
WARSAW UNIVERSITY OF TECHNOLOGY Index 351733

FACULTY OF CIVIL ENGINEERING
COMMITTEE FOR CIVIL AND WATER ENGINEERING

POLISH ACADEMY OF SCIENCES ISSN 1230-2945

DOI: 10.24425/ace.2026.158605

ARCHIVES OF CIVIL ENGINEERING

Vol. LXXII ISSUE 2 2026
© 2026. Experimental study and numerical simulation of uniaxial compression on artificial rock samples with

Z-shaped fractures.
pp. 215 –229

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, distribution, and reproduction in any
medium, provided that the Article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

Research paper

Experimental study and numerical simulation of uniaxial
compression on artificial rock samples with Z-shaped

fractures

Liangxiao Xiong1, Liyu Gong2, Tao Zhou3, Zhongyuan Xu4, Deye Hu5

Abstract: To study the influence of the inclination and length of Z-shaped fissures on the mechanical
properties and failure characteristics of the rock mass, this study conducts a series of uniaxial compression
tests on rock-like materials with prefabricated Z-shaped fractures. In addition, two-dimensional Particle
Flow Code software is used to perform uniaxial compression numerical simulations. The results show that:
(1) Other parameters are the same, under different 𝛾, the 𝛽 had a significant impact on the change trend of
the compressive strength and elastic modulus of the specimen, showing an "M-shaped". (2) Other parameters
are the same,when 𝛽 ≠ 0◦, the compressive strength and elastic modulus of the specimen are negatively
correlated with 𝛾, but 𝛽 = 0◦, then the two are positively correlated with 𝛾. (3) Other parameters are the
same, when 𝛾𝑎 ≠ 90◦, the trend of compressive strength and elastic modulus of the specimen showed
an "M-shape" with the increase of 𝛽. But 𝛾𝑎 = 90◦, the two are negatively correlated with 𝛽. (4) Other
parameters are the same, under different 𝛽, the compressive strength and elastic modulus of the specimen
are positively correlated with 𝛾𝑎 . (5) The main damage mode of Z-crack specimen is tensile shear damage.
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1. Introduction

Owing to the influence of geological structures and weathering, most rock masses in nature
contain fissures of different shapes. The inclination of these cracks have a strong influence on
the mechanical properties of the rock mass and also affect the stability in engineering practices.
Thus, it is of great significance to test the mechanical properties and structural crack feature of
rock masses.

The researchers have carried out a large number of experimental studies and numerical
simulations on rock masses and rock-like materials containing prefabricated fractures. In terms
of laboratory experiments, Wang et al. [1–3] prefabricated single-crack rock samples to study
the mechanical properties, crack propagation, failure process, failure mechanism and energy
evolution of single-crack rocks at different dip angles and thicknesses. Xiao et al. [4] studied
the mechanical properties of prefabricated single-fault marble under different fault lengths and
dip angles, and found that the failure mode was controlled by the fault dip angle and the fault
degree. Zhou et al. [5] conducted experiments on coal and rock samples with different bedding
dips to study their strength, failure modes and crack distribution. Chen et al. [6–8] studied
the mechanical properties of different rocks by changing the length and angle of orthogonal
cracks, and found that the crack length had little effect on the strength, and the tilt angle was
the main reason for the peak strength. Wu et al. [9, 10] studied the mechanical properties and
failure modes of cross-fractured rocks, and found that the cross-crack angle had little effect on
the elastic modulus but had little effect on the peak strength, and the peak strength and elastic
modulus of single-fractured rocks were greater than those of cross-fractures. Lai et al. [11]
obtained the failure characteristics and cracking laws of single and composite rocks according
to the failure process of composite rocks under high stress.

