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The paper presents experimental and numerical studies on the feasibility and validity of using prismatic rock specimens in split
Hopkinson pressure bar (SHPB) test. Firstly, the experimental tests are conducted to evaluate the stress and strain uniformity in
the prismatic specimens during impact loading. The stress analysis at the ends of the specimen shows that stress equilibrium can
be achieved after about three wave reflections in the specimen, and the balance can be well maintained for a certain time after peak
stress. The strain analysis reveals that the prismatic specimen deforms uniformly during the dynamic loading period. Secondly,
numerical simulation is performed to further verify the stress and strain uniformity in the prismatic specimen in SHPB test. It
indicates that the stress equilibrium can be achieved in prismatic specimen despite a certain degree of stress concentration at
the corners. The comparative experiments demonstrate that the change of specimen shape has no significant effect on dynamic
responses and failure patterns of the specimen. Finally, a dynamic crack propagation test is presented to show the application of the

present work in studying fracturing mechanisms under dynamic loading.

1. Introduction

Rock mass is a heterogeneous and anisotropic compound
structure, containing a great number of flaws such as joints,
bedding planes, fractures, microcracks, and faults. The exis-
tence of discontinuities, joints, or cracks in rock has at least
two effects: (i) decreasing the strength and stiffness of the rock
directly and (ii) a source of initiation of new discontinuities
which in turn may propagate and link with other cracks and
further decrease the strength and the stiffness of the rock
[1]. Therefore, it is of great significance to investigate the
rock properties and crack initiation, propagation, and failure
mechanisms under static and dynamic loading (e.g., blast,
impact, and earthquake) for the sake of designing and assess-
ing the stability of underground mining and geotechnical
engineering.

In the past decades, numerous experiments have been
conducted to study the mechanical properties and cracking
processes of rock and rock-like specimens containing single
or multiple preexisting flaw(s) under quasistatic compressive
loading. Natural rocks such as granite [2, 3], marble [4, 5],

and sandstone [6, 7] have been tested. Meanwhile, model
materials (rock-like materials) such as gypsum [8-10] and
artificial sandstones [11, 12] have been also tested. In these
tests, prismatic specimens with a height-to-width ratio of
2.0 are mostly used, simply because it is more convenient
and accurate to fabricate preexisting flaws and to observe the
cracking processes from the plane surface of the prismatic
specimen compared to the curved surface of the cylindri-
cal specimen. However, few studies have been reported to
observe the dynamic fracture propagation processes under
dynamic loading [13-15]. Furthermore, the specimen shape
used in these studies to observe the dynamic fracture prop-
agation is also prismatic instead of cylindrical ones [14, 15].
However, the feasibility and validity of the prismatic brittle
specimen have not been involved in these two studies [14, 15].

In terms of dynamic characteristics of rock materials, the
split Hopkinson pressure bar (SHPB) system developed by
Kolsky [16] has been widely used as a standard apparatus to
measure the mechanical response of rock materials at high
strain rates in the range of 10" ~10° s™'. In SHPB tests, cylin-
drical specimen in combination with round bars is used. The



International Society of Rock Mechanics (ISRM) suggested
that cylindrical specimens with diameter closing to 50 mm or
at least 10 times the average grain size and slenderness ratios
of 1:1and 0.5:1 are recommended for small and large spec-
imens, respectively [17]. However, as forgoing mentioned,
it is inconvenient and very difficult to fabricate throughout
two-dimensional (2D) flaws on cylindrical specimen with
a diameter of about 50 mm. Moreover, a highly flat surface
is essential for the use of digital image correlation (DIC)
technique and high-speed photography technique to monitor
and record surface deformation characteristics and cracking
behaviors during dynamic loading process. Therefore, as
similar to quasistatic compressive tests, prismatic specimens
should be taken into consideration in SHPB tests to study the
dynamic cracking properties.

