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Abstract. Cross-flaws are frequently encountered in practical rock engineering projects near horseshoe-shaped cavities, and
their presence can significantly impact the failure mode of these cavities. This study utilizes a combination of laboratory
experiments and numerical simulations to investigate the influence of cross-flaws on the failure mode of a horseshoe-shaped
cavity. During the experimental tests, we varied the length of secondary flaw and the angle of the cross-flaws in the specimens,
followed by subjecting them to biaxial compression. Our experimental results show that when the angle a between the primary
and the secondary flaws is small (0° and 45°), only one crack is initiated at the vault of the cavity, resulting in a shear failure
mode. Conversely, when the angle a is large (90° and 135°), two cracks are more likely to initiate at the vault of the cavity,
leading to the failure mode of falling blocks in the surrounding rock. Furthermore, the circumferential stress at the cavity vault
from numerical simulations results is consistent with this observed phenomenon. When the angle « is small, only one
circumferential tensile stress concentration is observed at the cavity vault, resulting in the initiation of a single crack. In contrast,
when the angle a is large, two stress concentrations appear at the vault of the cavity, leading to the initiation of two cracks from

these locations.
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1. Introduction

With the continuous development of large-scale
projects, such as deep mining, highway and railway
construction, and inter-basin water transfer in China, the
demand for tunnel construction is on the rise (Li ef al. 2016,
Feng et al. 2022, Ding et al. 2019). Disturbances induced
during tunnel construction can lead to phenomena such as
crack propagation, rock disintegration, fracture, and
bending of the arch, posing a risk of rockfall or even
collapse within the tunnel (Sagong et al. 2011, Li et al.
2022, Ying et al. 2022, Tao et al. 2022a, Ding et al. 2023,
Shi et al. 2023). Consequently, it is crucial to investigate the
rock stability and failure modes during excavation and use
preventive measures to avoid such disasters. Excavating an
underground tunnel leads to changes in the stability of the
surrounding rocks (Kun et al. 2013, Soomro ef al. 2023, Jia
et al. 2017, Tao et al. 2022b). Factors such as rock
properties, stress-strain states, and vibration disturbances
can also affect the tunnel stability (Kumar ez al. 2022, Xu et
al. 2020, Lee et al. 2018, Tao et al. 2019, Zhang et al.
2023a, Tao et al. 2021). During the excavation and
operations of the tunnel, it is of significance to understand
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its stability and potential failure modes.

Joints and adjacent flaws are factors that influence the
properties of the surrounding rock. Crack generated during
the damage and failure process is defined as “crack”. When
external stresses change, the pre-existing flaws in the rocks
can develop into macroscopical split flaws (Li ef al. 2014).
Numerous researchers have investigated the failure modes
of individual flaws and concluded that factors such as their
angle, length, and loading pattern can influence crack
propagation (Zhang and Wong 2012). In specimens with
multiple flaws, variables like the angle and distance
between flaws can influence crack initiation and
propagation, potentially altering the failure mode of the
flaws (Wang et al. 2020, Vasarhelyi and Bobet 2000,
Karimi et al. 2021, Tao et al. 2020).

The failure mechanism and crack propagation in the
surrounding rocks of underground tunnels are affected by
the shape and orientation of the tunnels, as well as the
interaction of multiple tunnels (Huang et al. 2018, Lin et al.
2020, Shi et al. 2024). When there are flaws or joints above
the tunnel, the failure mode of the rock above the tunnel can
also change. In an extensive series of experiments,
Bieniawski et al. (1967) demonstrated that the failure
process of rocks is gradual, encompassing successive stages
of closure, initiation, extension, and coalescence of internal
cracks within the rock. Hoek and Brown (1980) proposed a
strength criterion based on statistical analysis of
experimental and field data involving various rocks under
different confining stresses. Paraskevopoulou ez al. (2017)
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confirmed that crack development is the primary cause of
stress relaxation. Grendas et al. (2018) established
correlations between engineering geological features, as
classified by the geological strength index, and landslide
characteristics. Brady and Brown (2006) explored the
strength and deformability of both isotropic and anisotropic
rocks through uniaxial and multiaxial compression tests,
elaborating on isotropic rock strength criteria and
discussing the characteristics of deformability in
discontinuous rock masses. Walton et al. (2018)
investigated the influence of artificial joints on granite
properties using triaxial compression tests, analyzing
parameters related to brittle cracking and post-yield
dilatancy, which enabled qualitative assessment of slope
instability. Ding et al. (2017) examined tunnel stability in
weak rocks and observed that surrounding rock joints
compromised tunnel stability, necessitating improved
reinforcement methods beyond traditional approaches.
Deng et al. (2018) studied the impact of overlying rock
integrity on cave collapse processes.