In terms of numerical simulations: Song et al. [12–14] used PFC to study the mechanical
properties of rocks under different crack parameters, and the variation law of the stress-strain
curve was basically consistent with the experimental results. Wang et al. [15] simulated uniaxial
compressive failure of non-penetrating fractured rock samples based on PFC to explore the
influence of rock bridge dip angle. He et al. [16] studied the mechanical properties of rock mass
specimens with different pore sizes, and used PFC simulation to obtain uniaxial compressive
strength and crack evolution law. Zhou et al. [17] used Rhino- Griddle modeling and FLAC3D
to simulate the uniaxial compressive deformation and failure of fractured rock mass. Jia et
al. [18] simulated uniaxial compression experiments of prefabricated three-fractured yellow
sandstone to analyze the influence of its central crack dip angle. Wu et al. [19] built a rock
material model based on uniaxial compression data to simulate the mechanical properties
of single and double fractured rock samples at different dip angles. Tang et al. [20] carried
out PFC numerical simulation on single-fracture rock samples, and found that under uniaxial
compression conditions, the failure was tensile failure, and the main failure during unloading
was shear failure.

As mentioned above, few scholars have studied the "𝑍-shaped" fracture structure that is
common in actual slope engineering, so this paper conducts uniaxial compression test and
uses PFC2D to construct a numerical model to explore the influence of crack angles on the
mechanical properties of rock mass and structural fracture characteristics.
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2. Indoor uniaxial compression test

2.1. Selection of sample materials
Cracks in natural rocks affect their physical and mechanical properties. In this study,

cement, river sand, and water were mixed in specific proportions to make rock-like materials.
The experimental cement was 32.5𝑅 ordinary Portland cement (the minimum value of 28 days
compressive strength was 32.5 MPa, and the density was 3.0–3.15 g/cm3). The specimen is
a 100×100×100 mm cube. The prefabricated Z-shaped crack in the rock mass consists of the
main fissure 𝑎 and two parallel secondary fissures 𝑏, which are of different lengths but are both
1 mm wide. The uniaxial compressive strength and elastic modulus were obtained by uniaxial
compression tests on the three complete specimens, and the density was obtained according
to the mass and volume, and the macroscopic mechanical parameters of the three groups of
complete specimens without prefabricated cracks were shown in Table 1.

Table 1. Mechanical parameters of intact specimens under uniaxial compression

Specimen number Compressive strength
(MPa)

Elastic Modulus
E (GPa)

Density 𝜌

(g·cm–3)
1 25.16 1.75 2.08
2 25.13 1.71 2.04
3 25.10 1.74 2.06

Average 25.13 1.73 2.06

2.2. Sample preparation
The thickness of cracks in all samples is about 1 mm. The position of the 𝛾, 𝛾𝑎 and 𝛽 of

the prefabricated crack of the specimen is shown in Figure 1.
Sample preparation included the following steps. First, mixed material: The early-strength

ordinary Portland cement (32.5𝑅) with a strength grade of 32.5 MPa is mixed with fine river
sand with a particle size of 0.25–0.45 mm and uniform particle size at a ratio of 1:2, and
water is added to make the water-cement ratio reach 0.6. Second, pour into the mold: Pour the
mixture into a mold with lubricated oil (for easy demoulding) and a size of 100×100×100 mm.
Third, eliminate air bubbles: Place the mold on the vibrating table to remove air bubbles. Four,
insert PVC sheets: Lubricate the transparent PVC sheets 12 mm long and 1 mm thick and
insert the sample as planned. Fifth, demoulding treatment: After 12 h in the sample chamber,
the PVC insert is taken out, and the mold is demolded after 24 h. Sixth, soak for later use: Put
the sample in a storage box, soak it in water for 28 d, and then take it out for later use.

In this study, the prefabricated 𝑍-type cracks of the specimen were divided into type A and
type B. Both contain primary fissure 𝑎 and two secondary parallel fissure 𝑏 (𝑏1 and 𝑏2). The
inclination angle 𝛾 of the type A 𝑍-shaped fracture is the clockwise angle between the vertical
line of the main fissure and the secondary fissure, and the inclination angle 𝛽 is the clockwise
angle between the main fissure and the vertical line, as shown in Fig. 1a. The inclination angle
𝛾𝑎 of the type B 𝑍-shaped fissure is the angle between the vertical line of the main fissure and
the counterclockwise direction of the secondary fissure, as shown in Fig. 1b.
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(a) (b)
Fig. 1. Schematic diagram of uniaxial compression on specimens with 𝑍-shaped fracture (Unit: mm): a)

Type A, b) Type B

Due to the numerous working conditions of this test specimen, the prefabricated fracture
length 𝑏1 = 𝑏2 is selected for analysis in this paper, and all subsequent 𝑏 refer to 𝑏1 and 𝑏2.
The grouping working conditions for types A and B 𝑍-shaped fracture specimens are shown in
Table 2 and 3.

