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Characterization of the mechanical properties of cracked rock masses is essential for ensuring the long-term stability of the
engineering environment. This paper is aimed at studying the relationship between the strength characteristics of specimen
and the angle of precrack, as well as the interaction of cracks under uniaxial compression. To this end, two sandstone
specimens, distinguished with a single and three precracks, were built using the PFC software. For the former case, both the
peak strength and elastic modulus increase to a peak value as the crack angle α gets closer to the forcing (loading) direction.
For the latter case, the strength experiences a trend of increasing-maintaining trend as the crack angle α gets closer to the
forcing direction, and the elastic moduli are barely affected. For the specimens containing a single precrack, their crack
numbers increased approximately in a one-step or two-step stair pattern with increasing axial strain; whereas for the
specimens containing three cracks, their crack numbers all showed a multistep growth trend. Furthermore, the failure mode of
the specimen is closely related to the precrack angle. However, if the precrack distribution does not affect the original crack
propagation path, it will hardly affect the mechanical properties of the specimen.

1. Introduction

Rock is widely distributed on the earth’s surface. As a natural
material, inevitably, there are defects such as cracks inside
the rock which are induced by thermal stress, erosion, earth-
quakes, human engineering disturbances, etc. [1–3]. As an
example, at Hornelen, western Norway, sandstone and
conglomerate fill a fault-enclosed basin, about 70 × 30 km,
which is the remains of a once larger basin. The basin sedi-
ments are about 100~200m thick and are of continuous
transversal cycles, consisting of beds about 2m thick. The
cracks and joints there caused by the long-time affection of
low temperature and ocean erosion have been extremely
developed [4–7], as shown in Figure 1. The existence of
cracks not only reduces the material strength of the rock

but also accelerates the damage process, which poses safety
hazards to the construction of slopes and underground pro-
jects [2, 5, 7, 8]. Therefore, it is of great significance to study
the strength characteristics of cracked specimens and the
interaction of multiple cracks within the specimen.

The mechanical properties of defected rock mass have
been a hot topic in the field of geotechnical engineering,
and rich results have been achieved [2, 9–11]. Differing
in the number of predefects, the current researches can
be mainly grouped into two categories. The first type of
research mainly focuses on rock mass, and the number of
precracks reaches hundreds to thousands [5, 6, 12–14];
the second type of research focuses on laboratory speci-
men, and the number of predefects is generally less than
four [15–17].
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For the first type of research, due to the large size of the
specimen, the current research mainly focuses on the loca-
tion of rock damage [12], the fracture surface roughness
[13, 18], and the specimen heterogeneity [5, 6]. Only a few
studies have looked into the strength characteristics of
specimens [2]. Shi et al. [2, 7] investigated the correspon-
dence between crack distribution modes and rock mechani-
cal properties, as well as the strength damage theory.
However, the number of distributed cracks involved in the
above studies is excessive; the crack propagation is thus
affected by too many factors. As a result, it is hard to identify
the influence of the crack interaction on the strength charac-
teristics of the specimen.

For the second type of research, predefects are mainly
made by hydraulic cutting (experiment) or the particle ele-
ment deleting (numerical simulation). The elastic modulus,
compressive strength, shear strength, and failure mode of
the specimen were analyzed by changing its shape and size
[16, 17], the confining pressure [19], or the angle [20–22]
as well as the combination and number of predefects
[10, 11]. These researches are of great significance for
understanding the mechanical properties of defected rock,
although large defects exist in crack prefabrication—the
width of the cracks is larger than 2mm [10, 14]. Therefore,
the research object of this research in the strict sense is fis-
sured rock mass rather than the commonly observed cracked
rock mass in nature [5, 7]. The mechanical properties of
cracked rock mass are obviously not equivalent to that of
the fissured rock mass, and the research on cracked specimen
is extremely insufficient. Moreover, the current researches on
multifissured rock masses only focus on the combinations of
fissures and lack a comparative analysis, so it is very hard to
understand the specific impact of a fissure on the mechanical
properties of a specimen [10, 23, 24].

