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Dynamic behavior of rock during its post failure stage in SHPB tests
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Abstract: In order to investigate the micro-process and inner mechanism of rock failure under impact loading, the laboratory tests
were carried out on an improved split Hopkinson pressure bar (SHPB) system with synchronized measurement devices including a
high-speed camera and a dynamic strain meter. The experimental results show that the specimens were in the state of good stress
equilibrium during the post failure stage even when visible cracks were forming in the specimens. Rock specimens broke into strips
but still could bear the external stress and keep force balance. Meanwhile, numerical tests with particle flow code (PFC) revealed that
the failure process of rocks can be described by the evolution of micro-fractures. Shear cracks emerged firstly and stopped
developing when the external stress was not high enough. Tensile cracks, however, emerged when the rock specimen reached its peak
strength and played an important role in controlling the ultimate failure during the post failure stage.
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1 Introduction

The post failure refers to the material’s deformation
after its peak strength. The post failure behavior is
essential for understanding the rupture process of rock
materials. Especially, as cracks come forth and evolve
after peak strength, the rock specimen at its post failure
stage is a close analogy to engineering rock masses full
of micro-cracks or joints. The post failure behavior can
give crucial information about the mechanism of many
engineering hazards such as rock-burst and large scale
collapse of rock masses [1,2]. However, sudden failure
of rock materials makes it very difficult to determine the
post failure properties in practice.

In static tests, an effective method has been built to
get the post failure behavior of rocks. Researches in
1960s first found that rock specimens usually collapse
violently soon after reaching the ultimate strength when
a normal hydraulic ram machine was used [3—6]. It is
recognized that this kind of machines were too
compliant. Once the specimen started to lose its load-
carrying ability, the loading system released more energy

than that could be absorbed by the slow deformation of
the specimen. The excess energy caused the specimen to
fail violently [1]. BARNARD [3] designed a system
involving minimum fluid volume which successfully got
the post peak stress—strain curve of concrete.
WAWERSIK et al [4,5] and HUDSON et al [6]
successfully applied a rapid-unloading technique to
experimental equipment which could make the
breakdown process of rock controllable.

Study of rock dynamics has a short history, and lots
of problems still remain unsolved [7]. To get the
dynamic behavior of materials, gas-driven machines,
drop weight, SHPB, Taylor test, plate impact, etc., have
been tried in the researches before [8—11]. Although
most of them can be used to estimate the dynamic
strength approximately, only the SHPB method can
record the deformation process of specimens. However,
when the traditional SHPB is used for rock materials, the
basic assumptions of this technique cannot be well
satisfied [12—14]. In recent years, lots of improvements
have been made on SHPB device for rock tests. Pressure
bar with diameter of 50 mm has been used to
accommodate with the rock specimens, whose grain size
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is bigger than that of metal [13]. Pulse shaping methods
have been brought up to generate slowly rising incident
waves to overcome premature failure [15,16]. With these
efforts, SHPB is now suggested as ISRM test method to
determine the dynamic strength and toughness of
rocks [17]. However, there are still a few studies about
the dynamic failure process of rocks in SHPB tests, even
less about the post failure stage. When rocks are
subjected to dynamic loadings, they reach their peak
strength quickly and fail suddenly, and the failure strain
is less than 1%. During the post failure stage, rocks
deform even more quickly. The stress equilibrium state
becomes even more difficult and crucial for evaluation of
the behavior of rock at this stage. Recently, various
optical methods, such as high-speed photography, digital
image correlation (DIC), virtual field method (VFM),
and numerical method have brought possibility to
investigate more details of the behavior of rocks at post
failure stage [18—22]. ZHANG et al [19] used DIC
method for dynamic compression tests and monitored the
very small strain in brittle rock materials, however, the
limitation of camera’s resolution made it difficult for a
direct measurement of the post failure behavior. LI
et al [20] simulated the deformation process of rocks in
SHPB tests with PFC. In their research, the stress
equilibrium, strain rate, heterogeneity effects were
investigated, but the experimental results which could be
compared with the simulated results were lacking.

