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Abstract Studying rock crack-arrest toughness,
which determines the arrest behaviours in rock
materials with cracks, is important to prevent further
damage to rock mass. To investigate the crack-arrest
behaviours both qualitatively and quantitatively,
dynamic impact experiments (using caustics and
photoelastic methods) were performed on rock-like
(epoxy resin) single cleavage drilled compression
(SCDC) specimens to study the crack-arrest beha-
viours and the microscopic fracture characteristics.
The crack-arrest toughness of the SCDC specimen was
obtained and the extended finite element method
(XFEM) in ABAQUS software was used to validate
the experimental results. The results show that under
the interaction between reflected compression and
tensile waves, the running crack experiences two
crack-arrest periods before the final arrest, and the
crack-arrest toughness stabilizes at a value of
0.669 MPa m'?. Moreover, the peak propagation
velocity in each crack initiation process gradually
decreases with the development of the crack path.
Additionally, the observations by scanning electron
microscopy (SEM) and photoelastic methods show
that the roughness of the fracture surface is influenced
by the crack-arrest behaviours, causing the spalling
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fragments as well as wing micro-cracks in the fracture
surface.

Keywords Rock dynamic fracture - Crack-arrest
toughness - The dynamic caustic method - Numerical
simulation - Scanning electron microscopy

1 Introduction

Rock fracture toughness is one of the most important
mechanical parameters for rock material and can
directly determine the fracture behaviours in rock
mass (Zhang and Zhao 2014). Some serious disasters,
such as earthquakes, landslides, and rock bursts, are
mainly related to the initiation and development of
micro-cracks in rock mass. Thus, the corresponding
study of rock dynamic fracture behaviours is of great
significance for practical engineering applications. In
2012, the International Society for Rock Mechanics
(ISRM) Commission published the suggested method
for the determination of the mode I fracture toughness
for rock materials (Zhou et al. 2012). Various methods
have been proposed for the determination of the
fracture toughness of rock materials in recent years,
including the use of cracked chevron notched Brazil-
ian disc (CCNBD) (Fowell et al. 1995; Amrollahi et al.
2011; Wang et al. 2013; Dai et al. 2016; Wei et al.
2016a, b, 2017, 2018; Xu et al. 2016), cracked straight
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through Brazilian disc (CSTBD) (Atkinson et al. 1982;
Fowell and Xu 1994; Azar et al. 2015; Wang et al.
2016), notched semi-circular bend (NSCB) (Chen
et al. 2009, 2016; Yin et al. 2012; Gao et al. 2015a, b;
Kataoka et al. 2015; Yao et al. 2017) and cracked
chevron notched semi-circular bend (CCNSCB) (Dai
et al. 2011; Ayatollahi et al. 2016; Wei et al. 20164, b)
specimens. However, these types of specimens are
mainly focused on the determination of the dynamic
initiation and propagation fracture toughness due to
the relatively limited dimensions. However, it is also
important to investigate the crack-arrest behaviours of
rock materials to prevent further damage to structural
components with cracks (Yu and Yan 2008; Mahmoud
and Dexter 2005). Therefore, single cleavage drilled
compression (SCDC) (Grégoire et al. 2009; Yang et al.
2015) and single cleavage semi-circle compression
(SCSC) (Wang et al. 2017a, b; Wang et al. 2015)
specimens were proposed for the investigation of the
complete cracking process of rock materials, including
crack initiation, crack development and crack-arrest
behaviours. Recently, Wang et al. (2017a, b) intro-
duced the use of VB-SCSC specimens as a new
method to study crack propagation and arrest
behaviours.

