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The rock masses, especially with existing discontinuous joints, are prone to shear failure when subjected to
constant changing stress in the direction perpendicular to the free face, which may result in tunnel collapse and
slope slip instability in the processes of rock engineering construction. To better understand the effect of various
joint geometries on the shear behavior of rocks, the mechanism of crack initiation, propagation, and coalescence
in rock-like materials (a kind of cement mortar) with intermittent flaws under shear loading is investigated using
both laboratory experiments and numerical simulations. The component of moment tensor is utilized to inves-
tigate the temporal and spatial evolution of acoustic emission events and determine the geometry state of the
cracks. The major principal stress and velocity field are presented to distinguish crack types and study the stress
evolution associated with crack propagation. The results reveal that for specimens with various flaw dip angles
the propagation direction of all newly generated cracks is basically parallel to the shearing loading, and the
failure patterns of specimens are mainly controlled by tensile fractures. When the flaw inclination angle reaches
45°, the evolution of the thickness of newly generated micro cracks is controlled by the type of stress field, and
after peak strength its variation mainly occurs near the tips of the pre-existing flaws. The secondary cracks
obtained from the velocity field analysis mainly include tensile, compressive-shear, tensile-shear and pure shear
cracks rather than simple tensile cracks, and the secondary cracks appear instantly and abundantly on both sides
of the specimen. The work may shed light on the mechanism of slope slip, and provide guidance to the safe
construction of engineering projects.

1. Introduction laboratory experiment is an effective and efficient tool that has been

widely used to qualitatively and quantitatively analyze the mechanical

In the excavation processes of many rock engineering projects such
as rock slopes, the rock masses adjacent to free faces are often suffered
from shear loadings [1,2]. Especially, due to the existence of intermit-
tent joints with different geometrical arrangements and scales, the shear
behaviors of such rock masses are usually complicated. The discontin-
uous joints could not only reduce the strength of rock masses, but also
induce new discontinuities [3]. Therefore, a profound understanding of
the propagation and coalescence of intermittent joints under shear
loading is crucial for predicting rock failure and optimizing rock engi-
neering design.

Compared with the high-cost and time-consuming in-situ tests,

properties of engineering rock masses. Due to the ease of fabrication, a
large number of laboratory experiments have been performed using
rock-like materials to investigate the shear behaviors and properties of
jointed rocks [4-7]. According to the direction and path of crack prop-
agation, two types of cracks have been well summarized, i.e., the wing
cracks and the secondary cracks. Generally, the wing cracks are typical
tensile cracks initiated from the tips of a flaw along the direction of
maximum principal stress. The secondary cracks are considered as shear
cracks, which often occur instantly and abundantly when approaching
the peak stress [8,9]. Henceforth, the term ‘flaw’ denotes artificially
created (or pre-existing) crack or fracture, and the term ‘crack’ indicates
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newly induced fracture by shear loading.

Previous studies mainly focus on the effect of flaw orientations [10],
normal stiffness [11], joint surface roughness [12], initial opening [13]
and normal loads [14] on the shear mechanism of single or parallel joint
(s) in rock masses. These results reveal that the geometric configurations
of pre-existing flaws determine the initiation of cracks, and the final
failure patterns are controlled by the shear rates and normal loadings. In
fact, compared with the coplanar joints, the existence of intermittent
joints in nature makes the rock mechanical behavior more complicated,
simply because of the intricate interaction between rock bridges and
joints [15]. In this work, we perform a series of laboratory experiments
to investigate the initiation and propagation of intermittent flaws in
rock-like specimens under shear loading.

However, information such as the evolution of stress field, which
controls the crack propagation and the process of microscopic charac-
teristics during shear, cannot be readily and completely captured by
laboratory experiments. Therefore, numerical simulation, owing to its
rapidity and convenience, has been extensively employed to supplement
the analysis of deformation and failure mechanism of jointed rocks
[16-20]. The discrete element method (DEM), with great advantages in
analyzing large deformation and rock failure, is very effective for
studying crack coalescence process and complex interaction in discon-
tinuous jointed rock masses [21-26]. Based on DEM, the mechanisms of
asperity degradation of rock joints under shear loading was analyzed by
Bahaaddini, et al. [27], and the results obtained from numerical simu-
lation are in good agreement with physical experiments. Sarfarazi, et al.
[28] adopted DEM to study the effect of various geometric configura-
tions of joints on the failure mechanism of rock bridge. A series of other
direct shear tests in rock masses have been simulated by employing the
two-dimensional DEM-based particle flow code (PFC2D) [29-33]. Those
simulation results demonstrate the capability of DEM for such applica-
tions in rock mechanics and practical rock engineering [34].

Most previous simulations mainly concentrate on the macroscopic
mechanism of shear behavior in natural rock or rock-like material
[35-37]. However, the mesoscopic mechanism on the evolution of stress
and velocity fields induced by crack propagation and the complex
interaction in jointed rocks under shear loading are rarely mentioned or
investigated. In addition, the mechanism of energy evolution and source
rupture of jointed rock under shear loading remains elusive. Fortu-
nately, by introducing the moment tensor theory, the acoustic emission
(AE) model has been developed in numerical simulations based on
PFC2D [38], and provides a micro perspective to analyze the source
rupture of rock masses. The simulation of AE events could not only
enhance the understanding of failure mechanism of jointed rock masses,
but also establish a solid foundation to investigate the injection-induced
seismicity due to its capability of simulating micro seismicity. While
recent work mainly focuses on the distribution of AE event magnitude
and the effect of AE evolution on crack propagation [39-44], the re-
lationships of crack propagation and the component of moment tensor
are rarely mentioned. Therefore, further component analysis of moment
tensor is necessary to facilitate the understanding of the source mech-
anism of rock shear failure.

