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Opening holes in rock including their size and distribution can affect the performance of rock-related
structures. A good understanding on this will contribute to, for example, rock cavern design, and con-
struction, tunnelling, and mining engineering. To improve the understanding, a comprehensive inves-
tigation of the opening hole effect on the rock mechanical behaviour under biaxial loading condition is
carried out by virtue of a hybrid continuum-discrete element method. Laboratory specimens with both
single hole and multi-hole of various radii are investigated and compared with the cases subjected to
uniaxial compression. It is demonstrated that the confining pressure can increase both the stiffness and
strength due to delaying the crack initiation and propagation. The increase due to the confining pressure
is more evident for the compressive strength. For single hole specimens with 0.75 mm radius hole, the
increase ratio of the compressive strength is a linear increasing function with width and the increase
ratio ranges from 2.15 for the specimen with 3.5 mm width to 2.45 for 10 mm width. For the single hole
specimen with 10 mmwidth, the increase ratio starts at 2.13 for the specimen with 0.75 mm radius hole,
ascending to the peak of 2.37 for the specimenwith 1 mm radius hole, followed by a decline to 2.2 for the
specimen with 1.25 mm radius hole. However, for the multi-hole specimens, the increase ratio varies
from 1.66 to 3.13. In addition, to verify the influence of confining pressure magnitude on the performance
of the rock specimens, totalling 10 confining pressure levels are applied and modelled. The simulation
results show that even though there are opening holes in the specimens, the simulated compressive
strength generally follows the generalised Hoek-Brown model.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Rock is non-homogeneous material and normally contains
various defects, for example, beddings, faults, and opening cavities.
These defects influence the strength and stiffness of rock signifi-
cantly. When subjected to internal and external loadings, they can
propagate, interact and sometimes coalescence, resulting in dam-
age or failure (Gui et al., 2017). The rock with opening holes
therefore has received wide attentions in rock engineering related
to rock excavation, for instance, civil and mining engineering. A
number of studies have been conducted on the failure mechanism
of artificially flawed rock/rock-like materials for mimicking intact
Shang).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
rock. The available approaches include laboratory testing (e.g.
Bobet and Einstein, 1998; Wong et al., 2006; Haeri et al., 2014; Yang
et al., 2015a), numerical simulation (e.g. Gui et al., 2017; Peng et al.,
2018), and analytical modelling (e.g. Sammis and Ashby, 1986;
Masoudian and Hashemi, 2016; Masoudian et al., 2018; various
others summarised by Jaeger et al., 2007). However, there is limi-
tation in laboratory testing or theoretical analysis. For example, (a)
mineral effect (i.e. content and spatial distribution) is inevitable in
laboratory testing, due to the geological process during formation
of the rock; and (b) the stressestrain analysis from analytical
simulation can only be possible for simple alignments of opening
holes, for example, single centre-located hole with given far-field
principal stresses (Jaeger et al., 2007). Numerical simulation can
be more effective as identical model with more complex opening
alignments can be easily handled. In the literature, the numerical
methods used are primarily based on finite element method (FEM),
finite difference method (FDM), discrete element method (DEM)
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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(Gui et al., 2013; Gui and Zhao, 2015; Choo et al., 2016), and hybrid
method (Gui et al., 2017). A comprehensive literature review on
numerical methods applied on rock cracking simulation has been
carried out in Gui et al. (2016a) that the interested readers are
encouraged for more information.

The main contribution carried out in the literature has been the
studies of rock fracturing under uniaxial loading condition for
fissured rock (Yang et al., 2014, 2015b). The study of rock with
opening holes has not been fully understood in the literature yet.
However, the problem of circular holes in rock is of critical
importance as most holes drilled through rock are circular cross-
section (Jaeger et al., 2007). This is the scenario that circular
opening is chosen in this work. In addition, a loading scenario
closer to the in situ rock loading condition should be carried out in
order to investigate rock behaviour under in situ stress condition.