In this paper, two sets of sandstone specimens differing
in containing a single crack and three cracks were built using
the PFC software. The relationship between the strength
characteristics of the specimen and the angle of the precrack,

as well as the interaction of cracks under uniaxial compres-
sion, was studied.

2. Numerical Model of Cracked
Sandstone Specimen

2.1. Particle Flow Code (PFC). PFC2D software is very conve-
nient in realizing the crack prefabrication and is outstanding
in simulating the mechanical properties and failure process
of rock and soil medium [23]. Due to these advantages, the
PFC2D software was selected for the simulation in this study.
The particles and the bonds between particles are used to
characterize the medium in the software, where the particles
are simulated with rigid body of unit thickness. Two types of
bonding effects of rock media suitable for this simulation are
selected, namely, contact bond and parallel bond, as shown
in Figure 2. The contact bond reflects the normal and
tangential interactions (forces) between particles (see
Figure 2(a)), while the parallel bond transmits both the force
and the moment (see Figure 2(b)). It is widely accepted that
these two kinds of bonds both exist in the interior of rock
and soil [7], so they are used in this paper.

2.2. Calibration of Sandstone Mesoscopic Parameters. To
ensure the credibility of the simulation, it is necessary to
determine the model parameters for the simulation. For
PFC software, the particles and bonds are used to character-
ize the medium. Therefore, it is necessary to determine
mesoscopic parameters that reflected the physical and
mechanical properties of the particles and bonds. Due to
the limitation in observation techniques, these parameters
can hardly be obtained through laboratory tests. For uniaxial
compression simulation with PFC, the “trial and error”
method is usually used to calibrate the mesoscopic parame-
ters of the specimen. As shown in Figure 3,mi is the strength
parameter of Hoek-Brown [27]. In this method, the full
stress-strain curve and the corresponding failure mode of a
representative specimen need to be firstly obtained through
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Figure 1: Outcrop map of the natural fracture system in the sandstone at Hornelen Basin, western Norway [5–7].
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laboratory tests; next, a numerical model is established, and
the parameters such as the stiffness, elastic modulus, and the
tensile and cohesive strength are adjusted until the numeri-
cal curve is roughly consistent with the experimental curve;
finally, fine-tune the parameters until the failure mode of
the numerical specimen is consistent with that of the exper-
imental specimen [27].

In this paper, the uniaxial compression tests on sand-
stone specimens were performed by the MTS815 test
machine of the State Key Laboratory for Geomechanics
and Deep Underground Engineering, China University of
Mining and Technology, as shown in Figure 4. The size of
the laboratory specimen is 50mm by 100mm (diameter
and height), and the loading was controlled by displacement
with the rate of 0.002mm/timestep [2].

The intact sandstone model with 31190 particles was
established using PFC2D software. The size and loading
strategy of the sandstone model are consistent with that of
the laboratory test. The parameters of the numerical
specimen were calibrated using the “trial and error” method.
Model results are compared with the experimental data,
showing the stress-strain curve and failure mode of the
specimen in Figures 5 and 6, respectively.

As shown in Figures 5 and 6, the full stress-strain curve
and the failure mode of the numerical specimen are qualita-
tively consistent with that of the experimental specimen.
Note that the simulation curves deviate from the experimen-

tal ones in the prepeak stage, which is because that there is
an obvious compaction stage for the laboratory specimen
before the peak. To the best of our knowledge, this stage
cannot be simulated by all numerical software including

Figure 4: MTS815 test machine.
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Figure 3: The “trial and error” method parameter checking process of the PFC model [27].
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Figure 2: Cohesive model and its micromechanical behavior schematic diagram [7, 25, 26]: (a) contact bonds reflect the normal and
tangential interactions (forces) between particles; (b) parallel bonds transmit both the force and the moment.
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PFC software [2, 14]. Currently, there are two main ways to
cope with this problem. The first way is to ensure the consis-
tency of the peak strength and peak strain with that of the
actual specimen but might leave a difference in the elastic
modulus [7, 28–30]. An alternative method is to ensure the
elastic modulus and the peak strength to be consistent with
that of the actual specimen but might lead to a significant
difference in the peak strain [14].