In this paper, to obtain insights into the mesoscopic mechanism of
crack coalescence in rock masses with intermittent joints, we first
conduct a series of indoor direct shear tests on rock-like specimens
containing intermittent pre-existing flaws with different geometrical
arrangements. Since the through flaws is two-dimensional in essence,
PFC2D is further adopted to give a thorough investigation of the shear
behavior of jointed rocks. According to the relative motion between
particles in PFC2D, we classify the velocity field into four types to
distinguish the newly generated crack types in various loading stages.
The average stress is also obtained from the simulation to analyze the
evolution of stress magnitude and direction induced by crack propaga-
tion. Additionally, we decompose the moment tensors of AE events into
three parts, i.e., the double couple (DC) part represents pure shear
motion, the isotropy (ISO) part indicates isotropic volumetric change in
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Table 1
Physico-mechanical parameters of cement mortar and sandstone.
Material Compressive  Tensile Young’s  Poisson’s Density
strength o, strength modulus ratio v p (g/cm3)
(MPa) o; (MPa) E (GPa)
Cement mortar 58.25 5.62 11.63 0.20 2.38
Sandstone 20-170 4-25 3-35 0.02-0.25 2.10-2.40

the source (positive value represents tensile opening while negative
represents compressive closure), and the compensated linear vector
dipole (CLVD) part represents motion away or toward the source [45],
and analyze the components of moment tensor to explore the temporal
and spatial evolution of micro AE events and to determine the geometry
state of cracks (crack opening or closing).

The paper is organized as follows. In Section 2, we introduce the
preparation of specimens (a kind of cement mortar) containing inter-
mittent flaws with different geometrical arrangements and examine the
effect of various flaw inclination angles on crack propagation and failure
patterns. In Section 3, a mesoscopic parameters calibration is firstly
performed prior to establishing the numerical models. Then, the
acoustic emission simulations are conducted with various flaw inclina-
tion angles, and the stress and velocity filed obtained from PFC2D are
analyzed to investigate the crack propagation and coalescence at various
stress stages. It is worth noting that the experimental results in Section 2
also serve as the foundation for parameters calibration in Section 3, and
likewise, the numerical simulations in Section 3 are the extension and
supplement of the laboratory experiments. We conclude in Section 4

2. Experimental analysis

The laboratory experiments are used as a preliminary and qualitative
investigation of the mechanism of crack coalescence in rock masses
under shear. In this section, we first introduce the preparation process of
the specimens and pre-existing flaws. The experiment steps and working
principle of the shear test device are also presented. Then, the effects of
various flaw inclination angles on crack propagation and failure patterns
under shear loading are analyzed.

2.1. Specimen preparation

The cement mortar, as a common rock-like material, is selected for
current laboratory shear tests. The material consists of Portland cement,
quartz sand and water with a mass ratio of 1:2.34:1.35, respectively. A
small amount of water reducing agent is mixed to ensure the maximum
fluidity of specimens in the process of preparation. Table 1 presents the
physico-mechanical parameters of cement mortar, which is close to that
of natural rocks such as sandstone [46]. With a ratio between the tensile
to compressive strength close to 1:10, the cement mortar is an ideal rock-
like brittle material for studying the shear mechanism of jointed rock
mass [23]. It should be noted that the rock-like material cannot
completely capture the anisotropy and heterogeneities behaviors of
actual rocks. However, through rock-like material, we can easily control
the location and geometry of pre-existing flaws, and prepare similar
specimens to quantitatively and qualitatively investigate the influences
of specific factors on the mechanical behaviors of rocks.

The specimen dimensions are 150 mm x 150 mm x 70 mm (length
x width x thickness). A plexiglass rectangular plate with slots is placed
at the bottom of the mold, and the position and orientation of the slots
are changing to form various combinations of flaw inclination angles.
Pre-existing flaws are created by inserting two rectangular metal slices
(1.0 mm in thickness and 20 mm in width) into the mortar paste at lo-
cations according to the slots on the plexiglass plate and removing them
before the mortar begins to harden. After maintaining in the mold for 24
h, the specimens are removed from the mold and maintained in the
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Fig. 1. Geometric configuration of intermittent flaws contained in the speci-
mens. The pre-existing flaws are denoted as Flaw-1 and Flaw-2 from left to
right, respectively. C1-L, C1-R, C2-L and C2-R represent the tips of flaws; o is
the inclination angle of Flaw-2 (anticlockwise positive from right).

curing box with a temperature at 20 &+ 2 °C and a humidity around 95%
for seven days prior to the physical tests.

The two pre-existing flaws are placed in the middle of the specimen.
Specifically, the centers of the two flaws are fixed with a distance of 30
mm; the line segment connecting the two flaw centers is parallel to the
specimen boundary and the middle of the line segment coincides with
the specimen center. The inclination angle of the left flaw (Flaw-1) is
fixed at 45° (anticlockwise from right) in all specimens. By considering
the cost of manufacturing and conducting the experiments, we vary the
right flaw (Flaw-2) with six inclination angles () in the laboratory ex-
periments, i.e., 30°, 45°, 60°, 120°, 135° and 150°. Based on the location
of Flaw-2 tips relative to Flaw-1, these six angles can be classified into
two groups, i.e., low inclination angles (x < 60°) and high inclination
angles (a > 120°). It should be noted that the model size is large enough
to avoid any boundary effect. The geometric configuration of the spec-
imens is presented in Fig. 1.

2.2. Experimental steps
YUMT-1000 Microcomputer Control Electric Servo Rock Mechanics

Universal Test System with servo motor drive technology and advanced
sensor technology is used for current laboratory testing (see Fig. 2). The

Drum &ate

Roller
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shear device is mainly composed of upper and lower shear boxes, in
which the upper shear box moves from left to right under constant
horizontal velocity and transfers shear loading to the upper part of
specimen, while the lower shear box remains fixed. The roller plate is
placed above the upper shear box to reduce the friction force induced by
axial load, and then the metallic plate is placed between the axial
loading device and roller plate so that the roller plate is subjected to a
uniform force. The jack at the bottom provides an upward load to
eliminate the effect of gravity of the specimen. The steel plates and hell
blocks are designed to transfer uniform load to the specimen, and the
existence of drum plate is to conveniently assemble the shear boxes. The
shear rate is selected as 0.01 mm/s for all specimens, and the normal
stress controlled by the servo hydraulic system is fixed at 2.0 MPa. The
tangential shear stress is loaded after the normal compressive stress
reaches the prescribed value. The shear stress and normal displacement
are recorded by a data acquisition system during shear, and the whole
crack generation process is filmed by a digital camera. The loadings are
stopped when the residual shear stress reaches a stable value.