In this study, to study the post failure behavior of
rock, dynamic tests on granite specimens were carried
out on SHPB, and the failure processes were captured by
a high-speed camera. The stress equilibrium of
specimens under different strain rates were also
investigated in detail. Moreover, to further reveal the
micro-mechanism of rocks during the post failure stage,
numerical simulations with particle flow code (PFC)
were conducted and the micro-fracturing process was
evaluated from the crack evolution.

2 Experimental

2.1 Rock material and specimen preparation

The rock material used in this study is granite
obtained from Fujian Province, China. The mineralogical
composition was obtained by means of scanning electron
microscope (SEM), as shown in Fig. 1. This granite
consists of 64% feldspar, 29% quartz, 2%—5% biotite
and the particle size of minerals is from 4 to 50 pm.
The density and P-wave velocity of this granite are
2650 kg/m® and 4860 m/s.

All specimens in this work were extracted from one
granite block with high geometrical integrity and
petrographic uniformity. Special care was taken in
preparing the cylindrical specimens with nominal

diameter of 50 mm and height of 50 mm [17]. All
specimens were polished to make the surface roughness
less than 0.02 mm and the end surface perpendicular to
its axis less than 0.001 rad. Before dynamic SHPB tests,
standard static compression tests [23] were conducted.
The parameters and results of the specimens are listed in
Table 1.

Fig. 1 SEM images of the Fujian granite

2.2 Apparatus of SHPB system

Dynamic compressive tests were conducted using a
modified SHPB setup suggested by the ISRM [17]. The
setup consists of a cone-shaped striker, an input bar
(2.0 m in length), an output bar (2.0 m in length), an
absorption bar (0.5 m in length) and other auxiliary
components such as a gas gun and a data acquisition unit.
The bars and striker are made of high strength 40Cr steel
with density of 7800 kg/m’, elastic modulus of 240 GPa
and yield strength of about 1000 MPa.

During a test, the striker is driven by the
high-pressure gas in the gas gun and impacts the front
end of the input bar. Upon impacting, longitudinal stress
wave (incident wave) is generated and propagates
towards the specimen. In addition, by changing the
impact gas pressure in the gas gun, the striker can be shot
with different velocities and produces stress waves with
different magnitudes, which causes the specimens to
deform with different strain rates.
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When the incident wave reaches the input
bar/specimen interface, part of it is reflected, while the
remaining part goes through the specimen and transmits
into the output bar. With strain gauges attached on the
input and output bars, the incident wave, reflected wave
and transmitted wave can be collected. According to the
SHPB theories, the stress, strain and strain rate of the

specimen can be calculated as follows [17]:
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where 4., C. and E, are the cross-sectional areas, wave
velocity, and elastic modulus of elastic bars; 45 and L, are
the cross-sectional area and the length of the specimen;
& is the strain rate of the specimen; ¢, &r, and er
represent the incident, reflected and transmitted strains,
respectively.

During tests, a high-speed camera (FASTCAM
SA1.1) was used to record the failure process of
specimens. The frame rate was 100000 fps (frames per
second), and the exposure time was 10 ps, covering
about 192x192 pixels. These settings conditioned upon
each other and were selected to obtain the best results for
the tests. The automatic trigger of this camera was
achieved by a transistor—transistor logic (TTL) level
signal, which was generated by the oscilloscope when it
was triggered by the incident wave. In this way, the
strain signal and the images recorded
synchronously and the relative time of the images with
respect to the loading process can be determined.

were

Table 1 Parameters and test results of specimens in laboratory tests

3 Results and discussion

Table 1 gives the parameters and test results of
granite specimens. In each strain rate group, 3 specimens
were tested. And only results of the representative
specimens (D-1-1, D-2-2, D-3-3) were chosen for
analyses in this study. The stress, strain and strain rate
were obtained by Egs. (1)—(3), respectively.