The paper aims to investigate the influence of the opening hole
on rock’s strength, stiffness and crack initiation and propagation
under biaxial loading condition. The mechanical behaviour of the
rock is investigated based on the distribution of the principal
stresses in the rock specimens. The aspects that the paper covers
include: (i) the single circular hole effect on the mechanical
behaviour for rock; (ii) the multiple circular hole effect on the
mechanical behaviour for rock; (iii) the principal stress inside rock
specimen; and (iv) the effect of confinement on the mechanical
behaviour for rock with multi-hole (this is not covered in the
literature). The simulation results demonstrate that the opening
including its size and alignment in rock can significantly change
the rock mechanical behaviour in terms of strength and stiffness
deterioration as well as cracking behaviour under biaxial
confinement.
2. Numerical method

The numerical method used in this paper is UDEC, which is a
hybrid continuum-discrete element method (Itasca, 2008; Gui et
al., 2015, 2016a, b, 2017). The method can capture the interaction
of discrete granular materials because of its DEM nature, and the
solid continuum within discrete bodies due to its continuum-
mechanics theory used in the method. It can also model the frac-
turing process in materials. Similar to classical DEM-like particle
flow code (PFC) (Potyondy and Cundall, 2004), in this method, the
material is represented by an assemblage of discrete grains (rep-
resenting rock blocks) which are internally meshed to model their
Fig. 1. Sketch of the hybrid numerical method and its contact model (Gui et al., 2017).
own continuum mechanical behaviour. The cracks or potential
cracks in the materials are represented by the bond between the
grains (Fig. 1). The bond is comprised of several pairs of contacts
depending on the mesh refinement inside the grains. In this
method, the contacts are elastic and governed by Coulomb-slip
model (Itasca, 2008) and the grains themselves in the hybrid
method are represented as elastic. The forces and displacements
across these contacts and the grains’ motion are updated step by
step during calculation. In this model, Voronoi grains are used to
simulate the potential fracturing path for the rock under
compression. Using Voronoi grains is not the purpose of simulating
any particular geological fracture pattern observed in rock mass in
field. In other words, using Voronoi grains in this numerical model
is in fact to minimise mesh bias so that artificially predetermined
fracturing path can be avoided by letting the model itself to
determine. If a particular field fracture pattern is of interest,
another set of joints representing the field fracture is needed in
order to understand its influence. In the simulations, due to the
original shape of the rock specimens (rock brick), plane-strain
condition is used for all specimens as the strain along the orien-
tation perpendicular to the plane is negligible.

3. Simulation results

Table 1 lists the parameters applied in the numerical simula-
tions, which are based on the calibration of the laboratory uniaxial
compression tests by Wong et al. (2006) on Hong Kong granite.
More information about the model calibration and verification can
be found in Gui et al. (2017). It is worth noting that the numerical
modelling is for the laboratory scale and it is not the full-scale for
tunnels. However, considering the nature of the numerical method,
the simulation results can be used to suggest the influence of the
opening hole on the stiffness and strength of the rock mass, for
example, tunnelling. The numerical models for the specimens
discussed in the paper are presented in Fig. 2.

3.1. Specimen width effect

The specimens with single hole used in this study are shown in
Fig. 2a. The height of the single hole specimens is 24 mm, while
their width varies with value of 3.5 mm, 7 mm, 10 mm, 10 mm and
10 mm, respectively. The radius of the centre holes is 0.75 mm,
0.75 mm, 0.75 mm, 1 mm and 1.25 mm, respectively. The grain
effect in the numerical method has been discussed in the work by
Gui et al. (2016b). Confinement of 5 MPa is applied on both left and
right boundaries of each specimen.

Table 2 presents the simulated Young’s modulus and compres-
sive strength. It can be seen that for the specimens with hole size of
0.75 mm, the simulated Young’s modulus and compressive
strength are both increased with the increase of the specimens’
width. Specifically, for Young’s modulus, it is raised from 31.44 GPa
(with 3.5 mm width) to 33.84 GPa (with 10 mm width). The
compressive strength increases from 158.39MPa for specimenwith
width of 3.5 mm to 264.23 MPa for that with width of 10 mm. One
of the reasons is that the specimen’s cross-sectional area is actually
dependent on its width, and larger width induces larger cross-
Table 1
Parameters used in the numerical simulations (Gui et al., 2017).

r (kg/m3) E (GPa) n kn (Pa/m) ks (Pa/m) st (MPa) c (MPa) 4 (�)

2601 80 0.34 8 � 1013 4 � 1013 10 20 40

Note: r - density; E - Young’s modulus; n - Poisson’s ratio; kn - normal stiffness; ks -
shear stiffness; st - tensile strength; c - cohesion; 4 - friction angle.