2.3. Experimental results

Because of the complex crack propagation procedure under shear
loading, it is difficult to show the complete dynamic fracturing process.
We only present in Fig. 3 the crack propagation procedure at two typical
time stamps for each specimen. The model shearing direction is denoted
by white arrows; the newly generated cracks are marked in red lines and
numbered as Crack-n (n = 1,2...,) according to their emergence
sequence.

Fig. 3a and b illustrate the crack propagation process with a Flaw-2
inclination angle of 30°. It can be observed that Crack-1 is initiated in
the rock bridge region and ultimately connects C1-R and C2-L. Mean-
while, Crack-3 appears at C2-R as a typical shear crack and propagates
towards the right edge of the specimen, while Crack-2 is initiated from
the middle of Flaw-1 rather than the tips with a propagation direction
opposite to that of Crack-3. The initiation and propagation of Crack-4
occur at the bottom edge of the specimen, which indicates that the
crack is tensile based on the propagation path. As shear continues,
Crack-5 is initiated at C1-L and propagates along the same direction as
Crack-2 in a stable manner. Crack-6 is initiated near C2-R and propa-
gates along the opposite direction of Crack-3. Crack-7 with a larger
length appears in the upper right area of the specimen in a curvilinear
path. For the model with Flaw-2 inclination angle of 45° (Fig. 3c-d),
Crack-1 is initiated from C2-L and extends towards C1-R, and finally
connects the pre-existing flaws and form a penetrating plane. At the
same time, Cracks-2 and Crack-3 are initiated from C1-L and C2-R
respectively and mainly propagate parallelly to the shear direction.
Crack-4 initiates in the right area of the specimen at an arbitrary point.
As shear continues, Crack-5 appears near C1-L and propagates toward

(b) El Axial loading
l _.. Metallic plate

=

o (o) (o) (o] (o) Q ,,,,, Roller plate

Steel plate  ghear direction Heel block

¥ . Upper shear box

_1-- Bottom shear box
“ (Fixed)

Jack

Fig. 2. Photograph of the shear testing device. (a) Physical photograph and (b) sketch chart.
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Crack propagation and final failure patterns Sketch of crack propagation sequence

Fig. 3. Crack propagation process in specimens with different intermittent flaw combinations at two typical time stamps. The a denotes the inclination angle of
Flaw-2. The two figures in the right column are sketches of crack propagation sequence corresponding to the two images in the left column, respectively.
Cracks and model shear direction are denoted by red lines and white arrows, respectively. The blue patch represents the spalling area. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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the left side of the specimen. When the Flaw-2 inclination angle in-
creases to 60° (Fig. 3e-f), Crack-1 and Crack-2 are initiated from the
middle of Flaw-2 and C1-R, and propagate towards C1-R and C2-L,
respectively; they both finally connect the pre-existing flaws. Crack-3
and Crack-5 both appear around C1-L, and propagate against the di-
rection of shear, while Crack-4 is initiated from C2-R, and propagate
towards the right side of the specimens. As shear continues, Crack-6 is
also initiated from C1-L with the same propagation direction of Crack-5.
A similar phenomenon occurs for Crack-7, while a spalling area is
observed between Cracks-4 and Crack-7.

For the models with high Flaw-2 inclination angles such as a# = 120°
(Fig. 3g-h), Crack-1 occurs at C1-R and Crack-2 initiates near C1-L, and
the propagation paths of both are basically parallel to the shear direc-
tion. Cracks-3 and Crack-4 appear in the left and right area of the
specimen, respectively. As shear continues, Cracks-5 and Cracks-6 are
initiated from C1-L and C2-L, respectively, and again propagate towards
the maximum loading direction. The crack propagation for the model
with @ = 135° is shown in Fig. 3i-j. We first observe that Crack-1 appears
in the rock bridge region and finally connects C1-R and C2-L, while
Crack-2 is initiated near C1-L and propagates against the shear direction.
Crack-2 continues to extend along the shear direction. Meanwhile,
Crack-4 is initiated from C2-L and coalesces with Crack-1. In addition,
Crack-3 appears in the left region of the specimen. For the model with «
= 150° (Fig. 3k-1), it can be observed that Crack-1 appears in the bridge
region and connects C1-R and C2-L. At the same time, Crack-2 is initi-
ated at the middle portion of Flaw-1 and Crack-3 arises from C2-R. With
the increasing shear displacement, Cracks-5 and Crack-6 are simulta-
neously initiated from C1-L and propagate towards the left of the
specimen. Meanwhile, Crack-4 appears above Crack-3 with the same
propagation path. A small spalling area can be clearly observed between
Crack-4 and the tip (C2-L) of Flaw-2.

According to the above laboratory experiments, it is manifest that the
propagation directions of all the newly generated cracks are basically
parallel to the shear direction. A small number of cracks are initiated
around the middle portion of Flaw-1 (e.g., specimens with « = 30° and
150°), rather than the tips of the flaws. The spalling region is prone to
appear between parallel secondary cracks. Generally, far-field cracks
without coalescing with the pre-existing flaws tend to extend in a stable
manner with a propagation direction parallel to the new cracks. We also
observe that when o = 30°, 45°, 135° and 150° the cracks initiated from
C1-R and C2-L are prone to form penetrating planes. Interestingly, when
a = 60° and 120°, the new cracks initiated from C1-R prefer to propagate
towards the middle of Flaw-2, indicating that the relative locations be-
tween Flaw-2 and C1-R determines the connection mode of the pre-
existing flaws; this is likely due to the stress difference near the flaw
tips. Additionally, for high inclination angles (a > 120°), the newly
generated cracks still are initiated from C2-L, which maybe is caused by
the generation of penetrating plane between C1-R and C2-L. However, a
profound understanding of crack generation induced by shear loading
cannot be easily achieved without the assistance of numerical tools.
Next, a series of numerical simulations based on PFC2D are further
conducted to give a thorough and quantitative investigation regarding
the mechanism of crack propagation and coalescence from microscopic
viewpoint.