The use of noncylindrical specimens is not uncommon,
since it is more convenient when testing materials (e.g.,
muscle tissue [18] and bone [19]) that are difficult to be
fabricated into a standard shape. There have been some
literatures discussing the feasibility of using noncylindrical
specimens in SHPB tests. For instance, Sen et al. [20]
discussed the use of hexagon and rectangle aluminum 6061
alloy specimens in SHPB test. Woldesenbet and Vinson [21]
and Pankow et al. [22] analyzed the effects of specimen size
and geometry on characterizing the dynamic properties of
IM7/8551-7 graphite/epoxy composite and epoxy in SHPB
testing. Their results showed that there were no significant
effects of specimen size and geometry shape on the dynamic
response of the material. However, it needs to be noted that
these materials have two common features: (i) elastoplastic
material and (ii) small size with diameter and length both less
than or equal to 10 mm. The elastoplastic property obviously
differs from the mechanical properties of the rock material,
since rock belongs to a quasibrittle material, and its failure
strain is usually less than one percent. Moreover, the size
of rock specimen is several times larger than that of the
metal specimen according to ISRM’s recommendation [17].
In view of this, the above conclusions may not be effectively
applied to noncylindrical rock specimens in SHPB tests, and
it is necessary to investigate the feasibility and validity of
noncylindrical rock specimens in SHPB tests.

A fundamental assumption of SHPB compressive test
is that the specimen should deform homogenously. This
assumption can be fulfilled when using cylindrical specimens
in combination with round bars. However, it may become
a problem if utilizing prismatic specimens in combination
with cylindrical bars in SHPB tests. Therefore, in order to
verify the feasibility and validity of using prismatic rock
specimens in SHPB tests, physical experiment and numerical
simulation have been conducted to analyze the stress and
strain evolution in the specimen during the impact loading
process. In addition, comparative experiments are performed
with prismatic and cylindrical specimens to discuss the
geometry effect on the dynamic response of rocks under
impact load with different strain rates. Finally, a set of
dynamic crack propagation tests are conducted on prismatic
marble specimens with a single preexisting flaw to demon-
strate the application of the present work. It will be a benefit
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to investigate the dynamic fracture propagation and failure
mode of rocks under dynamic loading.

2. Methods

2.1. Experimental Method. The SHPB tests are based on two
fundamental assumptions: (i) one-dimensional elastic wave
propagation in the bars and (ii) homogeneous deformation
of the sample [23]. Zhou et al. [24] have confirmed that the
former assumption can be fulfilled approximately by using
long bars with a large length/diameter ratio, while the latter
one is usually affected by axial and radial inertial effects and
interfacial friction effect. These effects should be significantly
minimized by wave shaping technique and fully lubricant on
the interfaces between the bar and specimen.

Traditionally, a cylindrical specimen is usually used in
SHPB compressive test. In this paper, prismatic rock speci-
mens are used instead of cylindrical ones to check the stress
and strain uniformity during the SHPB test. A fine-grained
white marble rock is used to test for this research. Mineral
composition analysis and optical microscopy analysis show
that the tested marble is composed of calcite, dolomite, and
quartz with an average grain size of 0.25 mm, 0.03 mm, and
0.02mm, respectively. The mineral grain size varies from
0.02 mm to 0.35 mm. Calcite is the dominant mineral (95%)
and then is followed by dolomite (4%) and quartz (1%). The
physical and mechanical properties of the marble are listed in
Table 1, which are obtained from the uniaxial compressive test
and the Brazilian disc test under quasistatic load. The uniaxial
compressive strength and the Brazilian tensile strength of the
marble are about 100.0 MPa and 7.0 MPa, respectively.

The prismatic specimens are fabricated with a nominal
size of 45mm x 45mm x 15mm (length x width x thick-
ness). The unevenness of the specimen surface is less than
0.02mm and the tolerance of the impact loading surface
perpendicularity to the specimen axis is less than 0.001rad
as recommended by ISRM [17]. In order to verify the strain
uniformity in the specimen during the SHPB test, four pieces
of resistance strain gauges (5 x 3 mm) are mounted on the
specimen surface with fence length parallel to the loading
direction. The layout of the strain gauges on the specimen’s
surface is shown in Figure 1. Strain gauges 1 and 3 are located
near the edge of the back surface where w = 7.5 mm, the
distance from strain gauge center to the edge of the specimen,
and strain gauges 2 and 4 are located in the center of the
front and back surfaces, respectively. This arrangement of
strain gauges can obtain the strain distribution between the
two observation surfaces (gauges 2 and 4) and also across the
transverse of the specimen (gauges 1, 2, and 3).

