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Abstract: Underground excavation is a necessary process for constructing mines, tunnels and depots
in granite rock mass. In this study, the numerical granite specimens were established by the discrete
element method and confirmed by laboratory experiments in order to investigate the peak stress,
cracking development and failure properties of pre-holed granite under coupled biaxial loading
and unloading conditions. The results show that, for the specimens containing D-type and square
holes, the peak biaxial unloading strengths first decrease, then increase and finally decrease as the
inclination angles of the holes increase. For the specimens with elliptical holes, the peak biaxial
unloading strengths first decrease and then increase with the increases in the inclination angles of the
holes. The biaxial unloading strengths of specimens containing elliptical, circular, D-type and square
holes decrease in that order. The cracks initially appear near the crossover points between the X-type
shear fracturing plane and the pre-hole in the center and gradually expand along the X-type shear
direction, which indicates that the failure of pre-holed granite is primarily shear failure. When the
overall length of cracks expanding along the X-type shear direction extends to the size of the pre-hole
in the center, the failure of the pre-holed specimen occurs. When the existing pre-hole in the center of
the granite specimen extends to connect with the shear slip in the vicinity of the hole, this triggers
overall failure.

Keywords: pre-holed granite; underground excavation; coupled biaxial loading and unloading;
strength; cracking; failure

1. Introduction

A great deal of underground rock engineering, such as mines, tunnels and depots, is
excavated and constructed in granite rock mass [1,2]. In underground rock engineering,
there are diverse ranges of the stress conditions and shapes of excavation spaces, and the
different stress conditions and excavation conditions have a strong influence on the stability
of the rock mass [3–6]. Therefore, it is important to study the damage of different prefabri-
cated borehole rocks and the crack propagation for the stability control of underground
rock engineering. Many scholars have conducted numerous studies on rock and rock-like
specimens containing prefabricated fractures and holes and have investigated the effects
of different angles, stress conditions, and hole shapes on the fracture-expansion patterns
and mechanical properties of the specimens [7–10]. Huang et al. [11] conducted uniaxial
compression tests on granite specimens containing three non-congruent holes and analyzed
the relationship between stress, acoustic emission and crack evolution processes using
acoustic emission measurement and photographic monitoring techniques. Zeng et al. [12]
investigated the mechanical properties and cracking behavior of perforated specimens
under uniaxial compressive loading through indoor tests; the results showed that the
shape of the perforation has a large influence on the uniaxial compressive strength and
damage mode. Yang et al. [13] conducted uniaxial compression tests on red sandstone spec-
imens containing two elliptical defects using a rock mechanics servo-controlled test system,
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and, based on the test results, analyzed in detail the effects of angles on the mechanical
parameters and fracture processes of sandstone specimens containing two elliptical cracks.

The discrete element method (DEM) is a popular method for studying the crack pen-
etration of rock specimens containing pores and multiple cracks. In recent years, many
scholars have carried out much relevant research using DEM [14–20]. Fan et al. [21] pre-
pared both cracks and round holes in real rock materials by changing the tilt angle of the
cracks and combining different methods of crack generation. Based on the experimental
results, a particle flow calculation program was used to reveal the stress distribution around
the cracks and holes and explain the cracking mechanism of rock specimens containing
cracks and round holes under uniaxial compression conditions. Chen et al. [22] used the
DEM to simulate the unloading response of intact and pre-defective rock masses based
on the unloading stress conditions during their excavation. Yang et al. [23] performed
systematic numerical simulations of uniaxial compression on rock-like specimens contain-
ing two non-parallel cracks and compared the strength and deformation properties and
crack evolution processes of the pre-defective specimens with the results of corresponding
indoor tests.

During the excavation of underground cavities, coupled loading and unloading dam-
age occurs near the rock mass. However, previous studies have mainly focused on the
uniaxial compression of rocks containing holes, with less attention paid to specimens con-
taining holes of different shapes under coupled biaxial loading and unloading conditions.
Therefore, it is necessary to study the mechanical properties and damage characteristics of
rock specimens containing holes of different shapes and with different inclination angles
(the orientation of the hole, which is defined as the angle between the hole axis and the
vertical axis) under coupled biaxial loading and unloading conditions. In this study, a set
of micromechanical parameters in the particle flow code software (PFC) was calibrated
using the simulation results of uniaxial compression and biaxial compression, and system-
atic numerical simulations of coupled biaxial loading and unloading were carried out for
square specimens containing round, square, elliptical, and D-type holes in the center. The
mechanical properties and crack penetration processes were then analyzed in detail.