2.4. Numerical analysis

In this section, a mesoscopic parameter calibration is first performed
based on the previous laboratory tests. The numerical models are then
established to fully investigate the effect of Flaw-2 inclination angle on
the temporal and spatial evolution of acoustic emission events. The
stress filed, especially the magnitude and direction of maximum prin-
cipal stress near the newly generated crack tips, is also analyzed. Finally,
based on the trend of relative motion between particles, we classify the
particle velocities into four types to distinguish the newly generated
crack types during shear. Compared with the laboratory experiments,
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Fig. 4. Contact diagram of FJM.

Table 2

Microscopic parameters used in the numerical model.
Particle parameters Values
Minimum radius Ry;;, (mm) 0.4
Particle radius ratio Rmax/Rmin 1.66

Density p (g/cm®) 1.18

Friction coefficient p 0.3
Effective modulus E, (GPa) 8.0
Normal/shear stiffness ratio k,/k 2.0
Tensile strength 6. (MPa) 21.5
Cohesion ¢ (MPa) 185
Angle of internal friction ¢ (°) 40.0
Bond effective modulus E. (GPa) 5.5
Bond normal/shear stiffness ratio kn/ks 2.0
Radial elements N, 1
Circumferential elements N, 3

the specimens with Flaw-2 inclination angle of 75°, 90° and 105° are
also considered in the numerical simulations, which is designed to
comprehensively investigate the effect of Flaw-2 inclination angle on the
initiation, propagation and coalescence of cracks.

2.5. Numerical model calibration

The PFC2D, as a realization of DEM, is based on the Newton’s second
law and with great capability of numerically simulating the micro-
mechanical behavior in brittle geo-materials. The flat-joint model
(FJM) is adopted to simulate the mechanical properties of particle
contacts, with its capability of eliminating the rotation of particles after
bond breakage, which can effectively capture the mechanical behaviors
of jointed rocks with high brittleness and internal friction angle [47,48].
The contact in FJM consists of a series of bonded or unbonded elements,
and each bond breakage is denoted as a new micro crack. A typical FIM
is demonstrated in Fig. 4, and a detailed explanation of it is presented in
Appendix A.

In PFC2D, the mesoscopic parameters between particles directly
determine the macroscopic mechanical properties of the specimens.
Therefore, calibrating the mesoscopic parameters of FJM is the basis to
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Fig. 6. Schematic representation of the numerical model.

establish appropriate numerical models. To this end, a ‘trial and error’
method is adopted to guarantee the numerically simulated Young’s
modulus, Poisson’s ratio, and shear strength are consistent with the
laboratory shear tests on intact cement mortar specimens under a
normal stress fixed at 2 MPa. The detailed calibration process can be
found in our previous work [49], and the obtained appropriate meso-
scopic parameters are tabulated in Table 2. Fig. 5 presents the com-
parison results in terms of failure pattern and the shear stress-shear
displacement curve between the laboratory experiment and the nu-
merical model utilizing the obtained mesoscopic parameters. The great
consistency between the two demonstrates the accuracy of the numer-
ical model. It should be noted that the shear displacement obtained from
the laboratory experiment is slightly larger than that of the numerical
simulation (~1.5 mm difference at peak shear stress point), which is due
to the gradual closure of the micro cracks caused by specimen fabrica-
tion during initial loading [50].

2.6. Model setup

A schematic description of the numerical model is shown in Fig. 6.
The loading rate is achieved by the movement of the ‘walls’ surrounding
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—4&- Mixed
500 F —A- Shear !
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- I ¥ /0~
9 400 / N\ , v
£ / A
= 300 / .
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g e - — —n
w 200 f y .
< Sm- — -
— -3
100 f A~
o SN 2ach S
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Flaw-2 inclination angle (°)

Fig. 7. Crack types and AE event number with various Flaw-2 inclina-
tion angles.

the model. The normal stress is applied vertically to the upper wall, and
remains constant during the shearing process. The upper block is only
allowed to move in the horizontal direction with a velocity of 0.1 m/s,
while the lower block can move in the vertical direction. Although this
loading velocity is much larger than the actual loading velocity in lab-
oratory tests, the mechanical response of the system has not been
changed when the model reaches a quasi-static equilibrium. The friction
coefficient between the walls and the particles is set to zero to avoid the
influence of the wall on the specimen. The shear force is obtained by
tracking the reaction force on Wall-4 (Fig. 6).

2.7. AE characteristics

In this work, we view micro cracks occurred in close time and space
spans as one single large AE event [51-53] and it thus could consist of
several micro cracks, which further improves the accuracy of AE simu-
lation [54]. Furthermore, based on the decomposition of moment tensor,
each macroscopic crack can be divided into three types, i.e., tensile,
mixed and shear cracks. Each macroscopic crack (AE event) contains one
or multiple micro cracks triggered by a contact bond breakup. More
details about the calculation of moment tensor and the introduction of
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AE event in PFC2D can be found in Appendix B.

The influence of Flaw-2 inclination angle on the types of the gener-
ated cracks based on AE analysis is presented in Fig. 7. We can observe
that in general the total number of AE events in specimens with high
Flaw-2 inclination angles (o > 90°) is larger than that in specimens with
low Flaw-2 inclination angles (« < 75°). This demonstrates that the
opposite inclination direction setup for the two flaws (i.e., higher
Flaw-2 inclination angles here, a > 90°) could facilitate the generation
of new fractures. For the specimens with low Flaw-2 inclination angles,
the total number of AE events decreases with the increase of «; while the
total number of AE events presents the opposite changing trend in
specimens with high Flaw-2 inclination angles, although with fluctua-
tions. This gives evidence that the closer the Flaw-2 to the horizontal
direction (very low or very high a), the more new fractures will be
generated. The number of tensile cracks is obviously larger than the
mixed and shear cracks, which results in a similar changing trend of
tensile cracks to that of the total AE events, and further reveals that the
number of tensile cracks mainly dominates the spatial distribution of AE
events. Interestingly, the numbers of mixed and shear cracks are basi-
cally around the same level, which implies that the variation of Flaw-2

inclination angle does not have much effect on the generation of mixed
and shear cracks.