However, even though recent studies on crack-
arrest behaviours using SCDC and SCSC specimens
are given in the corresponding references, the exper-
imental results of the crack-arrest process are mostly
based on qualitative analysis. There is still a lack of
quantitative calculations and analyses of crack-arrest
toughness for rock materials. Therefore, the caustic
method was employed in this paper on the rock-like
material (epoxy resin) as an effective approach for the
determination of the fracture parameters in specimens
due to its accuracy in data processing. The caustic
method was first introduced by Manogg (1964) and
has been extended to the field of fracture mechanics by
researchers (Theocaris 1976; Kalthoff 1987; Semenski
1997). In the last few years, Yao et al. (2008), Yao and
Xu (2011) studied the dynamic fracture behaviours in
PMMA material with offset-parallel cracks and the
crack initiation in graded material using the caustic
method. Liu et al. (2016) introduced a new dynamic
caustic digital array high-speed camera system and
investigated mode I stress intensity factors ina PMMA
cylindrical shell under a three-point-bend load. Yue
et al. (2013) employed a dynamic caustic method and
studied the interaction between a blast-induced crack
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and double slit charge holes in PMMA specimens. In
addition, the photoelastic method was also frequently
employed to investigate the fracture behaviours of
materials (Sanford and Dally 1979; Sanford 1989) and
has been proven to be able to yield accurate results.
Recently, Shimamoto et al. (2006) studied and com-
pared the stress distributions and stress intensity
factors around the crack tip under biaxial tensile stress
conditions using both the photoelastic and thermoe-
lastic methods. Hao et al. (2015) used the photoelastic
method to explore the interactions between matrix
cracks and inclusions of various shapes.

In this paper, epoxy resin was used as the exper-
imental material to fabricate the SCDC specimen and
simulate the cracking behaviours in rock mass. Using a
high-speed camera, the caustic spots, and the isochro-
matic fringes around the crack tips at different
moments were recorded. The dynamic stress intensity
factors (DSIFs) were calculated and the crack-arrest
toughness of the epoxy resin SCDC specimen was
given. Meanwhile, a numerical method (XFEM) was
used for the validation of experimental results and
microscopic characteristics of epoxy resin SCDC were
investigated using the SEM method.

2 The Dynamic Caustic Experiments
2.1 The Caustic Method

Figure 1 shows the formation of the caustic spot. The
load on the specimen boundary would cause crack
surface deformation. If the parallel light rays project to
the front surface of the specimen, then the incident
light paths transmitting through the crack surface
would be changed, inducing a non-uniform light
intensity distribution on the reference plane. There
would be a shadow area (caustic spot) surrounded by a
bright light loop (caustic curve) because of the
divergence effect from the deformed crack surface
and the consequence of light convergence. The stress
intensity factor can then be calculated after the
diameter of the caustic spot is determined. Figure 2
shows the characteristics of the mode I caustic spot
around the crack tip.

Using a high-speed camera, the caustic patterns are
clearly recorded at different moments during the
cracking process. Thus, accurate transient positions of
the crack tip and the corresponding crack length are
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Fig. 2 Mode I caustic spot

obtained. The crack propagation velocity can be
expressed by the first derivative of the crack length
with respect to time (Takahashi and Arakawa 1987):

c=1(t) (1)

The basic principle of the caustic method and the
formation of the caustic spot are shown in Fig. 1.
Based on the loading state and the boundary condi-
tions of the SCDC specimen, it is considered that the
mode-I fracture type is dominant for the complete
cracking process. Given a point p(x,y) on the specimen
plane, the corresponding point p’(x’,y’) on the refer-
ence plane can be given as (Papadopoulos 1992;
Rosakis 1980)

¥ = Jpr — zogradAs(r, 0) (2)

where (r, 0) and (', 0') represent the polar coordinates
of point p and p’ on the specimen and reference planes,
respectively. 4, denotes the optical enlargement factor

)

of the experimental system and equals 1 when the light
source is parallel. As is the optical path difference. For
a homogeneous linear elastic specimen under the
plane stress condition, As can be given as follows:

K 0
As = 2d17\/—2_ncos 3
where d is the thickness of the specimen, Kj is the
mode I stress intensity factor, and # is the stress-
optical constant of the specimen. Therefore, the
dynamic stress intensity factor (DSIF) at the crack
tip can be expressed in Eq. (4) based on Eq. (2),
Eq. (3) and the crack propagation velocity (Rosakis
1980; Yue et al. 2017).

