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Abstract: In order to investigate the effect of fissure inclination on the mechanical proper-
ties, deformation, and crack evolution of the surrounding rock in the roadway, uniaxial
compression experiments were conducted on sandstone-like materials with prefabricated
fissures. The high-speed camera and DIC (digital image correlation) method were em-
ployed to analyze the strain distribution and the crack evolution of the specimen. The
results demonstrated that the presence of fissures reduces the stress for crack initiation,
with intact specimens producing new cracks from about 75% of peak strength and fissured
specimens producing new cracks from 50% to 60% of peak strength. The fissure reduced
the strength and elastic modulus of the specimen while increasing the strain. The fissure
inclination of 45° exhibited the most significant changes compared to the intact specimen.
The peak strength and elastic modulus decreased by 54.52% and 35.95%, respectively, and
the strain increased by 151.42%. The intact specimen and specimen with 90° inclination are
mainly distributed with the shear crack, tensile crack, and far-field crack, which are mainly
tensile-tension damage; specimens with 0~75° inclination are mainly distributed with the
wing crack, anti-wing crack, oblique secondary crack, and coplanar secondary crack, which
are mainly shear slip damage. The direction of the extension of cracks is related to the
fissure inclination. For specimens with 0° inclination, the new cracks mainly propagate
in the direction perpendicular to the fissure; for specimens with 30° and 45° inclinations,
the new cracks mainly propagate in the direction parallel and perpendicular to the fissure;
for specimens with 60° and 75° inclinations, the new cracks propagate in the direction
parallel to the fissure; and for specimens with 90° inclination, the new cracks propagate in
the direction parallel to the fissure.

Keywords: prefabricated fissure; damaged rock mass; DIC method; mechanical proprieties;
crack pattern

1. Introduction

The excavation disturbance results in the redistribution of in situ stresses within the
surrounding rock, thereby inducing a rise in internal cracking. This, consequently, impacts
the deformation and mechanical properties of the rock mass. The geo-stress and engineer-
ing disturbances induce the generation of joints, cracks, holes, and other defects within
the rock mass. These defects affect the deformation pattern and mechanical properties,
resulting in the mechanical properties of the rock mass exhibiting pronounced non-linear
characteristics [1]. The characteristics of soft rock, such as large deformation and strong
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rheology, are especially pronounced in deep rock [2]. Consequently, numerous scholars con-
ducted research into the initial damage to the mechanical properties, deformation theory,
and damage mechanism of the rock mass.

Fractured rock is frequently subject to significant deformations that are challenging to
analyze and manage. One potential solution to this problem is to analyze the failure pattern
and the cracking pattern of the surrounding rock [3]. A large number of researchers have
conducted studies on the mechanical properties of fractured rock. Alneasan [4] investigated
the effect of grain size and mineralogical composition on the rupture speed and propagation
path of cracks. Also, he [5] investigated the effect of temperature on rock fracture behavior
and found the behavior of mudstone gradually changed from ductile to brittle behavior due
to the thermal treatment. Zengin [6] investigated the effect of porosity and pore parameters
on rock materials’ failure behavior with unconfined and confined stress conditions. Zare [7]
investigated the effect of parameters such as angle, length, and number of joints on the
shear strength of non-persistent rock joints. Danielli [8] performed a series of uniaxial
compression experiments on homogeneous gypsum specimens containing two pre-existing
open flaws and a frictional interface. Klammer [9] performed laboratory on rock-like
samples and took into account uniaxial compression tests and acoustic emission tests. This
demonstrated that the stiffness and shape at the grain scale had a great influence on the
intrinsic proneness to strain burst of rocks. Asadizadeh [10] investigated the effect of layer
spacing and inclination angle on the indirect tensile strength, crack development, failure
pattern, and contact force chain of layered disks. It was found that the increase in the
layer orientation up to 15° results in a peak in the tensile strength followed by a decrease.
Gogiis [11] conducted laboratory tests and numerical experiments on andesite samples to
investigate the characteristics of damage zones in the form of strain fields. Sisodiya [12]
proposed a novel microcrack damage theory to describe the time-dependent behavior of
brittle rocks. Ibrahim [13] examined crack initiation and crack damage for weak rocks
subjected to uniaxial compression. Lee [14] investigated crack types and crack coalescence
patterns in specimens with a flaw pair under uniaxial compression and horsetail cracks,
anti-wing cracks, and tensile wing cracks were observed. Hedan [15] investigated the
mixed-mode behavior of desiccation cracks in a clayey rock front gallery. Bahrani [16]
investigated the confined peak strength of laboratory-scale rock specimens containing grain-
scale strength-dominating features. Cui [17] performed a series of unconfined compression
tests on specimens of two types of sandstones, argillite and basalt, which contain open
and filled cracks and found that the presence of cracks tends to decrease the strength of
rocks. Hu [18] investigated the influence of parallel joint spacing on the size effect and
characteristic size of rock uniaxial compressive strength. However, there were limitations
of the traditional contact measurement method in quantifying strain at the crack tip and
achieving adequate measurement accuracy. The full-field strain distribution in different
regions of the rock during the loading process remains indistinct. The acoustic emission
technique, while effective in monitoring crack extension, lacked directivity and precision in
measuring strain distribution.

