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In this study, a model that is closer to the state of fracture presentation in natural rocks has been developed, which is different from
the previous. The cross-flaws can be characterized by the joint persistency (k) and the angle between the primary flaws and axial
load («). The two parameters were varied individually and, by combining them, nine specimens with different nodal parameters
were formed. Laboratory specimens and numerical simulations were performed on these specimens to investigate the crack
extension process and the variation of crack initiation and coalescence stresses. It is found that a new category of crack coalescence
is discovered according to the experimental results besides those reported before, and the angle o affects whether tensile-shear
cracks appear. Also, « has an impact on the location where crack first occurs. The joint persistency k alters rock failure mode and
has a substantial effect on crack initiation stress. However, the effect on the aggregation stress is not significant. The crack initiation
stress decreases in the case of cross-flaws in contrast to flat fissures. In addition, the flat-joint model in PFC2D is used for
numerical simulation. It is possible to conduct a study that is difficult to achieve experimentally by using simulations, i.e., only
changing one macroparameter without changing others and thus studying the changes in the effect on cracking during fracture.
The simulation results are in good agreement with the experimental results. At the same time, the connection mode and the width
of the crack coalescence zone of the primary defect, which is difficult to observe in the experiment, are found out from the

numerical simulation.

1. Introduction

Flaws such as faults and joints presenting in rocks are
common and are an important parameter for rock engi-
neering designers to consider. For underground engineer-
ing, it is also of great significance to the stability of the
support system. Especially in coal mines, anchoring the
jointed rock mass is very extensive. Dynamic ground sup-
port in underground mines is used to stop the deformation
and damage of the surrounding rock and to reinforce the
rock mass by means of support elements. However, the
deformation of the rock mass is often accompanied by the
expansion of cracks leading to the effectiveness of the sur-
rounding rock strength and the study of the development of
rock cracks becomes very important for the support
members to carry out how to effectively stop the deformation

of the surrounding rock. It is valuable to investigate the main
expansion mode of rock fracture and main fracture types for
support design. Crack propagation has a huge impact on the
durability and reliability of the support. In blasting engi-
neering, the rock mass not only contains a large number of
primary fractures but also artificially created fractures, such
as preblasting, to form precracks. The presence of precracks
not only deteriorates the mechanical properties of the rock
mass but also changes the blast stress wave propagation path,
which has a significant impact on the blasting effect. Hence,
investigation about the mode of crack emergence and the
mechanism of damage of cracks in rocks have practical
benefits, and it is helpful to understand the fluid flow and
transport dynamics in unconventional. Researchers have
carried out different studies from experimental, theoretical,
and simulation calculations.
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Many researchers have conducted fracture damage
studies with rock-like materials. Seven basic crack types
(Figure 1) and crack aggregation categories were summarized
(Figure 2) [1-3]. Open fissures and closed fissures differed
significantly in their mechanical behavior [3, 4]. Different
monitoring tools are applied to monitor the evolution of the
fissure development and damage level of microcrack zones.
Through the biaxial compression test, Bobet and Einstein [5]
obtained the condition that determined crack coalescence
category. Hoek’s study [6] shows that crack propagation due
to a single crack is not convincing enough to explain the
macroscopic fracture of the specimen.

In addition, preexisting fractures have strong influence
on deformation, maximum strength, and fracture patterns
than the effect of confining pressure (5-20 MPa) [7]. The
Brazilian splitting test of specimens with prefabricated flaws
has also been used to research the failure process of rock
[8-13]. Besides, three failure mechanisms are identified and
analyzed following shear tests on granite with discontinuous
joint [14]. Additionally, the effect of impurities on rock
mechanical properties is relatively evident, and the propa-
gation level of shear cracks at the boundary of the impurities
is remarkably increased in the specimens containing two
impurities [15]. In the studies as mentioned above, the flaws
presented in the rock are assumed to be linear or porous
defects. Nevertheless, some researchers have concluded that
oval flaws are also typical in underground engineering and
have carried out fracture damage studies on rock specimens
with prefabricated oval fractures [16]. Moreover, an ex-
perimental study on single elliptical defect demonstrated
that the propagation of tensile cracks around the pore in
marble specimens was mainly affected by nucleation and
propagation in the local strain zone [17]. However, the
available experimental approaches are still insufficient for
exploring the associated micromechanisms due to dynamic
surveillance in real time has a very high hardware and
software requirements about the size of the sensor, accuracy
of the signal processing algorithm, and CT scanning while
loading is too costly. It is believed that with the improvement
of the equipment and the progress of the monitoring
technology, it will give a strong impetus to the study.