Kld _ 2v/2nF(c) D52 )
3(3.17)Y *zond i3

3)

Here, Z; is set to 900 mm in the experiment; The
modification factor of the crack propagation velocity
F(c), which represents the effects of the crack velocity
on the distribution of the dynamic stress field for a
running crack, is given as follows:

 Ada— (1 + )
(1+ )47 = 43)
A1 and A, are dimensionless coefficients related to

the crack propagation velocity ¢ and can be expressed
as

A 21/1—(0/01)2;222 1—(c/C2)2 (6)

F(c) (5)
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where, ¢; and c¢, represent the longitudinal wave
velocity and shear wave velocity, respectively. The
value of F(c) is almost equal to 1 for practical crack
velocities.

2.2 Experimental Setup

The digital dynamic caustic experimental system
(Fig. 3) was employed in the experiments. This system
mainly consists of a laser generator, a beam expander,
two field lenses, a loading device and a high-speed
camera with its corresponding computer. An infrared
laser generator with wavelength of 532 nm and a
maximum power of 300 mW was used as the light
source during the test. To guarantee that the light beam
was stable and clear, the power was set to 60 mW. The
beam expander was used to transform the single light
beam into conical barrel-type light so that it can be
projected onto the field lens uniformly. Two field
lenses with a diameter of 300 mm and a focal length of
900 mm were employed to ensure that parallel light
passed through the specimen and that the light could
converge on the imaging plane in the camera. The
high-speed camera (brand: Photron, Japan; model:
Fastcam-SA5-16G) was utilized to record the crack
propagation process during the experiment. The frame
rate was set to 10° fps to obtain a complete and clear
field of view during the cracking process. The
resolution was 128*352, and the length-to-pixel ratio
was 1.8 mm/pixel.

2.3 Experimental Details

For the purpose of conducting both the caustic and
photoelastic experiments with the same material,
epoxy resin was utilized as the specimen material
because of its unique birefringence under loading and
transparency in the light path. The epoxy resin was
first cast into a rectangular mould with dimensions of
400 mm*300 mm*4 mm (length*width*thickness).
After 24 h of solidification and annealing (Fig. 4),
the rectangular epoxy resin plank was cut into several
SCDC specimens. The size of the specimen was
90 mm*150 mm (length*width), and the diameter of
the drilled hole was 40 mm. A notch 9 mm in length
and 1 mm in width was situated in each specimen, and
a diamond saw was used to sharpen the front of the
notch to form a pre-existing crack 1 mm in length and
0.2 mm in width. The dimensions of the SCDC
specimen are shown in Fig. 5. The dynamic mechan-
ical parameters of the epoxy resin are given in Table 1.

As shown in Fig. 6, a polymethyl methacrylate
(PMMA) specimen with the same geometry as the
SCDC specimen was first used as a model to adjust the
supporting device to the best location before the
formal experiments. A plate-type striker was used to
provide surface impact loading. The dropping hammer
was 3.85 kg, and the drop height was set to 400 mm.

2.4 Experimental Results and Analysis
Figure 7 shows the crack pattern of the specimen after

the experiment. As shown in Fig. 7, the final crack
path is almost a straight line perpendicular to the
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Fig. 3 Digital dynamic caustic experimental system
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Fig. 4 The epoxy resin plank after solidification and annealing
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Fig. 5 The SCDC specimen

Fig. 6 The loading device

crack tip, causing an unstable process of energy
accumulation in the vicinity of the crack front. At the
moment of 450 us, the diameter of the caustic spot
reached the maximum value (D = 10.5 mm), and
then, the pre-existing crack began to initiate. Due to
the sudden release of the elastic energy around the
crack tip, the stress concentration level dropped
rapidly, inducing the size of the caustic spot to shrink
within a short time during the crack propagation from

Table 1 The dynamic mechanical parameters of epoxy resin specimens

Parameters c1(m/s) c2(m/s)

E4(GPa) . n(m*/N)