The tests are carried out on a modified SHPB apparatus
as described by Li et al. [25]. A schematic of the SHPB system
is shown in Figure 2. It consists of a gas gun, a cone-shaped
striker (0.36 m in length), an incident bar (2m in length), a
transmitted bar (1.5 m in length), an absorbing bar (0.5m in
length), and a damper. The diameter, elastic modulus, P-wave
velocity, and density of the elastic bars are 50 mm, 240 GPa,
5400 m/s, and 7,800 kg/m’, respectively.

The specimen is sandwiched between the incident and
transmitted bars. Two sets of resistance strain gauges are
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TaBLE 1: Physical and mechanical properties of the tested marble.

Properties Values
Young modulus E (GPa) 44.7
Poisson’s ratio v 0.33
Uniaxial compressive strength o, (MPa) 99.6
Brazilian tensile strength o, (MPa) 7.0
Density y (kg/m®) 2704.6
Longitudinal wave velocity V,, (m/s) 3536.7
Porosity (%) 0.24-0.57
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FIGURE 1: The layout of strain gauges on prismatic marble specimen
(impact loading direction: from right to left).

mounted on the center of incident and transmitted bars,
respectively. During the test, the cone-shaped striker is
launched from the gas gun at moderate velocity and impacts
the front end of the incident bar. Then, a longitudinal
compressive wave is generated and propagates down the
incident bar toward the specimen. When the stress wave
reaches the incident bar-specimen interface, a portion of
the incident stress wave is reflected (reflected wave) and the
remaining portion of the wave passes through the specimen
to the transmitted bar (transmitted wave). These three elastic
stress pulses in the incident and transmitted bars are recorded
by the resistance strain gauges and denoted as the incident
strain pulse &;(t), reflected strain pulse e (t), and transmitted
strain pulse e(f), respectively. Based on the one-dimensional
stress wave propagation, the axial stress o(t), strain &(¢), and
strain rate £(¢) of the sample are expressed as follows:

o) = ‘zAE o1 () + £ (6) + 21 (1)) B
e(t) = f—j Lt [e; (1) —ex (1) —ep ()] dt, (2)
; C,

&) = T [e; () —ex (&) —er (D], (3)

N

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

Furthermore, the dynamic forces on the incident bar-
sample interface (P;) and the transmitted bar-sample inter-
face (P,) are

Pl = AeEe (81 + 8R) >
(4)
P2 = AEEEST'

According to the principle of stress continuity on the bar-
specimen interfaces, the stress of the specimen at the incident
end og; and transmitted end ogp can be calculated as follows:

Pl

Og1 = A_’
PS 5)
2

Oogr = —.

ST A

N

During the SHPB test, the stresses in a prismatic rock
specimen can be calculated by (1), (4), and (5), where the
strain signals are obtained from the strain gauges mounted
on the incident and transmitted bars. Meanwhile, the strain
distributions in a prismatic rock specimen can be obtained
by the strain gauges mounted on the specimen’s surfaces.
The stress and strain uniformity in a prismatic specimen by
using round SHPB bars will be checked by these strain signals
which are monitored by the oscilloscope.

2.2. Numerical Method. In order to further explore the stress
uniformity in the prismatic specimen, numerical studies, by
using a commercial finite-element software ABAQUS, are
implemented to directly investigate and quantify the shape
effect of the prismatic specimen based on the assumption
that the specimen stress is uniformity under impact load.
A three-dimensional model is created by using eight-node
linear brick elements with reduced integration and hour-
glass control (element C3D8R) to represent the incident and
transmitted bars and specimens. In the numerical modeling
part, two types of specimen are used to make a comparison:
a cylindrical specimen with dimension of ®50 x 50 mm (D x
L) and a rectangular prismatic specimen with edge size of
45 x 45 x 15mm (L x W x T). The friction effect between
the specimen and bar interfaces has been neglected. Fric-
tionless tangential contact conditions are used for specimen-
bar interfaces. Half-sine stress wave obtained from physical
experiment by the incident strain gauges is directly applied at
the end of incident bar in the form of compressive pressure.
Figure 3 shows a typical model of the SHPB equipment and
the pulse applied at the end of incident bar. In order to
analyze the stress uniformity in the specimen, some typical
symmetric elements have been selected to monitor in the
cylindrical and prismatic specimens, respectively.