The statistical distribution of AE event magnitude for each specimen
is presented in Fig. 8. As can be seen from Fig. 8a, the AE event mag-
nitudes roughly follow a series of normal-like distributions concentrated
in the range of —6.5 to —4.0 and peaked around —5.5. The similar dis-
tribution of AE event magnitudes has been observed in previous works
[39,55,56], which further validates the accuracy of our models. It seems
that the peak value of the probability distribution functions (PDFs)
reaches the maximum for the specimen with a = 60° and the lowest
when o = 75°. We further plot the average magnitude of AE events for
each specimen in Fig. 8b and can observe a fluctuation with respect the
Flaw-2 inclination angle. Unfortunately, we cannot see a clear changing
trend.

As mentioned earlier, each single AE event may consist of several
micro cracks. We plot in Fig. 9 the distribution of microcrack number in
single AE events for all the specimens. As can be seen from Fig. 9a, the
PDF decreases roughly in a negative exponential manner, which means
that most AE events only involve a small number of microcracks. For the
specimen with a = 150°, the maximum number of microcracks in a
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Fig. 10. PDFs of (a) ISO, (b) CLVD and (c) DC components of the moment tensor with different Flaw-2 inclination angles.

single AE event is mainly smaller than all the other specimens. While for
the specimen with o = 30°, the maximum number of microcracks in a
single AE event can be as large as 50. This indicates that lower « has the
capability to induce larger acoustic emissions, which means the speci-
mens with similar inclination direction for both flaws could easily result
in severe rock mass failure. Interestingly, the PDFs of microcrack num-
ber for a = 45°, 135° and 60°, 120° are overlapping, which demonstrates
that for the intermediate Flaw-2 inclination angles, the symmetrical
geometric arrangement of pre-existing flaws has little influence on the
variation of microcrack number in single AE events.

To further investigate the spatial characteristics of AE events and the
corresponding microcracks, we define a variable R = n/zr? (n and r
denotes the number of microcracks contained in a single AE event and its
spatial spanning radius, respectively) as a microcrack density to describe
the characteristics of microcracks in each AE event. Generally, a high
crack density of AE implies a large damage extent of rock masses. The
PDFs of microcrack density of single AE events for all specimens are
presented in Fig. 9b. As can be observed, for both the largest (R > 0.32)
and smallest R (R < 0.06), the PDFs present a similar changing trend,
indicating that when a single AE event contains a very large or a very
small number of microcracks, the distribution characteristics of micro-
cracks in each AE event does not have much difference for all the
specimens. For the specimens with relatively smaller R (0.06 < R <
0.20), the PDF decreases with the increase of «; while the opposite
changing trend occurs for the specimens with relatively larger R (0.20 <
R < 0.32). This reveals that when a single AE event contains interme-
diate microcracks (0.06 < R < 0.32), the spatial distribution of micro-
cracks is greatly affected by the inclination angle of Flaw-2.
Additionally, when a = 60°, the distribution of R is wider than all other
specimens, which is similar to the distributions of AE event magnitude in
Fig. 8a, indicating that the higher the energy of an AE event, the larger
the corresponding microcrack density would be.

We decompose the moment tensor of each AE event into three
components, i.e., ISO, CLVD and DC. The PDFs of the three components
for all specimens are presented in Fig. 10. It can be observed that the
PDFs of ISO and CLVD are bimodal for all the specimens, while the PDFs
of DC approximately obey a normal-like distribution. Compared with
DC, the spatiotemporal evolution of Non-DC components (i.e., ISO and
CLVD) are more complex. In Fig. 10a-b, the Non-DC components con-
centrates in the range of —55% to 55%, whereas the distribution of DC is
within the range of 0 to 100% (Fig. 10c). For the positive Non-DC
components, the peaks of PDF are heavily affected by the change of o,
indicating that the crack opening is sensitive to the Flaw-2 inclination
angle; both the PDFs of ISO and CLVD show a similar trend and reach the
peaks at around 32%. For the negative Non-DC components, the PDFs of
ISO and CLVD peak at —50% and —36%, respectively; these distribu-
tions are less affected by the variation of a. In addition, when a = 30°,
the peak of PDF in positive Non-DC components is obviously smaller
than others. Overall, the PDFs of positive Non-DC components are
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Fig. 11. Evolution of shear stress and crack number with respect to shear
displacement for the specimen with a = 45°. The corresponding stress values
at point A, B, C, and D are 9.89 MPa, 10.15 MPa, 7.38 MPa and 3.72 MPa,
respectively.

generally wider than those of negative Non-DC components, which in-
dicates that the number of opening cracks generated during shear is
more than the closing cracks.

2.8. Evolution of stress field

To further study the detailed shear behavior of rock joints at various
loading levels, the specimen with Flaw-2 inclination angle of 45° is
taken as a representative example to investigate the mesoscopic mech-
anism of crack propagation and coalescence of intermittent flaws.
Because stress and velocity field are constantly changing during shear
loading, it is necessary to select several typical loading stages to examine
the evolution of stress and velocity field associated with crack propa-
gation. Fig. 11 shows the curve of shear stress and crack number with
shear displacement for the specimen with Flaw-2 inclination angle of
45°. According to Fig. 11, the failure process of the specimen under
shear loading can be divided into four phases, i.e., crack initiation phase
(before point A), crack stable growth phase (from point A to B), the rapid
growth phase (from point B to C) and the overall failure phase (from
point C to D). Before the stress reaches point A, the specimens show good
linear elastic characteristics, and the microcracks grow slowly until the
axial stress is close to the peak strength. When specimens begin to enter
the overall failure stage, the growth rate of microcracks increases
approximately in an exponential manner with the shear displacement.
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(d)

Fig. 13. A Schematic illustration of particle velocity field for the four types. (a) Type I; (b) Type II; (c) Type III; (d) Type IV.

We select the four turning points on the curve, i.e., points A, B, C, and D,
corresponding to the shear stress of 9.89 MPa, 10.15 MPa, 7.38 MPa and
3.72 MPa, respectively, as the typical loading stages for further stress
and velocity field analysis.

