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The propagation mechanism of cracks emanating from two holes within the concrete
specimens is studied by considering the effects of different lateral compressive
stresses. The experimental part of this research work is carried out on some specially
prepared pre-cracked specimens with two neighbouring holes under only a uniaxial
compression in the laboratory. The numerical modeling part is performed under both
the uniaxial compresion and the lateral confinment by the 2D particle flow code
(PFC2D). It is shown that the lateral confinement may change the path of crack
propagation in a specimen compared to that of the uniaxially-loaded one. Various
senarios of the mixed mode radial crack propagation around the holes are obtained,
and both the wing (induced tensile) cracks and secondary (shear) cracks are produced
and propagated in various paths due to a change in the confining pressure. The
fracturing pattern changes from a single tensile crack to that of the several shear bands
by increasing the confining pressure. Also the number of shear cracks is increased by
increasing the lateral confinement. On the other hand, as the confining pressure
increases, the wing cracks start their growth from the walls and reach the center of the
cracks under high confinements.

1. Introduction

Understanding the failure mechanism of rock
structures containing micro- and macro-cracks
under various loading conditions is of most
importance to the geomechanics who are
concerned with the design of rock structures related
to various engineering fields such as the
geological, mining, civil, petroleum, energy, and
environmental engineering. The geomaterials such
as rocks and concretes are among the mostly used
structural materials, and contain the main skeleton
of many engineering projects such as buildings,
dams, tunnels, underground openings, and mines.
Therefore, the failure mechanism, crack
propagation, and crack coalescence of these brittle
materials have been investigated by many
researchers [1-7].

The failure mechanism of rocks and concrete
structures under compressive loading have been
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investigated in the recent years [8-12]. Most of the
investigations have considered the material samples
with pre-existing cracks, and have found that the
crack extension in brittle materials is due to the
propagation of wing cracks in the direction of the
applied compressive load [13-15]. They have
clarified that in most of the experimental tests and
numerical investigations, the tensile and shear
cracks initiate from the tips of the cracks already
existing in the rock and concrete specimens under
various loading conditions [13].

It has been observed that these induced cracks
mainly initiate from the crack tips, and continue
their propagation toward the boundaries in the
direction of the maximum principal stress or they
may coalesce with one another [14]. In the case of
brittle materials such as rocks and concretes, due to
their relatively low tensile strength, the formation of
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wing (tensile) cracks is more dominant than those of
the secondary (shear) cracks. The wing cracks may
propagate in curve paths so that the secondary
cracks can originate from them. Therefore, the two
co-planar and oblique cracks can be produced [17,
18]. The failure and fracture mechanisms due to the
process of crack propagation in brittle rocks and
rock-like materials (concretes) have been studied in
the recent decades by Particle Flow Code (PFC) [19-
31]. These research work results were in line with
the experimental results, which indicated that PFC
was able to simulate the progressive failure of the
brittle rock. Hazzard et al. [32] have used a two-
dimensional (2D) simulation procedure to study
the failure process in rocks. They clarified that the
simulated failure process of the hardest rocks such
as granite was very close to that of the laboratory
test. These 2D investigations may not be able to
properly simulate all rock features affecting the
rock behaviors under compression. The discrete
element method has been used by Park et al. [33]
for comparing the rock failure process results for
small-scale and large-scale discontinuity sets by
using the two-dimensional particle flow code
(PFC2D) and the universal distinct element code
(UDEC), respectively. They concluded that the
density of rock joints affected the post-peak failure
of rocks, and changed the rock behavior from
brittle to ductile as the number of discontinuity
increased in the rock mass. Although these models
demonstrate the effects of discontinuities on the
failure behavior of rocks, they may not be able to
exactly simulate the actual rock masses. Holt et al.
[34] have studied the effects of cement content of
rock-like glass on the elastic modulus and strength
of the material sample using the calibrated results
of the PFC2D simulated models with the
experimental laboratory results. Yoon [35] has
combined the experimental design and
optimization procedures in order to establish a
suitable statistical approach for simulating a geo-
material sample in PFC2D. This advance method
is used to calibrate the particle assemblies by the
well-optimized micro-parameters based on the
laboratory testing results. In this procedure, the
uniaxial peak strength and elastic moduli of various
rocks were optimized for the contact-bonded
particle assemblies of the geo-material samples.
Most of these studies did not emphasize on the
post-failure behavior of geomaterials. The
mechanical behavior of the synthetic soft rocks has
been numerically simulated by Cho et al. [36] using
a calibrated PFC2D based on the arbitrary rigid
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particles of sphere/disc shape. The numerically
achieved rock stiffness, uniaxial strength, and its
envelope were reasonably fitted with their
corresponding laboratory results. However, the real
rock behavior includes non-linearity at small load
levels in the pre-failure zone of the stress-strain
curves and also in the post-failure zone. The
numerically modelled samples usually cannot
model the non-linearity in rock behavior before and
after the peak strength of the actual stress-strain
curves. Hao [27] has accomplished some numerical
and experimental investigations on the pre-cracked
rock specimens in order to study the process of
crack propagation under compression. They found
that the numerical results were in good agreement
with the corresponding experimental ones. Some
experiments have also been carried out on the rock-
like specimens by Zhang [26] in order to study the
crack propagation mechanism of closed and open
pre-existing cracks.