Numerous studies have examined the impact of joints
and flaws on tunnel stability and failure modes. Jia et al.
(2008) utilized the finite element method to analyze how
different azimuth and lateral pressure coefficients of layered
joints weaken jointed rock tunnel stability. Zhu et al. (2015)
investigated the principal stress direction's influence on
intact and cracked tunnel stability, revealing that a 135°
angle between the flaw and tunnel spandrel corresponds to
the worst rock strength and quality evaluation indexes.
Haeri et al. (2018) conducted experiments to test fracture
toughness in rock specimens with flaws, confirming their
reliability using the traditional Brazilian disc method. Cao
et al. (2016) noted that jointed rock specimen failure modes
mainly correlate with joint inclination and angle. Cheng et
al. (2019) observed that increasing the length of a single
flaw leads to decreased peak stress under uniaxial loading,
shifting the specimen's failure mode from shear to tensile
failure. Jiang et al. (2019) employed digital imaging to
analyze uniaxial strength, crack propagation mode, and
crack initiation angle in specimens with a single flaw,
noting that the crack propagation angle initially decreases
and then increases with the flaw angle's increase. Zhao et
al. (2019) investigated the relationship between strain field
and crack propagation in specimens with a single flaw,
finding that flaw angle influences initial stress and peak
strength. Pan et al. (2019) explored the impact of filling
conditions on crack initiation and propagation, highlighting
the stiffness of the filling material and flaw angle as main
influencing factors. Zhang et al. (2023b) studied the effect
of flaw length and distance on crack propagation, noting
that under uniaxial and biaxial compression conditions, new
cracks near horseshoe-shaped tunnels are initiated from the
tunnel rather than from adjacent flaws.

Complex flaws in rocks also play an essential role in the
stability of rock masses. Huang et al. (2017) conducted a
series of uniaxial compression tests on granite specimens
containing three non-coplanar holes. They found that the
first crack consistently initiated from the surfaces of the
pre-existing holes, while secondary cracks originated from

either the hole surfaces or other locations within the
specimen. Xu et al. (2017) studied damage evolution and
crack propagation in rocks and concluded that flaw shapes
and the interaction between flaws have a great influence on
the failure mechanism. Zhou et al. (2017) investigated the
failure modes of marble specimens with different cavity
configurations under uniaxial compression. The results
indicated that both the number and layout of cavities
significantly influence the mechanical behavior of marble
specimens. Wang et al. (2017) analyzed the influence of the
number and angle of pre-existing flaws on crack
propagation through biaxial loading tests. They found that
wing flaws play a critical role in propagation and
categorized rock bridge failures as wing flaws, secondary
shear cracks between horizontal pre-existing flaws, and
secondary shear cracks between vertical pre-existing flaws.
Zhou et al. (2019) and Cheng et al. (2016) studied the
failure modes of rock specimens with three flaws under
uniaxial compression and discussed the influence of rock
bridge angle on the mechanical properties and crack
propagation of the specimens. Pan et al. 2019 and Huang et
al. 2016 explored the failure behavior of specimens with
non-parallel double flaws and revealed that the strength of
the specimens decreased as the crack inclination increased
under two different crack inclinations.

Numerous scholars have utilized numerical techniques
to explore the stability of rock masses with existing flaws.
Huang et al. (2016) employed PFC software to simulate the
failure mode of a rock-like sample containing two non-
parallel flaws and extensively analyzed crack initiation,
propagation, and coalescence. Zhou et al. (2015) simulated
the failure process of rock samples with four defects under
uniaxial compression using a meshless numerical approach.
Their research revealed that crack coalescence follows the
path of least resistance among all available paths between
any two flaws. Li et al. (2015) formulated a constitutive
model suitable for brittle rock based on fracture mechanics
theory and validated it through experimental tests. Wang et
al. (2019) similarly utilized PFC to model the failure mode
of samples with two coplanar flaws under uniaxial
compression, examining the impact of flaw angle, length,
and width, as well as rock bridge length, on the failure
characteristics of the samples.

