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Abstract A three-dimensional particle flow code (PFC3D)
was used for a systematic numerical simulation of the
strength failure and cracking behavior of rock-like material
specimens containing two unparallel fissures under con-
ventional triaxial compression. The micro-parameters of
the parallel bond model were first calibrated using the
laboratory results of intact specimens and then validated
from the experimental results of pre-fissured specimens
under triaxial compression. Numerically simulated stress—
strain curves, strength and deformation parameters and
macro-failure modes of pre-fissured specimens were all in
good agreement with the experimental results. The rela-
tionship between stress and the micro-crack numbers was
summarized. Crack initiation, propagation and coalescence
process of pre-fissured specimens were analyzed in detail.
Finally, horizontal and vertical cross sections of numerical
specimens were derived from PFC3D. A detailed analysis
to reveal the internal damage behavior of rock under tri-
axial compression was carried out. The experimental and
simulated results are expected to improve the understand-
ing of the strength failure and cracking behavior of frac-
tured rock under triaxial compression.
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1 Introduction

Rock is a complex geological medium with many flaws
(e.g., joints, fissures, weak surfaces, faults), which are of
importance for mining, oil exploration, CO, sequestration
and nuclear waste storage engineering. Previous studies
showed that preexisting flaws have a significant influence
on the strength and deformation of rock (Goodman 1989;
Palmstrom 1995). Failure in a rock can often take place
along pre-flaws. Thus, flaws affect engineering safety and
stability. Therefore, studies of the influence of preexisting
flaws on the strength failure and cracking behavior of rock
are of significance for predicting unstable failure in rock
engineering.

Mechanical parameters and crack evolution mechanisms
of rock containing preexisting fissures under uniaxial
compression have been extensively investigated, such as
the effect of the fissure density, fissure length, fissure angle,
ligament length and ligament angle (Bobet 2000; Zhu et al.
2016; Fujii and Ishijima 2004; Morgan et al. 2013; Wong
and Chau 1998; Yin et al. 2014). However, rock materials
are always under three-dimensional stress in real engi-
neering. Hence, it is more important to investigate the
influence of preexisting fissures on the strength and failure
behavior of rock under triaxial compression. Yang et al.
(2008) carried out conventional triaxial compressive tests
for marble specimens with two closed fissures in non-
overlapping geometry. The experimental results showed
that the strength of pre-fissured marble is in better agree-
ment with the nonlinear Hoek—Brown criterion than with
the linear Mohr—Coulomb criterion and that the failure
modes are dependent on both fissure geometry and con-
fining pressure. Liu et al. (2014) tested rock-like material
specimens containing three coplanar fissures by using a
true triaxial loading device. They concluded from the test
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results that new cracking is initiated with a large angle
from preexisting fissures under low confining pressure,
while new cracks tend to be parallel to pre-fissures under
high confining stress. Huang et al. (2016a) used numerical
software named AUTODYN to simulate triaxial compres-
sion for sandstone with two preexisting fissures. Based on
the simulation results, they found that cracks generally
initiated at the inner tips with a small inclination angle.
Preexisting fissures are generally three-dimensional
(3D) in nature (Yang et al. 2008), and thus, two-dimen-
sional (2D) cracks do not really reflect the 3D situation. In
laboratory test, a 2D fissure is always cut as a through crack
in plate specimen; while a 3D fissure is always cut as a
surface or internal crack in specimen. For 2D situation, the
main cracking patterns are wing crack, anti-wing crack,
shear crack, far-field crack and surface spalling (Bobet
2000; Morgan et al. 2013; Wong and Chau 1998; Yin et al.
2014), while for 3D case, the cracking patterns are dis-
tinctly different, which results from that cracks may
propagate toward the depth and height direction. According
to their experiments (Liu et al. 2008; Wong et al. 2004; Yin
et al. 2014), wing crack, anti-wing crack, secondary crack,
petal crack and shell-like crack can initiate from fissure
tips. Cracks occur on 3D faces, leading the evolution
mechanism much more complicated. Dyskin et al.
(1994, 1999) reported that the major difference between 2D
and 3D crack propagation mechanisms is the maximum
possible size of 3D wing cracks and developed a 3D model
to analyze the reason why the experimentally observed
crack growth was only moderate. Based on the classical
fracture mechanics theory, Lu et al. (2015) discussed the
failure mechanism of 3D surface crack. However, due to
the complex stress state around a 3D crack, it is very dif-
ficult to understand the fracture mechanism and establish a
quantitative model to accommodate the 3D cracking pro-
cess (Liang et al. 2012; Lu et al. 2015). Therefore, labo-
ratory experiment and numerical simulation are effective
methods to investigate the 3D fracture behavior. Equip-
ment (e.g., acoustic emission), special materials (e.g.,
transparent material) and numerical software (e.g.,
RFPA3D) are needed to study 3D crack evolution behav-
ior. Sahouryeh et al. (2002) and Dyskin et al. (2003) con-
ducted a series of uniaxial and biaxial compression tests for
transparent resin specimens with a single fissure. Their test
results indicated that 3D crack evolution differs from 2D
behavior. Liu et al. (2008) investigated the crack growth
process of surface faults under biaxial compression using a
multi-channel digital strain gauge (MCDSG), digital
speckle correlation method (DSCM) and acoustic emission
(AE) location system. Liang et al. (2012) simulated the
fracture characteristics of rock specimens containing a
preexisting surface flaw using RFPA3D. Wing cracks, anti-
wing cracks and shell-like cracks were reproduced in their
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study, and the mechanism of 3D crack propagation was
discussed. Yang et al. (2014a) performed several laboratory
tests and FRANC3D numerical simulations for rock-like
material specimens with internal fissures to study the
strength and failure behavior under uniaxial tension. Wang
et al. (2014) verified the experimental results on pre-fis-
sured marble under triaxial compression, which were car-
ried out by Yang et al. (2008), and then analyzed the
influences of rock heterogeneity and fissure geometry on
the strength and 3D propagation processes of two closed
fissures.