Crack extension in brittle rock materials has long been
investigated by means of theoretical derivations. They can
be roughly divided into three categories, elaborated in
terms of stress [5, 18-22] and starting from energy theory
[23-28] and analyzed from the strain point of view [29, 30].
Yet, the abovementioned criteria are based on the failure of
the rock under tensile loading instead of compressive
loading. These criteria are available when crack opening
occurs, but they are unable to foresee the fracture behavior
in closed fissure. The failure criterion is often established
with laboratory experiments or ideal hypothetical condi-
tions, and although it reflects the rock failure to a large
extent, in actual engineering, the theoretical model cannot
fully reflect the damage process of the rock due to the real
force situation.

As an important research method, numerous numerical
simulation studies on rock fracture process have been
carried out, which supplement and verify laboratory
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experiments and are particularly useful for the cases that
cannot be done in the laboratory. The numerical methods
mainly include the finite element method, boundary element
method, and discrete element method. As the most widely
used and versatile modelling the crack propagation and
coalescence method, PFC2D is the most representative
discrete element method. A bonded-particle model (BPM) is
used to build a variety of prefabricated fracture models to
simulate the development of fractures during damage in a
variety of rocks, and the results of the study validate the
laboratory results [31-34]. Sensitivity analysis for the
microparameters of the BPM model to the macromechanical
parameters of rocks have been carried; a calibration method
was proposed for determining the microparameters of the
BPM model [35]. Three problems inherent in using BPM to
the study of rock mechanics and their reasons have been well
explained [36]. Moreover, researches modelled using the
finite element method and nonlinear dynamic method
demonstrated that the composite crack types and the order
of crack initiation as well as the patterns of fracture have a
difference with rocks under various loading conditions [37].
In addition, a comparative study of experimental and nu-
merical simulations of splitting tests in Brazil has demon-
strated the efficiency and simplicity of the boundary element
method compared to PFC2D [10].

As mentioned above, in experiments using various rock-
like materials to study crack propagation, the particle
consolidation of the materials used may result in much lower
compression/tension strength (UCS/T ) than those in real
rocks. When studying the fracture damage process in rocks
using PFC’s BPM model, the failure of particle interlock
cannot be depicted, which is again responsible for the lower
UCS/T, compared to natural rock. Correspondingly, the
BPM is not applicable to evaluate the effect of UCS/T. In
addition, most of the previous research has been carried out
on single or a number of parallel prefabricated flaw models,
or two straight joint models with a variable distribution,
whereas in geotechnical engineering, flaws in natural rock
often exist in a crossed form. Hence, an experimental study
of crack expansion has been carried out and analyzed in
depth using numerical simulations. Uniaxial compression
tests are firstly conducted on samples to study the fracture
process of flawed rock. With the help of flat-joint model
(FJM) of PFC2D, the crack extension of prefabricated flaw
rock specimens is simulated and the effect of different
UCS/T on crack types and failure mechanisms was in-
vestigated by varying the microscopic parameters. The re-
sults of the study provide implications for the crack
expansion and coalescence pattern of cross fissures.

2. Experimental Samples and Equipment

The rock specimens used for the experiments were sandy
mudstone with a size of 70 mm x 35 mm x 140 mm. A cir-
cular hole of 1mm diameter was then drilled in each
specimen, and flaws were prefabricated by wire cutting. The
pair of cross-flaws is each made up of a 12 mm long primary
flaw crossed by a 8 mm long minor flaw. The main and
minor flaws intersect at a certain angle. & oil and gas
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F1GuRre 1: Types of cracks (T-tensile cracks; S-shear cracks). (a) Type 1 tensile crack (tensile wing crack). (b) Type 2 tensile crack. (c) Type 3
tensile crack. (d) Mixed tensile-shear crack. (e) Type 1 shear crack. (f) Type 2 shear crack. (g) Type 3 shear crack.

extraction indicates (Figure 3) the angle of primary flaw and
the load (F), a=0°,15°30°,45°60° 75°90°% L, is the
distance formed by the two primary flaws, i.e,
L, =6,12,18,24 mm, respectively. a = 6mm;
L, = a,2a,3a,4a. Variations in the geometric parameters of
the two flaws result in nine prefabricated cross-flaw speci-
men models (Table 1). Three rock specimens are produced
for each model, for a total of 27 rock specimens prepared,
and each model can be named in the following way: 2a-0
indicates that L, = 2a = 12mm, a = 0.