2. Methodology
2.1. Numerical Model

We conducted this study using the particle flow code software (PFC2D) (PFC2D 5.0,
ITASCA, Minneapolis, MN, USA) based on the discrete element method. The macro-
mechanical parameters of the rock in the numerical model were calibrated by a test on
a standard cylindrical specimen with dimensions of ϕ50 × 100 mm. Firstly, a standard
cylindrical numerical specimen with a size of 50 mm × 100 mm was created. A parallel-
bonded contact model was used, and the cylindrical specimen contained 12,952 particles
and 30,641 contacts with a particle size distribution range of 0.25–0.415 mm. The cylindrical
specimen was tested in uniaxial compression with a displacement-controlled loading speed
of 0.01 m/s. After a series of repeated tests, a set of suitable microscopic parameters
(Table 1) was obtained to establish the numerical granite specimens. For the uniaxial
compression on the standard cylindrical specimen, the numerical and experimental results
are shown in Figure 1 and Table 2. From Table 2, it can be seen that the uniaxial compressive
strength, Young’s modulus and Poisson’s ratio of the standard cylindrical specimens are
approximately the same between the numerical and experimental values. The error values
compared with the numerical and experimental values of the uniaxial compressive strength
and Young’s modulus are 0.07% and 0.66%, respectively. It can be seen from Figure 1
that the numerical and experimental peak strengths and the rock failure modes are well
fitted. Both the experimental and numerical models show an axial cleavage failure mode.
However, the numerical model cannot simulate the initial compression-density phase of
the stress–strain curve, resulting in a final peak strain that is smaller than the experimental
value. The reason for this is that the present numerical model does not consider the pre-
existing cracks in natural granite rock. Fortunately, because this study mainly aims to
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investigate the peak strength and failure characteristic of pre-holed granite, the numerical
model mentioned above can satisfy the requirements of this study.

Table 1. Microscopic parameters of granite numerical specimens.

Microscopic Parameters Values

Minimum particle radius, Rmin (mm) 0.25
Maximum particle radius, Rmax (mm) 0.415

Particle size ratio, Rmax/Rmin 1.66
Bulk density, ρ (kg/m3) 2604

Particle contact modulus, Ec (GPa) 20
Ratio of normal to shear stiffness of the particle, kn/ks 1.7

Parallel-bond modulus,
−
Ec (GPa) 20

Ratio of normal to shear stiffness of the parallel bond,
−
kn/

−
ks 1.7

Particle friction coefficient, µ 0.5
Parallel-bond normal strength, mean σn (MPa) 85

Parallel-bond normal strength, standard deviation, σsd (MPa) 8
Parallel-bond shear strength, mean τn (MPa) 67

Parallel-bond shear strength, standard deviation τsd (MPa) 6

Figure 1. Comparison of experimental and numerical stress–strain curves and failure modes for
standard cylindrical granite specimens under uniaxial compression.

Table 2. Experimental and numerical macro-mechanical properties of standard cylindrical
granite specimens.

Parameter Experimental Tests Numerical Tests Errors (%)

Density (kg/m3) 2604 2604 -
Young’s modulus (GPa) 33.14 32.92 0.66

Poisson’s ratio 0.21 0.21 -
Uniaxial compressive strength 126.59 126.68 0.07

In order to verify the accuracy of the numerical model, two square granite specimens
with dimensions of 100 mm × 30 mm × 100 mm were made in order to conduct a uniaxial
compression test, whose result could be compared with the numerical simulation result.
One fissure and a single circular hole were prepared in square specimens. As shown in
Figure 2, the crack propagation and failure mode of the granite specimen were similar
to those of the numerical specimen. The mechanical properties and failure modes of the
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numerical specimens are very close to those of the real granite specimens. Therefore, the
numerical specimens can reproduce the mechanical behavior of granite specimens.

Minerals 2022, 12, x  4 of 19 
 

 

In order to verify the accuracy of the numerical model, two square granite specimens 
with dimensions of 100 mm × 30 mm × 100 mm were made in order to conduct a uniaxial 
compression test, whose result could be compared with the numerical simulation result. 
One fissure and a single circular hole were prepared in square specimens. As shown in 
Figure 2, the crack propagation and failure mode of the granite specimen were similar to 
those of the numerical specimen. The mechanical properties and failure modes of the nu-
merical specimens are very close to those of the real granite specimens. Therefore, the 
numerical specimens can reproduce the mechanical behavior of granite specimens. 

