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Abstract

Dynamic impact tests were conducted on rectangular marble specimens with flaws to investigate the effect of the flaw angles
and ligament angles on the rock dynamic mechanical properties, fracturing behavior, and energy evolution characteristics.
A 75-mm diameter split Hopkinson pressure bar (SHPB) device was used in the tests. The experimental results show that
the flaw geometries have a strong effect on the dynamic mechanical properties and fracturing behavior of rocks. In general,
the effects of the flaw angle and flaw number on the dynamic strength are more significant than the effect of the ligament
angle. A high-speed camera was used to monitor and record the crack initiation and coalescence and the failure processes of
the marble specimens in real-time. The crack propagation can be divided into two major stages, i.e., the formation of white
patches and the generation of macrocracks. The white patches usually appear prior to the peak stress of the specimen. The
shear cracks usually initiate at or near the flaw tips and propagate to form X or half-X shear belts that dominate the macro-
scopic failure under impact loading. Nine types of crack coalescence behaviors are identified for the marble specimens with
double flaws, and the macro failure modes of the specimens is usually combined by some of them. The energy absorption
properties of the marble specimen are also significantly affected by the pre-existing flaws. The energy absorption ratio can
be maximized by setting a certain number of pre-existing flaws with an appropriate inclination angle and a proper ligament
angle to effectively improve the fragmentation efficiency of rocks.
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1 Introduction

During the rock formation process and geological-tec-
tonic evolution, a large number of defects such as cracks,
voids, inclusions, weak planes, and joint sets are generated
within the rock mass. The existence of these pre-existing
natural defects poses potential threats to the stability and
safety of structures built on/in the rock mass. Therefore,
understanding the influences of the pre-existing defects
on the rock mechanical and fracture behaviors is of great
significance to the stability and safety assessment of rock
structures.

In the past decades, great efforts have been devoted to
studying the effects of pre-existing defects on the mechani-
cal and fracture properties of rock and rock-like materi-
als. Due to the heterogeneity of rock material, it is very
difficult to investigate the rock failure mechanism using
the classical fracture mechanics (Fang and Harrison 2002;
Liang et al. 2012). Thereby, laboratory experiments, a
fundamental method, have been widely used to study the
mechanical and fracture behaviors of rocks under various
loading conditions. For instance, the group at MIT led
by Einstein systematically investigated the strength and
fracturing of rock and rock-like (i.e., gypsum) materi-
als containing pre-existing flaws under static compres-
sions (Shen et al. 1995; Bobet and Einstein 1998; Li et al.
2005b; Wong and Einstein 2009a, b, c¢; Morgan et al.
2013), where the term ‘‘flaw’’ refers to an artificial crack.
The geometries of the pre-existing flaws (e.g., inclination
angle, ligament angle, flaw length, and arrangements of
the flaws) have great impacts on the strength, deforma-
tion, and crack propagation and coalescence of the rock
under static loading. Wong and Chau (1998) investigated
the crack coalescence and strength of a sandstone-like
material containing two parallel inclined frictional cracks
under uniaxial compression. Three main modes of crack
coalescence were observed: shear mode, mixed shear/ten-
sile mode, and wing tensile mode. Yang et al. (2017) and
Li et al. (2017a) studied the influence of pre-existing oval
flaws on the deformational and fracture behaviors of natu-
ral rocks under static uniaxial compression. It was found
that the compressive strength and Young’s modulus were
greatly weakened by the pre-existing oval flaws and the
major principal stress and failure modes were dependent
on the geometries of the oval flaws.

Aside from static loading conditions, dynamic loadings,
e.g., earthquakes, blasts, and rockbursts, are also wide-
spread in mining and geotechnical engineering. Under
dynamic loading, it is recognized that the strength (i.e.,
the compressive, tensile, and shear strengths) of the rock
is rate-dependent (Li et al. 2005a; Dai et al. 2010; Zhang
and Zhao 2014). That is to say, the rock strength shows a
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remarkable increase with the increase in the loading rate
(Li et al. 2017b). In the case of dynamic loading con-
ditions, the propagation of the stress wave, the develop-
ment of the deformation, and the migration of the fracture
zone all occur at a higher speed than under static load-
ing. A rock specimen with pre-existing flaws may exhibit
different cracking behavior under dynamic loading than
under static loading. For example, the numerical manifold
method (NMM) has been used to investigate the stress
wave propagation through fractured rocks and to model
the dynamic fracture problems in rocks (Fan et al. 2013;
Wu et al. 2013). To study the influence of dynamic loading
on crack propagation, Zou and Wong (2014) and Li et al.
(2017b) carried out laboratory tests using a split Hopkin-
son pressure bar (SHPB) on prismatic marble specimens
containing a single pre-existing flaw with different incli-
nation angles. Li et al. (2015) investigated the effects of
a single pre-existing hole (circular and elliptical holes)
on the fracture behaviors of marble specimens in SHPB
tests. The authors found that shear cracks appeared ear-
lier than tensile wing cracks and dominated the fracturing
process under dynamic loading conditions. The failure
mode of the flawed specimens under dynamic compres-
sion included the occurrence of an “X” shape regardless
of the flaw inclination angle. Zhou et al. (2018) conducted
dynamic tests on the behavior of cracks emanating from
tunnel edges and demonstrated that the crack speeds were
not constant and the propagation toughness was related to
the crack speeds. The bearing capacity and failure patterns
of the rock—shotcrete interface in underground engineering
are sensitive to the strain rate and depth of the sawteeth
of the interface (Luo et al. 2017). Additionally, a digital
image correlation (DIC) technique was also used to meas-
ure the full-field strain of the rock surface to show the
brittle failure micromechanisms prior to the occurrence of
macroscopic cracks under dynamic loadings (Zhang and
Zhao 2013).