The particle flow code named PFC, which is a discrete
element method (DEM), has been widely applied in uni-
axial compressive test modeling (Cao et al. 2016; Lee and
Jeon 2011; Yang et al. 2014b) and biaxial compressive test
modeling (Huang et al. 2016d; Manouchehrian et al. 2014).
PFC2D was used for rock containing preexisting fissures,
and PFC3D was applied for intact or joint rock (Bahaaddini
et al. 2013; Ding et al. 2014; Fan et al. 2015; Turichshev
and Hadjigeorgiou 2015; Zhou et al. 2014). Recently,
unparallel fissures have received much attention. Prelimi-
nary experimental and numerical results regarding unpar-
allel fissures were reported by Haeri et al. (2014), Lee and
Jeon (2011) and Yang et al. (2014b). However, most of
those results were limited to 2D crack propagation. In
addition, there have been few reports in the literature
regarding crack evolution experiments of unparallel fis-
sures under triaxial compression. Therefore, a systematic
laboratory triaxial compressive test was carried out in our
study for cylindrical rock-like material specimens con-
taining two unparallel fissures to better understand the
fracture-mechanical behavior of fractured rock. Moreover,
PFC3D was applied to investigate 3D crack initiation,
propagation and the coalescence process of preexisting
fissures. Finally, horizontal and vertical cross sections of
numerical specimens after failure were obtained to explore
the internal damage behavior under triaxial compression.

2 Numerical Model and Micro-Parameters
2.1 Brief Description of Laboratory Test

Cement, sand and water (1:0.8:0.35) were used to fabricate
rock-like material. Microstructure surface images of tested
rock-like material are shown in Fig. 1. Figure 1 reveals
that the geometric shapes of sand are irregular lumps and
that cement binds the grains together. The average dry
density of the tested rock-like material is approximately
2120 kg/m>. The basic mechanical parameters (average
values) of the tested intact rock-like material specimens
can be described as follows. The uniaxial compressive
strength was 63.19 MPa, the elastic modulus was 16.98
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Fig. 2 Specimen containing two unparallel fissures. a Laboratory rock-like material specimen; b PFC3D model and fissure surface; and c¢ fissure

geometry and loading condition

GPa, the Poisson ratio was 0.181, the Brazilian tension
strength was 6.31 MPa and the cohesion and internal
friction angle were 22.83 MPa and 20.50°, respectively.
This indicates that the mechanical behavior of fabricated
rock-like material in this study agrees well with the general
behavior of real rock material, for example brittle
sandstone.

All experiments were carried out on cylindrical speci-
mens that had a 50 mm diameter and 100 mm height. To
investigate the influences of preexisting fissures on the
strength and failure behavior, two unparallel penetrating
fissures (horizontal and inclined) were created in the
cylindrical specimen as shown in Fig. 2a. The preexisting
fissures indicate the artificially created flaws, which were
machined by inserting steel into the steel model before
pouring the model materials and pulling them out before
the completed solidification. The pre-existent fissures

would not be filled, which means they were open. The
MTS815 rock mechanics servo-controlled testing system
was used to conduct uniaxial and conventional triaxial
compression tests for intact and pre-fissured rock-like
material specimens.

2.2 PFC3D Model Construction

There are two kinds of basic bond models, i.e., contact
bond model (CBM) and parallel bond model (PBM) in
PFC3D 4.0 version (Itasca Consulting Group Inc. 2008).
Parallel bonds can transmit both forces and moments
between particles, while contact bonds can only transmit
forces acting at the contact point. Moreover, in the PBM,
bond breakage can lead to an immediate decrease in
macro-stiffness because the stiffness is contributed by both
contact stiffness and bond stiffness. Therefore, PBM was
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selected for numerical simulations in this study because the
PBM is more realistic for rock-like material modeling (Cho
et al. 2007; Lee and Jeon 2011; Yang et al. 2015a, b).

In accordance with laboratory tests, a cylindrical model
with a size of ®50 mm x 100 mm was constructed using
the same scale as for the experimental specimen. The
uniform distribution of balls is more commonly used by
researchers, such as Ding et al. (2014), Yang et al.
(2014b, 2015b), Zhang et al. (2011). Their simulated
results show that the uniform distribution can better mod-
eling the mechanical behavior of rock. The ball radius
followed a uniform distribution ranging from 0.7 to
1.12 mm. The particles are spherical balls without con-
sidering the particle shape and angularity. We cannot
match the physical particle size and shape due to the lim-
itation of computing power in present study. To develop a
finer model, a huge number of balls would be needed,
which is not suitable for the current cracking analysis. Each
numerical intact model was divided into 56,124 balls. Two
open fissures were created by ball deletion based on the
intact numerical specimen. The geometry of the two fis-
sures is the same as that in laboratory tests, that is, the
fissure length 2a = 12 mm, ligament length 2b = 16 mm
and fissure angles are 30°, 45° and 60°, respectively. The
numerical specimen constructed in the parallel bond model
of PFC3D and the fissure geometry are shown in Fig. 2.