Laboratory experiments were carried out on standard
cylindrical specimens (50 x 100 mm) and the basic physical
and mechanical parameters of the rock specimens were
obtained (Table 2).

The loading device used for the experiments was the
MTS-816 rock mechanics test system. A high-speed camera
recording system was used to capture the initiation, propa-
gation, and coalescence of cracks during each test (Figure 4).
The loading speed is 0.002 mm/s. The recording parameters of
the high-speed camera are set to record 100 frames per second.

3. Experimental Results

3.1. Crack Trajectory. Under the action of the load, the
cracks generally behave as three-dimensional cracks, and
these cracks often cause the strength of the rock to decrease
or even fracture. The crack expansion trajectory is very
sensitive to the geometry, stress, size, and location of the
crack, especially the three-dimensional crack has a very
complex stress-strain field inside the crack.

3.1.1. Effect of k. The destabilization and damage process of
the fractured rock mass is mainly controlled by the internal
locking section rock-bridge and structural surface. Under

the influence of external forces, the internal structural
surface of the rock mass gradually nucleates, expands, and
penetrates the locking section bridge, leading to the desta-
bilization of the whole rock mass. Therefore, the internal
locking section bridge penetration of the fractured rock body
with end cracking plays a key role in the overall destabili-
zation and damage process of the rock body. Joint persis-
tency k can be defined [14]. In the case of cross-flaws, we
defined k as the ratio of the sum of the lengths of the main
flaws to that of the lengths of the rock bridge and main flaws,
for example, for a specimen with « = 45°, and the two main
flaws are in parallel (Figure 5). k is expressed as follows:

k=—>" (1)

where L, and k are shown in Table 3.

As shown in Figure 6, the crack initiation (first figure),
propagation (second figure), and coalescence (third figure)
during the tests of three samples with differing joint per-
sistence parameters are recorded by the photographic re-
cording device.

When k= 0.57, type I tensile cracks initiate first
(Figure 6(a)). Hybrid cracks appear at the right end of the
key flaw when the axial load increases to a certain degree. As
shown in Figure 6, after merging to the secondary cracks, the
type I tensile wing cracks expand continuously under loads.
Meanwhile, the hybrid cracks are generated at the right end
of top main flaw and will converge. However, their coa-
lescence zone is not in the middle of the two groups of
defects. Comparing the existing classification of crack ag-
gregation, it is found that this is a new species that can be
called category X. It is based on the method developed by
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Category Coalescence patterns

Crack types involved
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No coalescence

P Indirect coalescence by two or
multiple cracks (crack types vary)
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Type 2 S crack (s)

Type 1S crack (s)

One or more type 2 S crack (s) and type 2
T crack segments between inner flaw tips

Type 2 T crack (s). There may be
occasional short S segments present
along the coalescence crack.

Type 1 T crack (s)

Flaw tips at the same side linked up by T
crack (s) not displaying wing
appearance (crack type not classified).
There may be occasional short S segments
present along the coalescence crack.

Type 3 T crack (s) linking right tip of the
top flaw and left tip of the bottom flaw.
There may be occasional short S segments
present along the coalescence crack.

FiGgure 2: Classification of crack coalescence categories (Wong’s classification method).

Wong (Figure 2). The final form of damage of this specimen
is due to two main cracks in one line and inclined at an angle
of 45° to the axial load. The specimen is subjected to axial
forces, and the tensile cracks expand to form a damage
surface. This results in the axial load forming a shear force on

the oblique damage surface and thus converting into shear
damage.

For k = 0.67, type III tensile cracks initiate first at the
right end of the top-right key flaw. After that, the left end of
the bottom-left key flaw also initiates this kind of cracks,
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FIGURE 3: Experimental specimens: (a) models of prefabricated flaws, and (b) rock specimens.

TaBLE 1: List of names for models.

Specimens number L, (mm) a ()
a-45 a

2a-45 2a 45
3a-45 3a

2a-15 2a 15
2a-30 2a 30
2a-45 2a 45
2a-60 2a 60
2a-75 2a 75
2a-90 2a 90

TaBLE 2: Mechanical parameters of the rocks used in the
experiments.