 
Figure 2. Comparison of (a) the numerical and (b) experimental failure modes of rock specimens 
containing holes and fissures under uniaxial compression. 

2.2. Pre-Holed Specimens 
After the microscopic parameters were calibrated, square numerical specimens of 100 

mm × 100 mm were established, and pre-holes with different shapes and inclination an-
gles were formed by deleting spherical particles in the numerical models. The established 
intact square numerical specimen contained 25,920 round particles and 62,275 contacts. 
The intact square numerical specimen and the pre-holed specimens after deleting the par-
ticles are shown in Figures 3 and 4, respectively. 

 
Figure 3. Numerical model of intact specimen, including (a) intact specimen and (b) the structure 
of particles and contacts in the model. 

Figure 2. Comparison of (a) the numerical and (b) experimental failure modes of rock specimens
containing holes and fissures under uniaxial compression.

2.2. Pre-Holed Specimens

After the microscopic parameters were calibrated, square numerical specimens of
100 mm × 100 mm were established, and pre-holes with different shapes and inclination
angles were formed by deleting spherical particles in the numerical models. The established
intact square numerical specimen contained 25,920 round particles and 62,275 contacts. The
intact square numerical specimen and the pre-holed specimens after deleting the particles
are shown in Figures 3 and 4, respectively.

Figure 3. Numerical model of intact specimen, including (a) intact specimen and (b) the structure of
particles and contacts in the model.

2.3. Loading Paths

The stress in the surrounding rock around the opening will change with a decrease in
the radial direction and an increase in the tangential direction. In addition, the stress in
the rock at the front of the excavation face will change with a decrease in the excavation
unloading direction and an increase in the support direction. Therefore, the coupled
biaxial loading and unloading process is a common stress path in the engineering rock
mass. Meanwhile, uniaxial compression and biaxial compression tests should be conducted
to obtain the uniaxial compressive strength and biaxial compressive strength of rock
specimens to determine the stress levels before unloading. Three stress paths were used
in this test—uniaxial compression, biaxial compression, and coupled biaxial loading and
unloading—as shown in Figure 5. In uniaxial compression, σ1 was loaded at a loading
speed of 0.01 m/s until rock failure. In biaxial compression, σ1 and σ2 were first increased to
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20 MPa simultaneously, σ2 was kept constant at 20 MPa, and σ1 was continuously increased
at a loading speed of 0.01 m/s until rock failure. The pre-loading process of coupled
biaxial loading and unloading is the same as that of biaxial compression, but when σ1
reached half of the sum of the uniaxial compression strength and the biaxial compression
strength, the servo program was rewritten to unload σ2 at a rate of 1 MPa/ms and σ1
continued to be increased at a loading speed of 0.01 m/s until rock failure to simulate the
excavation-induced stress change path.

Figure 4. Specimen models with different pre-holes, including (a) the size parameters of the pre-holed
specimens and (b) numerical models of pre-holed specimens with a D-type hole with inclination
angles of 0◦ (a-0), 15◦ (a-15), 30◦ (a-30), 45◦ (a-45), 60◦ (a-60), 75◦ (a-75), and 90◦ (a-90); a square hole
with inclination angles of 0◦ (s-0/90), 15◦ (s-15), 30◦ (s-30), 45◦ (s-45), 60◦ (s-60), and 75◦ (s-75); and
a circular hole (c-0), and elliptical hole with inclination angles of 0◦ (e-0), 15◦ (e-15), 30◦ (e-30), 45◦

(e-45), 60◦ (e-60), 75◦ (e-75), and 90◦ (e-90).

Figure 5. Stress paths and loading schematic diagrams in the numerical simulations, including
stress paths under (a) uniaxial compression, (b) biaxial compression, and (c) coupled biaxial loading
and unloading, and the loading schematic diagrams under (d) uniaxial compression, (e) biaxial
compression, and (f) coupled biaxial loading and unloading.
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3. Results and Discussion
3.1. Peak Stresses at Rock Failure

The peak stress parameters of the numerical specimens containing different prefab-
ricated holes under uniaxial compression, biaxial compression and coupled loading and
unloading stress conditions are listed in Table 3. The peak value of axial stress σ1 during
uniaxial compression is defined as the uniaxial compression strength (σucs). The peak axial
stress σ1 in biaxial compression is defined as the biaxial compressive strength (σbcs). The
σ(ucs + bcs)/2 is half of the sum of σucs and σbcs. The peak axial stress σ1 under coupled
biaxial loading and unloading is defined as the peak biaxial unloading strength (σbu),
and the corresponding lateral stress σ2 is defined as the peak biaxial unloading lateral
stress (σls).