Table 2. Grouping conditions of type A 𝑍-fractured samples

Study 𝛾 (◦) 𝛽 (◦) a (mm) b (b1 and b2) (mm)
1 0 0, 30, 45, 60, 90 10, 20, 30, 40 10, 20, 30, 40
2 30 0, 30, 45, 60, 90 20 20
3 45 0, 30, 45, 60, 90 20 20
4 60 0, 30, 45, 60, 90 20 20
5 90 0, 30, 45, 60, 90 20 20

Table 3. Grouping conditions of type B Z-fractured samples

Study 𝛾 (◦) 𝛽 (◦) a (mm) b (b1 and b2) (mm)

1 0 0, 30, 45, 60, 90 10, 20, 30, 40 10, 20, 30, 40

2 30 0, 30, 45, 60, 90 20 20

3 45 0, 30, 45, 60, 90 20 20

4 60 0, 30, 45, 60, 90 20 20

5 90 0, 30, 45, 60, 90 20 20

2.3. Test equipment and methods
In this study, the CSS-44300 electronic universal testing machine was used to compress

the sample uniaxially at a loading rate of 1 mm/min by controlling the displacement. Set the
parameters to collect data in 0.1 s increments and record images after the sample breakage.
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3. Analysis of indoor test results

3.1. Stress-strain curve analysis
Figure 2 and 3 show uniaxial compression stress-strain curves of specimens with varied

crack inclination angles when 𝑎 = 𝑏 = 20 mm.
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Fig. 2. Influence of 𝛽 on the stress-strain curve of the specimen for each selected 𝛾, 𝑎 = 𝑏 = 20 mm: (a)

𝛽 = 0◦, (b) 𝛽 = 30◦, (c) 𝛽 = 45◦, (d) 𝛽 = 60◦, (e) 𝛽 = 90◦
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Fig. 3. Influence of 𝛽 on the stress-strain curve of the specimen for each selected 𝛾𝑎 , 𝑎 = 𝑏 = 20 mm: :
(a) 𝛽 = 0◦, (b) 𝛽 = 30◦, (c) 𝛽 = 45◦, (d) 𝛽 = 60◦, (e) 𝛽 = 90◦

In Fig. 2, 𝛾 and 𝛽 affect the stress-strain curve of the specimen, but the regularity is not
obvious. In Fig. 3, the peak stress is the largest and the curve changes most obviously if 𝛾 = 90◦,
the peak stress decreases with 𝛽 increase. The peak stress is the lowest if 𝛽 = 90◦, because the
load and crack direction change from the same direction to perpendicular, the resistance to
failure in the same direction is the strongest, while the weakest in the vertical direction.
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3.2. Influence of crack inclination on the compressive strength and elastic
modulus of the rock mass

Figure 4 illustrates the influence of 𝛽 on the compressive strength and elastic modulus of
the sample when 𝑎 = 𝑏 = 20 mm and the 𝛾 values are varied.

0 15 30 45 60 75 90 105
0

2

4

6

8

10

12

14

16

18

20

22

24

C
om

pr
es

si
ve

 s
tr

en
gt

h/
M

P
a

β/°

 γ=0°  γ=60°
 γ=30°  γ=90°
 γ=45°

(a)

0 15 30 45 60 75 90 105
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

E
la

st
ic

it
y 

m
od

ul
us

/G
P

a

β/°

 γ=0°  γ=60°
 γ=30°  γ=90°
 γ=45°

(b)
Fig. 4. Influence of 𝛽 on the uniaxial compressive strength (a) and elastic modulus (b) of the specimen

for each selected 𝛾 (𝑎 = 𝑏 = 20 mm)