3. Results
3.1. Experimental Results
3.1.1. Stress Equilibrium. The point that specimen reaches

stress equilibrium before failure is essential to ensure the
validity of the SHPB test. It can be checked by comparing
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FIGURE 2: The schematic of the SHPB system.
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FIGURE 3: The model of SHPB device with incident pulse.

the stress histories at the two ends of the specimen. From this 0.06 - - - -
point, the stress equilibrium factor # calculated by (6) can be
used to evaluate the stress balance level in the specimen [26]:

_ 2 (USI - UST)
Og1 + Ogt

Reflected wave

(6)

After carefully calibrating the test system, specimen with
loading ends fully lubricated is placed between the incident
and transmitted bars and the striker is launched. In order
to get good stress equilibrium in specimen, the striker is
launched at a relatively low speed to avoid macro failure
of the specimen. Figure 4 shows the original electrical
signals captured from the strain gauges on the incident and Incident wave
transmitted bars under impact load. The average strain rate 0.09 . . . .
of the test is about 455" o 200 400 600 800 1000

The calculated result of stress equilibrium factor is shown Time (us)
in Figure 5. It can be seen that the stresses at the incident and
transmitted ends are almost equal at the same time during FIGURE 4: Electrical signals captured from strain gauges on the
most of the test period. SHPB bars under impact load.
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FIGURE 5: Stress equilibrium at the two ends of prismatic specimen
under impact load.

Meanwhile, it shows that the stress equilibrium factor
experiences several different stages during the loading pro-
cess in Figure 5. With reference to the start to stop moments
of each stage, the evolution of the stress state in the specimen
can be specifically divided into the following four stages:
(i) Stage t; to t,: The incident wave reaches the incident
bar-specimen interface at time t;, part of it reflected, and
the remainder passes through the specimen and reaches
the transmitted specimen-bar interface at time t,. Since the
stress at the transmitted end of the specimen is zero before
t,, the stress equilibrium factor remains at 2. This phase
lasted about 13 microseconds. (ii) Stage t, to t;,: When the
stress wave reaches the transmitted end of the specimen
at time ¢,, it moves back and forth in the specimen based
on the reflected-transmitted law. Under about three internal
reflections (approximately 66 microseconds) of a stress wave
in the specimen, the value of 7 decreases steadily from 2 to
zero, which means that the stress equilibrium is achieved
to some extent at time #,. (iii) Stage f, to t,: From time
t, to time t,, the value of # fluctuates slightly around zero,
which indicates that the stress equilibrium is well maintained
until the stress at the specimen’s ends reaches the peak value.
(iv) Stage t, to t,: After the time £, the stress equilibrium
factor still remains near zero for several microseconds, and
subsequently it fluctuates increasingly dramatically until the
final time ¢,. It represents that although the stress in the
specimen reaches peak value, in a certain subsequent stage,
the integrity of the specimen can still be well maintained;
then, as microcracks in the specimen initiate, the reflection-
transmission coefficient is severely affected; in this case, the
stress wave cannot freely propagate back and forth in the
specimen. Additionally, noteworthy is the fact that although
the value of # fluctuates dramatically, it still remains around
zero, which means that the specimen can still bear the load
as an entirety and the stress equilibrium in the specimen can
still be roughly sustained.

The analysis of the stress state evolution in the specimen
reveals that the stress equilibrium can be achieved after

approximately three internal reflections of a stress wave in
the specimen and well maintained before the peak stress
achieving. This result thus unveils the axial stress uniformity
throughout the specimen during the dynamic loading pro-
cess.

3.1.2. Strain Uniformity. In order to investigate the transverse
strain uniformity in the specimen during loading process,
strain outputs captured by the resistance strain gauges
mounted on the specimen at different locations (see Figure 1)
were compared. Strain results from gauges 2 and 4 were
used to analyze the uniformity between the plate faces, and
strain results from gauges 1, 2, and 3 were used to inspect the
uniformity across the plate face. Figure 6 shows the strain
data in the specimen under impact load with an average
strain rate of about 45s™", where t, corresponds to the arrival
time of the incident compressive wave on the central cross
section of the specimen, t; corresponds to the moment of
the peak stress of the loading compression wave reaching the
central cross section of the specimen, and t- corresponds
to the terminated recording time of the oscilloscope (the
total recording time of the oscilloscope is 1000 microseconds;
the sampling frequency of the oscilloscope is once per
microsecond); the period from ¢, to ty is the loading time of
the specimen and the duration time from t to t corresponds
to the unloading period.