Although the fracturing behavior of rocks has attracted
growing concern, few studies have been conducted on the
crack coalescence in the ligament area. The fact that the
crack propagation and coalescence depend on the arrange-
ment of the flaws is of great importance for the rock frac-
turing process because this process affects the strength and
integrity of brittle materials (Morgan et al. 2013). Jiang et al.
(2016) investigated the dynamic crack coalescence using a
gypsum-like 3D printing material. Li et al. (2018) found
that the stress perpendicular to the propagating crack and
two-hole spacing both influenced the arresting cracks under
blasting loads. In 1991 at a quarry in Hong Kong, a large
block of rock slid from a steep rock face. The investigation
report indicated that this event was induced by pre-exist-
ing joints that resulted from the blasting vibration (Wong
and Chau 1998). Therefore, a study of the cracking and
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coalescence behavior is of significant importance for the
analysis of the failure mechanism of rock masses and can
provide insights into the efficient breaking of rocks with
artificial flaws under dynamic loading.

In view of this, SHPB tests were performed on prismatic
marble specimens containing single and double pre-existing
flaws to investigate the effects of the flaw geometries (i.e.,
flaw inclination angle, flaw number, ligament angle) on the
dynamic mechanical properties, energy dissipation, and the
dynamic crack propagation and coalescence of the marble
specimens.

2 Experimental Methodology
2.1 Specimen Preparation

The rock material is a white marble with coarse grain
particles composed of quartz (53%), calcite (44%), car-
bonaceous material (2%), and opaque minerals (1%) as
determined by a mineral composition analysis and optical
microscopy analysis (Fig. 1). The rock material has a crys-
talline structure with an average unit weight of approxi-
mately 2795 kg/m? and a uniaxial compressive strength
(UCS) of 117.27 MPa. Following the method suggested
by the International Society for Rock Mechanics (ISRM)

Fig. 1 Photographs of marble
obtained by thin section analy-
sis; a single polarized light; b
orthogonally polarized light

(Zhou et al. 2011), the ratio of length to width of the tested
specimens is set at 1.0 with a nominal size of 60 X 60 x 30
mm?>. The ends of the specimens were grinded and pol-
ished to unevenness and non-perpendicularity to less than
0.02 mm. The flaw geometry is described in Fig. 2, where
2a is the flaw length of 10 mm (a is half the length of the
flaw), a is the flaw inclination angle (the angle between
the flaw and loading direction), 2b is the ligament length
(the distance between the inner tips of the two pre-exist-
ing flaws) of 20 mm, and f is ligament angle (the angle
between the ligament and loading direction).

The pre-existing flaws were produced by a high-pressure
water cutting method, which has been proven to cause no
disturbance and damage to the other parts of the specimen
(Li et al. 2017b). The opening of the flaw is about 1-1.5 mm.
To investigate the effects of the geometries of the pre-exist-
ing flaws on the mechanical and fracture behaviors of the
marble specimens under dynamic loading, three flaw param-
eters, i.e., flaw number, flaw angle, and ligament angle were
taken into consideration. The detailed description of the
marble specimens with different flaw geometries is listed in
Table 1. The specimen number describes the type of rock,
number of flaws, flaw inclination angle, and ligament angle.
For example, M-1-30 refers to a single-flaw marble speci-
men with a=30°; M-2-45-30 denotes a marble specimen
with double flaws with a =45° and f=30°.

Fig.2 Geometries of marble
specimens. a A single-flawed
specimen (a is the flaw inclina-
tion angle and 2a is the flaw
length); b A specimen with
double flaws (4 is the ligament
angle and 2b is the ligament
length)

Jinner tip

(a)
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Tal?le 1 Mechanical p rop! erties Specimen no. L/mm W/mm H/mm Flaw o/MPa g4/ 1072 ¢&/s~!  Remark
of intact and flawed specimens
under SHPB tests Lg/mm  af° pI°
M, 59.63 59.81 30.18 - - - 255 0.64 60.00 Intact specimen
M-1-0 60.92 60.71 30.88 10 0 - 229 0.31 65.43 Flaw angle
M-1-30 59.77 60.02 28.56 10 30 - 203 0.50 50.63
M-1-45 59.51 59.74 2849 10 45 - 210 0.50 57.20
M-1-60 59.15 59.54 2837 10 60 - 207 0.48 51.83
M-1-75 59.48 59.31 2852 10 75 - 205 0.47 51.33
M-1-90 59.03 59.31 28.67 10 90 - 199 0.47 49.05
M-2-0-30 59.66 59.86 29.68 10 0 30 210 0.53 46.80 Flaw angle
M-2-0-45 60.44 60.66 30.04 10 0 45 214 096 5103 andligament
M-2-0-75 6028 6047 3167 10 0 75 208 094 5340 2nele
M-2-30-30 5946 59.54 2840 10 30 30 193 0.58 63.80
M-2-30-45 5992 5996 2841 10 30 45 199 0.55 55.90
M-2-30-75 59.33 59.65 2855 10 30 75 187 0.52 47.67
M-2-45-30 60.33 60.77 30.09 10 45 30 187 0.59 61.56
M-2-45-45 60.40 59.52 2930 10 45 45 190 0.56 66.8
M-2-45-75 60.36 60.81 30.69 10 45 75 166 0.56 49.13
M-2-60-30 60.30 60.30 30.58 10 60 30 164 0.96 56.35
M-2-60-45 6049 61.01 30.88 10 60 45 170 0.89 50.80
M-2-60-75 60.74 60.92 3048 10 60 75 165 0.84 59.77
M-2-75-30 60.34 60.72 3095 10 75 30 153 0.94 76.45
M-2-75-45 60.38 60.55 3035 10 75 45 161 0.93 61.93
M-2-75-75 60.67 60.88 30.69 10 75 75 154 0.87 70.00
M-2-90-30 60.76 60.70 30.82 10 90 30 139 0.99 70.25
M-2-90-45 60.16 6048 3153 10 90 45 167 1.05 69.53
M-2-90-75 60.38 60.49 3044 10 90 75 152 1.00 75.25
2.2 Testing Equipment 0.08 T . . .
The laboratory tests were carried out on a modified SHPB 004 - —— Signal on incident bar i

device, which consists of a gas gun, a cone-shaped striker
(0.54 m in length), an incident bar and a transmitted bar (2 m
in length), an absorbing bar (0.8 m in length), and a data
acquisition device (Li et al. 2005a, 2009; Zhou et al. 2011;
Zhang and Zhao 2014; Li 2014; Xia and Yao 2015). The
diameter, P-wave velocity, elastic modulus, and density of
the three bars are 75 mm, 5400 m/s, 240 GPa, and 7810 kg/
m?, respectively.