All points in Fig. 4a are the peak points of the stress-strain curve (the uniaxial compressive
strength of the specimen at different inclination angles) and Fig. 4b are the values of the slope
of the linear elastic phase in the stress-strain curve (the elastic modulus of the crack specimen
at different inclination angles). Two change trends are roughly same (because the compressive
strength is positively correlated with the modulus of elasticity), and the line chart shows an
"𝑀-shaped" with 𝛽 increase. Thus, the 𝛽 had a significant impact on the change trend of the
two in different 𝛾 if 𝑎 = 𝑏 = 20 mm, showing an "𝑀-shaped".

Figure 5 shows the influence of 𝛾 on the compressive strength and elastic modulus of the
cracked specimen when 𝑎 = 𝑏 = 20 mm did not change.
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Fig. 5. Influence of 𝛾 on the uniaxial compressive strength (a) and elastic modulus (b) of the specimen

for each selected 𝛽 (𝑎 = 𝑏 = 20 mm)
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In Fig. 5, the compressive strength and elastic modulus of the specimen decrease with 𝛾

increase (negative correlation) if 𝛽 ≠ 0◦, because the crack is perpendicular to the load direction
with 𝛾 increase, the ability of the specimen to resist failure decreases. The two increase with
𝛾 increase (positive correlation) if 𝛽 = 0◦, because the increase of 𝛾 makes the crack and the
load direction tend to be consistent, the ability of the specimen to resist failure is enhanced.

Figure 6 shows the influence of 𝛽 on the compressive strength and elastic modulus of the
specimen when 𝑎 = 𝑏 = 20 mm remained unchanged and the 𝛾𝑎 was specified.
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Fig. 6. Influence of 𝛽 on the uniaxial compressive strength (a) and elastic modulus (b) of the specimen

for each selected 𝛾𝑎(𝑎 = 𝑏 = 20 mm)

In Fig. 6, the compressive strength and elastic modulus of the specimen show an "𝑀-shaped"
with the increase of 𝛽 if 𝛾𝑎 ≠ 90◦. The two decrease with 𝛽 increase (negative correlation)
if 𝛾 = 90◦, because the crack and the load direction gradually tend to be perpendicular in 𝛽

increase, the compressive capacity of the specimen decreases.
Figure 7 shows the influence of 𝛾𝑎 on the peak strength and elastic modulus of the fractured

rock mass when 𝑎 = 𝑏 = 20 mm remained unchanged and 𝛽 was specified.
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Fig. 7. Influence of 𝛽 on the uniaxial compressive strength (a) and elastic modulus (b) of the specimen,

when 𝛾 and 𝛾𝑎 were the same (𝑎 = 𝑏 = 20 mm)
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In Fig. 7, 𝛾𝑎 increases from 0◦ to 90◦, and the peak strength and elastic modulus of the
specimen gradually increase (positive correlation). When 𝛾 = 90◦, crack 𝑎 coincides with 𝑏, and
the peak strength and elastic modulus reach the maximum value in the range of 𝛾𝑎 = 0◦ ∼ 90◦.

4. Numerical simulation analysis

4.1. Parameter calibration
Referring to the macroscopic mechanical parameters of the uniaxial static load compression

test, the microscopic parameters of the sample model were adjusted through multiple trial
calculations, so that the microscopic parameters established by numerical simulation were
basically consistent with the results of the uniaxial compression test, so as to complete the
calibration of the microscopic parameters of the rock model. According to the test results of
the crack sample of 𝛽 = 𝛾 = 0◦, the microscopic parameters of this numerical simulation were
calibrated, and the parameter properties and contact types were determined after repeated
debugging, as shown in Table 4.

Table 4. Mesoparameters used in numerical simulation of uniaxial
compression

Parameter Numerical
value Parameter Numerical

value

Minimum particle size
(mm) 0.25 Bonding stiffness ratio (kn/ks) 1.5

density (g/cm3) 1.96 Effective modulus (GPa) 1.4

Particle size ratio
(Rmax/Rmin) 1.66 Coefficient of friction 0.4

These parameters were used to carry out multiple numerical simulation experiments on the
four groups of samples under different working conditions. The numerical simulation results
of the compressive strength and elastic modulus of the specimen are compared with the test
results, as shown in Table 5 and 6.