Previous research has investigated the failure modes of
underground tunnels with flaws through experiments and
numerical simulations, as well as the impacts of natural
flaws and weak interfaces. However, the influence of cross-
flaws around horseshoe-shaped tunnels on crack initiation
and failure modes remains insufficiently examined.
However, a large number of cross-flaws exist in natural
rocks or rock masses (Fig. 1). In this work, we focus on the
influence of the angle a between primary and secondary
flaws and the length L of the secondary flaw on the failure
modes of horseshoe-shaped tunnels.

The structure of this paper is as follows: Section 2
describes the experimental apparatus and sample
preparation. Section 3 presents the experimental results and
Section 4 introduces the numerical methods and presents
the simulation results. Discussions are presented in Section
5 and conclusions of this study are drawn in Section 6.
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2 Experimental apparatus and specimen preparation

In this research, a rock-like material was employed to
simulate the properties of actual rock formations (Zhang et
al. 2015, Komurlu et al. 2017). The material resembling
rock comprises a mixture of cement, sand, and water,
combined in a ratio of 1:7.25:1.3 by mass. Grade #325
Portland cement was used, along with fine sand particles
smaller than 1.25 mm. This rock-like material demonstrates
an uniaxial compressive strength of 7. and a tensile
strength of 0.18 MPa.

The experiment entails applying biaxial compression to
specimens featuring horseshoe-shaped cavities and cross-
flaws. It aims to investigate how the length of secondary
flaws and the angle of cross-flaws influence the failure
modes of horseshoe-shaped cavities. Tunnels, constructed
within geological formations to facilitate underground
passage, typically comprise road and railway tunnels,
predominantly featuring a horseshoe-shaped cross-section
(Dutta et al. 2022, Panji et al. 2022). This profile offers
distinct advantages over circular tunnel sections,
showcasing reduced curvature of side arches and invert,
resulting in enhanced load-bearing capacity and increased
lateral span. Furthermore, the horseshoe-shaped design
provides a more expansive environment compared to
circular profiles, facilitating large-scale mechanical
construction. Recent studies have highlighted significant
disparities in the behavior of horseshoe-shaped tunnels
compared to circular tunnels under dynamic and static
loading conditions (Lu et al. 2015, Rahaman et al. 2020, Ng
et al. 2018). Horseshoe-shaped tunnels more accurately
reflect the response of real-world tunnel engineering,
thereby holding practical significance for the safe
construction of numerous tunnels adopting this profile.

The specimen's dimensions are 150 mm x 150 mm X
150mm, as shown in Fig. 2. The cavity's shape mimics a
horseshoe, traversing the specimen. It stands at 29.1 mm tall
and 38.2 mm wide, with its apex 60 mm from the
specimen's upper edge. The cross-flaws are exposed with a
Imm thickness. The highest point of the cavity is 30 mm
away from the cross-flaws' intersection, with the angle
between the primary flaw and the horizontal direction fixed
at 45°, and the primary flaw's length set at 40 mm. Here, L
denotes the length of the secondary flaw, and a signifies the
angle between the primary and secondary flaws.

60.0 7~ main flaw

g
s secondary
flaw

Horseshoe-shaped
cavity

av

Fig. 2 Schematic of the specimen model, (unit: mm)

The specimen preparation process is as follows:

1) Sand is sieved through a 1.25 mm mesh to remove
particles larger than 1.25 mm in diameter.

2) Cement, sand, and water are mixed according to the
specified mass ratio and stirred for 10 minutes.

3) The mold model of the horseshoe-shaped cavity is
inserted into the specimen mold.

4) The cement, sand, and water mixture is poured into
the assembled mold and evenly shaken. It is then left at
room temperature for 6 hours to allow the cement mortar to
initially set.

5) To create through cracks in the specimen, after the
cement mortar initially solidifies, a 0.5 mm thick and 200
mm long blade is inserted into the designated position of the
specimen. After 5 minutes, the blade is removed, and the
cavity mold is extracted.

6) The specimen is left for final setting for 12 hours.
After this period, it is removed from the mold and placed in
a curing box, where it is kept for 28 days at a relative

humidity of 95% and a temperature of 20 + 1.5 °C.