During testing, the specimen is sandwiched between the
incident and transmitted bars with some lubricant on the
surfaces of the specimen and bars. The impact of the cone-
shaped striker on the front surface of the incident bar pro-
duces a slowly rising half-sine wave (Li et al. 2005a; Qiu
et al. 2017). When the compressive wave (incident wave)
reaches the bar-specimen interface, a portion is reflected into
the incident bar (reflected wave) and another portion is trans-
mitted through the specimen and then enters the transmitted
bar (transmitted wave). These three elastic stress pulses are
recorded (as shown in Fig. 3) by the strain gauges mounted
on the bars and are denoted as the incident strain pulse g,(¢),
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Fig.3 Electrical signals captured from the strain gauges (specimen
M-1-30)

reflected strain pulse (), and transmitted strain pulse €,(),
respectively. According to the one-wave propagation theory,
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the axial stress o (¢), strain £(¢), and strain rate £(¢) are derived
by the following equations (Li 2014):

E
o(r) = ;A: [e1(r) + ex (1) + £1(1)] 1)
c, [
€0 =—* / [e,(t) — ex (1) — £(D)]d1 Q)
s JO
CE
() = L—[el(t) —eg(?) — ep(0)], 3)

s

where A, C,, and E, are the cross-sectional area, P-wave
velocity, and Young’s modulus of the elastic bar, respec-
tively. A and L, are the cross-sectional area and length of
the specimen, respectively.

In SHPB tests, the loading and failure processes are
usually completed within hundreds of microseconds. To
observe and analyze the fracture behaviors of the flawed
marble specimens, a SA1.1 high-speed camera (HSC) was
used to monitor and record the real-time fracturing process.
The HSC was set at a frame rate of 80,000 fps (frames per
second) with a resolution of 256 x 176 pixels. During test-
ing, the HSC was triggered by a transistor—transistor logic
pulse generated by an oscilloscope synchronously with the
incident signal.

3 Experimental Results and Discussion
3.1 Stress Equilibrium

In SHPB tests, it is essential to achieve a stress equilib-
rium between the ends of the specimen prior to the failure,

100 T T T T
—=—Incident
—e— Reflect
50 —a— Transmit -

—v— Inc.+Re.

Stress / MPa

-50

-100

-150 1 I 1 1
0 50 100 150 200 250

Time / ps

Fig.4 Dynamic stress equilibrium in specimen M-1-30

particularly prior to the peak stress in the specimen. In this
study, a cone-shaped striker was used to generate a slowly
rising half sine wave to achieve a constant strain rate loading
and dynamic stress equilibrium at the ends of the specimen
(Zhou et al. 2011; Li 2014; Li et al. 2017b). Figure 4 shows
the dynamic stress equilibrium for the specimen M-1-30.
The sum of the incident stress and reflected stress is almost
equal to the transmitted stress in the vicinity of the peak
stress. This demonstrates that the stress equilibrium can be
achieved and maintained for the marble specimens with pre-
existing flaws and the result is thus valid for the present
SHPB tests (Qiu et al. 2017).

3.2 Dynamic Stress-Strain Curves

The complete dynamic stress—strain curves of the intact
and flawed marble specimens are plotted in Fig. 5. It is evi-
dent that the flaw geometries have significant effects on the
dynamic stress—strain curves of the marble specimens.

The dynamic stress—strain curves of the flawed marble
specimens can be approximately divided into three stages:
(1) the linear elastic deformation stage (OA or section I in
Fig. 5e), where the stress increases linearly with increas-
ing strain; (2) the crack initiation and growth stage (AB or
section II in Fig. 5e), during which stress concentration is
produced at or near the tips of the pre-existing flaws, thereby
initiating and propagating cracks during the loading process
(Inglis 1913; Jeong et al. 2005; Wang et al. 2014; Li et al.
2016); (3) the macroscopic failure during the final stage
(BC or section III in Fig. 5e). For example, it is observed in
Fig. Se that, for the single-flaw specimens, the stress—strain
curves have a long linear elastic deformation stage (OA) and
a shorter plastic stage (AB). Subsequently, the curves drop
rapidly (BC) and brittle failure occurs. For the specimens
with double flaws, the duration of the linear elastic deforma-
tion stage (section I) is shorter but the platform (section II)
around the peak stress is longer. Then the curves descend
slowly in the post-peak region (section III), which may be
caused by the crack coalescence in the ligament area and
far-field crack propagation. These results indicate that the
increase in the number of flaws results in more ductile of
the rock specimens.

3.3 Dynamic Strength

The dynamic strength and strain at the peak stress of the
flawed specimens are listed in Table 1, where o, is the
dynamic compressive strength and &, is the axial strain
corresponding to the peak stress. Figures 6 and 7 show the
effects of the number of flaws, inclination angle, and liga-
ment angle on the dynamic strength and strain of the flawed
marble specimens in the SHPB tests, respectively. It is clear
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Fig.5 Dynamic stress—strain curves of intact and flawed specimens.
a specimens with a single pre-existing flaw; b specimens with dou-
ble pre-existing flaws of f=30°; ¢ specimens with double pre-exist-
ing flaws of f=45°; d specimens with double pre-existing flaws of

that the flaw geometry has a strong effect on the dynamic
mechanical properties of the marble specimens.