3.1 Deformation characteristic and stress equilibrium
of specimens at different strain rates

According to the SHPB principles, dynamic stress
equilibrium in the specimen should be satisfied to ensure
test results validity [9,14]. To further quantitatively
evaluate the stress equilibrium, the stress equilibrium
factor was defined as

_2(oy+oR —o7)
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where o0, or and ot are the incident, reflected and
transmitted stresses corresponding to ¢, ez and er,
respectively. When this factor approaches zero, the stress
at the two ends of the specimen reaches a perfect
force/stress balance state.

Figure 2 shows the experimental results of the
representative specimen #1 (D-1-1) at the strain rate of
about 29 s '. From Fig. 2(a), it can be seen that, under
the impact loading, the specimen began to deform
elastically. Since 80 ps, the elastic modulus decreased
slightly, which indicated that internal degradation
happened. At 100 ps, the inner stress of the specimen
reached a maximum of 160 MPa. After that, as the
incident stress gets weaker, the external stress could
not support the specimen to deform to a higher stress

Test t Specimen Diameter/ Height/ Density/ Elastic Strain Strength/
€S [§
P No. mm mm (kg'm ) modulus/GPa rate/s ' MPa
Y-1-1 49.50 99.90 2644 13.50 5%10°8 148.89
Static uniaxial
atie umaxia Y-1-2 49.14 101.30 2656 15.34 1x107 134.72
compression test
Y-1-3 49.32 101.60 2652 16.24 1x1077 152.73
. D-1-1 (#1) 49.94 50.02 2634.67 41.28 29 159.44
SHPB test with gas -, | 49.89 50.22 2637.18 41.42 31 177.60
pressure of 0.7 MPa
D-1-3 49.96 50.20 2641.53 40.98 3 178.78
D-2-1 49.86 50.06 262837 41.76 35 186.66
SHPB test with
CSEWIRLEAS b b0 #2) 49.91 50.12 2621.96 41.47 36 200.94
pressure of 0.8 MPa
D-2-3 49.90 49.98 2638.47 42.30 37 209.72
D-3-1 (#3) 49.96 49.99 2640.34 41.23 49 246.49
SHPB test with
eSWIThEas h 3, 49.92 50.32 2629.56 41.51 43 240.37
pressure of 1.1 MPa
D-3-3 49.95 50.04 2624.71 41.30 62 274.48
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Fig. 2 Experimental results of representative specimen #1: (a) Stress—strain curve; (b) Stresses and equilibrium factor; (c¢) Typical

pictures of specimen during its failure process; (d) Vertical strain field

level, the strain increased slightly and then decreased just
like the unloading process. Figure 2(b) presents the stress
history for specimen D-1-1, it can be observed that, the
curve of the sum of the incident and reflected waves
almost overlaps with that of the transmitted wave. The

stress equilibrium factor indicates that the specimen
D-1-1 reached the state of stress equilibrium at about
30 ps, and kept this state till 180 ps.

Figure 3 gives the experimental results of the
representative specimen #2 (D-2-2) at the strain rate of
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Fig. 3 Experimental results of representative specimen #2: (a) Stress—strain curve; (b) Stresses and equilibrium factor; (c) Typical

pictures of specimen during its failure process; (d) Vertical strain field

about 36 s '. Figure 3(a) shows that the specimen also
experienced elastic deformation and modulus/stiffness
decrease. The specimen reached its peak strength of
200 MPa at 110 ps, which is much bigger than that of the
specimen #1 because of the higher magnitude of the
incident stress. Figure 3(b) shows that the specimen
remained in the state of stress equilibrium from 50 ps to
170 ps.

Figure 4 gives the experimental results of the
specimen #3 (D-3-1) at the strain rate of about 49 s '. It

can be seen that the specimen reached its peak strength,
246.49 MPa, at 100 ps. The stress equilibrium of the
specimen was well kept between 50 ps and 180 ps.