2.3 Confirmation for Micro-Parameters

The parallel bond model includes a series of micro-mechan-
ical parameters, such as the Young’s modulus of the particle
and parallel bond, as well as the normal and shear stiffness of
the particle and parallel bond, which determine the macro-
mechanical response of the numerical specimen. Appropriate
values for these micro-mechanical parameters should be
selected before modeling through a calibration process. In this
research, the micro-parameters were confirmed by using the
trial and error method. The macroscopic behavior of intact
rock-like material specimen obtained by experiment was used
to calibrate the micro-parameters. The macroscopic results
obtained by numerical simulation after each trial was used to
check the micro-parameters. This process was repeated until
the numerical results of intact rock-like material specimen
achieved a good agreement with the experimental results.
After numerous calibrations, we derived the micro-mechani-
cal parameters for rock-like material (Table 1), which can be
described in detail as follows. The Young’s modulus of the
ball and parallel bond both are 12.3 GPa, and the ratios of the
normal to shear stiffness of the ball and parallel bond both are
1.4. The ball friction coefficient is 0.35. The mean values of
parallel bond normal and shear strength are 43 and 60 MPa,
respectively. The standard deviations of parallel bond normal
and shear strength are 6 and 9 MPa, respectively.
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Figure 3 shows the comparison between experimental
and numerical results of intact rock-like material specimen
under uniaxial and triaxial compression. It can be seen that
the numerical curve under uniaxial loading agrees well
with the experimental curve (Huang et al. 2016c), includ-
ing the elastic deformation stage, peak stress and brittle
drop at post-peak stage. Moreover, the shape of the
numerically simulated stress—strain curve under triaxial
compression is also in excellent agreement with the
experimental results, besides the stage of residual strength.

Figure 3b shows clearly that the simulated triaxial com-
pressive strength is similarly equal to that obtained in the
experiment under the same confining pressure (Huang et al.
2016b). The dispersion extent is defined as the percentage
ratio of the absolute difference between the experimental and
numerical value and average value. The dispersion extent is
approximately 5.5 % for 03 = 5 MPa, whereas it is smaller
for other confining pressures (<2.0 %). Moreover, we can
see that the triaxial compressive strength of intact rock-like
material increases linearly with increasing confining pres-
sure, which can be expressed by the linear Mohr—Coulomb
criterion. In accordance with the linear Mohr—Coulomb
criterion, the values of the cohesion internal friction angle of
the numerical model are 22.88 MPa and 19.97°, respec-
tively, implying that the strength parameters are approxi-
mately equal to those obtained by experiment.

3 Numerically Simulated Results of Pre-fissured
Specimens

Micro-mechanical parameters for the intact numerical rock-
like material were obtained through calibration and verifi-
cation processes. There is no need to calibrate the micro-
mechanical parameters for the pre-fissured numerical spec-
imen again, which means that for the simulation of the pre-
fissured numerical specimen, the same values are used as for
the intact specimen (Lee and Jeon 2011; Yang et al. 2014b).
A systematic simulation for pre-fissured specimens and a
comparison with the experimental results were made to
better understand the strength and failure behavior of rock
containing two unparallel fissures under triaxial compres-
sion. Axial deviatoric stress—strain curves, strength and
deformation parameters and macro-failure modes are pre-
sented in this section, and the numerical results are quanti-
tatively compared with the experimental results.

3.1 Stress—Strain Behavior

Axial deviatoric stress—axial strain and circumferential
strain curves of rock-like material specimens from PFC3D
simulation and experiments under conventional triaxial
compression are presented in Fig. 4.
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Table 1 Micro-mechanical

. Micro-parameters Values Remarks
parameters for rock-like
material in PFC3D Minimum radius of the ball, Ry, (mm) 070  Parameter of ball
Ratio of maximum to minimum of radius, R 1.60 Parameter of ball
Density of the ball, p (kg/m) 2120 Parameter of ball
Friction coefficient, u 0.35 Parameter of ball
Young’s modulus of the ball, E. (GPa) 12.3 Parameter of ball
Ratio of normal to shear stiffness of the ball, k,/k 1.40 Parameter of ball
Young’s modulus of the parallel bond, E. (GPa) 12.3 Parameter of parallel bond
Ratio of normal to shear stiffness of the parallel bond, k,/k, 1.40 Parameter of parallel bond
Parallel bond normal strength (g,), mean (MPa) 43.0 Parameter of parallel bond
Parallel bond normal strength, standard deviation (MPa) 6.0 Parameter of parallel bond
Parallel bond shear strength (z,), mean (MPa) 60.0 Parameter of parallel bond
Parallel bond shear strength, standard deviation (MPa) 9.0 Parameter of parallel bond
Fig. 3 Comparison between (a) 100 (b)150 -
numerical and experimental —Experimental curve
results of intact specimens. ---Numerical result
. . 80 120 +
a Axial stress—strain curve; and -
b peak strength 5 6o} . -II s sl
= nod =
~ | [} ~
G 40 | [} 2 é’ 60
H DExperimental value
20 | L Triaxial compression 30 F .
Uniaxia (03 =5MPa) AI\Ilumer}c?tl result A
compression =Linear fitting (experiment)
0 1 1 1 1 J 0 1 1 1 1 1 J
0 2 4 6 8 10 0 5 10 15 20 25 30
&/ 107

The experimental curves under uniaxial and triaxial com-
pression were obtained from Huang et al. (2016b, c). Black
solid lines in Fig. 4 represent experimental curves, and
numerical curves are shown as red dotted lines. Figure 4 shows
that the PFC3D numerically simulated stress—strain curves all
are in good agreement with the experimental results except for
o = 30° under confining pressures of 5 and 15 MPa. The slope
rate in the linear elastic stage, peak stress and brittle response in
the post-peak stage obtained from experimental and numerical
curves of pre-fissured specimens are similar for o = 30°, 45°
and 60° under uniaxial compression. Under triaxial compres-
sion, the elastic stage of numerical curves agrees well with the
experimental curves for « = 30°, 45° and 60°. Moreover, the
numerical curves are similar to the experimental curves after
peak stress, i.e., both the numerical and experimental curves
reach the residual strength. However, some experimental
curves show lower residual strength, such as o = 30°, under
confining pressures of 5, 15 and 25 MPa, which may be
affected by the hydraulic oil in the laboratory tests.