Properties Sandy mudstone specimen
Density (g/cm?) 2.30
Young’s modulus (GPa) 4.51
Uniaxial compressive strength (MPa) 28.12
Tensile strength (MPa) 1.73
Poisson’s ratio 0.27

which propagate downward (Figure 6(b)). With increasing
load, the top-right main flaw and minor flaw are linked
through type III tensile cracks. Thereafter, hybrid cracks
initiate at the intersection and the left end of the key flaw.
Type I tensile cracks are generated near the bottom-left key
flaw, while hybrid cracks are initiated at the right end.
Eventually, the hybrid tensile-shear cracks are connected
within the two key flaws, and then coalescence occurs. The
cracks continuously propagate under stress, resulting in
oblique shear failure. This crack coalescence belongs to
category VII [2].

For k = 0.8, type III tensile cracks appear at the right end
of the key flaw and at both ends of the key flaw in the lower
left position (Figure 6(c)). The tensile cracks are linked to the
secondary cracks, changing into type II tensile cracks under

FiIGUrRe 4: Loading devices and recording devices used for
experiments.

stress while the loading is increasing. Simultaneously, the
secondary crack (shear crack) starts at the intersection of the
tensile crack and the primary flaw in the upper right. These
shear cracks connect and coalesce with the tensile cracks
from the bottom-left main flaw, ultimately forming crack
coalescence in category IIL.

As shown in Figure 6, for the same «, different joint
persistency affects crack propagation and coalescence,
leading to differences in the final failure mode of the rocks.

3.1.2. Effect of a. To examine the effect of the angle « on
crack propagation and coalescence, L, = 2a, k =0.67. The
photographs of six specimens are shown in Figure 7.

In the specimen 24-15 (Figure 7(a)), type III tensile
cracks occur at the bottom minor flaw, then they grow
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FIGURE 5: A schematic diagram of joint persistency.

TaBLE 3: List of k.

Specimens number L, (mm) k

a-45 6 0.8
2a-45 12 0.67
3a-45 18 0.57

downward. Subsequently, these cracks propagate upward.
With the loads increasing, tensile cracks appear at the ends
of the top subordinate flaw. Crack coalescence is achieved
through the tensile cracks. It is classified as category IV. In
the sample 2a-30, the primary and minor flaws are first
linked through the initiated type III tensile cracks
(Figure 7(b)). Type I tensile cracks appeared first from the
top primary flaw. Subsequently, tensile cracks appeared at
the left end of subordinate flaw, whereas the secondary
cracks started at its right end. Also, a secondary crack
sprouted at the lower end of the primary at the top. These
cracks are connected between the upper and lower cross-
flaws within the rock bridge; this polymerization pattern can
be classified to category IX.

Based on the above analysis method, the same analysis is
performed for Figures 7(c), 7(d), 7(e), and 7(f). Using the
classification method of crack coalescence according to
Figure 2, the following results can be obtained. The crack
coalescence of the specimen 2a-45 (Figure 7(c)), the spec-
imen 2a-60 (Figure 7(d)), the specimen 2a-75 (Figure 7(e)),
and the specimen 2a-90 (Figure 7(f)) can be classified to
category II, VIIL, I, and II, respectively.
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According to Figure 7, mixed tensile-shear cracks do
not occur for a <45°, and they start to emerge for o <45".
When « <307 the cracks are first initiated at the tip of the
minor flaw; when a > 30°, the cracks are first generated at
the tip of the main flaw. The change of the angle « affects the
crack type and first initiation position for cross-flaws.
When « <45°, the crack expansion mode is mainly along
the joint surface and the direction of crack extension, and
the shape of rack is wing type. Among which, a=0" is
mainly along the joint surface extension crack, a = 15° starts
to appear like wing type crack, a=30°, 45°, the rock has
obvious damage angle and complete damage surface, and
a =45° wing type and antiwing type crack exist at the same
time. When a > 45, the crack extension mode is along the
joint surface, generating anti-wing type cracks. When,
a =60°, there are obvious anti-wing type cracks extending
along the joint surface and forming X-shaped fractures
with a large number of small fragmentation cracks. When
a=75"and 90°, cracks are mainly generated along the nodal
plane and the vertical nodal plane.