Hence, some researchers have utilized non-contact measurements to characterize the
deformation of the rock mass. The most commonly employed method is the DIC method.
Liu et al. [19] investigated the cracking behavior and the effect of flaw geometries on
the mechanical properties of rock materials, and the cracking process is evaluated with
digital image correlation. Zoppo et al. [20] analyzed the damage pattern of fiber-reinforced
cementitious composites with the DIC technique. Wu et al. [21] investigated the evolution
and stability characteristics of granite thermal damage with digital image correlation (DIC)
technology. Sharafisafa [22] investigated the interaction of the pre-existing flaws with
the newly formed cracks the digital image correlation and the bonded particle model.
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Carlota [23] et al. investigated the velocity of the cracks by implementing the digital image
correlation (DIC) technique. Although researchers have employed the DIC method to
investigate the crack propagation mechanism, they have yet to utilize the DIC method to
thoroughly analyze the physical mechanisms and interactions.

In this study, sandstone-like specimens with artificially prefabricated fissures were
utilized to document the initiation, evolution, and failure of cracks on the specimen surface
via high-speed photography. The paper has innovations in two aspects. Methodologically,
it combined high-speed photography with the DIC method, overcoming traditional mea-
surement limitations and providing full-field strain data. Content wise, it analyzed how
fissure inclination affected specimen strain, mechanical parameters, and crack propagation.
We clarified failure characteristics at different inclinations, offering new insights into rock
deformation and failure. The crack evolution path of the damaged rock mass was analyzed
based on the DIC method to reveal the failure mechanism and crack evolution pattern of
the damaged rock mass. The term “fissure” was defined as prefabricated cracks, while
“cracks” referred to newly generated cracks that appear during the loading process.

2. Materials and Methods
2.1. Principles of Specimen Preparation

In order to systematically study the influence of fissure inclination on the mechanical
properties and deformation distribution of rock, the sandstone-like specimens prepared in
this paper were modeled on sandstone taken from the Zigong area of Sichuan Province,
and they were light yellow in color and dense in structure; mechanical parameters of which
are given in Table 1. In this paper, river sand was selected as the aggregate, cement as
the binder, and gypsum powder as the conditioner to prepare sandstone-like specimens.
The proportions of sandstone-like specimens were as follows: river sand/cement/gypsum
powder/water = 2:1:0.05:0.7 [24]. In accordance with the Standard for Test Method of
Engineering Rock Mass (GB/T 50266-2013 [25]), the sandstone-like specimens were man-
ufactured with the size of ¢50 x 100 mm. The specimens exhibited less than 0.05 mm
of non-parallelism at both ends, with a diameter of error less than 0.3 mm. Furthermore,
the perpendicularity to the axis exhibited less than 0.25° of error. In order to simulate
the initial damage of the rock mass, a prefabricated fissure was made in the center of the
sandstone-like specimens. The fissure exhibited a rectangular shape with dimensions of
L x W=20 x 1 mm and a depth of 25 mm, as illustrated in Figure 1 The angles « between
the central axis of the prefabricated fissure and the horizontal plane were 0°, 30°, 45°, 60°,
75°, and 90°, respectively. The loading pattern of the test specimen is presented in Figure 2.
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Figure 1. Schematic diagram of the specimen and the prefabricated fracture.
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Table 1. Main mechanical property parameters of sandstone and sandstone-like materials.
Density Compressive  Elastic Modulus Internal
Index (g/cm®) Strength (MPa) (GPa) Poisson’s Ratio FI‘lCth(I(‘)l)Al‘lgle
Sandstone 1.2~2.75 4.5~51 0.6~2.2 0.25~0.30 27~45
Sandstone-like 1.6~1.8 6.5~22.3 0.96~3.54 0.21~0.32 23~51
Materials

Loading Direction

F
Prefabricated
Fissure
ak/
F

Figure 2. Sample loading.