The specimens were categorized into ten testing
conditions, as listed in Table 1. The study examined the
impacts of secondary flaw length (L), the angle (a) between
the primary and secondary flaws, and the confining stress
on crack initiation and propagation above the cavity.
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Table 1 Geometric dimensions of flaws and specimens

Loading

No. Mode a/l® L/mm
1# 0 —
24 20
3# 45 30
4# 40
># biaxial 20
6# 90 30
T# 40
8# 20
O# 135 30
10# 40

Among all specimens, those in testing condition 1 have no
secondary flaws, so the angle a between the primary and the
secondary flaws in this group is 0°. Additionally, three
specimens were subjected to identical parameters and
conditions. If at least two specimens exhibited the same
failure mode, it was deemed the failure mode for these
testing conditions. If the failure modes of all three
specimens differed, another set of three specimens with
identical parameters was retested until consistent failure
modes were determined.

The specimens were subjected to biaxial loading (oy and
on) using a true triaxial device, as depicted in Fig. 3.
Initially, a horizontal stress (on) of 0.67 MPa was applied,
followed by the application of vertical stress (oy) until
failure occurred. Steel plates were inserted between the
loading surface of the specimen and the loading frame prior
to loading. Vaseline was applied to the contact surfaces of
the steel plates and the specimen to minimize friction. To
prevent contact between the vertical and horizontal steel
plates during loading, the horizontal steel plate measured
150 mm X% 150 mm x 20 mm, while the vertical steel plate
measured 150 mm x 146 mm X 20 mm. Consequently, the
top steel plate was 4 mm shorter than the specimen length,
leaving a 2 mm gap between the top steel plate and the two
vertical steel plates.

Adjacent
flaw  ~

Fig. 5 Schematic of crack propagation in specimen 1#

3. Experimental results and analysis

3.1 Biaxial compression tests of specimens with an
adjacent flaw

Biaxial loading tests were performed on specimens
without secondary flaws, and crack initiation and
propagation in these specimens are shown in Figs. 4 and 5.

It can be observed from the figures that when the angle
a between the primary flaw and the secondary flaw is 0°,
indicating that the specimens contain only the primary flaw,
only one crack is initiated from the vault of the cavity. In
the case of biaxial compression, the crack connects with the
near tip of the adjacent flaw and then propagates along the
upper tip of the adjacent flaw toward the deeper
surrounding rock.
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(g) =135°, L=20mm

3.2 Tests of specimens with cross-flaws under biaxial
compression

Figs. 6 and 7 present the results from nine specimens
subjected to biaxial compression tests with varying
parameters. It is evident that, under biaxial compression
conditions, when the angle o between the primary flaw and
the secondary flaw is 45°, only one crack is initiated at the
vault of the cavity. However, when the angle a is 90° and
135°, it is more likely to have two cracks initiated at the
vault of the cavity. Specifically, when the angle a is 45°,
and the secondary flaw length L is 30 mm and 40 mm, only
one crack is initiated at the vault of the cavity.

The crack deflects towards the cross-flaws and intersects
with the secondary flaw, as illustrated in Figs. 6 and 7(a)-
7(c). In cases where the secondary flaw length (L) is 20
mm, only one crack initiates at the vault of the cavity, being
drawn towards the tip of the primary flaw, as depicted in
Figs. 6 and 7(a), 7(d), and 7(g). A rupture area is created
near the cross-flaws under these testing conditions.

(b) 0=45°, L=30mm

(h) e=135°, [=30mm

(i) ¢=135°, L=40mm
Fig. 6 Crack initiation in specimens with cross-flaws under biaxial compression

When a is 90° and L is 30 mm and 40 mm, two cracks
initiate at the cavity's vault. They propagate towards the
cross-flaws, intersecting with nearby tips of the primary and
secondary flaws, as shown in Figs. 6 and 7(e), 7(f). For a of
135° and L of 30 mm or 40 mm, two cracks initiate from
the cavity's vault and propagate vertically towards the
cross-flaws. Eventually, one crack connects with the nearby
tip of the primary flaw, while the other connects with the
intersection of the cross-flaws, as depicted in Figs. 6 and
7(h), 7(i). Finally, under these two testing conditions, a
block-shaped cutting body is created between the cavity and
the cross-flaws, which could pose a danger in practical
engineering.

The experimental results show that, under biaxial
compression, if the secondary flaw length is short (e.g., L is
20mm), regardless of the angle a, the primary flaw is more
attracted to the cracks than the secondary flaw, and the
cracks make contact with the near tip of the primary flaw.