Some experiments were conducted by Zhao [30].
The deformation behavior and strength of the
sandstone specimens have been investigated by
Yang [15]. The photographic monitoring technic
was used to study the behavior of the sandstone
specimens by considering the effect of crack
inclination angles. They investigated the crack
propagation and crack coalescence phenomena due
to co-planar cracks. Li [31] has used three different
types of brittle materials in order to investigate the
mechanism of failure and crack extension in the
specimens. He conducted some uniaxial
compression tests on these specimens (each
containing either one or two pre-existing cracks),
and observed the crack extension paths for various
scenarios. In the previous works, the influence of
confining pressure on the sample containing hole
and notch has not been analyzed. In this work, the
laboratory tests and the numerical simulations of
some specially prepared cubic specimens of
concrete are accomplished in order to investigate the
failure mechanism and fracturing process in brittle
materials. These specimens contain two neighboring
holes and two cracks placed on the above and below
these holes (as shown in Figure 1). The effect of
lateral stress on the fracturing mechanism of the
specimen is studied. The numerical simulation of
these specimens under lateral confinement is
accomplished in the PFC2D software, which is a 2D
particle flow code. Comparing the corresponding
experimental and numerical results show the
accuracy of the results, and also approves the
validity and flexibility of the numerical modelling.
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Figure 1. A schematic configuration (in 2D) of the
specially designed concrete specimens.
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2. Experimentally observed crack propagation
process in concrete specimens

In this section, the specially prepared cubic
specimens containing holes and cracks were tested
in the laboratory in order to visualize the
simultaneous effects of cracks and holes on the
failure mechanism of the concrete.

2.1. Preparing appropriate cubic concrete
specimens

The rectangular concrete models with two holes
and two cracks are to be provided for an
experimental test. Therefore, the cubic specimens
with 150 mm in length, height, and thickness were
provided, as shown in Figure 1. Table 1 gives the
mechanical properties and specifications of the
concrete specimens prepared in the laboratory.

Six pre-cracked cubic concrete specimens with
two holes were constructed, as shown in Figures

2(a) to 2(P).