2.2. Specimen Preparation

The preparation process of the prefabricated fissure specimens was as follows. The
components were weighed according to the proportions design mentioned above. Sub-
sequently, the river sand, cement, and gypsum powder were mixed and stirred homoge-
neously to ensure uniform distribution within the mixture. Water was then added and
stirred until a homogeneous mixture was achieved. Finally, the prepared mixture was
poured into the mold in four separate batches, with each subsequent batch being compacted
with the use of a steel hammer. Upon completion of the compaction process, a steel plate
was inserted into the prefabricated fissure in the mold. One hour later, the steel plate was
removed from the specimen to complete the preparation of the fissure.

The specimen preparation apparatus and ingredients are shown in Figure 3. In order
to ensure the integrity of the specimens, specimens were left in the mold for four hours.
The ambient temperature was maintained at 25 °C and the humidity remained at least 50%
in the constant temperature, and the humidity box dried specimens for 7 days. Following
this, naturally dry the specimen in the dry room for 21 days, maintaining a temperature of
at least 25°. Subsequently, the specimen is subjected to a uniaxial compression test.

Two specimen types were prepared for the investigation: (1) intact specimens and
(2) prefabricated fissure specimens. The intact specimen exhibited no fissure, whereas the
prefabricated fissure specimen displayed an artificially fabricated fissure in the center of
the specimen. The inclination angles of the fissure were 0°, 30°, 45°, 60°, 75°, and 90°. A
total of 21 specimens were prepared for these tests, with three specimens for each type of
specimen. The specimens were numbered according to the following rule: “type-number”.
For example, “Intact-1” was used to refer to specimen number “1” of an intact specimen.
The remaining specimens were similarly numbered, and the prepared specimens are shown
in Figure 4.
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Figure 4. Part of prepared specimens.

2.3. Experiment Design

The uniaxial compression test on sandstone-like specimens was conducted to inves-
tigate the effect of the fissures on the deformation characteristics and failure patterns of
the rock mass. A high-speed camera was employed to document the deformation of the
specimen surface. The displacement and strain of the specimen surface were analyzed by
the DIC method, and the strain distribution of the specimen surface was generated.

We performed mechanical tests on both intact specimens and fissure specimens. The
mechanical parameters were calculated as the average of the three test results. The loading
speed was conducted with displacement-controlled loading and the deformation process
was recorded by a high-speed camera. The test system, depicted in Figure 5, comprised
the following components: a mechanical testing machine, a high-speed camera, a data
acquisition card, LED lighting, a computer, and DIC analysis software (VIC-2D 7.2). The test
method is illustrated in Figure 6. The DIC analysis software used in this investigation was
VIC-2D, which can measure strains from 0.005% to 2000% with a measurement accuracy of
0.000005*FOV (Field of View).

=t

High Speed Camera

echanical Testing Machin

Figure 5. Mechanical experiment system.
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Figure 6. The deformation test method.

2.4. Experimental Process

Mechanical tests were conducted on intact specimens and prefabricated fissure speci-
mens, respectively. The tests were performed with the material mechanics testing machine
with a maximum load of 300 kN and an accuracy of £50 N. In order to guarantee the
reliability and precision of the test results, displacement-controlled loading was employed,
with a loading rate of 0.1 mm/min. The specimen surface underwent imaging during the
test, captured by a high-speed camera, FASTCAM Mini WX50, manufactured by Photron
(Tokyo, Japan). The camera had an effective pixel resolution of 2048 x 2048 pixels, while
the frame rate was set to 50 fps and the shutter speed to 1/1000.

The testing process was divided into three phases, as outlined below:

1.  Loading process. The loading process entailed uniaxial compression tests on intact
specimens and specimens with prefabricated fissures, respectively. The loading was
halted immediately upon the specimen’s loss of bearing capacity and the emergence
of discernible cracks on its surface.

2. Image acquisition. The deformation images of the specimen surface were captured
with a high-speed camera. In order to obtain a clear image of the specimen, an LED
flash was employed to illuminate the specimen.

3. Strain calculation. A comparison and analysis of the images of the deformed and
undeformed specimens was conducted using the DIC method in order to calculate
the strain distribution on the specimen surface.