As shown in Fig. 6, the dynamic strength is lower
for the flawed specimens than for the intact specimen
(255 MPa for M,)). For the single-flaw specimens, the
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p=175° e dynamic stress—strain curves of flawed specimens with flaw
angle of 75° (OA, AB, BC are for specimen with a single flaw; I, I,
IIT are for specimens with double flaws)

dynamic strength gradually decreases as the flaw angle
increases from 0° to 90°. The specimen with an angle
of 90° has the lowest strength (199 MPa) and exhibits
a reduction in strength of about 22% compared with the
intact specimen. In addition, it can be seen from Fig. 6
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Fig. 6 Influence of flaw number, flaw angle and ligament angle on the
dynamic strength of marble specimens under SHPB tests
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Fig. 7 Influence of flaw number, flaw angle and ligament angle on the
deformation of marble specimens under SHPB tests

that the dynamic strength decreases dramatically when
a < 30° but it changes marginally when 30°<a <90°. For
specimens with double flaws, the dynamic strength is
affected not only by the flaw inclination angle a, but also
by the ligament angle . The dynamic strength gradually
decreases as the flaw inclination angle increases from 0°
to 90°. As shown in Fig. 6, for the double-flaw specimen
with the same flaw angle, the dynamic strength reaches
the maximum value when the ligament angle f=45° and
the minimum value usually occurs at the ligament angle
p=175°, except for the specimen with a flaw angle of 90°.
The results in Fig. 6 also show that the flaw number affects
the strength of the flawed specimens. The strength of the
specimens with double flaws is apparently lower than that

of the specimens with a single pre-existing flaw for the
same flaw angle.

Based on these results, it can be concluded that the
dynamic strength is closely related to the flaw geometries.
The rock strength is greatly weakened by flaws with a larger
a and an appropriate 5. The effects of the flaw angle and flaw
number on the dynamic strength are more significant than
the effect of the ligament angle.

3.4 Dynamic Strain

Figure 7 shows the effects of the flaw geometry on the
dynamic strain at the peak stress. The dynamic strain €, of
the intact specimen is 0.64%. The dynamic strain is lower
for the single-flaw specimens than the intact specimen
with reductions ranging from 21.88 to 51.56%. The value
decreases dramatically when a =0° but changes margin-
ally when « is between 30° and 90°. However, the dynamic
strains are larger for the specimens with double flaws than
for the intact specimen, except when a is 30° or 45° and
it increases dramatically when « is larger than 30°. The
influence of the ligament angle is less remarkable than that
of the flaw angle for specimens with double flaws, which
is illustrated in Fig. 7. The results in Fig. 7 also show that
the flaw number affects the strain of the flawed specimens.
The strains are larger for the specimens with double flaws
than the specimens with a single flaw and the difference
increases when the flaw angle is greater than 30°.

Based on these results, it can be concluded that the
dynamic deformation is dependent on the flaw geometries
(i.e., flaw angle, flaw number, and ligament angle). The
effects of the flaw angle and flaw number on the dynamic
deformation are greater than the effects of the ligament
angle.

3.5 Comparison of Mechanical Properties
under Quasi-static and Dynamic Loadings

Yang et al. (2009) have devoted considerable research
effort to investigate the effect of double-flaw geometry on
the strength and deformation behavior of marble speci-
mens under uniaxial compression. A comparison of their
research results with our present experimental results
indicates that the strain rate has a significant influence on
the mechanical properties and failure behaviors of marble
specimens with double flaws.

It should be noted that only two ligament angles were
used in Yang’ s tests (Yang et al. 2009) but three ligament
angles were used in our tests. Therefore, we only discuss
the influence of the flaw angle on the static and dynamic
mechanical properties of the marble specimens. Table 2
summarizes the strength and peak strain of the marble
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Table 2 Mechanical properties

B . Flaw angle/°  Strength / MPa Strain / 1072

of marble specimens with

double flaws under static and Static results Dynamic results Static results Dynamic results

dynamic loadings (Yang et al. o O > (Yangetal.

2000) p=30° p=45" B=T75° 009 B=30° p=45° B=75°

30 57.08 193 199 187 0.271 0.58 0.55 0.52
45 50.66 187 190 166 0.263 0.59 0.56 0.56
60 35.88 164 170 165 0.111 0.96 0.89 0.84

specimens with double flaws under static and dynamic
loadings. The results show that the compressive strength
decreases with the increase in the flaw angle in both the
static and dynamic tests. The static peak strain has a dis-
tinctly nonlinear inverse relationship with the increasing
flaw angle. However, the dynamic peak strain increases
with the increase in the flaw angle under dynamic loading,
particularly when a is equal to 60°.

4 Fracture Behaviors
4.1 White Patches

White patches that are generated prior to the initiation of
the macrocracks in marble specimens have been reported
in many studies (Wong and Einstein 2009a, b, c; Lee and
Jeon 2011; Zhang and Zhao 2013; Yin et al. 2014; Li
et al. 2017b). Wong and Einstein (2009a, b, c) systemati-
cally investigated the evolution mechanism of the white
patches in marble and gypsum specimens by microscopic
[scanning electron microscopy (SEM)] and macroscopic
observations and claimed that the macrocracks initiate
and propagate along the white patch trajectories.

Two types of white patches, i.e., shear and tensile
white patches, were observed in this research. The names
of the white patches are based on the characteristics of the
macrocracks that subsequently developed in the trajectory
of the white patches. For instance, if a tensile crack gener-
ates along the trajectory of a white patch, the white patch
is called a tensile white patch (Li et al. 2017b). Shear
white patches mainly extend along the diagonal directions
at an angle to the loading direction of the specimen and
always generate an X or half X-shaped fracture filled with
pulverized rock powder. However, tensile white patches
usually develop smoothly in a curvilinear or linear path
almost collinear to the loading direction. Table 3 shows
the evolution of the white patches in a specimen with
double flaws under dynamic loading, taking the specimen
M-2-2-45 as an example. Shear white patches emanate
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at the tips of the flaw at an angle to the flaws when the
dynamic stress increases to 70.9 MPa (37.32% of the
dynamic strength). Subsequently, a shear patch trans-
forms into a tensile patch during the propagation pro-
cess. Subsequently, the white patches widen, intensify,
and lengthen to propagate to the edges of the specimen
with some half X-shaped belts occurring as the dynamic
stress approaches the peak value. When the stress starts
to unload to 183.26 MPa (96.45%), shear cracks initiate
at the tips of the flaw within the white patches.

4.2 Crack Types and Propagation

The crack propagation processes for the single-flawed speci-
mens in the present tests are similar to results presented in
our previous paper (Li et al. 2017b). Therefore, we only
describe the crack propagation characteristics for the speci-
mens with double flaws in this paper. The flaw tips closer to
the edge of the specimen are defined as the outer tips and the
other two tips are called the inner tips, as shown in Fig. 2.