Table 1 shows the specifications of the concrete specimens including the physical/mechanical properties and

specifications.
Sample . . . Density Wave velocity ucCs Tensile strength
types Sample mixture Material ratio (kg /m’) (mis) (MPa) (MPa)
I Cement/grain/water 1/0.5/1 3000 3500 28.3 2.9

2.2. Crack growth process for cubic specimens of
concrete containing cracks and two holes

The fracturing mechanism of the pre-cracked
cubic specimens of the concrete with two cracks just
above and below the two neighboring holes was
experimentally evaluated under compression. The
path of the propagated wing cracks originated from
the pre-existing cracks towards the holes and
boundaries of the specimen for six different
scenarios are given in Figures 3(a) to 3(e). The
laboratory tests were accomplished on the cubic
specimens of the concrete with cracks and holes.
These specimens were specially prepared for six
scenarios: (a) ¢ =30, p = 30", (b) p =45, p=45,

(©) 9=55,p=55,(d)0=55,p=0,(c) =55, B
=90’, and (f) ¢ =90", p=90"). The breaking stresses
for these tests were obtained, and the propagation
path of the pre-existing cracks was observed. In
most of these tests, it was observed that the cracks
started their propagation from the tips of the pre-
existing cracks toward the holes and toward the
specimens’ boundaries in the direction of maximum
principal stress. In some cases, the radial cracks may
also start their propagation from the boundaries of
the holes (Figure 3). The surface of tensile cracks
was smooth without a pulverized material.
However, shear cracks had a wavy surface with a
pulverized material.
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(@) 9=30", =30 (b) p=45",p=45 () p=55,B=55

) ¢=55,p=0 () 9=55, p=90" ) ¢=90°, p=90°

Figure2. Cubic concrete specimens with cracks and two holes used for the experimental tests.

(a) 9 =30, p=30° (b) ¢ =45", p=45’

(0) ¢ =55, p=55"

(d)p=55,p=0

() 9=55,p=90 ) ¢=90",p=90"

Figure 3. Crack growth paths of the pre-cracked cubic concrete specimens with two holes obtained from the
experimental tests for different crack locations and arrangements, i.e. for the six cases of (a) ¢ =30°, B =30°, (b) ¢ =
45,8=45,(c) 9 =55, B=55,(d) 9 =55, p=0", (e) ¢ =55, p=90°, and (f) ¢ =90, p = 90"

3. Model calibration procedure for -cubic

numerical models of the cubic specimens in
specimens PFC2D. In this calibration procedure, the standard
The versatile uniaxial compressive strength test umax1.al compressive strength tests for geo-
s materials were assumed, and the modelled

was used as a standard test for calibrating the

specimens were considered as an assembly of
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particles through the following four main steps: 1)
the particle assembly was generated and packed, ii)
the isotropic condition of stress distribution within
the assembly was established, iii) the floating
particles in the assembly were eliminated to obtain
a robust simulated model, iv) the particle bonds
were installed for all the particles within the
assembly. The plane strain condition was used in
the software. The tensile crack was initiated when
the applied load exceeded from the normal strength
of bonds, while the shear crack was initiated when
the applied load exceeded from the shear strength
of bonds.

Journal of Mining & Environment, Published online

Potyondy and Cundall (2004) have used a
standard calibration procedure for the discrete
element modeling of the geo-material samples. In
this research work, the cubic samples of concrete
were modelled by adopting the same procedure.
Therefore, the particle assembly of the geo-
material (concrete specimen) was generated using
a total number of 5,615 particles. During the test,
the two lateral walls of the assembly were moved
toward each other at a standard speed of 0.016 m/s.
The micro-properties for the calibrated particle
assembly are given in Table 2.

Table 2. Micro-properties used to represent the intact cubic concrete specimen in the modelled sample.