3. Results and Discussion

The compressive strength, strain, and elastic modulus of the specimens were then
calculated. Additionally, a comprehensive analysis was conducted to evaluate the crack
pattern and the failure mechanism of the rock mass under the influence of prefabricated
fissures. To prevent the introduction of error due to the discreteness of the mechanical test
results, three tests were carried out for each specimen, with the resulting data averaged
across the three tests.

3.1. Stress—Strain Curves and Mechanical Parameters

In order to investigate the influence of fissure inclination on the mechanical properties
of the specimens, seven kinds of specimens were tested. The stress—strain curves of intact
and prefabricated fissured specimens from one group of tests were analyzed. Figure 7
depicts the stress—strain curves for both the intact and prefabricated fissured specimens.
Table 2 presents the main mechanical parameters of all tested specimens. It can be observed
that all specimens underwent four distinct stages during the loading process: the internal
structural compression stage, the elastic deformation stage, the plastic deformation stage,
and the destroyed stage. However, the stress—strain curves indicated that the internal



Buildings 2025, 15, 713 7 of 17

structure of the intact specimen experiences a brief period of compaction prior to elastic
deformation followed by the elastic deformation stage after a very small strain of approxi-
mately 1.45 x 10~3. In contrast, the prefabricated fissured specimens entered the elastic
deformation stage following a larger deformation. The strain thresholds for the fissured
specimens to elastic deformation ranged from 1.98 x 1073 to 4.21 x 10~3. Furthermore, the
fissured specimens exhibited larger deformations than the intact specimens before elastic
deformation. The strain of the specimen before elastic deformation was attributed to the
presence of microcracks, pores, and other internal structural defects, which resulted in the
internal structure becoming compacted. This phenomenon has been observed in previous
studies [26-28]. Also, this phenomenon has been observed in numerous compression tests
on fissured rock [29].

20 4

Fissure-0°

Fissure-30°
Fissure-45°
Fissure-60°
Fissure-75°
154 Fissure-90°
Intact

104

Stress (MPa)

8 10 12 14 16
Strain (x107)

Figure 7. Stress—strain curves of the specimen.

Table 2. Main physical and mechanical parameters of sandstone-like specimens.

Peak Stress Elastic Modulus

Number High (mm) Diameter (mm) Density (g/cm3) (MPa) (GPa)
Intact-1 100.32 50.12 2.12 18.17 3.54
Intact-2 99.68 49.72 2.16 19.25 3.17
Intact-3 99.82 49.74 2.19 20.13 3.22
Fissure 0°-1 100.12 49.92 2.12 14.02 2.32
Fissure 0°-2 100.16 50.26 2.10 13.28 2.44
Fissure 0°-3 100.28 49.90 2.05 15.12 2.29
Fissure 30°-1 100.20 50.28 2.04 13.22 2.19
Fissure 30°-2 100.30 50.26 2.07 12.15 2.11
Fissure 30°-3 99.88 50.02 2.05 14.25 2.31
Fissure 45°-1 99.76 49.94 2.11 8.10 2.09
Fissure 45°-2 99.64 50.16 2.14 9.28 1.96
Fissure 45°-3 100.22 50.18 2.09 7.98 2.31
Fissure 60°-1 99.58 50.06 2.12 13.21 2.17
Fissure 60°-2 99.92 49.80 2.07 14.23 2.19
Fissure 60°-3 99.84 50.22 2.16 13.15 2.08
Fissure 75°-1 99.58 50.12 2.16 15.88 2.22
Fissure 75°-2 99.70 50.14 2.11 14.78 2.37
Fissure 75°-3 100.20 50.18 2.08 16.52 2.11
Fissure 90°-1 100.14 50.22 2.10 16.99 3.28
Fissure 90°-2 100.10 49.78 2.09 15.12 3.19

Fissure 90°-3 99.90 50.22 2.13 16.47 3.35
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In order to investigate the influence of the fissure inclination on the mechanical prop-
erties of the prefabricated fissure specimens, an analysis was conducted on the mechanical
parameters measured in the tests. A detailed analysis of the strain distribution on the sur-
face of the specimens and the initiation and evolution patterns of the cracks was conducted
via the DIC method. The test results are presented in the following section.

3.2. Analysis of Crack Evolution Based on the DIC Method

Many researchers have employed the DIC method to investigate the deformation of
specimens [21,23,30,31]. We analyzed the deformation of intact and fissured specimens,
respectively, and calculated the strain field on the surface of the specimen with the DIC
method. In order to avoid the influence of errors on the strain analysis, we ignored
the strains at the upper and lower ends and the left and right sides of the specimen.
Consequently, the strain field in the middle part of the specimen was analyzed.

