tensile and shear stress
intensity factors still demonstrate a remarkable inclination-
dependent behavior.

0e KI and KII of specimens with open and closed flaws
at the loading rates of ∼600GPa/s and ∼800GPa/s are
plotted in Figure 13 for better illustration. Specifically, for
the specimens with an open flaw, KI decreases first and
reaches the lowest value at 30° and then obviously increases
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Figure 10: Five crack types initiated from the preexisting flaws identified in dynamic tests. (a) Type I: coplanar shear crack. (b) Type II:
oblique shear crack. (c) Type III: tensile wing crack. (d) Type IV: tensile crack. (e) Type V: mixed shear-tensile crack. (f ) Schematic diagram
of experimental sample size.

Table 1: Crack type and cracking sequence.

Specimen type
Crack types

Cracking sequence
Type I shear Type II shear Type III tensile Type IV tensile Type V mixed mode

0° a, d b, c1 c - d - b- a
15° b, c a, d1 d - b, c - a
30° b1, c1 a, d b, c - a, d
45° a1, d b, c a - b - d - c
60° a1, d1 b, c a, d - b- c
75° b1, c a1, d a, b - d - c
90° a, b1, c1, d b, c - a, d
0° (C) b1, c b - c
15° (C) a1, d1 b, c a, d - b - c
30° (C) b1,c a, d b - d - c- a
45° (C) b1, c1 a, d b, c - d - a
60° (C) a1, d1 b, c a, d - b, c
75° (C) b, c a, d1 d - a - b, c
90° (C) b1, c a, d1 b, d - a- c
Note. a1 indicates that the crack labeled by alphabet a is the first crack observed before failure.
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with the increase of the inclination angle whereas KII ex-
hibits an entirely contrary tendency, increasing first to 30°
with a maximum magnitude of 6.9MPa/m0.5 and then
decreasing to nearly 1.0MPa/m0.5 at 75° (Figure 13(a)). 0is
phenomenon indicates that, as the inclination angles in-
crease, the stress field at the flaw tip at the initiation onset
experiences the tensile stress dominant to the shear stress
dominant and then returns back the tensile stress dominant
process. For the specimens with a closed flaw, the tensile
stress intensity factor KI decreases with increasing the in-
clination angle. One can find that the KI values at higher
loading rates are negative, indicating that the compressive
stress occurs around the crack tips and the tensile cracks are

thus suppressed. Correspondingly, KII values significantly
increase with the inclination angle (Figure 13(b)), suggesting
that the shear stress field becomes dominant around the
closed flaw tips and the shear crack may be preferentially
produced as the first crack.

4. Discussion

It can be observed that the macroscopic strength, crack
types, and SIFs are found to be strongly dependent on the
infilling conditions, loading rate, and flaw inclination angle.
For a given loading rate, the nominal strength of a closed
flaw is higher than that of an open flaw, mainly attributed to
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Figure 11: Variations of KI at the tips of (a) open and (b) closed flaws with different angles versus the loading rate.
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the friction effect induced by the infilling material. Specif-
ically, the shear force around the crack tips should be large
enough to overcome the friction before mobilizing the
sliding of flaw faces; thus, an extra external load is demanded
and higher strength is introduced for the closed flaw. Be-
sides, the crack type that first appears during the dynamic
loading is also closely related to the friction effect between
the flaw surfaces, since the friction coefficient can signifi-
cantly affect the stress field around the flaw tip [52]. In
general, the larger the friction coefficient of the infilling
material is, the more likely the shear failure occurs. 0is
phenomenon is also experimentally demonstrated by Miao
et al. [42]. 0erefore, the infilling conditions play a signif-
icant role in determining the strength and cracking
behaviors.

Moreover, one can find that the variations of SIFs show
rather different tendencies for specimens with an open flaw
and closed flaw. For specimens with an open flaw, either
tensile cracks or shear cracks occur first depending on the
flaw inclination angle. Specifically, when the flaw inclination
is lower or higher (0°, 60°, and 75°), the mode I stress in-
tensity factor KI is slightly greater than mode II stress in-
tensity factorKII, indicating the tensile cracks are more likely
generated because the tensile strength of rock is generally
smaller than its shear strength. 0is is basically compatible
with the crack types identified in Figure 7 and Table 1. 0e
tensile or tensile-shear mixed failure mode leads to a lower
nominal strength compared with that induced by the shear
failure mode. When the inclination angle lies between 15°
and 45°, the stress intensity factor KII is apparently larger
than KI, and the shear crack may be preferentially produced
as the primary pattern, resulting in higher nominal strength.
It is worth noting that a higher KII does not indicate that the
first crack must occur in the form of the shear crack, since in
such cases the crack type primarily depends on the ratio of
shear to tensile strength.

For specimens with a closed flaw, KI exhibits a linear
downward tendency and changes from positive to negative
at the angle of 30°. 0e negative value of KI means that the
crack tip is under compression and only shear crack initi-
ation is possible under this condition, which is proved by the
observations of the crack types in Figure 8. Besides, the KII
increases monotonously as the flaw inclination angle in-
creased, and this is because the frictional force continues to
increase under the action of the gradually increased normal
stress component perpendicular to the flaw plane. However,
the nominal strength shows a reverse trend, implying that
these two quantities are not directly correlated. In other
words, a higher mode II stress intensity in the close vicinity
of the crack tip at crack initiation onset does not mean a
correspondingly higher macroscopic strength; the charac-
teristics of secondary cracks and the coalescence behavior of
the first and secondary cracks also significantly contribute to
the macroscopic mechanical properties of flawed rocks.

5. Conclusions

In this study, an attempt is made to investigate the me-
chanical and cracking behavior of specimens with single
open and closed flaws under dynamic loading conditions.
0e effects of the flaw inclination angle, loading rate, and
infilling conditions are carefully considered, and the stress
intensity factors are obtained in accordance with the DIC
results. 0e conclusions are summarized as follows:

(1) 0e dynamic nominal strength of both two types of
specimens shows similar loading rate and flaw angle
dependency, almost linearly increasing with the
increase of the loading rate, whereas increasing first
and then decreasing with the inclination angle. At a
similar loading rate, the dynamic strength of spec-
imens with a closed flaw is higher than that with an
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Figure 13: Variations of KI and KII as a function of the flaw inclination angle.
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open flaw. 0e infilling conditions play a significant
role in determining the macroscopic strength.

(2) 0e type and inclination angle of preexisting flaws
significantly influence both the dynamic crack be-
havior and the failure mode. Specifically, the shear
cracks are preferentially generated as the primary
pattern for the open flaw with intermediate incli-
nation angles, whereas shear cracks are the most
common form for the closed flaw regardless of the
inclination angle. 0e failure pattern of specimens
with an open flaw is mainly X-shaped tensile or
tensile-shear mixed mode, whereas the closed flawed
specimens always fail in the form of an atypical
X-shaped shear mode.

(3) 0e stress intensity factors KI and KII of the open and
closed flaws exhibit obviously different behaviors,
and the variations of these two stress intensity factors
can be used to predict the first crack types. 0e
predictions are roughly compatible with those ob-
served from the snapshots recorded by the high-
speed camera. Besides, the stress intensity factors are
also flaw inclination- and rate-dependent. Further-
more, the differences in the macroscopic strength,
cracking behavior, and stress intensity factors be-
tween the closed and open flaws are mainly attrib-
uted to the friction effect on the flaw surface.
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