Parameter Value Parameter Value
Type of particle disc Parallel bond radius multiplier 1
Density (kg/m?) 3000 Young modulus of parallel bond (GPa) 40
Minimum radius (mm) 0.27 Parallel bond stiffness ratio 1.7
Size ratio 1.56 Particle friction coefficient 0.4
Porosity ratio 0.08 Parallel bond normal strength, mean (MPa) 30
Damping coefficient 0.7 Parallel bond normal strength, SD (MPa) 2
Contact young modulus (GPa) 40 Parallel bond shear strength, mean (MPa) 30
Stiffness ratio 1.7 Parallel bond shear strength, SD (MPa) 2

(@)

Figures 4a and 4b show the uniaxial compressive
strength test carried out in the laboratory and
modelled by PFC2D, respectively. It was observed
that the numerical and laboratory tests were well-
matching with each other.

(b)
Figure 4. failure pattern in a) physical sample, b) PFC2D model.

However, the numerical and experimental values
for the uniaxial compressive strengths of the
modeled and tested samples are presented in Table
3. As it can be seen, these two values are very close
to each other. In both cases, one major fracture
develops within the model.

Table 3. Uniaxial compressive strengths of physical and numerical samples.

Experimental compressive strength (MPa)
Numerical compressive strength (MPa)

28.3
28.1

The numerical results for the uniaxial
compression test are shown in Figure 5. In this
figure, the red lines correspond to the shear cracks,
and the black lines represent the tensile cracks
developed during the test. It was shown that the

tensile cracks were more dominant than the shear
cracks in this model test, which was close to the
results already obtained experimentally in the
previous section.
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Figure 5. Tensile cracks (black lines) and shear
cracks (red lines) observed in the numerical
compression test of the intact cubic concrete

specimen.

4. Numerical simulation of pre-cracked cubic
concrete specimen containing two holes

The pre-cracked cubic concrete specimens were
numerically simulated by PFC2D, and the
experimentally crack propagation paths observed in
the laboratory tests were verified in this section.

The modeled rectangular concrete specimens are
shown in Figure 6. The various positions of cracks
with respect to the two holes are shown in these
figures. The modelled samples were uniaxially
loaded, and then the lateral confinement was
incrementally added to investigate its effects on the
failure strength and fracture patterns considering
various orientations of the two cracks related to the
two holes.

4.1. Modeling specimens with particle flow
code

The discrete element method (DEM) developed
by Cundall (1979) for modelling the 2D
geomaterial specimens known as the particle flow
code (PFC2D) was used in order to model the cubic
concrete specimens containing two cracks just
above and below two vertically placed holes at
their central parts. Howevere, in the modified
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PFC2D, as proposed by Potyondy and Cundall
2004, the geomaterial specimen is represented by
an assembly of rigid particles. The particles are
bonded together at their contact points by the
contact forces, and can move independently within
the assembly.The 2D DEM code using a central
finite difference scheme was used to calculate the
contact forces and the movements of the particles
in the assembly under a specified applied load. The
linear and non-linear contact mdels considering the
possible frictional sliding between the particles
could be used in the form of linear contact models
and parallel bond models. The relations between
the contact forces and relative movements of the
particles was considered to be elastic within the
assembly. The linear contact model was used in
this work, which provided liear elastic stress-strain
relations for the modelled sample. The calibrated
micro-properties used for generating a parallel
bond model in PFC2D for the cubic concrete
specimens include i) a contact modulus between
the balls (circles), ii) the stiffness ration kn/ks, iii)
the friction coefficient, iv) the normal and shear
strengths of the parallel bonds, v) the parallel bond
radius and its multiplier, vi) the parallel bond
modulus and stiffness ratio, and vii) the standard
deviation for the ratio of normal and shear bond
strengths to those of the mean strengths. The
calbration procedure could be conducted to predict
the appropriate micro-properties for the models
based on the actual values of the material strengths
gained from the laboratory tests on the cubic
specimens of concrete. The trail-and-error
approach was used as a versatile calibration
procedure in PFC2D, which related the micro-
mechanical properties of the models with the
macro-properties obtained through the actual
laboratory tests.