From Figs. 2—4, it can be concluded that the
specimens in SHPB tests can keep in the state of good
stress equilibrium at the post failure stage, although
cracks may form and spread through it. This indicates
that the basic assumption of the SHPB technique can be
satisfied and the SHPB device can give accurate results
for the post failure stage of rock specimens.
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Fig. 4 Experimental results of representative specimen #3: (a) Stress—strain curve; (b) Stresses and equilibrium factor; (c) Typical

pictures of specimen during its failure process; (d) Vertical strain field

3.2 Failure patterns of specimens at different strain
rates

In order to study dynamic failure patterns of
specimens, high-speed camera was used to take pictures
of the failure process and these pictures were analyzed
by digital image correlation (DIC) technique to trace
cracks.

Figures 2(c) and (d) show typical pictures of the
specimen #1 (D-1-1). At 80 us, a small crack appeared
on the specimen’s surface and grew slightly till 100 ps.
When the specimen passed its peak strength around

110 ps, it is found that the crack began to close gradually.
At 180 ps, however, the crack became invisible.

The photographical records in Figs. 3(c) and (d)
show that the first visible crack emerged at 100 ps on
specimen #2 (D-2-2). Then the crack grew rapidly and
ran through the specimen at 140 ps. After that, the width
of the crack became larger and larger.

Figures 4(c) and (d) show the failure process of
specimen #3 (D-3-1). The photographical record reveals
that multiple cracks formed along the loading direction.
At 160 ps, two cracks became very obvious, and then
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more cracks appeared. Even in this case, the specimen
was still in the state of good stress equilibrium until
180 ps.

The high speed camera could record the transient
information of the crack evolution but only the side view
of the specimen was provided. After each test, the
specimen and its fragments were collected and put
together.

Figures 5(a) shows that the specimen #1 stayed
intact as a whole. But careful check reveals that there
were cracks at both ends and the side of the specimen.
The cracks at the ends presented a ring shape around the
specimen’s axis. The cracks at the side face propagated
along the direction parallel to the specimen’s axis.

Fig. 5 Failure patterns of specimens at different strain rates:
(a) Specimen #1; (b) Specimen #2; (c) Specimen #3

The failure pattern of the specimen #2 (Fig. 5(b))
shows that the specimen broke into slim strips. When
putting all the fragments together, the original shape of
the specimen could be recovered. And these strips were
strong enough to resist the bending force of adult hands.
The specimen #3 was crushed into little pieces as shown

in Fig. 5(c). But Fig. 4(c) shows that the specimen #3
was in close contact with steel bar until 180 ps, when the
stress was below 30% of peak stress.

Generally, the failure of the specimens is mainly
caused by cracks from two groups. One group of cracks
emerges from the side of the specimen and spreads along
the loading direction. Another group of cracks forms at
the contact ends between the steel bar and the specimen.
Then cracks of this group connect each other, forming a
ring shape. With the increase of the strain rates, the
cracks accumulate more intensively in the specimen.
Finally, the specimen breaks into slim strips and these
strips still have great strength along the loading direction.
Thus the specimen still keeps the state of stress
equilibrium during its post failure stage.

4 Numerical investigations

Laboratory tests can give intuitive knowledge of
rock behavior, but it has shortage in revealing the inner
and real-time information of specimen’s failure process.
From Figs. 2—4, it can be seen that the high speed
camera photograph can only provide the cracking
information of the specimen with a surface view at every
10 ps. In order to further investigate the micro-
mechanism of rock failure at the post-failure stage,
especially real-time evolution of micro-fracturing
process, the PFC is used to simulate the dynamic failure
of rock in the SHPB test.

4.1 Basic assumptions of PFC

In PFC, the numerical system is represented by a
dense packing of circular particles bonded together at
their contact points [24—26]. The mechanical behavior of
this system is described by the movement of each
particle and the force and moment acting at each contact.
Newton’s laws of motion provide the fundamental
relation between particle motion and the resultant forces
and moments causing that motion.