Previous studies have demonstrated that the deformation of the specimen was homo-
geneous when the applied load was small. Nevertheless, as the applied load increased,
the anisotropy of the material caused the specimen surface to deform in a non-uniform
manner [32]. As the load increased, the internal cracks that had previously existed in the
sample began to propagate, grow in size, and ultimately lead to failure [33].

For the intact specimen, it was found the strain was extremely small and relatively
uniformly distributed when the load did not exceed 3% of the peak stress (Figure 8a). As
the load increased (Figure 8b), the strain on the surface of the specimen was concentrated
at the top and extended downward from the top along the direction of the principal
stresses (Figure 8c,d). This resulted in the formation of microcracks at the site of a larger
strain. Concurrently, microcracks were observed at the locations of the greatest strain. The
deformation of the specimen surface gradually increases along with the principal stress
when the load exceeds 75% of the peak stress (Figure 8e,f). This was accompanied by
the appearance of obvious cracks on the specimen surface, which resulted in specimen
damage when the load exceeded the specimen’s bearing capacity (Figure 8g). Liu [34]
observed that new cracks appeared on limestone specimens when the load reached 52% to
69% of the peak strength. New cracks were generated in the specimens at approximately
56% of the peak strength. This phenomenon was primarily attributable to the presence of
prefabricated fissures, which resulted in the concentration of stress around the fissure tips.

(b) 20% ¢) 38% d) 56% (e) 75% (f) 89% (g) 100%

Figure 8. Strain distribution for intact specimens (* the percentage indicates the ratio of the load to
the peak stress).

It could be observed that the deformation was relatively uniform in the initial loading
stage. As the load increased, new cracks were generated in the strain concentration areas,
extending in the direction of the principal stress. The distribution of cracks on the specimen
indicated that the area of crack distribution was in agreement with the strain concentration
area identified in the DIC analysis. This indicated that the strain concentration area might
be a potential area for the generation of new cracks, which in turn might result in further
damage in this area.
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(a) 3%

@) 2%

The crack evolution process of the prefabricated fissured specimens can be roughly
divided into two groups. One group was the fissured specimen with inclinations of 0°, 30°,
and 45°. In this group, the strain of the specimen increased from the tip of the fissure and
extended outward from the tip of the fissure. The other group was the fissured specimen
with inclinations of 60°, 75°, and 90°. The strain of these specimens converged from the
vicinity of the fissure to the tip of the fissure and then extended from the tip of the fissure
to the perimeter of the specimen.

The strains present in specimens with inclinations of 0°, 30°, and 45° were found to
be uniformly distributed, with a coordinated and consistent deformation of the specimen
when the applied load did not exceed 4% of the peak stress (Figures 9a, 10a and 11a). Non-
uniform deformation of the specimen surface occurred when the applied load exceeded
13% and 19% of peak stress (Figures 9b, 10b and 11b), accompanied by an increase in
strain at the prefabricated fissure. The strain concentration was observed in the specimen
at the tip of the prefabricated fissure when the load increased to 32% to 40% of the peak
stress. The strain exhibited a gradual increase along the direction of the principal stress
(Figures 9¢,d, 10c,d and 11c,d). Analogous phenomena had been identified in rock-like

specimens with prefabricated fissures [35].

@) 4%

(b) 13% (c) 32% (d) 51% (e) 66% (f) 84% (g) 100%

Figure 9. Strain distribution of the specimen with a fissure of 0°.

(b) 14% (c) 33% (d) 52% (e) 69% () 87% (g) 100%

Figure 10. Strain distribution of the specimen with a fissure of 30°.

(b) 19% (c) 40% (d) 58% (e) 78% (£) 92% (g) 100%

Figure 11. Strain distribution of the specimen with a fissure of 45°.
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(@) 5%

(a) 4%

The specimen exhibited an apparent crack when the applied load reached approx-
imately 51% to 58% of the specimen’s peak stress (Figures 9¢,f, 10e,f and 11e,(f). The
specimen’s surface strain then gradually expanded from the fissure tip in a direction paral-
lel to the principal stress. The strain primarily propagated in two directions: parallel and
perpendicular to the prefabricated fissure. Upon reaching a load of approximately 84%
to 92% of its peak stress, a series of discernible cracks emerged on the specimen’s surface
(Figures 9g, 10g and 11g). A comparison of the images of the specimen damage with the
results of the DIC analysis revealed that the cracks generated after breakage coincided with
the locations of bigger strains.