Table 3. Strength parameters of numerical specimens containing different prefabricated holes.

Specimen σucs (MPa) σbcs (MPa) σ(ucs + bcs)/2
(MPa)

σbu
(MPa)

σls
(MPa)

a-0 130.50 182.97 156.74 165.85 14.50
a-15 129.08 183.73 156.41 166.12 14.94
a-30 128.95 181.25 155.10 165.48 14.64
a-45 131.90 182.53 157.22 166.02 15.11
a-60 135.10 184.91 160.01 168.28 15.25
a-75 134.43 184.46 159.45 166.07 13.83
a-90 128.86 184.28 156.57 163.39 16.59
s-0 127.98 180.00 153.99 162.63 14.76
s-15 126.01 184.82 155.42 161.95 13.87
s-30 128.54 185.12 156.83 164.90 16.19
s-45 130.25 183.07 156.66 164.80 14.47
s-60 130.03 190.17 160.10 168.23 14.41
s-75 126.57 185.00 155.79 162.81 15.81
s-90 127.98 180.00 153.99 162.63 14.76
c-0 135.05 187.41 161.23 169.87 15.71
e-0 131.07 198.32 164.70 171.54 15.13

e-15 142.17 189.59 165.88 171.41 14.02
e-30 128.85 189.93 159.39 168.52 16.29
e-45 132.78 190.79 161.79 169.89 15.82
e-60 137.41 196.86 167.14 175.41 13.47
e-75 136.04 201.52 168.78 178.60 14.78
e-90 145.61 203.18 174.40 182.17 14.55

The peak stresses at failure of the numerical granite specimens containing different
prefabricated holes were compared and are shown in Figure 6. For the same specimens, the
peak stresses at rock failures are, in decreasing order, from cases under biaxial compression,
from cases under coupled biaxial loading and unloading conditions, and finally from
cases under uniaxial compression. Under the above three stress conditions of uniaxial
compression, biaxial compression and coupled biaxial loading and unloading, the peak
stress parameters present generally consistent change laws for different stress conditions
as the inclination angles of the hole changes. For the specimens with D-type and square
holes, the peak stress parameters first decrease, then increase and finally decrease with
the increases in the inclination angles of holes, and the variation amplitude of the uniaxial
compressive peak stress parameter is larger than those amplitudes under the biaxial com-
pressive and coupled biaxial loading/unloading conditions because the lateral confining
stress can restrict the crack dilation. For the specimens with elliptical holes, the uniaxial
compressive strength first increases, secondly decreases and then increases, while the
biaxial compressive strength and the peak biaxial unloading strength first decrease and
then increase with the increases in the inclination angles of the holes. For the specimens
with a hole with an inclination angle of 0◦, the uniaxial compressive strengths of specimens
with circular, elliptical, D-type and square holes decrease in that order, while the biaxial
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compressive strengths and the biaxial unloading strengths of specimens with elliptical,
circular, D-type and square holes decrease in that order. These results indicate that the
lateral confinement can improve the strength of specimens containing elliptical holes more
significantly, and rocks containing square holes are the most prone to instability because
stress concentration is most likely to occur at the corners of the square hole. In addition, the
corresponding peak biaxial unloading lateral stress at rock failure under coupled biaxial
loading and unloading conditions fluctuates from 13 to 16 MPa without an obvious change
law for all specimens.
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Figure 6. Change curves of peak stresses at rock failure, including (a) changes in uniaxial compression
strength (σucs), biaxial compressive strength (σbcs), peak biaxial unloading strength (σbu), and the
corresponding peak biaxial unloading lateral stress (σls) for all specimens, and the peak stresses for
specimens with (b) 0◦, (c) 15◦, (d) 30◦, (e) 45◦, (f) 60◦, (g) 75◦, and (h) 90◦ inclination angles.
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3.2. Cracking Development

The axial stress–time curves, lateral stress–time curves, and the changes in instanta-
neous crack numbers and cumulative crack numbers simulated by PFC2D under coupled
biaxial loading and unloading conditions are summarized in Figure 7 for all types of granite
specimens. The results show that the cracks start to appear obviously from the unloading
point and rapidly increase near the peak stress. Namely, the cumulative number of cracks
grows slowly before unloading and subsequently rises fast from the unloading point, and
the growth rate of cracks after the peak stress is significantly higher than that before the
peak stress, which indicates that the primary growth period of cracks is near the post-peak
damage stage after peak strength. In addition, the number of shear cracks is generally
larger than that of tensile cracks during the loading and unloading process, and the dif-
ference in numbers between shear and tensile cracks increases significantly after the peak
stress, indicating that the failure of the pre-holed granite specimens was dominated by
shear failure.