The linear contact is shown in Fig. 6, which is the
basic contact model in the PFC. The contact force vector,

F, can be decomposed into normal and shear
components:
F,-=an,-+F6t,~ (5)

The normal force and shear force (F", F®) is

calculated by
F"=K"U"
(6)

AF® =—k*AU®

where U" is the overlap and AU® is the shear—
displacement increment. The contact normal stiffness (K")
and contact shear stiffness (£°) is given by
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where £, KB KD kB are the stiffnesses of the
two contacting particles (Fig. 6).

XI_(C)

Fig. 6 Schematic diagram of linear ball-ball contact in PFC2D

If U"<0 (a gap exists), then both normal and shear
forces are set to zero, otherwise the contact is checked
for slip conditions by calculating the maximum
allowable shear contact force:

Fow = H|F"| @®)

max

where u is the friction coefficient between grains.
If |F|> F

max » then slip is allowed to occur

(during the next calculation cycle) by setting the
magnitude of F° equal to F, . The basic theory and
specific functions of PFC are described in more details in
Ref. [26].

The PFC model needs to set micro-mechanical
parameters instead of assuming the material constitutive
relationship beforehand. A typical PFC*® model requires
the following micro-mechanical parameters: particle
radius, normal and shear stiffness of the particle contacts,
friction coefficient between particles and normal and
shear strength of particle bonds. Since these micro-
mechanical parameters cannot be measured directly
during laboratory tests, numerical calibration was
required to let rock model get ideal macro-properties,
such as uniaxial compressive strength, elastic modulus,
and Poisson ratio. The numerical uniaxial compressive
test (Fig. 7) and biaxial-test are common methods for
numerical calibration.

In PFC, the real-time contact searching logic makes
it very convenient for the studies on dynamic impacts
and crack evolution of rocks [26].

300

250

200 -

150 |

o,/MPa

100 |

501

0 02 04 06 08 10 12
6y/MPa

Fig. 7 Numerical result of uniaxial compression test with
PFC*®

4.2 Numerical model

Numerical SHPB models were established
according to the laboratory SHPB tests. All the
components of the SHPB system in laboratory were
simulated by analogue objects in the software. Previous
numerical studies revealed that short elastic bars could
be used without affecting the test accuracy when special
shape strikers were used for SHPB tests [20,22], so the
length of the input and output bars in the numerical
models were both selected to be 1.5 m. The stress
monitoring points were set in the middle of the input and
output bars, which could give stress/strain information
for the further calculation as in laboratory tests. The
special-shape striker was also modeled [17,22]. Since the
calculation can be stopped before the tensile wave from
the end of output bar arrives the specimen, the absorption
bar was not modeled in the numerical environment. As
the three representative specimens #1, #2 and #3 had
similar geometric parameters, which can be seen from
Table 1, the same specimen geometry was used in the
numerical model with a diameter of 49.9 mm and a
height of 50 mm. Then the analogue specimen was
applied with the loading conditions as the laboratory
tests. The counterpart specimens in simulation were
called analogue specimens #1, #2 and #3, respectively.

The overall model of the numerical SHPB test can
be seen in Fig. 8. On the contact sides of the specimen,
the striker, and the elastic bars, a special alignment of the
numerical particles was conducted to improve the contact
condition [20]. The numerical modeling procedure
includes the following three steps [20,26]. Firstly, the
shape and location of model components were defined
by a series of frictionless walls. Secondly, the radius
expansion method was applied to generate particles to
filled spaces which are defined by walls. The size
distribution of the particles satisfies a uniform
distribution with specified values of minimum and
maximum radii. Finally, the micro-parameters of the
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different model components
corresponding particles and contacts.

The determination of the micro-parameters of the
PFC models usually needs a numerical calibration. For
the numerical SHPB test, the calibration consists of the
following steps.