It was observed that the distribution of the strain was uniform when the load
reached 5% of peak stress for specimens with fissure inclination angles of 60° and 75°
(Figures 12a, 13a and 14a). The strain of the specimen initially increased from the middle
part of the specimen and converged to the fissure tip when the load reached 34% to 40% of
the peak stress rather than converging from the tip of the fissure (Figures 12b, 13b and 14b).
The strain in the specimen increased gradually from the tip of the fissure in the direction of
the principal stress toward the ends of the specimen when the load reached 54% to 57% of
the peak stress (Figures 12d, 13d and 14d). Upon reaching a load of 71% to 80% of the peak
stress, numerous cracks emerged on the specimen (Figures 12e, 13e and 14e). These cracks

aligned consistently with the direction of the fissure. The specimen began to exhibit signs
of destruction when the load exceeded 87% of the peak stress (Figures 12f, 13f and 14f).

(a) 4%

(b) 15% (c) 34% (d) 54% (e) 71% (f) 87% (g) 100%

Figure 12. Strain distribution of the specimen with a fissure of 60°.

(b) 18% (c) 40% (d) 57% (e) 80% (f) 85% (g) 100%

Figure 13. Strain distribution of the specimen with a fissure of 75°.

(b) 14% (c) 34% (d) 52% (e) 71% (f) 88% (g) 100%

Figure 14. Strain distribution of the specimen with a fissure of 90°.
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In the case of the specimen with a fissure inclination of 90°, the DIC analysis revealed
that the surface strain of the specimen was uniformly distributed when the load did not
exceed 4% of the peak stress (Figure 14a). However, when the load exceeded 34% of
the peak stress, the distribution of strain on the surface of the specimen appeared to be
non-uniform (Figure 14c). The locations of higher strains were predominantly observed
above the bottom of the fissure. The strain increased from the area near the fissure when
the load exceeded 52% of the peak stress (Figure 14d), which was different from the other
specimen where the strain change started from the tip of the fissure. Upon exceeding 71%
of the peak stress (Figure 14e), the specimen exhibited visible cracks on the specimen’s
surface. As the load approached 88% of the peak stress (Figure 14f), the size and number
of these cracks grew, reaching a point where they became a precursor to damage. At this
point, the specimen exhibited a significant deterioration in its structural integrity. This
discrepancy might be attributed to the direction of the fissure being perpendicular to the
direction of the principal stress at 90°, making it difficult for the specimen to produce
stress concentration inside the fissure tip. In mechanical tests on sandstone-like materials,
it was demonstrated that the change in strength and elastic modulus of the specimens
was minimized at a fissure dip angle of 90°. In other instances of prefabricated fissures,
the fissure was oriented at an angle to the direction of the principal stresses; thereby, the
possibility of the stress concentration increased at the tip of the fissure.

3.3. Effect of Fissure Inclination on Peak Strength and Maximum Strain

Based on the peak stresses in Table 2, we calculated the average of the three sets of
peak stresses (green points). The relationship between the peak strength and the maximum
strain with the fissure inclination angle is shown in Figure 15. In Figure 15, it can be seen
that the maximum strain increases and then decreases with the increase in the fissure
inclination, and the maximum strain on the specimen surface reaches the maximum value
of 0.0456 at the fissure inclination angle of 45°, which is increased by 125.74% compared
with the intact specimen. The maximum strains at the fissure inclination angle of 0-30° and
the fissure inclination angle of 60-90° are increased by 37.63-70.30% compared with the
intact specimen. The peak strength decreases with the increasing fissure inclination angle
and then increases, and the strength also reaches the minimum value at 45°, which is only
8.094 MPa, and compared to the intact specimen, the strength is reduced by 55.46%. The
peak strengths at fissure inclination angles of 0-30° and 60-90° decrease by 6.53-27.25%
compared with the intact specimen, indicating that the fissure has the greatest effect on the
strength of the specimen at 45°.