Considering the study of rock strength to be the priory
focus of this research, the first approach was chosen.
Furthermore, the relative errors of peak strength and peak
strain are 1.7% and 3.8%, respectively. The simulation
results qualitatively agree with the experimental results,
and the simulation parameters truly reflect the mechanical
characteristics of the laboratory specimen.

The microscopic parameters of the intact sandstone
specimen determined by the “trial and error” method are
listed in Table 1.

2.3. Numerical Model of Sandstone Specimen with a Single
Crack or Three Precracks. In PFC2D, crack, as a planar and
finite-sized discrete element, is characterized by a segment
with two vertex object ends. The prefabrication of the crack
is realized through the Discrete Fracture Network (DFN). In
the DFN module of PFC software, the input parameters to
realize the prefabrication of each crack are the length, angle,
and center point, with the width of the crack to be insignif-
icant [23, 31–34]. In order to study the relationship between
the strength characteristics and the angle of the precrack, as
well as the interaction of the cracks, two sets of specimens
that contain a single crack and three cracks were established,
as shown in Figure 7.

It can be seen from Figure 7(a) that each specimen in the
first group contains one precrack, and the angle of the crack
is set as 0°, 30°, 60°, 90°, 120°, and 150°, respectively. The
lower left corner of the specimen is set as the coordinate ori-
gin, and the x and y coordinates of the crack center point are
25mm and 50mm, respectively. In the second group, two
extra fixed-angle precracks were added on the basis of the
specimens in the first group, denoted as precracks ② and
③. For cracks ② and ③, their angles are both 45° and their
center points are located at (25mm, 75mm) and (25mm,
25mm), respectively, as shown in Figure 6(b). In addition,
the crack lengths of the precracks in Figure 7 are all
25mm. The smooth joint model was used to describe the
mechanical properties of the crack. The parameters used
for the model are listed in Table 2 [2]. It can be seen from
the table that the existence of cracks weakens the cohesion
on both sides of the crack surface.

3. Simulation Results and Analysis

3.1. Strength Characteristics of the Cracked Sandstone
Specimen. The full stress-strain curve of the cracked speci-
mens is shown in Figure 8, and the extracted variation of
the strength with the precrack angles is shown in Figure 9.

(a) (b)

Figure 6: Failure modes of intact sandstone specimens obtained
through simulation and experiment: (a) experimental failure
mode; (b) numerical failure mode.

Table 1: Mesoscopic parameters of the PFC2D medium.

Parameters Value

Minimum particle size (mm) 0.1

Maximum particle size (mm) 0.3

Density (kg/m3) 2700

Porosity 0.15

Contact bond modulus (GPa) 0.6

Contact bond stiffness ratio 1.0

Friction coefficient 0.8

Parallel bond tensile strength (MPa) 26.5

Parallel bond cohesion (MPa) 32

Parallel bond friction angle (°) 32.5

Parallel bond modulus (GPa) 8.7

Parallel bond stiffness ratio 1.0
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Figure 5: The comparison between the numerical and
experimental stress-strain curves of intact sandstone specimens.
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It can be seen from Figure 8(a) that both the strengths
and the elastic moduli of the specimens containing a single
crack increase first and then decrease with the increase of
the precrack angle. The uniaxial compressive strengths
(UCS) of the specimen with the precrack angle of 0°, 30°,
60°, 90°, 120°, and 150° are 21.79MPa, 26.42MPa,
33.20MPa, 49.49MPa, 40.05MPa, and 26.47MPa, respec-
tively, as shown in Figure 9. Theoretically, the specimens
with the crack angles of 120° and 60°, as well as the speci-
mens with crack angles of 150° and 30°, are not essentially
different, so the elastic moduli of the specimens are almost
the same, as shown in Figure 8(a). However, the strengths
of the specimens with crack angles of 120° and 60° are quite
different, which might be due to the dispersion of the parti-
cle and bond distribution inside the specimen [35–37].