Fig. 2. Established numerical models used in the simulations (Gui et al., 2017).
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sectional area. Therefore, if increases the width, the compressive
strength and Young’s modulus will be ascended. The results of
uniaxial compression simulations are also presented in Table 2 as a
comparison to demonstrate the significance of confinement on the
performance of rock in terms of stiffness and strength increment. It
is found that the confinement of 5 MPa can increase the
compressive strength significantly e more than 2 times of that
without confinement. Nevertheless, the influence on Young’s
modulus is nearly negligible as demonstrated in Table 2.

The compressive stressestrain relationships for the five speci-
mens under uniaxial and biaxial compression conditions are pre-
sented in Fig. 3. It is shown that under biaxial compression
condition, the stressestrain relationship has more inelasticity
before the peak stress due to the lateral confinement. The post-
peak behaviour of the specimen with the smallest width shows
the largest ductility under confinement compared to the other four
specimens.

Fig. 4a plots the relationships among the compressive strength
under biaxial and uniaxial loadings, compressive strength increase
ratio, and the normalised specimen width, for the three specimens
with the same hole size but different widths. It conveys that the
compressive strength obtained from both biaxial and uniaxial
loading cases is monotonically decreasing function of normalised
specimen width. Nevertheless, the compressive strength increase
ratio is not a monotonic function of the normalised specimen
width; rather, the confinement has the greatest influence on the
compressive strength increment for the rock specimen with a
width of 7 mm among the three specimens. The increase ratio is
generally over 2 for the three specimens (Table 2).

To understand the mechanism of the observations, the principal
stresses inside the specimens are investigated, as shown in Fig. 5.
The microcrack patterns inside the specimen experiencing the
same vertical strain (i.e. 9.55 � 10�4) are also demonstrated in
Fig. 5. It is observed that the main part of the specimens is under
compression for the major and minor principal stresses. Nonethe-
less, the major principal stress is tensile at the top and bottom of
the centre hole, while the left and right wings of the hole are overall
under compression, especially for Fig. 5a and b under uniaxial
loading. However, it reasonably assumes that Fig. 5c and all the
specimens under biaxial compression would experience similar
major principal stress distribution if the vertical compressive strain
had been increased to a higher level. The minor principal stress
shows an ‘X’ shape in which the stress is under tension; while the
top, bottom, left and right wings of the hole are generally under
compression. This is obvious in biaxial compression simulations. It
is worth noting that the slim specimen (Fig. 5a) has been affected
by the lateral confining pressure more significantly than the wider
specimens (Fig. 5b and c).

Due to the confiningpressure inbiaxial compression simulations,
the tensile zone length is shorter than that in uniaxial compression
simulations with smaller tensile stress. Comparing the three speci-
mens, it is found that the tensile zone length is prohibited if
increasing the specimenwidth so that shorter cracks at the top and
bottom wings of the opening hole under the same axial strain are
induced. The microcracks at the top and bottom of the hole are
governed by the tension of the major principal stress. Due to the
confinement, the crack initiation and propagation have been post-
poned in the biaxial compression simulations. Eventually, the
postponement results in a higher compressive strength in biaxial
compression simulations, as presented in Fig. 3b and Table 2.

3.2. Hole size effect

In this section, the hole size effect on the specimens with
identical width is discussed. It can be seen in Table 2 that the



Table 2
Simulation results for single hole specimen.

H (mm) W (mm) R (mm) E (GPa) sc (MPa) Increase ratio of sc

U B U B

24 3.5 0.75 28.65 31.44 71.87 158.39 2.2
24 7 0.75 31.15 33.5 108.66 257.13 2.37
24 10 0.75 31.54 33.84 124.01 264.23 2.13
24 10 1 30.97 33.26 112.15 257.11 2.29
24 10 1.25 30.52 32.59 91.46 224.12 2.45

Note: H - height; W - width; R - hole radius; sc - compressive strength; U and B -
uniaxial and biaxial compression (with confining pressure of 5 MPa), respectively.
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Young’s modulus and compressive strength both decrease from
33.84 GPa and 264.23 MPa for specimen with hole radius of
0.75 mm to 32.59 GPa and 224.12 MPa for specimen with hole
radius of 1.25 mm, respectively. Similarly, the influence of
confinement on the compressive strength is again much more
Fig. 3. Modelled axial stressestrain relationships of the specimens. The top figure is
the uniaxial compression and the bottom one is the biaxial compression. (a)e(e)
correspond to the specimens from the left to the right in Fig. 2a.
pronounced than that on the Young’s modulus. The increase of
compressive strength due to the confinement can be found in
Fig. 4b and Table 2, suggesting that the influence of lateral pressure
has more impact on the specimen with larger hole: the increase
ratio is 2.13, 2.29 and 2.45, respectively, for the specimen with hole
radius of 0.75 mm, 1 mm and 1.25 mm. The increase ratio is nearly
linear with respect to the normalised specimen width.