Figure 7. Cont.
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Figure 7. Changes in axial stress, crack numbers and cumulative crack numbers with time for all
types of granite specimens under coupled biaxial loading and unloading conditions. (a) a-0; (b) a-15;
(c) a-30; (d) a-45; (e) a-60; (f) a-75; (g) a-90; (h) s-0/90; (i) s-15; (j) s-30; (k) s-45; (l) s-60; (m) s-75;
(n) c-0; (o) e-0; (p) e-15; (q) e-30; (r) e-45; (s) e-60; (t) e-75; (u) e-90. Point A–F: the six stages during
crack development processes including the stages before peak stress (A and B), at the peak stress (C)
and after the peak stress (D, E and F).
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The crack development processes at the six stages (A to F shown in Figure 7) during
coupled biaxial loading and unloading are shown in Figure 8 for all the types of granite
specimens. In the figures, the red points indicate cracks. Stages at A and B are before
the peak stress; stage C is at the peak stress; and stages at D, E and F are after the peak
stress. The number of cracks for the different shapes and orientations of the holes increases
gradually with the axial stress, which increases slowly before the peak stress and starts to
appear in abundance after the peak stress. Before the peak stress, the cracks appear mainly
around the hole. At the peak stress, the cracks near the hole expand outward along X-type
shear directions, and cracks start to appear at the four corners of the specimen and expand
inward along the X-type shear directions. After the peak stress, the cracks expanding from
the hole and corners gradually connect with one another, and finally present a X-type shear
overall failure and cross the hole in the center. The above results show that the pre-holed
granite specimen primarily undergoes shear failure under coupled biaxial loading and
unloading conditions. For granite specimens with a D-type hole, the cracks initially appear
at the bottom corner and the top arch foot of the hole when the inclination angle of the hole
is 0◦. The initial cracking is then gradually transferred to the arch top and finally to the
arch foot on the other side of hole; meanwhile, the initial cracking at the bottom corner
of the hole is gradually transferred to the middle of the square side to the bottom corner
on the other side of the hole as the inclination angle of the hole changes from 0◦ to 90◦.
For granite specimens with a square hole, the cracks initially appear at the bottom corner
and top corner when the inclination angle of the hole is 0◦. The initial cracking around the
hole is gradually transferred to the middle of the square side and finally to the bottom and
top corners on the other side of the hole as the inclination angle of the hole changes from
0◦ to 90◦. For granite specimens with a circular hole, the cracks initially appear near the
boundaries of the circular hole. For granite specimens with an elliptical hole, the cracks
initially appear near the corners of the elliptical hole when the inclination angle of the hole
is 0◦, and the initial cracking around the hole is gradually transferred to the middle of the
long-arched edges of the elliptical hole as the inclination angle of the hole changes from
0◦ to 90◦. In summary, the cracks initially appear near the crossover points between the
X-type shear fracturing plane and the hole, and gradually expand along the X-type shear
direction, resulting in the dominated shear failure of the square pre-holed granite specimen
under coupled biaxial loading and unloading conditions.

Figure 8. Cont.
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Figure 8. Cracking developments of pre-holed granite specimens under coupled biaxial loading and
unloading conditions. (a) a-0; (b) a-15; (c) a-30; (d) a-45; (e) a-60; (f) a-75; (g) a-90; (h) s-0/90; (i) s-15;
(j) s-30; (k) s-45; (l) s-60; (m) s-75; (n) c-0; (o) e-0; (p) e-15; (q) e-30; (r) e-45; (s) e-60; (t) e-75; (u) e-90.
Point A–F: the six stages during crack development processes including the stages before peak stress
(A and B), at the peak stress (C) and after the peak stress (D, E and F).