Table 5. Numerical simulation results of compressive strength
(𝛽 = 𝛾 = 0◦, 𝑏 = 10 mm)

nagłówek 1
Study

Numerical simulation
(MPa) Indoor test (MPa) Ratio of simulation

results to test results

𝑎 = 10 mm 14.21 19.39 0.732

𝑎 = 20 mm 13.53 17.53 0.771

𝑎 = 30 mm 12.70 16.69 0.761

𝑎 = 40 mm 12.17 15.8 0.770
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Table 6. Numerical simulation results of elastic modulus
(𝛽 = 𝛾 = 0◦, 𝑏 = 10 mm)

Study Numerical
simulation (GPa) Indoor test (GPa) Ratio of simulation

results to test results

𝑎 = 10 mm 1.508 1.517 0.994

𝑎 = 20 mm 1.502 1.487 1.01

𝑎 = 30 mm 1.499 1.486 1.001

𝑎 = 40 mm 1.489 1.479 1.006

The results of compressive strength and elastic modulus obtained after numerous trial
calculations are shown in Table 5 and 6, respectively. The compressive strength of the sample
obtained through numerical simulation was about 76% of the indoor test compressive strength,
and the elastic modulus result was close to that obtained in the indoor test.

PFC 2D was usd to be perform uniaxial compression numerical simulation on the specimens
with different crack inclination angles. The particles at specified positions were deleted to
simulate the prefabricated cracks in the sample. Figure 8 shows the indoor test and numerical
simulation failure diagram of the sample when 𝛽 = 𝛾 = 0◦, 𝑏 = 10 mm, and 𝑎 = 40 mm.

Fig. 8. Damage obtained during indoor testing and numerical simulation

In Fig. 8, the damage diagrams obtained by the indoor test and the numerical simulation of
the sample were similar, and the extension direction and the location of the cracks are in good
agreement.

Therefore, the parameters listed in Table 5 are reliable and can be used for accurate
numerical simulation of uniaxial compression.

4.2. Analysis of numerical results

Figure 9 show the uniaxial compression numerical simulation results of the sample’s
compressive strength and elastic modulus when 𝛾 changed.
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Fig. 9. Numerical simulation results of various 𝛾 values against changes in 𝛽 (𝑎 = 𝑏 = 20 mm): (a)
uniaxial compressive strength, (b) elastic modulus

In Fig. 9, when other parameters are the same, 𝛾 = 0◦, 30◦ and 45◦, the trend of compressive
strength and elastic modulus of the specimen is "𝑀-shaped" with the increase of 𝛽. At 𝛾 = 60◦
and 90◦, the compressive strength and elastic modulus of the specimen first decrease, then
increase, and finally decrease. The results of numerical simulation show that the compressive
strength of the specimen is consistent with the change trend of the elastic modulus.

5. Failure characteristic analysis
Figure 10 and 11 each respectively shows the final failure mode of the simulation model

and the lab tests of samples with different 𝛽 and 𝛾 values. Circled numbers 1-4 represent tensile
cracks, tensile-shear mixed cracks, shear cracks and secondary inclined cracks, respectively.

(a) (b)

(c) (d)
Figure continued on the next page
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Figure continued from the previous page

(e)
Fig. 10. Failure modes of samples with different 𝛽 values (𝑎 = 𝑏 = 20 mm, 𝛾 = 30◦): (a) 𝛽 = 0◦, (b)

𝛽 = 30◦, (c) 𝛽 = 45◦, (d) 𝛽 = 60◦, (e) 𝛽 = 90◦

(a) (b)

(c) (d)

(e)

Fig. 11. Failure modes of samples with different of 𝛾 values (𝑎 = 𝑏 = 20 mm, 𝛽 = 0◦): (a) 𝛽 = 0◦, (b)
𝛽 = 30◦, (c) 𝛽 = 45◦, (d) 𝛽 = 60◦, (e) 𝛽 = 90◦