Quantifying how well the correlation between strain
channels is could be very objective if it is just by visible
observation. The Russell error factor [27] is an impartial error
measure method to eliminate any bias from the compari-
son. Russell error factor evaluates differences in phase and
magnitude between two transient data sets to form a single
comprehensive error factor R.. The Russell correlation and
error factor are calculated by the following equations:

N

Yaa = Zf1 i),
i=1
N

Ypp = Zfz i),
i=1

N
Yap = Zfl @ f, (),
i=1

_ (7)
- Yan ~— VBB )
VV¥aa " VBB
Ry, = sign (m)log,, (1 + |m]),
Rp = 1 . cos ! (L»
ys VV¥aa " ¥BB
R =\ (R + R},

where f, and f, are the two vectors of transient data being
considered and f;(i) and f,(i) refer to the values of the
two vectors for each data point. Ry, Rp, and R are the



TABLE 2: Acceptance criteria for the Russell comprehensive error
factor.

R value Assessment
R-<0.15 Excellent
0.15 < R-<0.28 Acceptable
R->0.28 Poor
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FIGURE 6: Strain signals captured by strain gauges on the specimen
under impact load.

Russell magnitude, phase, and comprehensive error factor,
respectively.

Though there is no definitive number that characterizes a
“satisfactory” correlation between the data sets in all cases,
the values listed in Table 2 have been agreed upon as a
general guide and used to evaluate the correlation between
the transient data sets [28]. These criteria are used in all
comparisons that are made in support of this investigation.

With regard to the strain distribution in the specimen,
the correlation between the strain profiles of gauges 2 and 4
from t, to ty in Figure 6 gives R value of 0.076, which is
classified as excellent. In terms of the comparison of strain
profiles across the width of the specimen surface shown in
Figure 6 between ¢, and ty, the R values of gauges 1 and 2,
gauges 1 and 3, and gauges 2 and 3 are equal to 0.142, 0.056,
and 0.164, respectively, which are considered as excellent,
excellent, and acceptable, respectively. Therefore, the statistics
analysis reveals that the specimen was being loaded evenly
and the principle of deformation uniformity in the specimen
can be well guaranteed during the whole loading process.

3.1.3. Radial Inertial Effect Analysis. In SHPB experiments,
the specimen is initially at rest and is expected to deform at
a desired rate. Acceleration and thus inertia in both axial and
radial directions accompany the strain rate change from zero
to the desired level. The axial acceleration is accompanied
by the inertia (or acceleration) in the radial direction due to
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Poisson’s effect [29]. Radial inertia will produce extra axial
stress in specimen which should be significantly minimized.

Based on a first-order approximation for stress variation
in the specimen, Davies and Hunter [30] derived the fol-
lowing relation, incorporating the correction for the radial
inertia:

o) =0 +pf (L1770 )E0. ®
where p,, v, and a are the density, Poisson’s ratio, and
the diameter of the specimen, respectively, S (=1) is a
dimensionless parameter, and £(t) is the strain acceleration.

The second term on the right-hand side of (8) is inertia
item, which can be eliminated or minimized from two
aspects: (i) selecting a reasonable slenderness ratio and (ii)
letting the strain acceleration vanish or be close to zero,
namely, achieving constant strain rate loading.

In the present study, according to ISRM’s recommenda-
tions [17], a slenderness ratio of 1.0 and a cone-shaped striker
are adopted. The cone-shaped striker can generate well-
repeatable incident waves with slow rising that minimizes
wave dispersion and facilitates stress equilibrium and con-
stant strain rate deformation in specimen. The experimental
result shows that dynamic stress equilibrium can be well
guaranteed and relative constant strain rate loading has been
achieved (see Figure 5). Moreover, the strain analysis in
Section 3.1.2 has demonstrated that the specimen deformed
uniformly over the transverse direction during the dynamic
loading process. In light of these results, it can be concluded
that the radial inertial effect has been minimized to a very low
level.