3.3. Failure Properties

The failure modes of different pre-holed specimens at the peak stress under coupled
biaxial loading and unloading conditions are shown in Figure 9. It can be seen from Figure 9
that the granite specimen will be unstable and reach the peak strength when the overall
length of cracks expanding along the X-type shear direction extends to the size of the
pre-hole in the center. In addition, the overall instability of the pre-holed granite specimen
is triggered from the shear slip around the vicinity of the hole. The existing pre-hole in the
center of the granite specimen will cause the overall failure of crossing the hole.
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Figure 9. Failure images of pre-holed specimens at the peak stress under coupled biaxial loading and
unloading conditions. (a) a-0; (b) a-15; (c) a-30; (d) a-45; (e) a-60; (f) a-75; (g) a-90; (h) s-0/90; (i) s-15;
(j) s-30; (k) s-45; (l) s-60; (m) s-75; (n) c-0; (o) e-0; (p) e-15; (q) e-30; (r) e-45; (s) e-60; (t) e-75; (u) e-90.

The ultimate failure modes for different pre-holed granite specimens under coupled
biaxial loading and unloading conditions are listed in Figure 10. The ultimate failure mode
shows that the pre-holed granite specimen finally presents X-type shear failure, and the
X-type shear failure plane passes through the hole in the center. The fractal dimension can
quantitatively describe the development degree and distribution characteristics of crack
propagation in the granite specimen. The high fractal dimension of the crack network
indicates that the crack propagation becomes denser and more complex. In order to analyze
the crack propagation in the ultimate failure mode of the specimen, the fractal dimension of
the crack network was calculated by the box dimension method and is shown in Figure 11.
The results indicate that the fractal dimensions of the crack propagations for the specimens
containing a D-type hole and an elliptical hole present a decrease followed by an increase as
the inclination angle of the pre-hole changes from 0◦ to 90◦. The fractal dimensions of crack
propagations for the specimens containing a square hole decrease first, then increase and
finally decrease instead as the inclination angle of the pre-hole changes from 0◦ to 90◦. For
specimens containing a hole with an inclination angle of 0◦, the fractal dimensions present
a decrease, in the following order, for specimens with a circular, elliptical, D-type and
square hole in the center. Overall, the variation in the fractal dimension of ultimate failure
is generally consistent with the change trend of the peak strengths of pre-holed granite
specimens. In general, the pre-holed granite specimens with lower peak stresses present a
smaller fractal dimension of ultimate failure with a more regular X-type shear cracking—for
example, the specimens containing a pre-hole with an inclination angle of 30◦ which have
the lowest peak stress and fractal dimension.

Figure 10. Ultimate failure images of pre-holed specimens under coupled biaxial loading and
unloading conditions.



Minerals 2022, 12, 372 16 of 18

Figure 11. Fractal dimensions of crack distributions in pre-holed specimens at the ultimate failures
under coupled biaxial loading and unloading condition for (a) all specimens and (b) the specimens
with different shapes of holes with the same inclination angle.

4. Conclusions

In this study, the numerical granite specimens were established by the discrete element
method and confirmed by uniaxial compression experiments of a standard cylindrical
specimen and a pre-flawed specimen. Hereafter, coupled biaxial loading and unloading
tests were conducted on the numerical granite specimens to investigate the peak stress,
cracking development and failure properties of specimens containing pre-holes of different
shapes and inclination angles (the orientation of the hole, which is defined as the angle
between the hole axis and the vertical axis). The efforts and results can provide valuable
information for the excavation stability of openings in granite rock mass. The following
conclusions can be drawn:

(a) For the specimens with D-type and square holes, the peak biaxial unloading
strengths first decrease, then increase and finally decrease as the inclination angles of the
holes increase. For the specimens with elliptical holes, the peak biaxial unloading strength
first decreases and then increases with increases in the inclination angles of the holes. The
biaxial unloading strengths of specimens with elliptical, circular, D-type and square holes
decrease, in that order. Rock containing a square hole is the most prone to instability,
compared to other granite specimens.

(b) The cracks start to appear obviously from the unloading point and rapidly increase
near the peak stress, and the failure of pre-holed granite specimens was mainly dominated
by shear failure. The cracks mainly appear around the hole before the peak stress stage, the
cracks near the hole expand outward along the X-type shear directions at the peak stress,
and the cracks expanding from the hole and corners gradually connect together and finally
present a X-type shear failure overall and cross the hole in the center after the peak stress.
In general, the cracks initially appear near the crossover points between the X-type shear
fracturing plane and the pre-hole in the center and gradually expand along the X-type
shear direction.

(c) The failure of the pre-holed specimen occurs and the axial stress reaches peak
strength under the coupled biaxial loading and unloading conditions when the overall
length of the cracks expanding along the X-type shear direction extends to the size of the
pre-hole in the center. The existing pre-hole in the center of a granite specimen will lead to
overall failure that crosses the hole, triggered by shear slip around the vicinity of the hole.
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