3.2. Stress Analysis. Crack initiation stress and damage
stress are not only important characteristic values of rock
strength but also the dividing point of different stages of
crack expansion. The crack initiation stress characterizes
the compression of existing cracks in the rock and the
beginning of new cracks, which are in a stable state, while
the damage stress characterizes the rapid convergence and
unstable expansion of the microcracks that were initiated
and expanded in the previous stage, which eventually reach
the peak stress of the rock. Therefore, the study of crack
initiation stress is important for understanding the pro-
gressive damage process of rocks.

3.2.1. Effect of k to Stress. Figure 8 was obtained by the
testing. Points A, B, and C indicate the first stress drop of
rock specimens with k=0.57, 0.67, and 0.8, respectively,
indicating the crack initiation stresses. Points D, E, and F
denote the second stress landing, i.e., the crack coalescence
stress. To capture the impact of joint persistence on fracture,
the ratio o /0, [38-41] was used to represent the crack
initiation stress level with respect to the peak stress. The ratio
of crack coalescence stress to peak stress can be represented
by the o /0. o was defined as the stress at the time of crack
initiation while o, is the stress at the time of crack coa-
lescence and o, is the peak stress. With the different joint
persistency, the o/0, and o /0, ratio values are shown in
Table 4. The curves of k versus o ;/0, and o../0, are shown in
Figure 9.

With increasing k value, the o /0. ratio decreases
linearly while the o../0, ratio increases linearly. In other
words, the shorter the rock bridge (formed by the primary
flaws) in the two groups of cross-flaws, the greater the
distance of crack initiation force to peak stress. This means
the better the joint persistency of the rocks, the earlier the
rock cracks are initiated. The persistence of the joints has a
significant effect on the crack initiation stress. It can be
concluded that the more fragmented the rock mass is, the
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FIGURE 6: Crack evolution diagram for three joint continuity parameters: (a) k=0.57, (b) k=0.67, and (c) k=0.80.

more likely it is to be further fragmented into smaller sized
rock masses by the loading action. Meanwhile, the crack
coalescence stress becomes closer to the peak stress, and the
crack coalescence becomes more difficult than the low joint
persistency.

3.2.2. Effect of a to Stress. Using the method mentioned in
Subsection 3.2.1, the stress-strain curves for a =15, 30°, 45°,
60°, 75°, and 90° are analyzed (Figure 10). A-F represent crack
initiation stresses of the samples with a = 15°, 30°, 45, 60°, 75°,
and 90°, respectively; H-M indicate the crack polymerization
stresses. Table 5 is the 0/0.. and 0 /0, ratios with different a.
The 04/0, ratio generally varies between 0.30 and 0.50, whereas
the o /o, ratio ranges from 0.7 to 0.90. These values are
consistent with the results of previous studies [42, 43]. The
curves of « versus 04/0, and o /o, are shown in Figure 11.

With increasing angle «, both the 0 /0, and o../0, ratios
increase linearly. Their minimum are observed for a =15,
which means crack initiation and coalescence are the easiest
to occur. Their maxima are observed for a=90°, which
means crack initiation and coalescence are the most difficult
to occur. Meanwhile, the main flaw is horizontal for a« =90°,
which is in agreement with a previous study [33] that a
horizontal flaw perpendicular to axial load has shielding

effects on the transfer of axial stress and the propagation and
coalescence of cracks.

4. Application of the Flat-Joint Model in
Numerical Simulation

4.1. Model Establishment. The particle flow program (PFC)
is a discrete element method, which can solve the problem of
discontinuous medium mechanics and analyze the damage
mechanism of rocks from a fine view point. PFC uses particle
aggregates to simulate rocks and reproduces the mechanical
properties of rocks by defining an adhesive contact model
between particles to make the particles interact. Based on the
size of the experimental samples, it is modelled with a size of
35mm x 70 mm x 140 mm sample (Figure 12). The particle
radius distribution was R_;, =0.21 mm, R,;, = 0.35 mm. The
microscopic parameters required for the model as well as the
concepts can be found in Table 6.