As the length L increases (e.g., L is 30 mm and 40 mm),
and the angle « is 45°, the secondary flaw is more attracted
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Fig. 7 Crack initiation occurred in specimens containing cross-flaws under biaxial compression. Thin lines depict cavities
and adjacent flaws, while thick lines illustrate crack propagation paths. Figures (a) through (i) correspond to specimens 2#

through 10#, respectively

to the cracks than the primary flaw, and the cracks are easier
to contact the near tip of the secondary flaw. These testing
conditions result in a rupture area near the cross-flaws.
Furthermore, under the testing conditions of a being 90°
and 135°, when the secondary flaw length L is 30 mm and
40 mm, under the influence of the cross-flaws, two parallel
cracks are easily formed, and a block-shaped cutting body is
generated between the cavity and the cross-flaws. In
practical engineering projects, the surrounding rock at the
vault of the cavity is prone to significant collapses and
block falls, potentially leading to accidents

4. Numerical analyses of crack initiation

It can be observed from the tests mentioned above that
under biaxial compression, the number of initiation points
above the horseshoe-shaped cavity is related to the form
and parameters of the cross-flaws. We employed the
numerical software ABAQUS to simulate three specimen

models for analyzing these experimental phenomena. The
advancement of the finite element method has expanded
opportunities for investigating diverse properties of rock-
like materials (Zhang et al. 2020). However, conventional
finite element methods prove ineffective in addressing
nonlinear issues like crack propagation in such materials.
XFEM, with its introduction of discontinuous displacement
modes, enables the handling of discontinuous fields
irrespective of mesh boundaries. This methodology
mitigates mesh restructuring challenges and substantially
diminishes the numerical simulation's reliance on mesh
quality, presenting significant advantages in simulating
crack propagation (Zhang et al. 2023a). Hence, this study
employs XFEM to model the initiation and propagation of
cracks in specimens subjected to biaxial compression
conditions. The rock-like material has an elastic modulus of
233 MPa, a Poisson's ratio of 0.18, a horizontal stress (on)
of 0.67 MPa, and a vertical stress (ov) of 6.7 MPa.

We used Abaqus to calculate the stress distribution
above the cavity of the specimen. The simulation results are
shown in Fig. 8.
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(b) stress contour in the y direction
Fig. 8 Numerical simulation results of stress contour for test specimens 4#

Fig. 8 illustrates the stress contour results for specimen
4#. Horizontal and vertical stress concentrations exist
between the top of the cavity and the cross-flaws. The stress
at this position cannot be accurately characterized by
horizontal and vertical stresses due to the cavity's vault
being a circular arc with a radius of 20.2 mm. Thus, we
calculated the circumferential stress at the cavity's vault by
establishing a local polar coordinate system. The results of
circumferential stress are shown in Fig. 9. Then, we
extracted the circumferential stress data of the partial nodes
of the vault and plotted the circumferential stress curve of
the cavit vault. The results are shown in Fig. 10.

From Figs. 9 and 10, we can see a maximum value of
circumferential tensile stress at the vault of the cavity in
testing conditions 1# and 4#. In contrast, there are two
stress concentrations under testing conditions 7# and 9#.
The cavity is most likely to fail at the location with the
highest circumferential tensile stress concentration.
Therefore, if there is only one maximum circumferential
tensile stress concentration, tensile damage occurs at the
corresponding position of the specimen, leading to the
initiation of a single crack at the cavity's vault. When there
are two maximum stress concentration points, tensile
damage occurs at these two corresponding positions.
Consequently, two cracks are likely to initiate at the cavity's
vault.

The cavity is most likely to begin to fail at the point
where the circumferential tensile stress concentration is the
highest. Therefore, when there is only one maximum
circumferential tensile stress concentration, tensile damage
occurs at the corresponding position of the specimen, and
only one crack is likely to initiate at the vault of the cavity.

When there are two maximum stress concentration
points, tensile damage occurs at these two corresponding
positions. As a result, two cracks are likely to initiate at the
vault of the cavity.

From this, we can infer that under biaxial loading, when
the angle o is small (0° and 45° in this study), the
circumferential stress at the vault of the cavity always has
only one maximum concentration point, resulting in the
initiation of a single crack. In the case of an angle o of 90°
and 135°, and when the secondary flaw is long (30 mm and
40mm in this study), the circumferential stress exhibits two
maximum concentrations at the cavity's vault. This leads to
the initiation of two cracks propagating toward the direction
of the maximum principal stress. These simulation results
are consistent with the experimental findings.