3.2 Strength and Deformation Properties

The stress—strain behavior from PFC3D modeling was
qualitatively compared with the experimental results. In the

o3/ MPa

following section, the numerical peak strength and peak
strain are quantitatively compared with the experimental
values.

Figure 5 shows a comparison between the numerical
strength and deformation parameters, e.g., peak strength
and peak strain, and experimental values under different
confining pressures for pre-fissured specimens. It can be
seen that numerically simulated triaxial compressive
strengths are approximatively equal to the experimental
values for both o = 45° and 60°, except for o = 30°
(Fig. 5a—c). However, the strength simulated by PFC3D
has a similar trend with confining pressure. Both the
numerical and experimental strength increase with the
confining pressure. In addition, the increase rate from 0 to
5 MPa is higher than that in the range of 5-25 MPa. For
o = 30°, the dispersion extent is approximately 22.8 % for
uniaxial compression and approximately 15.1 % for
o3 =5, 10 and 25 MPa. The dispersion extent is much
smaller for o3 =25 MPa, which equals 7.2 %. For
o = 45°, the dispersion extent is approximately 13.0 % for
o3 =5 and 10 MPa, while the extent is approximately
4.3 % for uniaxial compression and o3 = 15 and 25 MPa.
Furthermore, for o = 60°, the dispersion extents are
approximately 3.3, 34, 65, 19 and 49 % for
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a=30° a=45° a=60°

0=0 MPa
03 =5 MPa
6=10MPa

60 - 60 r r\ . 60
o=15MPa
6=25MPa

10 -5 0 5 10 15 10 -5 0 5 10

£/ 107 &/ 107 &/ 107 e/ 107

Fig. 4 Stress—strain curves of fissured specimens obtained through experiment and simulation. Black solid lines in this figure represent
experimental curves, and numerical curves are shown as red dotted lines (color figure online)

@ Springer



Three-Dimensional Numerical Simulation on Triaxial Failure Mechanical Behavior of Rock...

4717

Fig. 5 Comparison between
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03 = 0-25 MPa, which are smaller than those for « = 30°
and 45°.

The numerical axial peak strains all agree well with the
experimental values (Fig. 5d—f) for both the value of peak
strain and the trend with the confining pressure. The axial
peak strains all increase with the confining pressure. The
difference between numerical and experimental axial peak
strain can be explained as follows. For oo = 30°, the dis-
persion extent is approximately 3.1 % for uniaxial com-
pression and 17.2 % for o3 = 10 MPa, whereas the
dispersion extent is in the range of 9.1 % for g3 =5, 15
and 25 MPa. For o = 45°, the extent is approximately
16.6 % for uniaxial compression and o3 =5 MPa and
8.3 % for ;3 = 15 and 25 MPa, whereas the extent is much
smaller for o3 = 10 MPa, which approximately equals to
3.5 %. For o = 60°, the maximum dispersion extent is
approximately 22.7 % for 63 = 15 MPa and the minimum

dispersion extent is approximately 2.9 % for a3 = 25 MPa,
while for uniaxial compression and o3 = 5 and 10 MPa,
the dispersion extents are 5.4, 9.9 and 10.9 %, respectively.

3.3 Macro-Failure Modes

Figure 6 further depicts the influences of the confining
pressure and fissure angle on the ultimate failure modes of
rock-like material specimens containing two unparallel
fissures under uniaxial and triaxial compression by PFC3D
numerical simulation. Ultimate experimental failure modes
are given for comparison in Fig. 6.

In Fig. 6, the experimental failure modes under uniaxial
and triaxial compression were taken from Huang et al.
(2016Db, c). When the bond between adjacent parent balls is
broken in the PBM, a micro-crack forms. A micro-crack is
represented as a segment. The tensile micro-crack is shown
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a=30°

a=45°

a=60°

;=0 MPa

03=5 MPa

03=10MPa

o3=15MPa

o3 =25MPa

Fig. 6 Failure modes of fissured specimens obtained through experiment and simulation. The left figure shows the experimental failure mode,

and the right figure presents the numerical failure mode in each rigid

@ Springer



Three-Dimensional Numerical Simulation on Triaxial Failure Mechanical Behavior of Rock...

4719

as a red line, and the shear crack is shown as a blue line in
the numerical results. In this paper, a macro-crack was
defined when enough micro-cracks were connected.

As shown in Fig. 6, we can conclude that the ultimate
numerical failure modes of rock-like material containing
two unparallel fissures simulated by PFC3D are similar to
those obtained from laboratory experiments. Moreover,
Fig. 6 shows that the failure modes of pre-fissured speci-
mens are determined by the confining pressure and fissure
angle. The basic principle can be described as follows.
When the confining pressure is small, it is mainly affected
by the fissure angle, whereas it is mainly affected by the
confining pressure when the confining pressure is high.