During the compression failure of specimens with 𝑍-shaped cracks, most cracks initiated
at the crack tips and propagated to the specimen boundaries. The cracks were categorized
into four types based on stress: tensile cracks at the crack tips due to stress concentration,
tensile-shear mixed cracks at the ends from combined tensile and shear stresses, shear cracks
at the ends from shear stress, and secondary inclined cracks.
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The crack types in the specimens shown in Fig. 10a and Fig. 11a-c are mainly tensile cracks
and tensile-shear mixed cracks. But in Fig. 10b-e and Fig. 11d exhibit a large inclination angle
relative to the horizontal direction, which indicate shear cracks. Moreover, the prefabricated
crack direction of the sample shown in Fig. 11e coincides with the load direction, indicating
tensile cracks.

According to the different types of cracks through the fracture surface in the sample, the
failure modes of the samples with different Z-shaped cracks can be divided into the following
three types.

5.1. Tensile failure

This failure mode is caused by the tensile crack propagation connecting the upper and
lower surfaces of the sample to form a tensile through fracture surface that causes the sample
to be damaged. The sample with 𝛾 = 90◦ in Fig. 11 exhibits this failure mode.

5.2. Tensile-shear mixed failure

This failure mode is caused by the tensile-shear mixed crack propagation to form a through
fracture surface that causes the specimen to fail. According to the different crack penetration
failure positions in the sample, this failure occurs under the following four conditions.

Tensile cracks are generated from or near the left tip of crack 𝑏1 and propagate upward
to the upper boundary or downward to the lower boundary of the specimen. Three different
mechanisms are involved in the follow case. The first begins at the right tip of 𝑏2, where
a tensile-shear crack propagates downward and penetrates the lower boundary. This type is
exhibited in the sample with 𝛾 = 45◦. The second begins at the right tip of 𝑏2, where a shear
crack propagates through the lower boundary. This type is exhibited in the sample with 𝛽 = 0◦
and 𝛾 = 60◦. The third begins at lower tip of the main fissure, where a tensile-shear crack is
generated and spreads downward to penetrate the lower boundary. This type is exhibited in the
sample with 𝛽 = 30◦. Finally, tensile cracks are generated from the right tip of 𝑏1 and extend
upward to the upper boundary, and tensile-shear cracks generated from the middle part of 𝑏1
extend downward to the lower boundary. This was observed in the samples with 𝛾 = 0◦.

5.3. Shear failure

From the left tip of 𝑏1, the specimen produced a shear crack that expanded upward to the
upper boundary. From the right tip of 𝑏2, a shear crack was generated that expanded downward,
penetrated the lower boundary, then formed a through fracture surface with the prefabricated
crack to destroy the specimen. This failure mode is shear failure and occurred in specimens
with 𝛽 = 45◦.

In summary, most of the failure modes of the specimens with Z-shaped cracks examined in
the present study were different forms of tensile-shear failure.
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6. Conclusions
Through uniaxial compression test and numerical simulation of rock specimens containing

𝑍-type prefabricated fractures, the following conclusions are obtained:
1. When other parameters are the same, the 𝛽 had a significant impact on the compressive

strength and elastic modulus of the specimen in different 𝛾, and the curve is "𝑀-shaped".
2. When other parameters are the same, the compressive strength and elastic modulus of

the specimen are negatively correlated with 𝛾 in 𝛽 ≠ 0◦, while positively correlated with
𝛾 in 𝛽 = 0◦.

3. When other parameters are the same, the trend of compressive strength and elastic
modulus of the specimen in 𝛾𝑎 ≠ 90◦ showed an "𝑀-shape" with 𝛽 increase, while the
two are negatively correlated with 𝛽 if 𝛾 = 90◦.

4. When other parameters are the same, the compressive strength and elastic modulus of
the specimen in different 𝛽 are positively correlated with 𝛾𝑎.

5. The main damage mode of 𝑍-crack specimen is tensile shear damage.
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