Values 2347 1468

441 0.34 0.85 x 107'°

bottom edge of the specimen, which demonstrates that
the opening mode (mode-I) fracture was dominant
during the cracking process. Figures 8 and 9 show the
series of the caustic spots around the crack tip and the
spot diameters at different moments. As shown in
Fig. 8 and Fig. 9, the size of the caustic spot fluctuates
with intense amplitude during the period from O ps to
450 ps. This result illustrates that the stress wave
generated by the impact continuously influenced the

460 to 520 ps. At t = 520 ps, the reflected compres-
sion waves from the bottom edge of the SCDC
specimen met the running crack front and forced it to
stop propagating, causing the first crack arrest. The
size of the caustic spot continued to decrease under the
influence of the compression waves until t = 580 ps
when the reflected tensile waves from both sides of the
specimen acted on the front of the crack. The elastic
energy began to accumulate again around the crack tip
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Fig. 9 Evolution of the caustic spot diameter with time

and the diameter of the spot gradually increased. At
t =630 ps, the caustic spot diameter reached
6.64 mm, and the crack tip re-initiated. There was
another crack arrest period (690 to 880 ps) before the
crack completely stopped developing at t = 1010 ps.
The change trend in the diameter of the caustic spot
was similar to that in the first crack arrest period.
Figure 10 shows the change in the crack propaga-
Fig. 7 Crack pattern after the experiment tion velocity with time. At t = 450 pus when the pre-

us 40ps  70ps  110us  190ps 420ps 450ps 460 ps 490 ps 520 ps 540 pus 560 ps

580ps  630pus 660ps 680pus 690ps  730ps 740ps 880us 930 ps 970 ps 980 ps 1010 ps

Fig. 8 Series of caustic spots around the crack tip
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Fig. 10 Evolution of the crack propagation velocity with time

existing crack first initiated, the crack propagation
velocity rapidly reached the maximum value of
421.76 m/s due to the sudden energy release from
the crack tip. Under the influence of the compression
wave from the bottom edge of the specimen, the crack
propagation velocity decreased in the short period
before the first crack arrest. At t = 630 us when the
crack re-initiated, the propagation velocity first
reached the second peak value of 225.57 m/s and
then declined within 40 ps. When t = 880 ps, the
crack tip was subjected to the final initiation, and the
third peak value of the propagation velocity was
184.27 m/s. It was evident that the peak value of the
crack propagation velocity during the three initiation
processes gradually decreased. This can be explained
by the fact that the driving energy for fracture steadily
dissipated with the development of the crack. Thus,
the peak value that the crack velocity could reach after
its re-initiation was lower than the value that it could
reach previously. Figure 10 shows that the velocity
change trends in the first two cracking processes were
quite similar to each other, while a velocity change
curve with multiple fluctuations was found in the final
cracking process. This could be explained as a size
effect of the specimen in that the propagating crack
was influenced by the reflected waves more severely
as it approached to the bottom edge of the specimen.
Therefore, the variation of the crack propagation
velocity was less stable than before.

Figure 11 shows the time evolution of the DSIF and
crack length during the cracking process. During the
period between 0 and 430 ps, the pre-existing crack