The systematic comparison, including the stress—strain
curves, strength and deformation parameters and failure
modes of rock-like material specimens containing two
unparallel fissures under uniaxial and triaxial compression
are shown in Figs. 4, 5 and 6, respectively, indicates that

the calibrated numerical mode reproduces the strength
failure behavior of laboratory physical experiments and
proves the reasonability and accuracy of the micro-me-
chanical parameters used in PFC3D given in Table 1.

4 Cracking Behavior of Pre-fissured Specimens
4.1 Micro-crack Number Evolution

Figure 7 illustrates the relationship between the micro-
crack number and axial deviatoric stress of intact and pre-
fissured numerical specimen under uniaxial and triaxial
compression.

The number of micro-cracks generally increases with
deformation, and the increasing rate of micro-crack number
evolves during the process of crack initiation, propagation
and coalescence (Fig. 7). The evolution characteristics of

Fig. 7 Relation between axial
8. . (@)so 150 S (b) go - 150 &
strain level of the stress—strain Total crack S S
curve and the number of micro- ; =
- 140 {40 X
cracks. a Intact specimen, < 60F ot o
. . w
g3 = 5 MPa; b intact specimen, & Stress 5 < 60 fF )
_ . p 130 £ & 130 2
a3 = 15 MPa; ¢ pre-fissured < 0 g S =]
specimen (o = 30°), S 20 g C 2
g3 = 0 MPa; d pre-fissured S ensile crack é ® a0l 120 ]
specimen (o = 60°), 20 | Shegr crack] 3 © g
a3 = 5 MPa; e pre-fissured e 110 o
specimen (o = 60°), . § B
g3 = 15 MPa; and f pre- 00 2 4 80 00 é 4 é 80 =
fissured specimen (o0 = 45°), e/ 107 /10°
g3 = 25 MPa &
(©) a0 1158 (Deo j20 &
4 =t
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[ 410 4] 53 4]
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€ 20} ! 9
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Time/s

Fig. 8 AE counts and crack evolution process of rock-like material specimen containing two unparallel fissures for o« = 45° under uniaxial

compression obtained from laboratory experiment

the micro-crack number in linear elastic deformation, non-
linear deformation, post-peak strain softening and the
residual strength stages can be summarized as follows. In the
stage of linear elastic deformation, a few micro-cracks can
be observed in the accumulated micro-crack number curve,
but only when the stress increased to some extent. From the
stage of linear elastic deformation to nonlinear deformation,
more micro-cracks were formed, which can be verified from
the slow increase in micro-cracks. We can see that the
micro-crack number increases faster than other phases after
the stress peaks. However, some micro-cracks still form in
the stage of residual strength, and the increase rate in this
phase is much smaller than that of former stages.
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In addition, the stress—strain curve for intact numerical
specimens showed a stronger brittle behavior in the stage
of post-peak under low confining pressure (e.g., 5 MPa)
than under high confining pressure (e.g., 15 MPa). In
contrast, the increasing rate of the micro-crack number
curve was larger under low confining pressure than under
high confining pressure. A similar situation can also be
observed for numerical specimens containing two unpar-
allel fissures. The stronger the brittle response of the stress—
strain curve, the faster the increase in micro-crack number
curve. Moreover, tensile cracks were dominant during
deformation, indicating that the major mode was under
tension for numerical specimens.
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4.2 Crack Coalescence Process Obtained
by Experiment and Modeling

Figure 8 presents the axial stress—time curves, output of
AE counts, curve of the accumulated AE counts and crack
evolution process of rock-like material specimens con-
taining two unparallel fissures obtained from the laboratory
experiment. The Arabic numbers in Fig. 8 denote the order
of cracking in the pre-fissured specimen observed by
photographic monitoring, and the superscript letters on the
same number indicate that these cracks were simultane-
ously initiated at different positions.

In accordance with Fig. 8, the AE and real-time crack
coalescence behavior of rock-like specimen containing two
unparallel fissures (o« = 45°) are analyzed during the entire
deformation. At the initial deformation and low stress level
stages, no macro-cracks are observed in the specimen
surface. However, the obvious AE counts are clearly seen,
which may result from the initiation of micro-cracks in the
specimen interior. When the axial stress reaches point 1,
crack 1 is initiated away from the left tip of the horizontal
fissure. After point 1, the axial stress increases linearly as
time increases. When the specimen is loaded to point 2
(o1 = 26.37 MPa), crack 2% is formed away from the right
tip of the horizontal fissure, while cracks 2° and 2° are
initiated at the lower and upper tips of the inclined fissure,
respectively. The initiation of crack 1 and crack 2% does
not lead to a stress drop or a large AE event. When the
axial stress increases to the peak stress, i.e., point 3, crack 3
emanates near the right tip of the horizontal fissure. After
the strength peaked, the corresponding axial stress of the
specimen begins to decrease as deformation increases. The
occurrence of crack 4* and crack 4° in the ligament region
leads to a small stress drop to 36.48 MPa when the axial
stress decreases to point 4 (¢; = 37.99 MPa). The largest
AE event appears at that time. The coalescence of crack 2°
between the left tip of the horizontal fissure and the upper
tip of the inclined fissure contributes to a large stress drop
from 27.78 to 11.35 MPa, and a large AE event can
simultaneously be observed at point 5 (o, = 21.47 MPa).
With the increase in deformation, the axial stress decreases
to point 6 (o, = 10.10 MPa), a far-field crack 5 emanates
at the top of the specimen and propagates downwards
approximately in parallel with the direction of axial stress.
The width of the cracks that are formed before point 5
increases, except for crack 1. Our analysis shows that the
corresponding axial stress drop in the axial stress—time
curve and a large AE event can simultaneously be observed
when a new crack formed or crack coalescence occurred in
a pre-fissured specimen.