The full stress-strain curve and strength value of the
specimens with three precracks are shown in Figure 8(b).
It can be seen that for the specimen with the precrack angle
of 0°, 30°, 60°, 90°, 120°, and 150°, their strengths are
19.6MPa, 25.4MPa, 29.3MPa, 29.1MPa, 29.10MPa, and

23.39MPa, respectively. Compared with the one-crack spec-
imens, the elastic moduli of the specimens change little with
the crack angle.

In particular, for the specimens with crack angles of 60°,
90°, and 120°, the difference in their strengths is negligible.
Extra uniaxial compression experiments were done on the
double-cracked specimens (only including cracks ② and
③, see Figure 9). Results showed that the difference between
the strengths of the three precrack specimens and the
double-cracked specimen is very small, which indicates that
for the specimens with three precracks, the influence of
crack ① on the mechanical properties of the specimen can
be ignored when the angle of crack ① is in the range of
60° to 120°.

In addition, for both the specimens with a single pre-
crack or three precracks, the smaller the angle between pre-
crack① and the horizontal direction is, the more fluctuation
the full stress-strain curve presents, as shown in Figure 8.

3.2. New Crack Propagation of the Precracked
Sandstone Specimen

3.2.1. Initial Crack Propagation. The initial crack propaga-
tion of the specimen containing a single precrack is shown
in Figure 10. It can be seen that for the specimen with the
precrack angle of 0°, new cracks emerge initially in the
middle and ends of the precrack, and the development of
the new cracks in the middle of the precrack is far quicker
than that at the end of the precrack.

For the specimens with the precrack angles of 30° and
60°, new cracks emerge initially at the ends of the precracks,
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Figure 7: Sandstone specimens with a single precrack and three precracks: (a) sandstone specimen with a single precrack; (b) sandstone
specimen with three precracks.

Table 2: Mechanical parameters of the smooth joint model [2].

Parameters Value

Normal stiffness per unit area (GPa) 2

Shear stiffness per unit area (GPa) 2

Friction coefficient 0.35

Tensile strength (Pa) 0

Cohesion (Pa) 0
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showing a clear wing expansion. For the specimens with the
precrack angle of 90°, new cracks are randomly distributed
within the specimen, which indicates that a precrack with
the angle of 90° does not cause stress concentration inside
the specimen. This is because, under the uniaxial loading
condition, the strain and stress distributions of the specimen
are uniform on any horizontal section before the specimen is

significantly damaged. The crack distribution of the speci-
mens corresponding to Figures 10(e) and 10(f) is symmetri-
cal to the crack distribution of the specimens corresponding
to Figures 10(b) and 10(c), respectively, so is the initial crack
propagation conditions and thus will not be presented here.
Furthermore, it can be clearly seen that as the precrack angle
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Figure 8: Complete stress-strain curves of the cracked specimens: (a) complete stress-strain curves of the specimens containing a single
precrack; (b) complete stress-strain curves of the specimens containing three precracks.
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Figure 10: Initial crack propagation of the specimens containing a
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increases from 0° to 90°, the temporal development of the
new cracks shows a downward trend, as shown in Figure 10.

The initial crack propagation of the specimens contain-
ing three precracks is relatively more complicated, as shown
in Figure 11. In general, the new cracks are located at the
ends of the precracks, whereas the initial crack distributions
at the C-end of crack ② and the F-end of crack ③ remain
almost unchanged. The change of the angle of crack ①

mainly affects the initial crack propagation of crack ①, the
D-end of crack ②, and the E-end of crack ③.

When the angles of crack ① are 0°, 120°, and 150°, the
ends of crack ① are closer to the D-end of crack ② and
the E-end of crack ③. The two ends of crack ① penetrated
with the D-end of crack ② and the E-end of crack ③, as
shown in Figures 11(a), 11(e), and 11(f). For the specimen
with the crack angle of 30° and 60°, the growth of the initial
crack at each crack end is less affected by crack ① as the
ends of crack ① are far from the ends of crack ② and crack
③, as shown in Figures 11(b) and 11(c).

When the angle of precrack ① is 90°, the internal stress
concentration within the specimen is induced by cracks ②
and ③. Compared with the one-crack specimen (see
Figure 10(e)), the distribution of new cracks in the specimen
is no longer uniform, new cracks of precrack ② of crack ③

penetrate through precrack ①, and there is no new crack
propagated from the ends of crack ①.