4.2. Calibration of Microparameters. A required job when
using discrete element methods for numerical simulations is
to determine the microscopic parameters by parameter
calibration. The accurate determination of the microscopic
parameters is very important for the PFC to correctly
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FIGURE 7: Crack evolution diagram of a: (a) o = 15°, (b) & = 30°, (c) a = 45", (d) a = 60°, (e) & = 75", and (f) a = 90".

simulate the mechanical properties of the rock. The most
commonly used method is the trial-and-error method. That
is, the microscopic parameters are continuously adjusted so
that the numerical results match the macroscopic me-
chanical properties of the rock, which is the calibration
method used in this study. Table 7 shows the differences
between the mechanical parameters obtained after

calibration and those obtained experimentally, indicating
that the parameters obtained after calibration are reliable.
As shown in Figure 13, A1-A5 are the experimentally
obtained stress-strain curves for the five specimens, and the
red line is the stress-strain curve obtained from the nu-
merical simulations. Clearly, the FJM model can capture the
mechanical behavior, except for the initial compaction stage.
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TaBLE 4: Crack initiation and coalescence forces o/0. and o /0,
for different joint persistency.

k o4(MPa) o ,(MPa) o.(MPa) oglo. o.lo,
0.57 18.95 20.79 26.32 0.76 0.79
0.67 16.85 21.32 2491 0.68 0.86
0.8 17.07 26.20 28.93 0.59 0.91
0.80 : : : : : 1.00
0.75
0.70
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FIGURE 9: Joint persistency k versus crack initiation and coales-
cence forces o/0, and o../0..

4.3. Results Obtained from FIM Model

4.3.1. Results about Different k. The FJM model for k =0.57,
0.67, and 0.80 and the associated screenshots of crack
evolution and the final fracture pattern in the experiment are
presented in Figure 14 (red color indicates the shear cracks
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FIGURE 10: Stress-strain curves with different a.

TaBLE 5: 0/0, and 0../o. for different angles between the main flaw
and axial load F.

a® 0;(MPa)  o.(MPa) o.(MPa) o4l0, o./o.
15 12.06 26.00 37.68 0.32 0.69
30 13.68 27.73 37.99 0.36 0.73
45 14.70 27.66 35.01 0.42 0.79
60 17.51 30.68 36.53 0.48 0.84
75 21.29 33.90 39.42 0.54 0.86
90 23.36 34.29 37.68 0.62 0.91
0.65 ‘ ‘ ‘ : : : : : 1.00
0.60 0.95
0.55 0.90
. 0.50 0.85
< <
S 045 0.80 ©
0.40 0.75
0.35 0.70
0.30 ‘ ‘ ‘ ‘ : : ‘ ‘ 0.65
10 20 30 40 50 60 70 80 90 100
a ()

—a— o4/o,

- o'cc/ Oc

FiGURe 11: The angle between the main flaw and axial load « versus
crack initiation and coalescence forces o /0, and o /o..

and white color indicates the tensile cracks, respectively).
The first cracks are white wing tensile cracks, which are
generated after the axial stress reaches 16.04 MPa. Such
cracks initially occur at the tips of the two main flaws and
propagate along the axial direction wunder load
(Figure 14(a)). Meanwhile, red shear cracks are generated.
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FIGURE 12: Model established by FJM corresponding to the experiment.
TABLE 6: Microparameters of the FJM.

Microparameter Physical meaning Assigned value
R i (mm) Minimum radius of particles 0.21
Rax/Rinin Ratio of maximum radius to minimum radius of particles 1.66
Gratio Installation gap ratio 0.3

Dy The proportion of the bonding particles 0.9

Dy The proportion of slit particles 0.1

N, Number of elements in radial direction 3

E, = E (GPa) Effective modulus of both the particle and bond 4.80

k, ks = k,/k, Normal-to-shear stiffness ratio of both the particle and bond 2.40

0, (MPa) Tensile strength 3.75

¢, (MPa) Cohesion strength 21.5

®, ) Friction angle 16

TasLE 7: Difference of calibrated parameters with obtained parameters from experiments.

Name of properties Experiments Numerical simulations Difference (%)
Young’s modulus (GPa) 4.51 4.47 -0.89
Uniaxial compressive strength (MPa) 28.12 28.00 -0.43
Tensile strength (MPa) 1.73 1.79 3.35
Poisson’s ratio 0.27 0.26 -3.85

Additionally, wing tensile cracks and shear cracks emerge at
the tips of the two minor flaws. Thereafter, the secondary
cracks are also initiated at the tips of minor flaws and
connect with the tip of the main flaw. The peak stress is
22.43 MPa, and when the stress changes to 21.03 MPa, crack
coalescence occurs. The other two specimens for different
joint persistency parameter values are subjected to the same
analysis.