The stress field is crucial for analyzing the crack evolution mecha-
nism in rock masses during the process of shear loading. However, un-
like continuum mechanics based computational approaches such as
finite element method (FEM), the stress field cannot be directly acquired
in PFC2D. Therefore, the measurements are utilized to monitor and
capture the average stress in a designated region of the specimen by
Gauss integral of contact forces. More details of the calculation of stress
tensor in a measurement can be found in Appendix C. During the
shearing process, the stress field is visualized through importing data
obtained from the measurements into an external post-processing soft-
ware — ParaView, and the layout of all measurements covers the whole
numerical model. The number of particles contained in each measure-
ment is 15 to 20 with an overall radius of 1.5 mm, which fully consider
the representativeness of specific points and the accuracy of the
measured stress [57]. It should be pointed out that the location of pre-
existing flaws is also set with measurements, which will slightly
reduce the accuracy of the average stress around the pre—existing flaws.
For convenience, only the evolution of major principal stress (magnitude
and orientation) is analyzed in the following text. Additionally, since
crack thickness can also reflect the shear behavior of rocks, we also
calculate the micro crack thickness by subtracting the sum of the radius
from the center of adjacent particles for all broken bonds at the four
loading stages. However, it should be noted that the thickness calculated
in such way in PFC2D may yield negative values when the particles
overlap each other, i.e., subject to a compressive load.

The snapshots of the evolution of major principal stress at the four
loading stages are shown in Fig. 12. The magnitude of the major prin-
cipal stress is denoted in color following the geomechanics convention of
compression positive. The insets above the stress distributions show the
directions of major principal stress, and the areas under compressive
stress are circled by blue dashed lines. Meanwhile, the tensile and shear
microcracks in the stress vector image are represented by red and green
lines respectively. For convenience, the wing cracks initiated at C1-L,
Cl1-R, C2-L and C2-R are marked as wc-1, wc-2, we-3 and we-4,
respectively.

It can be seen from Fig. 12a that when the shear stress reaches 8.98
MPa (point A), we-1, we-2, we-3 and we-4 begin to initiate at flaw tips,
and except for wc-1, the length of the newly generated cracks are
approximately 1/3 of the pre-existing flaw. Both tensile and compressive
stress fields can be found around the pre-existing flaw tips, which im-
plies that the initiation of wing crack involves both tensile and
compressive stresses [50]. However, the tips of newly generated cracks
are all tensile stress fields, indicating that the further crack propagation
is fully controlled by tensile stress. It can be seen that the propagation
direction of the crack is basically perpendicular to the direction of the
tensile stress field near the crack tips, signaling that the wing crack will
continue to propagate along the previous propagation direction. In
addition, the maximum compressive stress is mainly concentrated
around the shear surfaces on both sides of the specimen, and reaches 50
MPa approximately. When the shear stress peaks at 10.15 MPa (point B),
the wing cracks wc-2 and we-3 continue to propagate, and finally form a
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macroscopic penetrating plane, as shown in Fig. 12b; this is basically
consistent with the experimental observations from Fig. 3c. Since the
direction of the tensile stress field near the tip of we-3 is roughly parallel
to the fracture propagation direction, the length increment of we-3 will
be restrained. Meanwhile, the stress field on both sides of the pene-
trating surface is tensile, and the thickness of the crack near the flaw tips
increases significantly. However, the propagation directions of wc-1 and
wec-4 are not perpendicular to the direction of tensile stress field near we-
1 and wc-4 tips, indicating that the crack propagation direction would
change. In addition, except for the slight increase of compressive stress
field near the crack tip, the distribution of the whole stress field is mainly
unchanged.

After the peak strength, the shear stress quickly drops to 7.38 MPa
(point C). The we-1 and we-4 propagate to the left and right sides of the
specimen and trigger a complete failure. As shown in Fig. 12¢, branch
cracks begin to initiate on the right side of the specimen. In the mean-
time, the compressive stress decreases to 40 MPa due to the stress
relaxation during failure. Because the tensile and compressive stress
field distributions in the secondary crack initiation area are extremely
irregular, the propagation mechanism of secondary cracks is compli-
cated. Additionally, the crack thickness near the flaw tips continue to
increase, and the largest crack thickness is approximately 0.2 mm. The
branch cracks continue to propagate due to the surrounding tensile
stress field at the crack tips. As the shear displacement increases, the
shear stress drops to 3.72 MPa (point D, Fig. 12d) and remains un-
changed thereafter. A large number of secondary cracks appear on the
left side of the specimen, and the branch cracks continue to propagate
toward C2-R. Meanwhile, the crack thickness witnesses a significant
increase, especially near the flaw tips. Although the tips are under ten-
sion, the stress field on both sides of the branch crack is compressive and
thus yield a smaller crack thickness. Interestingly, the zones of
compressive stress distribution become wider, although the system is
accompanied with an apparent compressive stress drop.

Combined with the evolution analysis of the major principal stress
magnitude and direction, it can be seen that the initiation of wing cracks
is the result of the combined effect of tensile and compressive stress
fields, which is different from previous studies [58,59]. Moreover, the
propagation directions of wing cracks are determined by the geometric
relationship between the directions of major principal stress and the
existing cracks, which further explains the reason why the crack prop-
agation direction observed in the experiments is basically parallel to the
shear direction. The crack thickness is controlled by the type of the
nearby stress field, and the wing crack thickness is larger than that of
secondary and branch cracks. Furthermore, the distribution of second-
ary cracks is mainly surrounded by compressive stress fields, indicating
that compressive stress controls the initiation and propagation of sec-
ondary cracks. During the shearing process, the maximum compressive
stress is mainly distributed on both sides of the specimen. Although the
maximum compressive stress continues to decrease after the peak
strength, the distribution zones of compressive stress become more
extensive.

3. Evolution of velocity field

In previous section, the proportions of shear, mixed and tensile crack
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types have been analyzed by decomposing the DC component of
moment tensor (Fig. 7). Here, taking the same specimen with o = 45°as
an example, we further explore the type of newly generated cracks,
determined by the direction of particle velocity on both sides of the
crack, to give a profound understanding of the evolution of crack type
under shear and validate the previous results. To this end, we divide the
particle velocities into four types (i.e., Type L, II, IIl and IV) according to
their directions. A schematic illustration of the four velocity types is
shown in Fig. 13, and the details are described as follows.

(1) Type L: The horizontal components of the particle velocities on
both sides of the newly generated crack are in opposite directions, while
the vertical directions are the same. The relative motion of the particles
is controlled by the horizontal component, and the newly generated
crack is of tensile type.