5. Discussion

Scholarly research has extensively investigated crack
initiation, propagation, and failure modes in specimens with
adjacent flaws. For example, Huang ef al. (2017) conducted
uniaxial compression tests on granite specimens with three
non-coplanar holes. They observed that initial cracks
consistently originated from hole surfaces, while secondary
cracks initiated from either hole surfaces or specific locations
on the specimen's intact part. Wang et al. (2017)
investigated the influence of the number and angle of pre-
existing flaws on crack propagation in biaxial loading tests.
They discovered that wing flaws play a critical role in the
propagation process. Zhang et al. (2023b) studied the
impact of adjacent flaws on crack initiation and
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Fig. 9 Simulation results of the circumferential stress at the vault of the horseshoe-shaped cavity under biaxial compressio
n. Figures (a), (b), (c), and (d) are for specimens 1#, 4#, 7# and 9%, respectively

propagation. They noted that new cracks originated from under uniaxial compression. They discussed how the rock
the cavity rather than the adjacent flaw. Zhou et al. (2019) bridge angle affects the mechanical properties and crack
examined the failure mode of rock masses with three flaws propagation. Xu et al. (2017) analyzed the evolution of rock
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Fig. 10 Circumferential stress curve of the cavity vault under biaxial compression

damage and crack propagation, concluding that flaw shapes
and the interaction between flaws significantly influence the
failure mechanism.

Currently, investigations have focused on multiple flaws
of the same type or flaws with various regular shapes.
However, the impact of cross-flaws around horseshoe-
shaped cavities on crack initiation and failure modes
remains inadequately explored. According to the test results
and numerical analyses, crack initiation at the vault of the
cavity is associated with the circumferential stress at the
vault. The simulation shows that when the angle a between
the primary and secondary flaws is small (0° and 45°), there
is only one circumferential stress concentration at the cavity
vault, consequently, only one tensile stress induced crack is
initiated at the vault. The closer the secondary flaw is to the
cavity, the easier it is for the crack to propagate towards the
secondary flaw in the direction of the principal stress.
However, when the angle « is large (90° and 135°) and the
secondary flaw length L is 30 mm or 40 mm,
circumferential stress exhibits two concentration points at
the cavity vault. This leads to the development of tensile
stress induced cracks at two corresponding locations at the
vault of the cavity. These two cracks then propagate along
the direction of the maximum principal stress, influenced by
the presence of cross-flaw tips, ultimately connecting with
them. Subsequently, two parallel cracks are generated
between the cavity vault and the cross-flaws. This results in
the development of a block-shaped cutting body between
the cavity vault and the cross-flaws, increasing the risk of
sudden falls of the block from the surrounding rock. In
summary, conclusion, within practical engineering
scenarios, larger values of o and L (i.e., a of 90°, 135° and L
of 30 mm, 40 mm) significantly increase the probability of
sudden rockfall following the formation of two parallel
cracks, leading to potential accidents. Conversely, when the
angle a is small, the probability of sudden rock collapse is
lower due to the formation of only one crack.

6. Conclusions

In this study, we conducted a thorough investigation into
the influence of cross-flaws surrounding horseshoe-shaped
cavities on crack initiation and propagation using a
combination of experiments and numerical simulations.
Additionally, we extensively discussed the failure modes of
rock masses under biaxial compression. The main
conclusions are summarized as follows.

(1) The angle a between the primary and the secondary
flaw influences the circumferential tensile stress around the
horseshoe-shaped cavity. When the angle a is large (90° and
135° in this work) and the secondary flaw length L is 30
mm and 40 mm, two circumferential tensile stress
concentrations exist above the cavity vault. Conversely,
when the angle a is small (0° and 45°), there is only one
maximum stress concentration above the cavity vault.

(2) The angle o between the primary and the secondary
flaw, as well as the circumferential tensile stress around the
horseshoe-shaped cavity, both influence the failure modes
around the cavity. When the angle a is large (90° and 135°)
and L is 30 mm and 40 mm, two cracks are created from the
vault of the cavity, easily cutting the rock mass, resulting in
the collapse of a large block-shaped cutting body. When the
angle a is small (0° and 45°), only one crack is formed,
which does not lead to the formation of a block at the cavity
vault.
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