However, it is difficult to directly observe the crack
evolution process due to the closed environment in labo-
ratory physical triaxial compression tests. To better

understand the strength and failure behavior, it is essential
to establish a correlation between the stress level and
fracture order of specimens containing preexisting fissures.
In the following section, the cracking process of specimen
containing two unparallel fissures obtained by PFC3D
modeling is discussed, and the relationship between frac-
ture process and stress level is analyzed. Figure 9 presents
the crack coalescence process of numerical specimens
containing two unparallel fissures for « = 30° under uni-
axial compression (Fig. 9a), o = 60° under a confining
pressure of 5 MPa (Fig. 9b), o = 60° under a confining
pressure of 15 MPa (Fig. 9c) and o = 45° under a con-
fining pressure of 25 MPa (Fig. 9d). The four crack coa-
lescence processes reveal different crack evolution types,
different fissure angles (i.e., 30°, 45° and 60°) and different
confining pressures (i.e., 0 MPa, low pressure of 5 MPa,
medium pressure of 15 MPa and high pressure of 25 MPa).
It should be noted that the numbers in Fig. 9 correspond to
the crack order shown in Fig. 7.

In accordance with Figs. 7c and 9a, we can analyze the
real-time crack initiation, propagation and coalescence
process of rock-like material specimen containing two
unparallel fissures for « = 30° under uniaxial compression.
When the axial stress reaches 30.25 MPa (point 1 in
Fig. 7c¢), three tensile wing cracks are formed from the two
tips of the horizontal fissure and lower tip of the inclined
fissure. With the increase in axial deformation after point
1, the pre-fissured specimen is loaded to 35.81 MPa (point
2 in Fig. 7c) and a tensile wing crack is formed at the
upper tip of the inclined fissure. An anti-wing crack
emerges from the lower tip of the inclined fissure at that
moment, and an axial tensile crack is observed at a dis-
tance from the right tip of the horizontal fissure. When the
specimen is loaded to point 3 (o; = 34.81 MPa), the
original cracks extend. The first crack coalescence between
the right tip of the horizontal fissure and the upper tip of
the inclined fissure can be seen due to the propagation of
tensile wing crack initiated at the right tip of the horizontal
fissure. With the continuous increase in axial deformation,
the axial stress increases to point 4 (g; = 33.43 MPa). At
this time, the tensile crack initiated at the upper tip of the
inclined fissure grows and forms a link to the left tip of the
horizontal fissure. Subsequently, far-filed cracks and sec-
ondary cracks emanate in the ultimate failure specimen.
The crack evolution process obtained by PFC3D agrees
well with that of the laboratory specimen (Huang et al.
2016b).

Figure 9b shows that two tensile cracks are initiated at the
two tips of the horizontal fissure for o« = 60° under a low
confining pressure of 5 MPa when the axial deviatoric stress
reaches 32.71 MPa (point 1 in Fig. 7d). With increasing
axial deformation, cracks continue to propagate and the
downward growth is faster than the upward growth. After the
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«Fig. 9 Crack coalescence process of pre-fissured rock-like material
specimens under triaxial compression. a Pre-fissured specimen
(e« =30°), o03=0MPa; b prefissured specimen (o= 60°),
03 = 5 MPa; ¢ pre-fissured specimen (o = 60°), 63 = 15 MPa; and
d pre-fissured specimen (« = 45°), g3 = 25 MPa

tensile cracks grow to a certain length, cracks begin to
emerge at the tips of the inclined fissure as shown in point 2 of
Fig. 9b. The continuous increase in axial deformation leads
to the specimen being loaded to peak strength (point 3 in
Fig. 7d). At that time, all cracks in the specimen propagate
notably. In particular, the tensile wing crack initiated at the
right tip of the horizontal fissure almost forms a link to the
upper tip of the inclined fissure. Subsequently, no new cracks
generate with the continuous increase in axial deformation,
but existing cracks gradually propagate. No crack coales-
cence can be observed in the failed specimen between the
two preexisting fissures. This phenomenon is in good
agreement with the laboratory results (Fig. 6).

The cracking behavior of rock-like material specimens
containing two unparallel fissures is distinctly different
from that under uniaxial compression and low confining
pressure (e.g., 5 MPa) when the confining pressure
increases to medium (e.g., 15 MPa) and high pressure (e.g.,
25 MPa). Several crack coalescences between the two
preexisting fissures can be observed in the failed specimens
(Fig. 9c, d). The crack coalescence between two unparallel
fissures appears first in the specimen, which is due to the
link between tensile wing crack forming at the left tip of
the horizontal fissure and anti-wing crack at the lower tip of
the inclined fissure. Further increase in axial deformation
leads to the second crack coalescence between the left tip
of the horizontal fissure and the upper tip of the inclined
fissure due to the connection of two tensile wing cracks,
which is different from the crack coalescence type under
uniaxial compression (Fig. 9a). The third crack coales-
cence occurs between the right tip of the horizontal fissure
and the upper tip of the inclined fissure because of the
propagation of the wing crack from the right tip and the
original tensile wing crack from upper tip.

Furthermore, it can be seen from Fig. 9 that the crack
initiation, propagation and the coalescence process depend
on the fissure angle and confining pressure. In accordance
with Figs. 6 and 9, some significant characteristics can be
summarized as follows.