3.2.2. Failure Modes. The final failure modes of specimens
containing a single precrack and three precracks are present
in Figures 12 and 13. The final failure modes of the speci-

mens vary substantially with the change of the precrack
angle α.

For the single precrack specimens with 0° crack angle α,
the failure mode is mostly the vertical splitting failure. Three
vertical cracks extended from the two ends, and the middle
of the precrack cut the specimen into strips. Moreover, there
are many accumulated cracks located at the ends of the pre-
crack, denoted by the yellow ellipses in Figure 12(a). For the
specimens with the crack angles of 30° and 60°, their failures
are caused by the gradual expansion of the new cracks along
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Figure 11: Initial crack propagation of the specimens containing
three precracks.
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Figure 12: Failure mode of the specimens containing a single
precrack.
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the ends of the precracks. Quite a few new cracks are closely
located at the precrack ends, as highlighted by the yellow
ellipses in Figures 12(b) and 12(c). There are few new cracks
generated in the vertical direction of the precracks, as shown
by the blue ellipses in Figures 12(b) and 12(c). This is agreed
with the finding of Shi et al. [2] that nonvertical cracks will
form a stress shielding circle with the diameter of its own.
For the specimens containing precracks with the angles of
120° and 150°, the failure modes are the same as that of the
specimens with the precrack angles of 60° and 30°, respec-
tively, and will not be repeated here. For the specimens with
the precrack angle of 90°, the effect of precracks on the
failure mode of the specimen is negligible. The failure of
the upper right corner of the specimen is very similar to that
of the intact specimen (see Figures 6(b) and 12(d)).

For the specimens with three precracks, when the angle
of precrack ① is 0°, due to the stress shielding effect of the
precracks, there are basically no new cracks that emerged
in the area between the adjacent precracks. As shown in
Figure 13(a), the ends of the three precracks penetrate
through each other, which results in the cutting failure of
the specimen [38, 39]. For the specimen with the precrack
angle of 30°, the new cracks mainly occurred in the middle
of the specimens due to the dense and uniform distribution
of the precracks in this area. For the specimen with the
precrack angles of 60°, 90°, and 120°, precracks ② and ③

penetrated through precrack ①, and the new cracks mainly
concentrated at the C-end of crack② and the F-end of crack
③. The failure modes of these three specimens are very sim-
ilar. The failure modes of the specimens with the precrack
angles of 150° and 30° are similar, and the concentrated
cracks are mainly distributed at the junction of the A-end

of crack① and the D-end of crack②, as well as the junction
of the B-end of crack ① and the E-end of crack ③.

3.3. Crack Number Evolution of the Precracked Sandstone
Specimens. New cracks keep emerging in the loading
process. The evolution of the number of new cracks
(NNC) during loading process is shown in Figure 14. In
general, the evolution of NNC exhibits a stair-step tendency,
i.e., increases abruptly as the axial strain increases to a
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Figure 14: Crack number evolution of the precracked sandstone specimens: (a) crack number evolution of the specimens containing a single
precrack; (b) crack number evolution of the specimens containing three precracks.
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certain value. The NNC evolution of single precrack speci-
mens experiences a one-step (corresponding to precrack
angles of 90° and 120°) or two-step (corresponding to pre-
crack angles of 0°, 30°, 60°, and 150°) increase. It can be seen
from Figure 14(a) that for the specimen containing a single
precrack, the number of new cracks approximately increased
in one-step stair shape (corresponding to precrack angles of
60°, 90°, and 120°) or two-step stair shape (corresponding to
precrack angles of 0°, 30°, and 150°) with the increase of axial
strain. Notably, the maximum abrupt increase in NNC
occurs at various axial strains for different precrack angles,
i.e., increased axial strain value as the precrack angle
increased until 90° and declined thereafter. For the speci-
mens with three precracks (see Figure 14(b)), the evolution
of NNC shows a multistep growth, which can be attributed
to the fluctuations of the full stress-strain curves of the spec-
imens before and after the peak (see Figure 8(b)).