(2) Type II: Both the horizontal and vertical components of the
particle velocities are in the same direction and with similar magnitude,
signaling that the newly generated crack is of compressive-shear type.
While this type of particle velocity may inhibit further initiation and
propagation of cracks.

(3) Type III: The horizontal and vertical components of the particle
velocities are in the same direction but with different magnitudes, which
gives a tensile-shear type newly generated crack.

(4) Type IV: Both the horizontal and vertical components of the
particle velocities are in the opposite directions but with similar
magnitude, which corresponds to the initiation of pure shear cracks.

The velocity of particles in the four loading stages (point A, B, C, and
D in Fig. 11) are selected to analyze the evolution of velocity field and
crack types, and the corresponding snapshots are shown in Fig. 14. The
initiation and propagation of cracks lead to significant changes of par-
ticles velocity, and the relative motion between particles implies the
physics of crack propagation and evolution. At point A, the wing cracks
begin to initiate at flaw tips, and the particle velocity field on both sides
of the newly generated cracks near the flaw tips are all Type I, which
indicates a series of tensile cracks and is consistent with the analysis in
Fig. 12a. At point B, the wing cracks at C1-R and C2-L continue to
propagate and reach each other. However, the particle velocity fields on
both sides of the newly generated cracks are still type I, and it shows that
all the newly generated cracks prior to the peak strength are of tensile
types.

With the increase of shear displacement until point C, the cracks
propagate to the left and right boundaries of the specimen, and finally
form a macroscopic penetrating plane. In addition, secondary cracks
begin to accumulate on the right side of the specimen. The particle ve-
locity field between the pre-existing flaws remains unchanged, while on
both sides of the specimen it becomes extremely complicated. The par-
ticle velocity field on the left side of the specimen is mainly Type I and
IV, so both shear and tensile cracks are initiated together. The particle
velocity field on both sides of the branch cracks on the right side of the
specimen is type II, indicating that the newly generated cracks are of
compressive-shear type. At point D, a large number of secondary cracks
appear on both sides of the specimen. The particle velocity field on the
left side of the specimen becomes Type I, indicating a series of tensile
cracks. Nevertheless, the velocity field on the right side of the specimen
have not changed significantly. Additionally, the velocity field on both
sides of the branch crack becomes Type III, suggesting that the newly
generated cracks near branch cracks are of tensile-shear type. Interest-
ingly, we can observe a clear particle rotation near the secondary cracks
(see black circles in Fig. 14d), which signifies the complex mechanics of
secondary crack initiation and propagation from the perspective of
vortex evolution [60].

The above analysis demonstrates that before the peak strength, only
a small number of tensile cracks are initiated, and shear cracks mainly
appear after failure. The secondary cracks are extremely complex, which
may include four types such as tensile, compressive-shear, tensile-shear
and pure shear. The Type II, III and IV IV particle velocity field induced
by the initiation and propagation of secondary cracks are related to the
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shear stress field. The branch cracks only appear on the right side of the
specimen, and their types vary from compressive-shear to tensile-shear
due to the relaxation of compressive stress after the peak strength.

4. Conclusions

In this study, the initiation and propagation of cracks in rock con-
taining intermittent flaws under shear loading is investigated using both
laboratory experiments and numerical simulations. In the laboratory
experiments using rock-like specimens, the propagation direction of all
newly generated cracks is basically parallel to the shear direction, which
is consistent with the previous studies [11,61]. However, different from
the uniaxial compression test with pre-existing flaws, a small number of
cracks are initiated from the middle portion, rather than the tips of the
pre-existing flaw. This indicates that the relative location of crack tips
determines the connection mode of pre-existing flaws, which is likely
due to the stress difference near the crack tips. Spalling region is prone to
appear between two parallel new cracks, which is due to the intersection
of newly generated crack networks.

The number of tensile cracks is obviously more than that of mixed
and shear cracks, indicating that the failure pattern of specimens is
mainly controlled by tensile failure during the shear process. The
numbers of mixed and shear cracks are basically around the same level,
which reveals that the variation of flaw inclination angle does not have
much effect on the distribution of mixed and shear cracks. When the
Flaw-2 inclination angle a = 150°, the number of microcrack in each AE
event is smaller than all other specimens; while when a = 30°, the
number of microcracks in each AE event reaches maximum, indicating
the smaller a induces high energy acoustic emission events, which may
provide guidance to eliminate instability of rock masses in the excava-
tion processes of tunnels and slopes. Interestingly, the PDFs of the
magnitude of AE events and the components of DC basically obey
normal-like distributions. However, the pre-existing flaws only can
affect the local distribution of AE event magnitudes rather than the
whole specimen. Furthermore, the distribution of Non-DC (ISO and
CLVD) components with positive values is wider than that with negative
values, which suggests that the number of open cracks is more than that
of the closed cracks [62]. Therefore, the analysis of Non-DC components
may enhance the understanding of the geometric state (opening or
closing) of fracture networks.

For the stress field analysis, we have found that the relationship
between the directions of major principal stress and existing crack
propagation determine the further crack propagation direction, and the
crack thickness evolution is controlled by the type of stress field near the
newly generated cracks and the velocity direction of the particle.
Additionally, the maximum compressive stress is mainly distributed on
both sides of the specimen, and the distribution zones are slightly
increased after the peak strength due to the stress relaxation. Tensile
cracks are primarily initiated at flaw tips prior to the peak strength;
while secondary cracks appear abundantly on both sides of the specimen
due to the rapid decrease of the shear stress, which is consistent with the
uniaxial compression test with pre-existing flaws in rock-like specimens
[19,63-65]. Moreover, the types II, III and IV velocity field for particles
induced by the initiation and propagation of secondary cracks are
related to the shear stress field. Interestingly, the center of particle
rotation (see black circles in Fig. 14d) appears near the secondary cracks
rather than the specimen center, which may be caused by the shear
direction and the anisotropy of the specimens. Furthermore, the occur-
rence of particle rotation center is associated with the evolution of
secondary cracks, and this phenomenon of particle rotation has been
utilized to investigate the evolution of shear bond from the perspective
of vortex [60], which may provide an innovative method to elucidate
the complex mechanism of secondary crack initiation and propagation.