Two types of cracks were observed in the present experi-
ments, including shear and tensile cracks (the details of all
tested specimens are described in Sect. 4.3), which are con-
sistent with existing research results (Wong and Einstein
2009a, b, c; Yang et al. 2009; Park and Bobet 2010; Li et al.
2017b). However, different from the static compressive tests,
it is observed that the shear cracks are generated earlier
than the tensile cracks under dynamic loading, as shown in
Table 4. When compressive waves with sufficient amplitude
reach the flaw tips, shear cracks are generated, whereas ten-
sile waves do not have enough time to form or to propagate
to the interface between the incident bar and the specimen.
This is the reason why the shear cracks initiate earlier than
the tensile cracks (Li and Wong 2012). Due to the com-
bined effects of the shear cracks and compressive waves,
tensile cracks may initiate from the far field at the boundary
of the specimen with the increase in the dynamic loading.
In general, shear cracks dominate the crack propagation and
ultimate failure of the rock materials.
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Table 3 Typical development of white patches under SHPB test (specimen M-2-45-45)

Cracking sequence Stress (percentage
of peak stress)/
MPa

Loading time/us Cracking sequence

0

70.9 (37.32%)

133.34 (70.18%)

162.14 (85.34%)

183.26 (96.45%)

62.5

87.5

100.0

112.5

Start point of dynamic loading

Shear white patches firstly initiate at the tips of flaws at an angle with
flaws

A shear patch transforms into a tensile patch during the propagation
process

White patches expand and extend to be wider and intensified, then arrive
at the edge of the specimen, finally form half X-shape belts

Shear cracks initiate at the tips of the flaw along the white patches
trajectories

Loading direction: from the right to the left

Two types of shear cracks are generated in these tests,
including coplanar or quasi-coplanar and oblique shear
cracks (as shown in Fig. 8). The coplanar or quasi-coplanar

shear cracks extend approximately along the plane of the
flaw, whereas the oblique shear cracks initiate at an angle
to the flaw plane. The shear crack initiation type depends
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Table 4 Development of macroscopic cracks in specimen with double flaws under SHPB tests (specimen M-2-45-45)

Cracking sequence Stress (percentage

Loading time/us Cracking sequence

of peak stress)/

MPa

183.26(96.45%) 112.5
177.50 (93.42%) 137.5
158.30 (83.32%) 150.0
107.41 (56.53%) 175.0

Shear cracks 1 and 2 initiate at the tip of the flaw corresponding to the

white patch position. Tensile white patches propagate along the loading
direction stably

Shear cracks widen and lengthen along the white patch trajectories. Then

shear crack 2 transforms into a wing crack along the loading direction,
as a mixed crack defined in Sect. 4.3

All cracks expand and extend to wider and intensified belts full with rock

powders

Cracks arrive at the edge of the specimen to form half X shape belts

on the flaw angle a and ligament angle f to a large extent.
When the flaw inclination angle is 30° and 45°, both copla-
nar and oblique shear cracks occur, except for M-2-45-75,
which only had oblique shear cracks. For the rest of the
specimens (the flaw inclination angles are 0°, 60°, 75°,
and 90°), only oblique shear cracks are observed and they
may be constrained by the cracks around the other flaw.
The observed phenomena are different from that observed
in the single-flaw marble specimens (Li et al. 2017b). This
may indicate that the effect of the flaw number is much
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greater than the effect of the ligament angle on the crack
generation types. The shear cracks initiate at the inner
tips when a is smaller than 60° and f is smaller than 45°,
whereas, for M-2-0-75 and M-2-90-30, they initiate from
the outer tips. However, for other specimens, the shear
cracks initiate at the inner and outer tips simultaneously.
When a is constant and in the range of 0°-60°, the initia-
tion positions change from the inner to the outer or inner-
outer (most) tips as the ligament angle increases. When
p <45°, the initiation positions change from the inner to
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(a) (b)

Fig.8 Typical shear crack patterns of marble specimens under SHPB
tests. a oblique shear cracks for specimen M-2-75-75; b copla-
nar shear cracks and oblique shear cracks for specimen M-2-30-45
(dynamic loading direction: from the right to the left part)

(a) (b)

Fig.9 Typical tensile crack patterns of marble specimens under
SHPB tests. a wing tensile crack and far-field tensile crack for speci-
men M-2-90-45; b anti-wing crack for specimen M-2-45-45 (dynamic
loading direction: from the right to the left part)

the inner-outer tips as the flaw inclination angle increases
but the positions are all inner-outer tips if > 75°.

Three types of tensile cracks were observed in the tests,
including wing tensile cracks, anti-wing cracks, and far-field
tensile cracks (as shown in Fig. 9). The far-field (secondary)
tensile and anti-wing tensile cracks were observed for all
specimens, but the wing cracks were mostly generated in
specimens with flaw inclination angles equal to 0° and 90°.
In addition, it appears that wing cracks are more likely to
occur at a larger ligament angle.

Table 4 shows the macroscopic crack propagation process
of a specimen with double flaws named M-2-45-45 in the
SHPB test with a strain rate of 50.3 s~!. When the compres-
sive stress increases to 96.45% of the peak stress at the time
of 112.5 ps, a macroscopic shear crack initiates at the tips
of the flaw along the patch trajectory; subsequently, a shear
crack transforms into a tensile crack along the loading direc-
tion to form a mixed crack, which is defined in Sect. 4.3.
When the dynamic stress is unloaded in the post-peak stage,

more cracks generate and propagate along the trajectory of
the white patches. Finally, all cracks rapidly develop and the
dominant shear cracks expand and extend to cause the failure
of the marble specimen.

4.3 Failure Modes of the Specimens with Double
Flaws

The effects of the flaw inclination angle and ligament
angle on the final failure mode are listed in Table 5. Li
et al. (2017b) summarized the failure modes of single-flaw
specimens under dynamic loading. For an intact specimen
(M), a typical axial splitting tensile failure occurs. How-
ever, the failure modes of specimens with double flaws
differ from those of the M, and single-flaw specimens.