4.3.2. Results about Different «. Figure 15 illustrates the
figures of crack initiation, propagation, coalescence pro-
cesses for a = 30°, 60°, and 90" and fracture in the experiment.

When a =30° (Figure 15(a)) and 90° (Figure 15(c)), crack
propagation is first completed around the two groups of
cross-flaws and then in the rock bridge region formed by
main flaws. However, when a=60° (Figure 15(b)), the first
and secondary cracks initially coalesce with each other in the
rock bridge region formed by main flaws following their

generation at the flaw tip; then, coalesce occurs around the
cross-flaws. Moreover, for=30" and 90°, the first cracks
initially occur at the flaw tip, whereas for a=60°, the first
cracks are simultaneously generated at the flaw tip and in its
vicinity. When «=90°, the main flaw is horizontally
arranged, which forms an angle of 90° with axial load. The
angle between the minor flaw and axial load is & < 90°, and
the first crack initially occurs at the tip of minor flaw.

5. Discussion

5.1. Effect of the UCS/TS Ratio on Crack Propagation and
Coalescence. The UCS/TS ratio is an important mechanical
parameter. It can impact the failure process and is an im-
portant characteristic of brittle rock. The ratio of uniaxial
compression to uniaxial tensile strength (compression-
tension ratio) of rocks is much higher than 1.0. This is an
important difference between rock materials and other
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FIGURE 13: Stress-strain curves obtained from experimental and numerical simulations.
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FIGURE 14: Diagram of crack propagation process shown by simulation results at different k values and the experimentally obtained results:
(a) k=0.57. (b) k=0.67. (c) k=0.80.
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FiGgure 15: Continued.
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FiGure 15: Diagram of crack propagation process shown by simulation results at different « values and the experimentally obtained results:

(a) a =30°, (b) « =60°, and (c) & = 90°.
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FIGURE 16: Crack distribution in rocks for different ratios of uniaxial compressive strength to tensile strength: (a) UCS/TS =13.93, (b) UCS/

TS=11.72, (c) UCS/TS=9.79, and (d) UCS/TS=7.82.

TaBLE 8: Total number of cracks and the numbers of tensile and shear cracks for different ratios of uniaxial compressive strength to tensile

strength.
UCS/TS Crack Crack_tension Crack_shear Crack_shear/crack Crack_tension/crack
13.93 51714 50965 749 0.014 0.986
11.72 41616 40692 924 0.022 0.978
9.79 32011 31030 981 0.031 0.969
7.82 24547 23105 1442 0.059 0.941

materials in terms of mechanical properties. It is known
from engineering practice, and the compression-tension
ratio is not related to the nature of the rock material itself.
However, it can be seen from the actual test results that the
compression and tension ratios of different species of rocks
are varied, and even for the same kind of rock, the com-
pression and tension ratios may be diverse, which is related

to the nature of the rock itself. So, it is necessary to explore
the relationship between the compression-tension ratio and
the properties of the rock material itself and the effect on
crack propagation. It is extremely difficult to achieve the
same rock material with different tension/compression ra-
tios through experiments. However, the FJM model is su-
perior in that it can change the microparameters to adjust
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Category Coalescence patterns Crack types involved

No coalescence

Indirect coalescence by two or
2 .
multiple cracks (crack types vary)

(2 cracks) (3 cracks)

3 / Type 2 S crack (s)

N
v
s
4 s Type 1 S crack (s)
T

T
> J
ol

4
T s One or more type 2 S crack (s) and type 2
T crack segments between inner flaw tips
s
2
Type 2 T crack (s). There may be occasional
6 short S segments present along the
coalescence crack.
T
7 5 § Type 1 T crack (s)

Flaw tips at the same side linked up by T
crack (s) not displaying wing appearance (crack
type not classified). There may be occasional
short S segments present along the coalescence
crack.

j '
Type 3 T crack (s) linking right tip of the top
flaw and left tip of the bottom flaw. There may
T be occasional short S segments present along
the coalescence crack.