The principal stress distribution and microcrack pattern at low
vertical compressive strain (9.55 � 10�4) are presented in Fig. 6.
Similar to Fig. 5, it is observed that the major principal stress is
generally close to zero at the top and bottom wings of the centre
hole in all the three specimens and it is much higher than the
other areas, while the left and right wings of the hole are overall
under compression. However, due to the confining pressure in
biaxial compression, the tensile zone length is shorter than that in
uniaxial compression, in addition to lower tensile stress.
Comparing the three specimens, it is found that the tensile zone
length is exaggerated if increasing the hole size, and longer cracks
along the top and bottom wings of the hole can be induced under
the same vertical strain. Due to the confinement, the crack initi-
ation and propagation have been postponed in biaxial compres-
sion. Again, the postponement results in a higher compressive
strength in biaxial compression, as presented in Fig. 3b and
Table 2.
Fig. 4. Relationships between simulated compressive strength and normalised spec-
imen width for (a) the first three specimens in Fig. 2a, and (b) the three specimens in
Fig. 2b. The increase ratio is equal to the ratio of biaxial compressive strength to
uniaxial compressive strength.



Fig. 5. Principal stresses (Pa) distribution and microcrack pattern for specimens with the same hole size (hole radius of 0.75 mm) under biaxial and uniaxial compression, with
vertical strain of 9.55 � 10�4. The confining pressure for the biaxial compression is 5 MPa. The sample widths are (a) 3.5 mm, (b) 7 mm, and (c) 10 mm. Negative stress represents
compression.
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3.3. Hole alignment effect

In this section, the effect of group of holes on the mechanical
behaviour of the rock is presented. It is based on the specimens
Fig. 6. Principal stresses (Pa) distribution and microcrack pattern for specimens with the
9.55 � 10�4. The confining pressure for the biaxial compression is 5 MPa. The sample hole ra
presented in Lin et al. (2015) (Fig. 2bee) for Hong Kong granite.
The radius of the holes is 0.75 mm. The length of the rock bridge
(i.e. distance between two neighbouring holes measured from the
hole boundary) is 1.5 times the hole radius, i.e. 1.25 mm. However,
same width (10 mm) under biaxial and uniaxial compression, with vertical strain of
dii are (a) 0.75 mm, (b) 1 mm, and (c) 1.25 mm. Negative stress represents compression.
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the bridge length of D3 is only 1 mm due to the specimen’s size
limitation. The confining pressure for all the specimens with multi-
hole is 5 MPa. The modelled stressestrain curves of the samples are
presented in Fig. 7. In order to compare the effect of confining
pressure on the mechanical behaviour of the rock, the stressestrain
curves for the uniaxial compression are also presented in this
figure. It can be seen that the slope of the curves before the peak has
been slightly increased and the curves reach to a larger peak stress
under biaxial loading cases. The simulated values of the compres-
sive strength and Young’s modulus are listed in Table 3. It is obvious
that the hole alignment has significant impact on the mechanical
behaviour of the rock. However, the Young’s modulus changes due
to the fact that the confining pressure is not as obvious as the
compressive strength. The specific increase ratio is also listed in
Table 3. The ratio is generally between 2 and 3.

The principal stresses andmicrocrack pattern under low vertical
compressive strain are investigated as presented in Figs. 8e11 for
alignments H1, V1, D1 and R1, respectively. In alignment H1 (Fig. 8),
the tensile zones of themajor principal stress appear at both the top
and bottom wings of the holes while the compression zones are
observed at the left and right wings of the holes. The confining
Table 3
Summary of the simulation results for multi-hole specimens.