Nine crack types were observed and are categorized
based on their initiation and propagation mechanism for
the specimens with double flaws under dynamic loadings.
As shown in Fig. 10, four of the crack types are tensile
cracks (Types I, II, III, and IV), four are shear cracks
(Types IV, V, VI, and VIII), and the remaining one is a
mixed shear-tensile crack (Type IX). Following are the
details of the crack types:

Type I: For specimens with flaw inclination angles equal
to 0° and 90°, wing and anti-wing cracks initiate at or near
the internal tips of the flaw and then propagate along the
loading direction independently; the crack coalescence does
not occur between the two pre-existing flaws. Especially for
an angle of 90°, this type of crack also dominates the failure
of specimens with other shear cracks.

Type II: This type is similar to Type I. The cracks also
initiate at or near the internal tips of the flaw and then propa-
gate along the axial direction. The difference between Type
I and Type Il is the primary direction of crack initiation; for
Type 11, the primary crack initiation path is parallel to the
dynamic loading, whereas, for Type I, the path is first curvi-
linear and then propagates along the axial stress.

Type III: Anti-wing cracks initiate from the internal tips
of the two pre-existing flaws and then develop along the
direction of the axial stress without the occurrence of crack
coalescence in the ligament region.

Type IV: When the stress reaches the post-peak stage,
the far-field tensile cracks always initiate at the interface
between the bar and specimen and at a distance away from
the internal tips of the flaws. They are usually not the domi-
nant cracks that lead to the collapse of the specimens with
double flaws.

Type V: The shear cracks initiate near the internal tips
or the center position of two pre-existing flaws. With
increasing dynamic loading, the cracks widen and eventu-
ally expand into shear belts covered with pulverized rock
powder. Finally, the crack coalescence of the shear cracks
occurs between the two flaws. It is evident from Table 5 that
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Table 5 Failure modes of intact and double-flawed marble specimens under SHPB tests

Specimen Ligament angle / ©

no. 30 45 75

Intact

M-2-0

M-2-30
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Table 5 (continued)

M-2-45
5 ///,,,,,/////’
.,
M-2-60
M-2-75
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Table 5 (continued)

M-2-90

Numbers represent the sequence of crack initiation

this type of crack generates easily when the flaw inclination
angle is equal to or larger than 45°.

Type VI: Oblique shear cracks initiate at or near the flaw
tips of specimens with double flaws but propagate to the
boundary of the specimen and always evolve into wider
shear belts covered with pulverized rock debris. There is no
crack coalescence between the two pre-existing flaws. This
type of crack occurs in specimens with relatively large flaw
inclination angles and ligament angles, i.e., M-2-90-75.

Type VII: Oblique shear cracks initiate at or near the
tips of two pre-existing flaws but propagate parallel to the
dynamic loading independently and without coalescence,
usually leading to a greater width filled with rock powder,
i.e., M-2-75-75.

Type VIII: Secondary shear cracks always initiate at the
edges of the specimen at a distance away from the pre-exist-
ing flaws; these cracks do not dominate the crack propaga-
tion and failure process.

Type IX: Mixed shear-tensile cracks first initiate mostly
as shear cracks then transform into tensile cracks and

@ Springer

propagate along the loading direction, while a few initial
tensile cracks transform into shear cracks and propagate at
an acute angle to the flaw direction in a stable manner.
Table 6 summarizes the crack types of the intact marble
specimens and specimens with double flaws in response to
the applied dynamic loading. The failure mode of the marble
specimen with double flaws has a close relationship to the
geometry of the pre-existing flaws with regard to a and f.
Moreover, according to the above analysis, the failure of the
marble specimen with double flaws includes both shear and
tensile cracks. Shear cracks first initiate at the tips of the
flaw and finally form X- or half X-shaped white belts filled
with rock powders that dominate the crack propagation and
ultimate cause the failure of almost all flawed specimens.

4.4 Crack coalescence
With the aid of the high-speed camera, we observed and

analyzed the crack coalescence from the inner and outer tips
of the pre-existing flaws in the marble specimens. It is found
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Type I

Wing and anti-wing cracks
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/‘*/

T1  —

/+

-/

Type IV

Far-field cracks

/£
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4

ﬁ

Type II

Tensile cracks

Type III

Tensile cracks

Type V

Shear cracks

Type VI

Shear cracks

S\
/ / :
Y +
S \ 5
"
Type VII Type VIII Type IX

Shear cracks

Secendary shear cracks

Mixed shear-tensile cracks

Fig. 10 Various typical crack types identified in double flawed specimens in the present study. T tensile crack, S shear crack (dynamic loading
direction: from the right to the left part)
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Table 6 Crack types of intact and double flawed marble specimens under SHPB tests

Specimen no. Crack types

Type I Type II Type III Type IV Type V Type VI Type VII Type VIII Type IX Remark
M, V'
M-2-0-30 \/1 \/

M-2-0-45 Vv V!
M-2-0-75 v Vv

M-2-30-30

M-2-30-45 V! V!
M-2-30-75 V! Vv
M-2-45-30 Vv V!
M-2-45-45 Vv V!
M-2-45-75

M-2-60-30 V! Vv
M-2-60-45 V! Vv
M-2-60-75 Vv
M-2-75-30 V! Vv
M-2-75-45 V! V!
M-2-75-75 Vv
M-2-90-30 V! v v

M-2-90-45 V! Vv V!
M-2-90-75 v V! Vv

\/1

v
v

\/1

<
< <
<222l == =<

<.
< 2= << <
< 2R R 22 = ==

\/ !Indicates that the crack is the first crack to initiate

that the ultimate failure modes are dependent on the flaw
inclination angle a and the ligament angle . The types of
crack coalescence modes in our tests are the same as those
reported in previous studies for static loadings, i.e., tensile
mode, shear mode, and mixed shear-tensile mode. Figure 10
summarizes the nine different crack patterns observed in our
tests. There are three modes of crack coalescence: (1) Wing/
tensile crack coalescence (Fig. 10 I-III); (2) shear crack coa-
lescence (Fig. 10 V-VII); (3) mixed shear-tensile crack coa-
lescence (Fig. 10 IX).