3.2. Numerical Results. The numerical results of the dynamic
stress-time curves of some selected elements in the cylindri-
cal and prismatic specimens are shown in Figure 7. Table 3
also shows the maximum stress values of the corresponding
elements in the specimens as shown in Figure 7. The axial
stress was extracted at the centroid of each specified element.
In terms of the cylindrical specimen, it can be seen from
Figure 7(a) and Table 3 that the stresses in the center of
the cylindrical specimen (Cl, C2, and C3) show relatively
higher values compared with those of the round elements
(C4, C5, and C6), which may be caused by the radial inertial
effect of the cylindrical specimen. However, this effect is
limited (within 10 percent). The remainder of the cylindrical
specimen is in a uniform stress state corresponding to the
value in the center. Analysis of the data shows that there is
a small coeflicient of variance (CV) in stress, which is less
than 5% within the specimen. Even though there is spatial
distribution of axial stress within the specimen, it is small and
the entire specimen remains in a stress equilibrium state.
With regard to the prismatic specimen, both the contact
interfaces, particularly at the corners (R7 and R9), show
higher stress than those of the center element of the specimen
(R1 to R6, see Figure 7(b) and Table 3). However, the stress
difference in the specimen is also limited (within 10%), which
may be generated by end effect and 3-dimensional (3D) effect
of the prismatic specimen. The stress in the center part of
the specimen is uniform which is similar to that of the
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FIGURE 7: Numerical results of selected elements’ stress-time curves in specimens under dynamic load: (a) cylindrical specimen and (b)

prismatic specimen.

TABLE 3: Analysis of the peak stress of the selected elements in the
cylindrical and prismatic specimens by numerical results.

Point Stress (MPa)
Cylindrical specimen
C1 214.6
Center C2 218.6
C3 216.1
C4 198.4
Round edge C5 208.7
C6 199.9
Average 209.4
Std. Dev. 8.58
Cv 4.10%
Prismatic specimen
R1 212.9
Center R2 199.4
R3 209.8
R4 192.6
Side center R5 198.6
R6 190.2
R7 215.5
Edge RS 200.4
R9 213.4
Average 203.6
Std. Dev. 9.5
CvV 4.67%

cylindrical specimen. Analogously, the analysis of stress in
prismatic specimen in Table 3 also shows a small coefficient of

variance (4.67%); it indicates that the stress equilibrium can
be achieved in the prismatic specimen despite the existence
of local stress concentration in the corner of the prismatic
edges. The result is consistent with the discussion on the stress
equilibrium from the experiment in Section 3.1

4. Discussion and Verification

In terms of the former stress and strain uniformity in
specimen under dynamic loading, the specimens were not
severely damaged in both the experimental and numerical
studies, which indicate that the specimens are assumed to be
in linear elastic state. However, in SHPB tests, rock specimens
are always crushed. Therefore, in this section, both prismatic
and cylindrical marble specimens are tested to compare the
dynamic responses under different strain rates by SHPB. All
the specimens are prepared from the same marble block. The
dimensions of the tested specimens are provided in Table 4.
Figure 8 illustrates the comparison of experimental
dynamic stress-strain curves of specimens with rectangular
cross sections to those with circular cross sections. It can
be seen that there is only slight difference between the
experimental results. The three sets of specimens produce
almost identical dynamic stress-strain curve shapes. Specif-
ically, the deviation of the peak stress and the corresponding
dynamic strain of rectangular specimens from cylindrical
ones remains within 5% and 10% (Table 5), respectively. It
shows that the specimen geometry will not affect the dynamic
stress-strain curves significantly, provided that the specimen
slenderness ratio is guided by ISRM’s recommendation [17],
and the interface between the bars and specimen is fully
lubricated. This conclusion is consistent with the results by



TABLE 4: The dimensions of marble specimens with different cross-
sectional shapes.

Specimen numbers D" (mm) L(mm) W (mm) T (mm)

Cl 4950 50.19
Cylindrical specimen C2  49.50 50.02
C3 4952 50.20
R1 45.33 45.74 15.23
Prismatic specimen  R2 45.07 45.88 15.20
R3 45.95 44.86 15.24

*Note: D, diameter.
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FIGURE 8: Comparison of the dynamic stress-strain curves of
cylindrical and prismatic specimens under different strain rates (C
represents circular cross-section; R represents rectangular cross-
section).