1. The cracking modes are closely related to the fissure
angle and confining pressure. Under uniaxial compres-
sion, cracks often initiate at a distance away from the
tips of horizontal fissure, whereas cracks always
emerge from the tips of inclined fissure. However,
under triaxial compression, cracks are easier to

generate from the tips of horizontal and inclined
fissures. As the confining pressure increases, anti-
cracks from the lower tip of inclined fissure become
easier to initiate and propagate, while the wing cracks
are suppressed.

2. The crack coalescence modes between the two preex-

isting fissures are dependent to the fissure angle and
confining pressure. Under uniaxial compression, crack
coalescence occurs between the upper tip of the
inclined fissure and the two tips of the horizontal
fissure for fissure angle of 30°; while crack coalescence
occurs due to the propagation of a crack initiated from
the upper tip of the inclined fissure to the middle of the
horizontal fissure when fissure angles are 45° and 60°.
The crack coalescence modes shift gradually with
increasing confining pressure.

3. The failure modes depend on the confining pressure.

On the macroscopic view, under uniaxial compression
and low confining pressure, tensile cracks are domi-
nant in the specimen, and the specimen fails under
tensile mode. However, under high confining pressure,
shear cracks are more than tensile cracks and shear
failure occurs in the specimen. On the mesoscopic
view, with the increase in confining pressure, the
contribution of tensile micro-cracks (red color in
Figs. 6, 9) to the failure decreases gradually, whereas
that of shear micro-cracks (blue color in Figs. 6, 9)
increases.

4.3 Internal Damage Behavior

Analysis of the pattern of cracks at different positions will
improve understanding of internal damage behavior of rock
under triaxial compression because the cracks in cylindri-
cal rock specimens are three-dimensional. The numerical
specimen can be illustrated by block structures using the
Cluster command in PFC3D. The Itasca Consulting Group
Inc. (2008) notes: all particles in the viewing area are
added to the view list, with their color determined by their
connection with a cluster. A cluster is defined as a set of
balls, all of which can be reached by traversing intact
bonds. After the numerical specimen is displayed as a
cluster assembly, horizontal cross sections with different
heights and vertical cross sections with different depths can
be obtained.

Figure 10 illustrates the cluster assembly and the
cross-section directions. Figure 10b shows the cluster
assembly, which corresponds with the numerical failed
specimen shown in Fig. 10a. The slice images for the
horizontal cross section shown in Fig. 10c were captured
at 10-mm intervals. Each image was 10 mm thick with
an up-to-down scanning sequence. The slice images of
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(b)

z=25mm

z=-25mm

Fig. 10 Tllustrations of the cluster assembly and the directions of cross sections. a Numerical failed specimen; b cluster assembly; ¢ viewing
angle of horizontal cross section; and d viewing angle of front vertical cross section

the front vertical cross section shown in Fig. 10d were
captured at 5-mm intervals, and each image was 5 mm
thick with a front-to-back scanning sequence. In the
cluster assembly and cross-section images, the adjacent
balls with same color are a cluster element in the
respective image.

Figure 11 presents the cross-section results of the intact
numerical specimen after triaxial compression failure,
including front vertical cross sections with different depths
(Fig. 11a) and horizontal cross sections with different
heights (Fig. 11b). The slice image in Fig. 1la at
z = —25 mm demonstrates the surface crack distribution.
Only one main crack is located in the top region of the
specimen, and some minor fractures are observed in bottom
region. Compared with the actual surface crack photograph
(Fig. 11a), it is clear that the numerical surface image
approximates the experimental physical specimen. The
fracture in the top region of the specimen continuously
propagates from z = —20 mm to —5 mm, and with
increasing depth, the under fracture also gradually grows.
The slice image demonstrates the central crack distribution
at z = 0 mm. Two main fractures, that is, crack 2 and crack
3, are shown in the image. Crack 2 and crack 3 coalesce.
Only one main fracture is observed in these images from
z = 5 to 20 mm, and the fracture system is very simple.

The slice image in Fig. 11b at y = 50 mm reveals the
top surface crack distribution. Only one main fracture,
that is, crack 1, and minor fractures are observed in this
image across the diameter direction. At y = 40 mm, crack
1 still crosses the diameter direction and crack 2 propa-
gates. However, crack 1 is located near the right boundary
of the specimen when y equals 30 mm, indicating that the
propagation height along the vertical direction is
~20 mm. The height of ~20 mm corresponds to that
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shown in Fig. 10a. For crack 2, it only appears in the
range of y = 50-10 mm, which means that crack 2 is
located in the upper part of the specimen. At y = 10 mm,
crack 3 is initiated in the slice image. With decreasing
height from y = —10 mm to y = —30 mm, crack 3
gradually moves to the center of the specimen, whereas
crack 3 distributes discretely along the left boundary of
the specimen at y = —40 mm.

Furthermore, some minor fractures can be found besides
the main fracture in the slice images. Main fractures all are
inclined in the specimens and are macro-shear cracks,
which implies that the intact numerical specimen failed
dominantly due to the development of a steeply inclined
macro-crack under triaxial compression.

Figure 12 shows the front vertical and horizontal cross
sections of numerical specimen containing two unparallel
fissures after triaxial compression failure under a confining
pressure of 5 MPa. An upward fracture and a downward
fracture can be observed in Fig. 12a at z = —25 mm at
the left and right tips of the horizontal fissure, respec-
tively. However, no notable fractures are observed near
the inclined fissure. This crack distribution agrees well
with that of the experimental physical failed specimen
(Fig. 12a). Only minor fractures were seen at the lower tip
of the inclined fissure at z = —20 and 5 mm. However,
crack 1 and crack 2 at the tips of the horizontal fissure
appear in all front vertical cross sections with different
depths. Moreover, they all propagate to the boundary of
the specimen. It should be noted that no crack coalescence
occurs between the two preexisting fissures.