The wing and tensile crack coalescence outside the
ligament area consists of three types: I-III. As shown in
Fig. 10, the type-I coalescence refers to two wing cracks
propagating along the same direction and this mostly
occurs at a =90° or a lower flaw inclination angle (<45°)
with a ligament angle smaller than 45°. We can see that the
wing and tensile crack coalescence at a =90° is a combi-
nation of the three types. For type II and type III, the ten-
sile cracks appear at the inner tips of the two pre-existing
flaws and then propagate along the loading direction; these
cracks are observed mostly for a =90°. We can see that the
wing and tensile crack coalescence at @ =90° is a combi-
nation of these three types.

The shear crack coalescence contains three types: V-VII.
As shown in Fig. 10, the only difference between the type V
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and type III is the nature of the crack. A type VI crack is pro-
duced at the upper flaw and has a smaller deflection angle,
whereas the crack produced at the lower flaw is greatly
deflected upwards and is connected to the upper crack at
the end of the rock bridge. But for type VII, the two cracks
have approximately the same degree of deflection and finally
coalesce in the bridge area.

The mixed shear-tensile crack coalescence is plotted in
Fig. 10 IX. It can be further divided into two types: (1) the
tensile cracks initiate from the inner tips but develop into
shear cracks; (2) this is the opposite in that the shear cracks
initiate from the inner tips but develop into tensile cracks.
This type is probably caused by a slight difference in the
frictional coefficient between the upper and lower flaw sur-
faces (Wong and Chau 1998).

4.5 Comparison of Cracking Behavior
under Dynamic and Quasi-static Loadings

In static tests, the ultimate failure of flawed specimens
is caused by the main cracks initiated at the flaw tips.
However, under dynamic loading, the initial positions of
the dominant cracks are not only at the flaw tips as men-
tioned above but also in the area around the flaw tips.
In addition, there are more secondary cracks observed
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(b) o = 45°

Fig. 11 Failure modes of marble specimens containing double flaws with different flaw angles under a—c uniaxial compression (Yang et al.

2009); d—f dynamic loading (=75°)

under dynamic loading than under static failure and these
cracks finally results in more small fragments, as shown
in Fig. 11.

Under static loading, the tensile cracks always initi-
ate simultaneously with shear cracks when there are two
flaws in marble specimens (Yang et al. 2009). Shear
cracks are observed in addition to tensile cracks in speci-
mens with double flaws for « =45°, which shows that a
moderate flaw angle is more likely to result in a mixed
failure of the specimen, as shown in Fig. 11b. In dynamic
tests, the shear cracks are mostly generated earlier than
the tensile cracks. The flaw angle has a complex effect

on the crack propagation and coalescence. Both coplanar
and oblique shear cracks are observed for a between 30°
and 45° but only oblique shear cracks occur for @ equal to
60°. Wing or anti-wing cracks are easier to initiate when
a is larger than 30°, as shown in Fig. 11d—f. The failure
modes of the tested specimens consisted of a mixture of
several cracks under quasi-static and dynamic loadings.
However, the shear cracks are the dominant crack types
under dynamic loadings, whereas the tensile cracks are
the dominant crack types under quasi-static loadings (Zou
et al. 2016).
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Table 7 Energy properties of intact and flawed marble specimens under SHPB tests

Specimen no. Incident energy/J Reflected energy/J Transmitted Absorbed energy/J RI% Remark
energy/J
M, 179.23 37.04 82.81 59.38 33.13 Intact specimen
M-1-0 251.34 64.58 102.50 84.26 33.53 Flaw angle
M-1-30 192.79 41.23 67.47 84.09 43.62
M-1-45 166.98 32.54 58.76 75.68 45.32
M-1-60 189.77 39.65 67.09 83.03 43.79
M-1-75 197.28 40.22 65.84 91.22 46.24
M-1-90 188.30 40.13 57.83 90.34 47.99
M-2-0-30 245.48 72.16 98.08 75.24 30.65 Flaw angle and
M-2-0-45 244.29 125.48 56.15 62.66 25.65 Ligament
M-2-0-75 272.83 107.23 74.34 91.26 33.45 angle
M-2-30-30 227.51 53.36 74.25 99.90 4391
M-2-30-45 224.16 54.33 70.08 99.75 445
M-2-30-75 206.74 41.98 56.76 108.00 52.24
M-2-45-30 229.15 7791 56.99 94.25 41.13
M-2-45-45 244.72 73.09 74.28 97.35 39.78
M-2-45-75 249.82 122.02 37.84 89.96 36.01
M-2-60-30 228.53 133.16 37.53 57.84 25.31
M-2-60-45 251.72 122.41 40.88 88.43 35.13
M-2-60-75 236.96 122.52 34.49 79.95 33.74
M-2-75-30 285.99 211.24 27.79 46.96 16.42
M-2-75-45 273.16 161.53 30.01 81.62 29.88
M-2-75-75 272.67 171.94 28.01 72.72 26.67
M-2-90-30 263.64 192.10 27.09 44.45 16.86
M-2-90-45 287.88 181.04 39.88 66.96 23.26
M-2-90-75 276.15 200.33 18.27 57.55 20.84
5 Energy Evolution oA [
7 p.C. /0 erd ©

5.1 Energy Properties

Rock failure depends on crack propagation and coalescence
and is actually a process of energy dissipation. Therefore, it
is of practical significance and to ensure the safety of many
underground structures to analyze the law of energy con-
sumption. Energy absorption is an essential feature of the
crack propagation and failure process in rock materials and is
directly related to the number and surface area of new cracks
in rocks. Using the one-dimensional stress wave theory and
the results from the SHPB tests, the incident energy E;, the
reflected energy Ey, and the transmitted energy Ey in the rock
failure process can be calculated (Li 2014):

E = A / ) o7 (dt 4)
! peCe 0 !

E, = A / 2 (pdt

R_pece 0 GR (5)
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where oy(f), o (?), and o,(¢) are the incident, reflected and
transmitted stress at time ¢ respectively and p,C, is the wave
impedance of the bars.