1) Determining the parameters of analogue striker
and elastic bars. According to the mass conservation law
and previous simulation experience [20], the micro-
parameters of the steel bars and the striker were taken
directly as Table 2. The bond strength of bar particles
was selected to be extremely high, because the strength
of the bars was very high and no damage would happen
in bars during the tests [20]. The SHPB tests with no
specimen (Fig. 8(a)) were done to check the system
response. Figure 9(a) shows the comparison between the
incident waves of laboratory test and numerical test
when the striker’s impact velocity is 10 m/s. It can be
seen that the chosen micro-parameters of the analogue
striker and input bar can ensure the reproduction of the
laboratory results. It should be mentioned that the initial
time of the incident waves of the simulation and
experiment tests in Fig. 9(a) have been shifted to overlay
for comparison.

2) Determining the parameters of analogue
specimen. In PFC, there is a standard calibration
procedure for choosing the micro-parameters of
specimens [26]. The geometrical parameters of the
particles including the particle radius and porosity, which
are the major determinants of the calculation accuracy
and efficiency, were firstly chosen to be 0.3—0.9 mm and
0.02, respectively [20]. With these parameters, numerical
tests were carried out and several groups of micro-

were assigned to
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mechanical parameters were selected by trial and error to
reproduce the macro-mechanical behavior of the
specimens in laboratory [26]. In detail, the micro-
deformational parameters, i.e., the normal and shear
contact stiffness were mainly calibrated according to the
elastic modulus and Poisson ratio, while the micro-
strength parameters, i.e., the normal and shear strengths
were closely linked to the uniaxial compression strength
of the specimen. To consider the heterogeneity of rock
properties, the micro-strength parameters were assumed
to obey a normal distribution. Numerical dynamic
experiments were then conducted under these groups of
micro-parameters. One group of them, which can realize
the best fit with the stress—strain curves obtained from
the SHPB tests in laboratory, was selected as the final
micro-parameters of particles (Table 2). The good
consistency of the numerical and experimental results as
shown in Fig. 9(b) verifies the applicability of the
numerical model to reveal the micro-behavior of
specimens that cannot be monitored in laboratory.

4.3 Micro-fracturing at different strain rates

In PFC, there are two failure patterns of particles
bonded together: tensile failure and shear failure
(Figs. 10(a) and (b)). When the internal stresses exceed
the critical normal or shear strength of the particle
contacts, micro-cracks can be found and denoted by the
code. A tensile crack initiates when normal stress acting
on contact point is greater than its normal strength,
whereas a shear crack initiates when a bond’s shear
strength is exceeded.

Figure 11(a) shows the crack evolution of the
analogue specimen #1. Almost no cracks were found in

26866080866
b, . A

(a)
Output bar Input bar ‘Strikef 7
(b) Output bar Specimen Input bar Striker
| | YR

Fig. 8 Numerical SHPB model and contact condition between different parts: (a) Without specimen; (b) With specimen

Table 2 Micro-parameters of PFC model

énal?gue Pe'lrticle Porosity N.ormal contac}l Shear contac}1 ?article . Normal/shear contact

object in PFC  radius/mm stiffness/(N'm ) stiffness/(N-m ) density/(kg-m ) bond strength/MPa
Steel bars 0.9-3.0  0.012 6.86x10" 2.45%10" 7894.7 1x10'"
Striker 0.9-3.0  0.012 6.86x10" 2.45%10" 7894.7 1x10'"
Specimen 0.3-0.9 0.02 99x10’ 49.5x10’ 2685 215£50
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Fig. 11 Numerical results of analogue specimen #1: (a) Crack
evolution (shear crack in red, tensile crack in black);
(b) Increase of crack number with time

the specimen during its elastic deformation before 50 ps.
Then cracks accumulated gradually but distributed only
at limited areas of the specimen. Figure 11(b)
quantitatively gives the number of tensile cracks and
shear cracks. Shear cracks emerged at 50 ps, and tensile
cracks emerged around 70 ps. The tensile and shear
cracks both stopped increasing at around 120 ps. It is
notable that the number of tensile cracks was less than
the number of shear cracks all the time at this strain rate.