Hole alignment E (GPa) sc (MPa) Increase
ratio of scU B U B

H1 31.2 31.71 112.28 241.72 2.15
H2 29.35 32.24 107.47 213.88 1.99
H3 27.62 30.57 88.95 219.74 2.47
V1 31.55 31.91 116.31 261.72 2.25
V2 31.04 31.31 124.46 277.3 2.23
V3 29.43 29.83 100 166 1.66
D1 31.19 31.69 84.75 212.84 2.51
D2 30.65 30.75 53.6 167.61 3.13
D3 27.4 27.55 44.76 96.55 2.16
R1 28.14 28.57 70.54 183.36 2.6
R2 26.72 27.16 70.32 195.91 2.79
R3 25.58 25.79 52.27 152.41 2.92

Fig. 8. Principal stresses (Pa) distribution and microcrack pattern for alignment H1
under biaxial and uniaxial compression conditions, with vertical strain of 9.35 � 10�4.
The confining pressure for the biaxial compression is 5 MPa. Negative stress represents
compression.



Fig. 9. Principal stresses (Pa) distribution and microcrack pattern for alignment V1
under biaxial and uniaxial compression conditions, with vertical strain of 9.35 � 10�4.
The confining pressure for the biaxial compression is 5 MPa. Negative stress represents
compression.

Fig. 10. Principal stresses (Pa) distribution and microcrack pattern for alignment D1
under biaxial and uniaxial compression conditions, with vertical strain of 9.35 � 10�4.
The confining pressure for the biaxial compression is 5 MPa. Negative stress represents
compression.
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pressure has inhibited the propagation of the tensile zone length of
the major principal stress when compared with the uniaxial
compression; therefore, the microcrack initiation has been delayed.
In terms of the minor principal stress, ‘X’ shape is observed as
similar to the specimens with single hole. However, the compres-
sive minor principal stress between the two adjacent holes is
increased (i.e. larger negative values from the contour legend)
under both uniaxial and biaxial compression conditions.

In alignment V1 (Fig. 9), the tensile zones of the major principal
stress are observed along the three holes and at both top and
bottom wings of the holes, while the compression zones are
observed at left and right wings of the holes. The confining pressure
has inhibited the propagation of the tensile zone length and the
magnitude of the major principal stress when compared with
uniaxial compression; therefore, the microcrack initiation has been
delayed. ‘X’ shape is observed as similar to the specimens with
single hole for the minor principal stress.

For diagonal alignment (e.g. alignment D1) (Fig. 10), at low
vertical compressive strain value, the tensile zones of the major
principal stress still start from the top and bottom wings of each
single hole, while the compressive zones are initiated from the left
and right wings. In the minor principal stress distribution, ‘X’ shape
again is observed in two loading scenarios. However, under biaxial
compression condition, the top-right wing of the lower holes in-
teracts with the bottom-left wing of the upper holes, as shown in
Fig. 10. The microcrack starts earlier in uniaxial compression sim-
ulations compared with the microcrack in biaxial compression
simulations.
For the random alignment (alignment R1 is used in this paper,
Fig. 11), the tensile zones are again observed at the top and bottom
of each hole for both loading cases. The left and right of each hole
are under compression. The tensile zone length is smaller in biaxial
compression simulations due to the confinement; therefore, the
microcrack in uniaxial compression initiates prior to that in biaxial
compression.

4. Effect of confining pressure

In underground space development, for example, tunnelling,
the in situ horizontal stress is more complex compared to the
vertical stress. It depends highly on the excavation level/depth, rock
properties (e.g. elastic properties, density and thermal expansion
coefficient). Brown and Hoek (1978) proposed that the in situ
vertical stress (sz) follows a linear relationship with depth based on
a large number of in situ data. The ratio between the in situ vertical
stress and the depth is empirically determined to be 27 MPa/km
(Fig. 12a), which is close to the general range of rock unit weight.
The ratio (k) between horizontal (sh) and vertical (sv) in situ
stresses was also obtained through a large number of measurement
data by Brown and Hoek (1978), as plotted in Fig. 12b.

To further study the influence of various confining pressures on
the mechanical behaviour of the rock with holes, nine more
confining pressures (i.e. 1 MPa, 2 MPa, 3 MPa, 4 MPa, 6 MPa, 7 MPa,
8 MPa, 9 MPa, and 10 MPa) are applied to the specimens with
multiple holes and without hole. It can be seen that the confining
pressure investigated here is in good agreement with the practical



Fig. 11. Principal stresses (Pa) distribution and microcrack pattern for alignment R1
under biaxial and uniaxial compression conditions, with vertical strain of 9.35 � 10�4.
The confining pressure for the biaxial compression is 5 MPa. Negative stress represents
compression.