The incident, reflected, and absorbed energy for the speci-
mens with pre-existing flaws with different quantities, incli-
nation angles, and ligament angles under dynamic loading
are listed in Table 7, where R is the ratio of the absorbed
energy to the incident energy. The absorbed energy is higher
for the single-flaw specimens than the intact specimen.
However, the absorbed energy of the single-flaw specimens
changes little when « increases from 0° to 90°. In addition,
most of the remaining energy is dissipated as transmitted
energy to the transmitted bar. This phenomenon indicates
that @ may have a limited effect on the energy absorption
of the specimens with a single pre-existing flaw during
dynamic impact loading. The absorbed energy is higher for
the specimens with double flaws than the intact specimen,
except for the specimens with f equal to 30° and « larger
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Fig. 12 Influence of flaw number, flaw angle and ligament angle on
the ratio of absorbed to incident energy of flawed specimens under
SHPB tests

than 60°. The absorbed energy of the specimens with double
flaws first increases as a increases from 0° to 30° and then
gradually decreases as a increases to 90°. This indicates that
a has a significant influence on the energy absorption of the
specimens containing double pre-existing flaws. Moreover,
there may be a critical a (approximately 30°), below which
the absorbed energy increases with a, whereas the absorbed
energy decreases with a above this angle. In addition, it
is found that f also affects the energy absorption for the
specimens with the same a. When « is smaller than 45°,
the specimens with f equal to 75° absorb more energy than
those with f equal to 30° and 45°. When a is larger than 45°,
the specimens with f equal to 45° and 30° absorb the most
and least energy, respectively. Most of the remaining energy
is dissipated as transmitted energy to the transmitted bar for
a=30°, whereas it is dissipated as reflected energy for the
other specimens, especially when a reaches 45°.

5.2 Ratio of Absorbed Energy to Incident Energy

The influence of the flaw parameters on the propagation of
the stress waves in the flawed rock has been investigated
for decades, including parameters such as flaw numbers
(Li et al. 2010, 2012), flaw closure (Zhao and Cai 2003;
Li and Ma 2009), microscopic discontinuities (Fan et al.
2012), and water content (Li and Ma 2009). The ratio of
absorbed energy to incident energy characterizes the effec-
tive energy utilization for the fragmentation of rocks when
stress waves propagate across rock masses. It is an important
parameter for rock excavations, especially in deep hard rock
engineering.

The ratios of the absorbed energy to the incident energy
of the specimens with different flaw angles and ligament

inclination angles are plotted in Fig. 12. The ratio of the
flawed specimens is higher for the single-flaw specimens
than for the intact specimen. R gradually increases from
33.53 t0 47.99% as a changing from 0° to 90°. This indicates
that an increase in @ may increase the energy absorption of
the specimens with a single pre-existing flaw under dynamic
compression.

For the specimens with the double flaws, the energy
absorption ratio of the flawed specimens exhibits more
complex variability than that of the intact and single-flaw
specimens. The energy absorption ratio first increases when
the flaw inclination angle ranges from 0° to 30° and then
decreases with the increase in the flaw angle. The maximum
value occurs at a flaw angle of @ =30°. The ligament angle
also has some effect on the changes in the energy absorp-
tion ratio. For the marble specimens with the double flaws
and a>30°, there is a critical ligament angle at about 45°,
at which the energy absorption is at a maximum value and it
may be useful for the rock fragments under impact loading.

In general, the energy absorption ratio is in most cases
higher for the single-flaw specimens than the specimens with
double flaws, except for a=30°, indicating that the energy
absorption may not be affected by the number of flaws. The
energy absorption ratio is usually highest for the specimens
with a single flaw. Since the dynamic strength is much lower
for the double-flaw specimen than the single-flaw specimen,
there is no need to absorb more energy to fracture the speci-
men with double flaws.

6 Conclusions

Rectangular prismatic flawed marble materials are used to
investigate the dynamic mechanical properties, crack propa-
gation, and energy distribution of specimens under impact
tests. The conclusions are summarized as follows:

1. Pre-existing flaws change the shape of the complete
dynamic stress—strain curves and the flaw geometry
affects the dynamic strength and deformation proper-
ties of the marble specimens. The dynamic strength is
greatly weakened by a larger number of flaws, a larger
inclination angle @, and an appropriate ligament angle
p. The dynamic strain exhibits more complex change
characteristics as a result of different flaws. The flaw
inclination angle has the same effect on the strength
but a different effect on the strain under static loadings,
whereas the ligament angle has little influence on the
static mechanical and deformation behaviors.

2. Prior to the appearance of macroscopic cracks, shear
white patches initiate at the tips of the flaws when a
is less than 60° and f$ is less than 45°. When a and
are increasing, the shear white patches may initiate near
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the center of the flaws. The shear white patches usually
become wider and form intensified belts with an X or
half X shape, but the tensile white patches have a linear
shape and they increase with the increase in the dynamic
loading.

3. The shear cracks usually generate earlier than the ten-
sile cracks and dominate the crack propagation process.
The ultimate failure of the marble materials is character-
ized by X or half X shear belts that are filled with rock
powder. The tensile cracks usually initiate from the far
field at the end of the specimen and propagate in a sta-
ble manner without the presence of much rock powder.
However, the tensile cracks dominate the cracking pro-
cess in the static tests.

4. Nine different crack coalescence types are identified in
the crack initiation and propagation mechanism under
dynamic loading in the present research. The failure
mode of the marble specimen with double flaws has
a close relationship to the geometry of the flaw with
regard to a and f. A mixture of the nine crack types is
observed, including shear and tensile cracks.

5. The absorbed energy of the flawed specimens is usu-
ally larger than that of the intact specimen, except for
specimens with double flaws and a > 60° and $=30°.
The ratio (absorbed energy to incident energy) is higher
for the single-flaw specimens than the intact specimen.
However, the ratio is higher for specimens with dou-
ble flaws than for intact specimens only when the flaw
inclination angle is in the range of 30°-60° (except for
M-2-60-30). The energy properties are more complex
for the flawed specimens and are distinctly influenced
by the flaw geometries including the flaw number, flaw
angle, and ligament angle.
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