25
Sample 1-1

Sample 1-2
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Average Value

Trends in Peak Strength
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)
S
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10 4
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Figure 15. The trend of peak strength with the fissure inclination angle.
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When comparing the trends of peak strength and maximum strain, it was found that
the presence of fissures increased the deformation and decreased the strength. Further-
more, it was determined that the inclination angle of 45° had the greatest effect on the
specimen, resulting in the lowest strength and the greatest local strain. In the tests [36]
and simulations [37,38] of single-fissure specimens, it was also found that the strength of
the specimens reached its minimum value at around 45°, and in the tests conducted with
prefabricated double fissures in 3D-printed materials [39], it was found that the strength
reached its minimum value at around fissure inclination of 30°. A combination of the
DIC (Figures 9-13) analysis revealed that the maximum strain of the damaged specimen
occurred near the crack tips. New cracks tend to emerge at the crack tips of fissured
specimens. This phenomenon can be attributed to the stress concentration at the crack tip,
which results in damage accumulation in the local area and facilitates the formation of
new cracks.

3.4. Effect of Fissure Inclination on the Elastic Modulus

The mean surface strain and elastic modulus were calculated via the DIC method,
as illustrated in Figure 16. Figure 16 demonstrates that the elastic modulus is the largest
and the mean strain is the smallest for the intact specimen and the specimen with 90°
fissure inclination. The elastic modulus of the intact specimen and the specimen with a 90°
inclination exhibited a relatively close correlation, with values of 3.31 GPa and 3.27 GPa,
respectively. The discrepancy between the intact specimen and the fissured specimen was
only 1.2%. The elastic modulus of the specimen within the range of 0~75° of the inclination
has been reduced compared with that of the intact specimen, indicating that the existence of
the fissure has reduced the specimen’s ability to resist deformation. However, the difference
in the elastic modulus had not been significant within this range. The elastic modulus has
exhibited a decrease with an increase in the fissure inclination, followed by an increase,
reaching a minimum value when the fissure inclination has been 45°. This suggested
that the change in the fissure inclination angle had minimal influence on the deformation
resistance of the specimen within this interval (0~75°).
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Figure 16. The trend of the elastic modulus with the fissure inclination angle.

Among all specimens, the intact specimen exhibited the smallest mean surface strain,
measuring 0.0035. The specimen at the 90° inclination demonstrated the smallest mean
surface strain, measuring only 0.0040, and the increase in it is only 14.29% compared with
the intact specimen. The mean surface strain of the specimen is the largest at the fissure
inclination angle of 45°, which is 0.0088. The increase in the average strain is 151.43%
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compared with the intact specimen. The trend of the mean strain is opposite within the
range of 0~75°. With the increase in fissure inclination, the mean strain increases and then
decreases, reaching a maximum at the fissure inclination angle of 45°.

This indicates that the fissure increases specimen deformation, but this effect is mini-
mized at a fissure inclination of 90°. This may be due to the fact that the fissure is oriented
in the same direction as the principal stress, which makes it difficult to form a large stress
concentration at the fissure tip. A comparison of this effect with the DIC strain cloud
(Figures 9-13) revealed that a significant strain has not been observed at the fissure tip. The
fissure inclination angle ranges from 0° to 75°, and the fissure contributes to the specimen
surface deformation. However, within this range, the fissure angle exerted a minimal
influence on the specimen surface’s mean strain.

In previous tests for elliptical double-fissure specimens [29], it was found that the
elastic modulus exhibited a decrease and subsequent increase with the increase in the
fissure inclination in the range of 0° to 90°. Additionally, the specimens exhibited the
smallest elastic modulus in fissure inclination from 15° to 45°. This was consistent with
the present trend of the elastic modulus, although there was a slight discrepancy in the
angle of the elastic modulus minimum. This might be attributed to the inconsistency in the
morphology and number of fissures.

3.5. Crack Pattern of the Damaged Specimen

Following the breaking of the prefabricated fissure specimen, cracks on the surface
of the specimen were classified into nine categories [40]. These included the wing crack,
anti-wing crack, oblique secondary crack, coplanar secondary crack, out-of-plane shear
crack, out-of-plane tensile crack, far-field crack, far shear crack, and far tensile crack. The
classification is presented in Figure 17.
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Figure 17. Cracking patterns of fissured rock mass upon breakage (the red line represents the visible
cracks on the surface of the specimen following its breakage).
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The cracks on the surface of the broken specimen are illustrated in Figure 17. Surface
cracking was observed after the breaking of intact and prefabricated fissured specimens.

Statistical analysis of the surface cracks of both fissured and intact specimens revealed
that intact specimens exhibited a reduced number of surface cracks, predominantly concen-
trated at the upper and lower extremities. In contrast, fissured specimens with a higher
number of surface cracks are primarily distributed around the prefabricated fissure. The
strain field distribution of the DIC analysis indicated that this was mainly attributable
to stress concentration around the prefabricated fissure, resulting in the generation of
strain concentration around the fissure, which resulted in the local range of deformation
intensification and the accumulation of damage. Obvious microcracks appeared on the
surface of the specimen when the damage accumulated to a certain extent.