Table 4
In situ stresses calculated based on Fig. 12.

Depth (km) Vertical stress (MPa) Horizontal stress (MPa)

Lower bound Higher bound

0.001 0.027 2.7081 40.5135
0.01 0.27 2.781 40.635
0.1 2.7 3.51 41.85
1 27 10.8 54
2 54 18.9 67.5
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in situ horizontal stress in the ground (Table 4). The corresponding
depth of the excavation varies from near ground surface to 1 km
depth.

The simulated stressestrain curves are plotted in Fig. 13. It is
shown that the change of confining pressure has significant impact
on inelastic behaviour before peak. The post-peak ductility is not
obvious due to the collapse of the holes under high confining
pressure. The influence of confinement is also plotted in Fig. 14 and
compared with the fit by Hoek-Brown failure criterion (HeB). The
black solid line in Fig. 14 is the fit of HeB model for the specimen
without hole. It can be seen that the prediction of HeB model can
Fig. 12. Measured subsurface data (Brown
still hold for the range of confining pressure considered. The HeB
model used is the generalised form (Hoek et al., 1995):

s01 ¼ s03 þ C0

�
mb

s03
C0

þ s
�a

(1)

where s01 and s03 are the major and minor principal effective
stresses at failure, respectively;mb is used for broken rock; C0 is the
rock uniaxial compressive strength; and s and a are the dimen-
sionless empirical constants. The parameters mb, s and a were
proposed to be determined by geological strength index (GSI) as
follows (Hoek et al., 2002):

mb ¼ mi exp
�
GSI � 100
28� 14D

�
(2)

s ¼ exp
�
GSI � 100
9� 3D

�
(3)

a ¼ 1
2
þ 1
6

�
e�

GSI
15 þ e�

20
3

�
(4)

where mi is a curve fitting parameter derived from triaxial testing
of intact rock, thus mb is a reduced value of mi, accounting for the
strength reduction effect of the rock mass conditions by GSI
(Marinos et al., 2005; Eberhardt, 2012); and D is the factor used to
consider near surface blasting and stress relaxation. The values of
parameters used in the generalised HeB model are: GSI ¼ 91,
D ¼ 1.79 and mi ¼ 2700 and they are determined from the best
fitting. The uniaxial compressive strength of the rock is 200 MPa
obtained by laboratory testing inWong et al. (2006). To understand
the effect of holes on the compressive strength, the specimen
without hole is also modelled under the same confining pressures
and the simulation result is presented in Fig. 14. Overall, the intact
and Hoek, 1978; Jaeger et al., 2007).



Fig. 13. Effects of various confining pressures on the mechanical behaviour of rock
with multiple holes.

Fig. 14. Effects of confining pressure on intact rock specimen and specimens with
multiple holes.
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rock under each confining pressure shows higher compressive
strength than the rock with multi-hole under the same confining
pressure. Horizontal and vertical alignments show higher
compressive strength than the diagonal and random alignments,
although their opening ratio (i.e. opening area/specimen area) is
the same in alignments H1, V1 and D1. The specimen with random
alignment shows the lowest compressive strength among the four
alignments.
5. Conclusions

A comprehensive study of the influence of opening in rock on its
mechanical behaviour including Young’s modulus, compressive
strength, microcrack propagation as well as the principal stresses
distribution in the specimen under biaxial condition has been
conducted. Various hole arrangements including single-hole and
multi-hole have been considered. It shows that confining pressure
can significantly increase compressive strength and slightly
increase Young’s modulus. For the specimen with single centred-
hole, increasing specimen width can increase both Young’s
modulus and compressive strength. However, increasing hole size
in the same sized specimen can decrease the Young’s modulus and
compressive strength. The impact on the compressive strength is
higher for the specimenwith larger hole. Themechanism is that the
confining pressure could postpone the tensile zone length and its
stress level, thereby delaying the microcrack initiation around the
hole boundary. For the specimen with multi-hole, the confining
pressure has strengthened the specimen, however, with lower
strength compared to intact rock. Among the multi-hole specimen,
vertical and horizontal alignments have less impact on the strength
than the diagonal and random alignments.
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