Type 3 T and mixed tensile-shear crack (s) at the
tip of the flaw. Two type 2 S cracks and type 2

10 (new) T crack segments between inner flaw tips

FiGure 17: Ten crack coalescence categories obtained in the present experiments.

the UCS/TS ratio without changing the other properties.  altering o, and ¢,. To maintain the consistency of specimens,
Interparticle tensile strength (o,) and particle cohesion  the UCS was kept constant, while only the TS was altered.
strength (c,) have significant effects on the UCS/TS ratio. =~ We selected the model for the following flaw geometric
Therefore, different UCS/TS ratios can be obtained by  parameters: k=0.67 and a =45"; the TS was changed to 2.01,
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2.39, 2.86, and 3.58 MPa, corresponding to the UCS/TS
ratios of 13.93, 11.72, 9.79, and 7.82, respectively.

The distribution of tensile and shear cracks in the rocks
during the final failure for different UCS/TS ratios is shown
in Figure 16, whereas the total number of cracks and the
numbers of tensile and shear cracks are provided in Table 8.
When the UCS/TS ratio is 13.93, the tension and the cracks
are uniformly distributed throughout the rock mass
(Figure 16(a)). The ratio of tensile to shear cracks is 70:1.
When the UCS/TS ratio drops to 11.72 (Figure 16(b)), shear
cracks are distributed along the connection direction of the
two primary flaws, while tensile cracks are reduced to 97.8%
of the total cracks. When the UCS/TS ratio drops to 9.79
(Figure 16(c)), the proportion of tensile cracks decreases
turther, whereas the proportion of shear cracks continues to
increase. When the UCS/TS drops to 7.82 (Figure 16(d)),
shear cracks account for 5.9% of the total cracks, whereas
tensile cracks only account for 4.1%. The total number of
cracks is reduced with decreasing UCS/TS ratio. This in-
dicates that the tensile strength of bonded particle has a
major effect on the level of rock cracking and is consistent
with the existing research results that a high will lead to a
large ratio of tensile to shear cracks, which corresponds to a
large UCS/TS ratio [36].

5.2. Crack Coalescence Categories. In addition to those nine
crack coalescence categories described in the introduction,
we also identify a new category of crack coalescence in our
experiments, and these coalescence categories are summa-
rized (Figure 17) according to the classification in the lit-
erature [3]. Based on experimental results, this study has
suggested that the crack coalescence category is distinct from
previous studies possibly due to the length of rock bridge
being smaller than the length of the flaw. This is because the
length of rock bridge is usually larger than the length of the
flaw [44]. However, when k=0.57, the length of the rock
bridge is 18 mm, while the length of the main flaw is 12 mm,
where we identify crack coalescence in category X.

6. Conclusions

In order to study the pattern of crack extension and the form
of crack coalescence in natural rocks subjected to loading
that more closely, laboratory experiments were conducted.
Numerical simulations of PFC based on the FJM model were
also carried out, and the simulation results showed that the
FJM model can capture the crack evolution process well
during the experiments, revealing that the FJM model can be
a powerful tool in the study of crack evolution. Additionally,
this model can simulate rock materials with differing UCS/
TS ratios and then evaluate the effects of differing UCS/TS
ratios on rock cracks and failure modes. The following
conclusions have been obtained from the study:

(1) In both experimental and numerical simulation re-
sults, it can be found that the type III tensile cracks
sprout first at the tip of the prefabricated flaws. The
joint persistency affects rock failure modes, and the
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failure mode shifts from tensile splitting failure to
shear failure with increasing joint persistency.

(2) A new crack coalescence pattern was discovered,
where crack coalescence occurs between the main
and minor flaws.

(3) The generation of hybrid crack and the initiation
position of first cracks are both affected by a. The
hybrid crack begins to occur when a > 45°. With the
increasing joint persistency of the rocks, the crack
initiation stress decreased and the coalescence stress
increased.

(4) The angle between wing crack (initiated at the tip of
the main flaw) and the primary flaw increases with
the increasing k.

(5) With increasing UCS/TS ratio, the number of shear
cracks decreases and the number of tensile cracks
and the total number of cracks increases, while the
degree of rock failure becomes more severe than low
UCS/TS ratio [5, 45, 46].

At present, the research on the fracture mechanism of
three-dimensional built-in fracture is still in the exploration
stage, and the experimental research has achieved certain
results. However, the fracture test of three-dimensional
fracture itself is a complex process with many uncertainties
and many influencing factors. Only through continuous
research can the theory of three-dimensional fracture be
improved continuously.
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