The analysis of the crack patterns revealed that intact specimens and specimens with
90° inclinations were predominantly characterized by shear cracks, tensile cracks, and far-
field cracks. This phenomenon could be attributed to the inherent fragility of the specimen.
The failure patterns of these materials were primarily characterized by shear slip failures.
In contrast, for specimens with fissure inclination ranging from 0° to 75°, the surface cracks
were more diverse, with the wing crack and anti-wing crack being predominant near
the crack tip. The distribution of cracks was related to the fissure inclination angle. For
the intact specimen, cracks were primarily extended along the direction of the principal
stress, which was consistent with the crack extension law of the specimen with a fissure
angle of 90°. In specimens with 0° crack inclination, the cracks predominantly extended
in the direction perpendicular to the fissure, manifesting as wing cracks, accompanied by
a minor incidence of out-of-plane shear cracks and far-field cracks. For specimens with
30° and 45° fissure inclinations, the cracks primarily extended in the directions parallel
and perpendicular to the fissure and were predominantly wing cracks accompanied by a
negligible amount of coplanar secondary cracks and far-field cracks. For specimens with
60° and 75° fissure inclinations, the cracks mainly extended along the direction parallel to
the fissure and were dominated by coplanar secondary cracks, with a small number of far-
field cracks and out-of-plane tensile cracks at locations farther away from the prefabricated
fissure. This indicated that when the fissure was at a certain angle to the principal stress,
the damage of the specimen was mainly shear slip damage; when the fissure was parallel
to the direction of the principal stress or there was no fissure in the specimen, the damage
of the specimen was tensile-tensile damage.

4. Conclusions

This paper presented the results of mechanical tests conducted on sandstone-like
specimens with prefabricated fissures. The process of crack initiation, evolution, and
destruction of the specimens was analyzed with a high-speed camera and the DIC method.
Furthermore, the influence of fissure inclination on the mechanical parameters, as well as
the crack pattern and strain distribution, were analyzed. The following conclusions could
be drawn from the findings of this paper:

1.  The DIC method revealed that the maximum strain of the fissured specimen was
predominantly concentrated at the fissured tips. The intact specimen was found to
generate new cracks at approximately 75% of the peak strength, while the fissured
specimen exhibited new crack formation at 50-60% of the peak strength. It was
determined that as the fissure inclination approaches 45°, the strain on the specimen’s
surface increases. Conversely, as the fissure inclination approaches 90°, the strain on
the specimen’s surface approaches that of the intact specimen.

2. The presence of the fissure reduced the strength and elastic modulus while increasing
the strain. The magnitude of these changes is related to the fissure inclination. The
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fissure inclination of 45° exhibited the most significant changes compared to the
intact specimen. The peak strength and elastic modulus decreased by 54.52% and
35.95%, respectively, and the strain increased by 151.42%. The fissure inclination of
90° exhibited the least significant change compared to the intact specimen, with the
peak strength and elastic modulus reduced by only 13.02% and 1.11%, respectively,
and the strain increased by 14.29%.

3.  The intact specimen and specimen with 90° inclination are mainly distributed with
the shear crack, tensile crack, and far-field crack, which are mainly tensile-tension
damage; specimens with 0~75° inclination are mainly distributed with the wing crack,
anti-wing crack, oblique secondary crack, and coplanar secondary crack, which are
mainly shear slip damage.

4. The new cracks mainly originate from the tip of the fissure and propagate at an angle
to the direction of the principal stress. For specimens with 0° inclination, the new
cracks mainly propagate in the direction perpendicular to the fissure; for specimens
with 30° and 45° inclinations, the new cracks mainly propagate in the direction parallel
and perpendicular to the fissure; for specimens with 60° and 75° inclinations, the new
cracks propagate in the direction parallel to the fissure; and for specimens with 90°
inclination, the new cracks propagate in the direction parallel to the fissure.

The findings of this study provide a more precise understanding of the deformation
and damage mechanisms of rocks under various stress conditions. In addition, this study
facilitates a more accurate prediction of the response of rocks under engineering loads,
including the potential location, form, and timing of damage. Consequently, this enables
the implementation of effective reinforcement and protection measures in advance, thereby
reducing engineering safety risks.
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