did not initiate, and the DSIF continued rising with
intense fluctuations, indicating that the crack tip
constantly absorbed the elastic energy for the purpose
of initiation. At the moment of 440 ps when the DSIF
achieved the critical value of 2.93 MPa m'/?, the pre-
existing crack initiated, and then, the DSIF exhibited a
sudden decrease due to the reduction of the stress
concentration level around the crack tip. Correspond-
ingly, the crack developed promptly from 0 mm at
440 ps to 23.69 mm at 520 ps. At t = 530 ps, the
DSIF reduced to 0.671 MPa m" 2, and the first period
of crack arrest appeared. The value of the DSIF
decreased because of the influence from the reflected
compression wave on the crack tip to K = 0.282 MPa
m'? at t = 570 ps. Afterwards, the energy around the
crack tip began to be accumulated again under the
action from the tensile stress waves, causing the DSIF
value to rise again. The crack length remained at
approximately 27.5 mm during the corresponding
period (530 ps to 620 ps). When t = 630 s, the DSIF
Kl" reached 0.932 MPa ml/z, causing a re-initiation of
the crack front. Similarly, the running crack was
subjected to another crack-arrest period (2nd crack
arrest in Fig. 11) before it completely stopped devel-
oping in the end at t= 1030 ps. The total crack
propagation length was 52.5 mm. The coordinates of
the three crack-arrest points are marked on the K¢t
curve in Fig. 11. The values of the DSIFs at the crack-
arrest moments were very close to each other
(0.671 MPa m'?, 0.668 MPa m'?, and
0.668 MPa m'/ 2). Therefore, the average of the three
DSIF values above could be used as the crack-arrest
fracture toughness for epoxy resin SCDC specimens.
Namely, the crack-arrest fracture toughness
K¢ = 0.669 MPa m'"?. In addition, the 2nd crack
arrest period was longer than the 1st period (100 ps
for the first crack arrest period; 190 ps for the second
crack arrest period). This was because the energy
supply for fracture gradually dissipated with the
development of the crack length. Therefore, the
second re-initiation required more time than the first
initiation. It was also interesting to note that the
initiation fracture toughness of pre-existing cracks was
much higher than that in the re-initiation situations.
This was because the pre-existing crack was manually
fabricated, causing the crack front not to be as sharp as
the propagating crack. Consequently, the intense stress
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Fig. 11 Evolution of the DSIF and crack length with time

concentration around the pre-existing crack raised the
critical DSIF value for initiation.

2.5 Numerical Method for Validation
of the Experimental Results

For the purpose of validating of the experimental
results in Fig. 11, a numerical model was used to
simulate the cracking behaviours and to calculate the
DSIFs in the SCDC specimen by employing the
enhanced extended finite element method (XFEM) in
ABAQUS software.

Figure 12 shows the geometry of the numerical
model and the typical mesh for the SCDC specimen.
The size parameters of the numerical model were
equal to those of the SCDC specimens in the
experiments, and a typical XFEM crack 10 mm in
length was set to represent the pre-existing crack. The
bottom edge of the numerical model was fixed in
rotation and along the Y-axis. The bottom surface of
the hammer and top surface of the specimen model
were set as master and slave surfaces, respectively.
The hard contact and frictionless mode was set as the
contact properties between the hammer and specimen.
The numerical model consisted of 1378 four-node
bilinear plane stress quadrilateral elements and the
meshes were optimized around the circular hole and
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the XFEM crack. The average element size around the
circular hole was approximately 0.47 mm in arc
length. The mechanical parameters employed in the
simulation model were strictly consistent with those of
SCDC specimens used in experiments.

The dynamic stress intensity factor at the crack tip
can be obtained using the integral I'™, which is
determined by the J-domain in the vicinity of the crack

tip. The DSIF can then be given as [50],
d_ Eq

ki 2(1 —v2)fi (1)

where [ denotes the crack length during the fracture

int

(7)

process in the SCDC specimen and f; (l) denotes a
universal function with respect to the crack propaga-
tion velocity /. The path independence of the numer-
ical DSIF values was checked to guarantee the
accuracy of the calculation results. This can be
realized by performing calculations of the J-integral
on various contours with different distances from the
crack tip. As shown in Fig. 13, a complete crack path
was given by the numerical model, and a series of
variations in the von Mises stress field was obtained
during the fracture process. The characteristics of the
crack paths in both the experiments and simulations
are similar. Figure 14 shows the DSIFs calculated
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Fig. 12 Geometry of the
numerical model and typical
mesh for the SCDC model

Fig. 13 von Mises stress field of the simulation result

from the numerical simulation using XFEM and from between the caustic and simulation results is approx-
the caustic experiments during the cracking process. imately 12.74%.