Sen et al. [20], Woldesenbet and Vinson [21], and Pankow
et al. [22], although the mechanical properties of the tested
materials are different.

In order to investigate the effect of specimen shape on
the failure mode under dynamic loading, high-speed pho-
tography technique and nuclear magnetic resonance imaging
(NMRI) technology are adopted during and after the impact
tests. A high-speed camera (Photron SA1.1) is used to capture
the surface failure process with a setting speed of 50,000
frames per second (resolution: 320 x 288). A MiniMR-60
nuclear magnetic resonance instrument with a resolution of
100 pm is utilized to scan and extract internal distribution of
cracks generated by the dynamic loading within the recovered
damaged specimen.

The typical surface failure modes of cylindrical and pris-
matic specimens in SHPB tests are shown in Figure 9. It can
be seen that the failure mode of prismatic specimen is almost
the same as that of the cylindrical one. Surface axial splitting
fractures are the main failure mode of the marble specimen
under uniaxial impact compression. However, Paliwal et al.
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[31] have done Kolsky bar experiments on prismatic speci-
mens of AION, which is a transparent brittle polycrystalline
ceramic material. Because of the transparency, they found
that the dynamic failure of this material was not through axial
splitting, even though it would seem so when the material
was covered with an opaque layer of chromium. Huang et
al. [32] reported using X-ray computed tomography (CT)
scanning technology to examine the microscopic damage in
rock specimen subjected to dynamic compressive loading. In
this paper, a NMRI technology is used to examine the internal
failure of the rock specimen after impact tests.

Both cylindrical and prismatic specimens prepared from
the same marble block are tested by SHPB to avoid the crush
of the marble specimen. The incident wave is controlled to
a certain value, which can just generate visible cracks in the
specimen. After tests, the specimen surface visible cracks are
carefully recorded by photography. Figures 10 and 11 show the
visible surface cracks of prismatic and cylindrical specimens.
It can be clearly seen that the loading direction parallel to
surface cracks occurs in the prismatic marble specimen in
Figure 10. By the surface cracks trajectory, it can be inferred
that the dominant failure mode of the rock will be axial
splitting fractures if the specimen is totally crushed. For the
cylindrical marble specimen, as shown in Figure 11, some
visible surface cracks can be observed in the impact loading
contact surface. Meanwhile, a visible axial splitting crack also
occurred along the impact loading direction.

Even though the axial splitting cracks are easy to observe
in the surface of the rock specimen, the internal damage
or failure of the rock is difficult to identify. Therefore, both
the damaged cylindrical and prismatic marble specimens
(water saturated after SHPB test) are detected by NMRI to
detect the internal failure of the marble specimen. The NMRI
equipment is shown in Figure 12.

Figure 13 shows typical NMRI photos of cylindrical and
prismatic marble specimen in three loading direction parallel
sections. The white part of the photo means that water is
detected by NMRI and this region represents damage or
failure that occurs inside of the specimen. Due to the low
porosity (0.24%-0.57%) of the marble specimen, it is quite
difficult to obtain good internal damage information of the
marble by the NMRI detecting method. However, it can be
found that some loading directions parallel cracks or fissures
have been detected in the internal part of the specimen,
particularly the prismatic specimen. By studying the failure
modes of the prismatic and cylindrical specimens under
impact loading, it shows that the change of the specimen
shape from cylindrical to prismatic type will not significantly
affect the failure mode of the intact marble specimen with the
same L/D or L/W ratio of 1.0.

5. Application of Prismatic Rock Specimen in
Dynamic Crack Propagation

Since dynamic loads (e.g., drilling, blasting, earthquakes,
and rock burst) widely existed in mining and geotechnical
engineering practice, it is of great significance to study the
characteristics and mechanism of cracking process within
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(a)

FIGURE 9: Typical failure mode of cylindrical and prismatic specimens in SHPB test: (a) cylindrical specimen C3 and (b) prismatic specimen
R3 (impact loading direction: from right to left).

Observing side surface Loading contact surface

FIGURE 10: Visible surface cracks of prismatic marble specimen under certain impact load by SHPB.

Observing side surface Loading contact surface

FIGURE 11: Visible surface cracks of cylindrical marble specimen under certain impact load by SHPB.
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TaBLE 5: Comparison of the peak stress and the corresponding dynamic strain values between prismatic and cylindrical specimens under
approximately equal strain rates.