Figure 12(a) shows the crack evolution of the
analogue specimen #2. It can be seen that the density of
the cracks began to increase near 80 ps, when the
specimen deformed to its peak strength. Cracks
penetrated the specimen at about 140 ps, and this result
was in accordance with the laboratory phenomenon
shown in Fig. 3(c). Figure 12(b) shows that the number
of cracks in the specimen increased very quickly at the
post-failure stage in this case, especially for tensile
cracks. In this case, the final cracks quantity in analogue
specimen #2 was tenfold more than the number of cracks
of analogue specimen #1. There were two features of
crack evolution in Fig. 12: 1) the number of the tensile
cracks increased continually during the deformation, and
the number of the shear cracks only increased to a certain
amount; 2) shear cracks predominated at first, then the
number of tensile cracks increased rapidly and exceeded
the number of the shear cracks.
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Fig. 12 Numerical results of analogue specimen #2: (a) Crack
evolution (shear crack in red, tensile crack in black);
(b) Increase of crack number with time

Figure 13(a) gives the results of the analogue
specimen #3. More intensive cracks could be observed in
this case compared to analogue specimens #1 and #2.
Figure 13(b) also shows that shear cracks appeared first

and the number of them would increase to a certain value.

The tensile crack appeared lately and its number was less
than that of shear crack before the peak strength. After
the peak strength, tensile cracks would outnumber shear
cracks and they could increase continuously till the final
failure stage.

Figures 11—13 exhibit some interesting information
about the crack evolution during the failure process of
rocks. The shear cracks always appeared earlier than
tensile cracks in all case. The number of shear cracks
was greater than the number of tensile cracks all the time
in the test of analogue specimen #1, but the quantity of
tensile cracks exceeded shear cracks number during the
post-peak stage in the tests of analogue specimens #2 and
#3. It can be seen from Figs. 2—4 that few visible cracks
appeared on sample surface before the peak stress in all
laboratory tests. During the post-peak stage, some visible
cracks closed gradually on specimen #1, while visible
cracks propagated along the axial direction on specimens
#2 and #3.

For rock specimen, the inner grains bond closely at
nature state. Under external load, the grains would adjust
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Fig. 13 Numerical results of analogue specimen #3: (a) Crack
evolution, shear crack in red (tensile crack in black);

(b) Increase of crack number with time

their position. Then the relative slip, or shear crack,
could be triggered. It is the reason why shear cracks
appeared firstly in all cases. When the specimen had
some shear cracks, rock grains in it did not bond as
closely as before.

With the increase of external load, some of the inner
grains tried to separate from each other. Once the stress
between any adjacent grains exceeding their normal bond
force, tensile failure happened and tensile cracks
appeared.

Although the strain rate effect of rock and the
appearance of micro-cracks were simulated by PFC?®,
the micro-crack distribution of simulation did not match
completely with macro-cracks observed on cylindrical
specimen surface of laboratory tests. The reason of this
phenomenon is that a two-dimensional square is the
projection of a cube rather than a cylinder in numerical
simulation. The PFC’® software is suggested to get
realistic simulation effect if necessary, but the computing
time has to be extended because the number of balls in
the particle model increases.

5 Conclusions

1) Dynamic tests of granite specimens were
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conducted at different strain rates and the stress state and
crack development of specimens at post failure stage had
been monitored. The test results showed that the SHPB
principles of stress equilibrium could be well satisfied
even when visible cracks existed in specimens during the
post failure stage.

2) Based on high-speed images, visible cracks
always began to appear after the peak stress and could be
classified as two groups. One group of cracks emerged
from the side of the specimen and spread along the
loading direction. The other group of cracks formed at
the contact ends between the steel bar and the specimen,
and then connected each other as a ring shape. With the
increase of the impact loading, cracks accumulated more
intensively.

3) The numerical simulation by means of PFC?®
demonstrated that the failure process of rock can be
regarded as the generation and evolution of micro-cracks
(including shear and tensile cracks), and the crack
density of specimen increased with the strain rate. In
dynamic compressive test, shear cracks always appeared
firstly. Then a large number of tensile cracks followed
and ultimately caused visible cracks on the surface of
specimen.
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