However, the distance and length of pre-existing flaws may also have
impact on the failure mechanism of rock masses. In the future work, we
will pay attention to the effect of various spatial location and length of



W. Cai et al. Theoretical and Applied Fracture Mechanics 117 (2022) 103187

flaws on crack initiation and propagation. Additionally, the normal interests or personal relationships that could have appeared to influence

stress is fixed at 2 MPa in the current analysis, while the impact of the work reported in this paper.

different normal stress on the temporal and spatial evolution of acoustic

emission events may worth a future investigation as well. Nevertheless, Acknowledgments

the work may help understand the fundamental mechanism of slope slip,

and provide guidance to the safe construction of rock engineering This research was funded by the National Natural Science Founda-

projects. tion of China (Grant No. 51879149), Taishan Scholars Project Founda-
tion of Shandong Province, and the Free Exploration Foundation of

Declaration of Competing Interest School of Qilu Transportation, Shandong University, P. R. China (Grant

No. 2019B47_1).
The authors declare that they have no known competing financial

Appendix A:. Constitutive relation of contact in FJM (flat-joint model)

In FJM, the contact involves several elements subjected to external forces. Partial elements will be destroyed when the loading reaches strength
limitation, while the remaining elements will keep resistance. Therefore, the FJM can simulate the damage of rock materials. For the unbonded part,
the shear strength follows the Coulomb slip criterion:

S —otang, 6 <0
T 0 =0

where ¢, is the residual friction angle and & is the normal stress of an element. The shear stress will remain unchanged when it satisfies the relationship
1£,‘;?,X<1,; otherwise, the sliding criterion will be implemented if the relationship becomes rﬁ,f,)m =1

For the bonded part, the shear strength follows the Mohr-Coulomb criterion:

T, = ¢, — otang,

where ¢, is the internal friction angle, c; is the cohesion. When the shear stress of the element satisfies the relationship TE,fZLxsrb, the stress will remain
unchanged; otherwise, the state of element will change from bond to non-bond when the element suffers from breakup, and then the residual friction
between particles begin to support loading. Thus, the FJM has great advantage to simulate crack propagation of brittle materials.

Appendix B:. Micro acoustic emission (AE) simulation

When contact bond between particles breakup occurs, the relative motion of particles on both sides of the contact will change, which further leads
to the change of the contact force around source particles (see Fig. B1). Hence, the moment tensor can be obtained by capturing the change of contact
force, i.e.,

My = AFR; (B.1)

(Broken bond)
Microcarck

Intact bond

Source particles

Fig. B1. A schematic diagram of the moment tensors.

where AF; and R; are the component of contact force change and the distance measured from contact to AE event center, respectively. In PFC, AF; can
be obtained by subtracting the contact force at the initial rupture from the current contact force during the duration of an AE event. In this work it is
assumed that the location of microcrack is the geometric center of an AE event when it contains only one microcrack. If more than one bond breakage
makes up the single event, then the geometrical center of the event is obtained by averaging the location of microcracks. To determine the duration of
AE events, we assume that the source wave of each AE event is a shear wave, and the initiation and propagation speed of the microcrack is half of the
shear wave speed in rocks. If the time required from the moment of microcrack generation to the time when the shear wave induced by microcrack
transmitted to the boundary of the area is denoted as Ts, the duration of AE events can be marked as 2 T;. For the duration of each AE event, we have
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where Rg,r denotes the average radius of source particles, and V; is the shear wave velocity of rock at 2000 m/s in this work.

It is not feasible to calculate the magnitude of an AE event by moment tensor at any time during its duration due to high computing costs. To improve the
computational efficiency, only the maximum scalar moment M, generated within the duration is recorded in this study, which can be obtained by

(B.3)

where m; is the eigenvalue of the moment tensor matrix. According to the scalar moment, the magnitude My of an AE event can be further calculated by

My = %logMO -6 (B.4)
Since the moment tensor in DEM is a symmetric tensor and the three eigenvalues are all real numbers, the moment tensor can be decomposed as [66]
My 0 O 1 0 0
M=|0 M 0 :%(M1+M2+M3) 010
0 0 M 0 0 1
1 0 0 -1 0 0 (B.5)
+%(M1—M3) 01 0 +é(2M2—M3—M1)[0 2 0
0 0 -1 0o 0 -1

— MISO +MDC +MCLVD

where M™° is the isotropic part of the moment tensor, M°C is the moment tensor for pure shear cracks, M“'P is the compensated linear dipole, and Mj,

M, and M3 are the three eigenvalues of the moment tensor. For an AE event, the proportion of these three components are denoted as ISO, CLVD and
DC, which can be calculated using

M, +M, + M
150 = B Bk (B.6)
|My + M; + M;| + M, — M;
M M; — 2M.
CLVD = 1+ s 2 (B.7)

My + My + M5| + M, — M5

and
M, — M; — |M, + M; —2M,

pcM 3 — [My + M; 5| (B.8)
M) + M, + Ms| + M, — M;

respectively, and the scale factors ISO, CLVD and DC satisfy

[ISO| + |CLVD| +DC = 1 (B.9)

Based on the DC component, an AE event can be further classified as a tensile source if 0 < DC < 40%, a mixed source if 40% < DC < 60%, and a
shear source if 60% < DC < 100%. Therefore, we can conveniently distinguish the types of cracks in the process of shear loading by calculating the
proportion of DC.

Appendix C:. Calculation of stress tensor in a measurement

In PFC2D, contact forces and particles displacements are discrete, while stress is a continuum quantity. Therefore, to study the material behavior
on a microscale by stress, the averaging stress is adopted from the microscale to a continuum. The average stress ¢ in a measurement region of volume
V can be computed by

Ql

1
_ (c) (c)
= v§ FO®L (c.1)

N

where N, is the number of contacts that lie in the measurement region or on its boundary, F(©) is the contact force vector, L' is the branch vector
joining the centroids of the two bodies in contact, and ® denotes outer product. For convenience, we only analyze the evolution of major principal
stress 0, for each measurement, i.e.,

_ O« + 0y

2 (C.2)

]

where oy, oy and 7, is the component of the stress tensor G, respectively.
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