-1

Specimen &ls Stress/MPa Stress deviation Strain (%) Strain deviation
0
Cl 36 145.16 2.45% 0.29% 6.29%
R 34 148.72 0.30%
0,
C2 54 183.40 3.76% 0.39% 2.85%
R2 49 176.50 0.38%
0,
C3 91 222.47 3.579% 0.60% 8.82%
R3 94 214.53 0.55%
%ﬁ‘
e =]

FIGURE 12: A MiniMR-60 nuclear magnetic resonance instrument (NMRI) for rocks.

(b)

FIGURE 13: Typical NMRI photos of cylindrical and prismatic marble specimen in three loading direction parallel sections: (a) cylindrical
specimen and (b) prismatic specimen (note: the white part of the photo means that water is detected by NMRI and this region represents
damage or failure occurring inside of the specimen; impact loading direction of the specimen: from right to left).
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FIGURE 14: Typical real time of crack propagation in prismatic marble specimen with a vertical single preexisting flaw. (a) Complete stress-time
and strain rate-time curves and (b) high-speed images at different stages (impact loading direction: from right to left).

flawed specimens with respect to guiding the drill and blast
method of rock breaking, dynamic designing, and protecting
of rock engineering. It will be helpful to study the dynamic
rock fracturing process by using prismatic specimens by
SHPB.

Based on the forgoing analysis, a series of dynamic impact
experiments are performed with prismatic marble specimens
containing a single penetrated flaw, aiming to preliminarily
investigate the effects of the preexisting 2D flaw on the
dynamic cracking process and failure modes with the aid of
high-speed photography technique under impact loads.

Figure 14 shows a typical fracturing process under an
average strain rate of 51.7s". It can be seen from Figure 14
that white patches begin to develop at the tips of the fissure

as dynamic stress loaded to 33.2% of peak stress at the
time of 40 microseconds; then, as the load continuously
increases, the white patches are widened, intensified in color,
and lengthened to form an “X” shaped white belt, extending
from the flaw tips to the boundary of specimen. When the
specimen is loaded to 167.8 MPa (95.7% of peak stress) at
the time of 100 microseconds, shear cracks, characterized by
rough texture and pulverized rock powder, initiated at the
down tip of the flaw. Subsequently, as the dynamic stress
is unloaded during the postpeak period, shear cracks are
lengthened and widened approximately along the diagonal
direction. Meanwhile, secondary cracks, tensile wing cracks,
are characterized by smoothly plumose texture, emanating
from the upper and down tips of the flaw and propagating
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approximately along the axial direction. After that, shear
cracks continue to rapidly propagate and develop and lead to
the final failure of the specimen.

In general, the whole cracking process of the perpendic-
ular single-flawed specimens to the loading direction can be
classified into four main stages. Firstly, white patches initiate
and propagate during linear elastic stage; then, shear cracks
as the first cracks emanate at or near the tips of the flaw in the
trajectories of the white patches marginally prior to or later
than the peak stress; thirdly, secondary tensile and/or shear
cracks initiate along with the propagation of the shear cracks;
finally, the first and secondary cracks propagate and coalesce
with each other which lead to the final failure of the specimen.
It needs to be noted that shear cracks are the first cracks in
flawed specimens under dynamic loading, which dominated
in crack propagation process and usually developed into an
“X” shaped shear belt in the flawed specimen. The failure
process of single-flawed marble specimen is different from
that of the intact marble specimen.

6. Conclusions

By checking the stress and strain evolutions in the prismatic
rock specimen under impact load by round bars, the stress
equilibrium reveals that the specimen deforms homoge-
neously. The comparative experiments by prismatic and
cylindrical specimens under different strain rates indicate
that the change of the specimen’s shape from cylindrical
to prismatic type only has slight effects on the dynamic
responses of the tested specimens under impact load. In
general, the experimental and numerical analyses prove that
the prismatic rock specimens are feasible and valid to use in
SHPB test. The present work reveals that it will be possible
to investigate the crack propagation and failure mechanisms
from the flat side surface of the prismatic specimens by high-
speed imaging technique in SHPB tests. It is a benefit for rock
mechanics to extend the researches on crack propagation
from quasistatic status to dynamic status by using prismatic
rock specimens with preexisting flaws.
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