The comparison results in Fig. 14 show good agree-

ment. The maximum difference in DSIF values
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Fig. 14 Comparison of DSIF values for SCDC specimens
during the cracking process

3 Microscopic Fracture Characterization
of SCDC Specimens

Using the scanning electron microscopy (SEM),
micrographs of the fracture surface were obtained
for microscopic fracture characterization of SCDC
specimens. As shown in Fig. 15, three parts (P1, P2
and P3) along the crack path were chosen for the SEM
tests. The geometric dimensions of the chosen parts
were controlled within a rectangular block of
2 mm*1 mm*4 mm in length*width*thickness, and

Fig. 15 Three parts along the crack path in the SCDC specimen
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the fracture surface of the samples was coated with
gold for 20 min. The enlargement factors of SEM
were set to 200, 500 and 1000 for each part. Figure 16
shows that the roughness varies along the crack path
and is strongly influenced by the compression and
reflection waves in the specimen. In the P1 block, the
fracture surface is rather smooth and continuous when
the pre-existing crack initially starts to develop. In the
P2 block, where the running crack first ceased
developing, the fracture surface is clearly coarser than
that in the P1 block due to the influence of the reflected
compression wave propagating from the bottom of the
specimen. Meanwhile, some spalt fragments and wing
micro-cracks can be observed in P2. This phenomenon
is related to the tension effect of the reflected waves
from both sides of the specimen, causing micro-cracks
in the fracture surface to initiate and develop. Micro-
scopic fracture characteristics similar to those in the
P2 block can also be found in the P3 block, where the
crack stopped propagating for a second time. The only
difference is that the quantity of spalling fragments is
lower than that found in the P2 block. This is related to
the lower elastic energy in the compression and
reflection waves during this cracking period.

4 Discussion and Conclusions

For further validation and investigation of the exper-
imental and numerical results, a dynamic photoelastic
experiment was performed on another epoxy resin
SCDC specimen to reveal the fracture mechanism in
the SCDC specimen. The cracking process recorded
by the high speed camera in the dynamic photoelastic
experiment is shown in Fig. 17. When the pre-existing
crack initiates at t = 100 ps, the state of the isochro-
matic fringes show typical butterfly fringes around the
crack tip. Then, the running crack experiences the first
crack-arrest period (660 ps and 700 ps in Fig. 17).
Clearly, the crack-arrest behaviour is mainly related to
the interaction between reflected compression and
tensile waves around the crack tip. Combined with the
analysis in Sect. 3, the influence from the reflected
compression waves is the reason why the fracture
surface becomes coarse in the crack-arrest area, while
the tensile waves mainly account for the existence of
the spalling fragments and wing micro-cracks. In
addition, such superposition and interactions between
compression and tensile waves change the stress state
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Fig. 16 Typical SEM images of the fracture surface in the three parts with enlargements of 200, 500 and 1000
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Fig. 17 Typical photoelastic results for the cracking process in the epoxy resin SCDC specimen

in the SCDC specimen, causing the redistribution of
the stress field in the vicinity of the crack tip. The
elastic energy is re-accumulated at the crack tip for re-
initiation. Before the final arrest of the crack path at
t = 1090 ps, the situation in the second crack-arrest
period (830 ps and 950 psin Fig. 17)is very similar to
that in the first.

In this paper, the experimental methods (caustics,
SEM and photoelasticity) were employed to study the
crack-arrest behaviour and the microscopic fracture
characteristics of the epoxy resin SCDC specimen.
Meanwhile, the XFEM in ABAQUS software was
used for the purpose of validating the experimental
results. The key conclusions are as follows:
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(1) The peak propagation velocity in each crack
initiation process gradually decreases with the devel-
opment of the crack path. In addition, in the final
cracking process, the crack propagation velocity
changes with multiple fluctuations due to the size
effect of the SCDC specimen.

(2) The crack in the SCDC specimen experiences
two crack-arrest periods before the final arrest in crack
development. The crack-arrest toughness stabilizes at
a certain value of 0.669 MPa m"2. In addition, the
second crack-arrest period is longer than the first due
to the dissipation in energy for crack initiation.

(3) The roughness of the fracture surface in the
SCDC specimen varies along the crack path. Spalt
fragments and wing micro-cracks caused by the
interactions between reflected compression and tensile
waves exist during the crack-arrest period.
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