There is no obvious fracture in the two slice images in
Fig. 12b at y = 50 mm and —40 mm, which indicates that
fractures do not evolve to the two ends of the specimen.
When the height decreases from y =40 mm to
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Crack 2

Crack 3

(b) Crack 1

y=30mm y=20mm y=10mm

Crack 3

y=0mm y=-10mm y=-20mm y=-30mm y=-40mm

Fig. 11 Cross-section results of intact numerical specimen after triaxial compression failure (¢; = 5 MPa). a Front vertical cross sections with
different depths; and b horizontal cross sections with different heights

y = 10 mm, crack 1 propagates from the boundary toward  y = 10 mm. With the decrease in height from y = 10 mm
the center of the specimen. Crack 1 and 2 can be observed  to y = 30 mm, crack 2 grows from the center toward the
simultaneously in the horizontal cross section at  boundary of the specimen.
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7z=15mm

(b)

y=0mm y=-10mm y=-20mm y=-30mm y=-40mm

Fig. 12 Cross sections of pre-fissured numerical specimen after triaxial compression failure (¢ = 60°, g3 = 5 MPa). a Front vertical cross
sections with different depths; b horizontal cross sections with different heights

Figure 13 displays the front vertical and horizontal cross  pressure of 15 MPa. The images demonstrate a similar crack

sections of the numerical specimen containing two unparallel ~ distribution for the front vertical cross sections with different
fissures after triaxial compression failure under a confining  depths (Fig. 13f), implying that the cracks propagate across
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(a) 5

y=20mm y=10mm

y=m y=-10mm y=-20mm y=-30mm y=-40mm

Fig. 13 Cross sections of pre-fissured numerical specimen after triaxial compression failure (¢« = 60°, g3 = 15 MPa). a Front vertical cross
sections with different depths; and b horizontal cross sections with different heights

the whole specimen in the diameter direction (z axial).  large cracks can be observed near the bottom of the specimen
Fractures of the horizontal cross sections with different  at y = —40 mm, which is similar to the pre-fissured speci-
heights mainly occur in the range of y = 50 to —30 mm. No  men under a confining pressure of 5 MPa (Fig. 12).
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Comparing the cross sections of numerical specimen
under triaxial compression, some interesting phenomena
can be observed.

1. From the comparison between cross sections of intact
specimen and pre-fissured specimen under same con-
fining pressure shown in Figs. 11 and 12, we can see
that the cracks in the intact specimen under a confining
pressure of 5 MPa (Fig. 11) are initiated first at one of
the two ends of the specimen and then propagate
toward the other end of the specimen (Yang et al.
2015a). However, the cracks in the pre-fissured
numerical specimen under a confining pressure of
5 MPa (Fig. 13) first emerge at the tips of preexisting
fissures and then grow toward the boundary and
surface of the specimen.

2. From the comparison between cross section of pre-
fissured specimen under a confining pressure of 5 MPa
and 15 MPa shown in Figs. 12 and 13, it is clear that
the confining pressure has a significant effect on the
internal damage behavior. No crack coalescence was
observed between the two pre-fissures under low
confining pressure (5 MPa). However, two crack
coalescences occur due to propagation tensile wing
cracks and anti-wing crack under a medium confining
pressure (15 MPa). In addition, anti-wing cracks are
closely related to the confining pressure. Taking the
anti-wing crack from the lower tip of the inclined
fissure as an example, when the confining pressure is
low (5 MPa), no anti-wing crack is initiated at the tip,
whereas when the confining pressure increases to
15 MPa, an anti-wing crack emanates and forms a link
with the right tip of the horizontal fissure.

5 Conclusions

This study investigates the strength failure and internal
damage behavior of rock-like material specimens with two
unparallel fissures using laboratory experiments and a
three-dimensional discrete element method. The following
conclusions are drawn from the analysis of experimental
and numerical results.

1. A set of micro-mechanical parameters in PFC3D was
calibrated from the experimental results of intact rock-
like material specimens. The numerical results, includ-
ing the axial stress—strain curves, peak strength and peak
strain, and ultimate failure modes of specimen contain-
ing two unparallel fissures under uniaxial and triaxial
compression using the calibrated micro-mechanical
parameters agree well with the laboratory compression
tests. This agreement implies that the calibrated micro-
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mechanical parameters and setup numerical model have
the capability of reproducing laboratory results.

2. The crack initiation, propagation and coalescence

process of numerical specimens containing two unpar-
allel fissures are all obtained using PFC3D. Until now,
it has been impossible to capture these characteristics
with triaxial compressive experiments. The crack
evolution process and failure mode of rock-like
material specimen containing two unparallel fissures
are found to be dependent on fissure angle and
confining pressure. When the confining pressure is
small, the failure mode is mainly affected by the fissure
angle. However, the failure mode is mainly influenced
by the confining pressure at a high confining pressure.

3. The crack pattern at different positions was analyzed in

detail to explore the internal damage behavior of rock-
like material specimen under conventional triaxial
compression. The cracks in the intact specimen form
first at one end of the specimen and then propagate
toward the other end, while the cracks in the pre-
fissured numerical specimen emerge first at the tips of
preexisting fissures and then grow toward the boundary
and surface of the specimen. Anti-wing cracks are
closely related to the confining pressure. When the
confining pressure is high, anti-wing cracks emanate
and propagate strongly.
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