Interestingly, the NNCs corresponding to the final fail-
ure of the specimens with three precracks are around 4000
with extremely small deviation. For the specimens with a
single precrack, when the crack angles are 0°, 30°, 60°, and
150°, the final NNCs are closer to 4000 as well. However,
when the precrack angles are 90° and 120°, the final NNCs
are up to 7500. By extracting the final NNC and UCS of
the specimens (see Figures 14 and 9), it was found that the
final NNC increased with the UCS, as shown in Figure 15.

4. Discussion

The analysis of Figure 9 in Section 3.1 shows that when the
angles α of precrack ① are between 60° to 120°, the effect of

precrack ① on the mechanical properties of the specimen
can be ignored, which is very interesting and worthy of
further study.

The initial crack propagation of the double-crack speci-
men (see Figure 16(a)) and the triple-crack specimens (see
Figures 16(b)–16(d)) are shown in Figure 16. The existence
of precrack ① inside the three-crack specimens has little
effect on the initial crack growth. The D-end of crack ②

and the E-end of crack ③ tend to penetrate in both the
double-crack and the triple-crack specimens, and crack ①

itself, as the penetration path of crack ② and crack ③, only
promoted this process, especially for the specimens whose
angles of crack ① are 90° and 120°. Therefore, there is very
little difference in the crack distribution (including precracks
and newly generated cracks, see the yellow dotted lines in
Figure 16) inside the specimens, and the bearing structure
of the specimens is very similar, as shown in Figure 16.

Figure 17 shows the failure modes of the double-crack
specimen (see Figure 17(a)) and the three-crack specimens
(see Figures 17(b)–17(d)). The failure modes of the four
specimens in Figure 17 are highly similar. There are many
newly generated cracks in the upper left and lower right cor-
ners of the specimens (see the yellow ellipses in Figure 17).
In addition, the Y-shaped expansion fissures in the upper
right and lower left corners are symmetrically distributed
with respect to the center point of the specimens (see the
yellow dotted lines in Figure 17). In summary, the 4 main
rock blocks generated after the failure of the specimen in
Figure 17 are almost identical.

For a specific loading condition, the existence of cracks
may not necessarily weaken the strength characteristics of

C

D

E

F

➁

➂

(a)

𝛼=60°

(b)

𝛼=90°

(c)

𝛼=120°

(d)

Figure 16: Comparison of the initial crack propagation of double-crack and triple-crack specimens.

(a)

𝛼=60°

(b)

𝛼=90°

(c)

𝛼=120°

(d)

Figure 17: Comparison of the failure mode of double-crack and triple-crack specimens.
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the specimen. From Figures 9, 16, and 17, it can be found
that if the precrack does not affect the original crack
propagation path (fracture process), it will hardly affect the
mechanical properties of the specimen.

5. Conclusions

In this paper, the relationship between the strength charac-
teristics of the specimen and the angle of the precrack, as
well as the interaction of cracks under uniaxial compression,
was studied. The two sets of sandstone specimens, respec-
tively, containing a single precrack and three precracks were
built using the PFC software, which was to study. The main
conclusions are as follows:

(1) For the one-crack specimens, the peak strength and
elastic modulus continuously increase as the crack
angle α is more aligning with the forcing (loading)
direction. For the three-crack specimens, a similar
pattern was observed for the strength behavior, i.e.,
with higher strength as α gets closer to the forcing
direction. However, such increase stabilized as the
angle between α and forcing direction is smaller than
30°. The elastic modulus of the specimens appears to
be unaffected by the angles of precrack

(2) For the specimens containing a single precrack, their
crack numbers increased approximately in a one-
step or two-step stair pattern with increasing axial
strain; whereas for the specimens containing three
cracks, their crack numbers all showed a multistep
stair growth trend with the axial strain

(3) The failure mode of the specimen is closely related to
the precrack angle. However, the existence of cracks
may not necessarily weaken the strength characteris-
tics of the specimen. If the precrack does not affect
the original crack propagation process (fracture pro-
cess), it will hardly affect the mechanical properties
of the specimen
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