Based on the micro-mechanical parameters given
in Table 4, two types of cubic concrete specimens
were calibrated in the form of two particle
assemblies. The calibrated models for the cubic
concret specimens were of the size 150 x 150 x 150
mm, and the assembly contained 6421 particles. In
this modeling procedure, the low standard speed of
0.016 m/s was adapted to move the two lateral
walls of the modelled specimen toward each other
and assure the integrity and robustness of this
geomaterial particle assembly.
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Figure 6. Rectangular sections of the modelled cubic concrete specimens. Various specifications are given in
parts (a) to (e).

Table 4. Micro-properties used to represent the modelled cubic concrete specimens.

Parameter Value Parameter Value
Type of particle disc Stiffhess ratio 3
density 3000 Particle friction coefficient 0.5
Minimum radius 0.27  contact bond normal strength, mean (MPa) 24
Size ratio 1.56 contact bond normal strength, SD (MPa) 2
Porosity ratio 0.08 contact bond shear strength, mean (MPa) 24
Damping coefficient 0.7 contact bond shear strength, SD (MPa) 2

Contact young modulus (GPa) 8

The compressive strength of the numerically
modeled specimens was compared with those
experimentally measured in the laboratory, and
tabulated in Table 5. Comparing these mechanical
properties show that they are well-matching, and
therefore, wvalidate the correctly calibrated
numerical values for the modelled particle
assemblies of different specimens.

In this work, the physical problems and
experimental tests were carried out in three
dimensions, while the numerical simulations were
established in two dimensions. The crack analyses
of the cubic concrete specimens were mainly in two
dimensions, and the tensile mode (Mode I) and the

shear mode (Mode II) of the fracture propagation
mechanism were considered in this work.

In this analysis, the mechanism of crack
propagation and coalescence in the pre-cracked
cubic specimens of concrete, considering the
strength of the bridge areas, were investigated.
These specimens contained two vertical neighboring
holes containing two cracks just above and below
the holes. Figures 7a to 7¢ show the numerical
modeling of the crack propagation paths for the
simulated cubic concrete specimens. The six
different types of specimens were numerically
modeled, and the results obtained were graphically
shown in the Figure 7. These figures show six
scenarios of the fracturing patterns for the cubic
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concrete specimens, which are comparable to those
already obtained experimentally through the
laboratory tests (shown in Figures 3a to 3e). In the
numerical simulation of the crack analyses of the
pre-cracked cubic specimens with two vertical
holes, two cracks with different arrangements and
locations were considered, and the specimens were
under a uniaxial compression. Similar to the
experimental study of the six scenarios, (a) ¢ = 30,
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B=30",(b)p=45,B=45,(c)p=55,p=55,(d)
0=55,B=0",(e) p=55,p=90", and (f) 9 =90, p
= 90" were modelled. Checking the numerical results
in Figures 7a to 7e with the corresponding
experimental results given in Figures 3a to 3e,
respectively, show that the comparison is
meaningful. In most cases, the cracks start their
propagation from the crack tips. A major diagonal
fracture was developed in these models.

Table 5. Failure strengths of various cubic concrete specimens used in this work.

Numerical failure
stress in MPa

Experimental failure
stress in MPa

Various types of cubic
concrete specimtens

28.1 28.3
22.2 21.2
14.8 14.1
12 11.1
12.5 11.5
10 11.1
23 22.4

Intact (without crack)
(a) 9 =30", =30
(b) p=45", p=45
(c) p =55, p=55

(D o=55,p=0
(e) =55, =90
(H =90, p=90"

(&) 9=55° p=0°

(€) 9 = 55°, p=90°

-

(©) 9=55, p=55°

) 0=90° p=90°

Figure 7. Results of numerical modeling for the pre-cracked cubic concrete specimens with two holes just above
and below the holes. The specimens tested under uniaxial compression and six different arrangements and locations
of the two cracks were considered: (a) ¢ =30°,  =30°, (b) ¢ =45, B =45, (¢c) 9 =55, =55, (d) 9 =55, p =0°, (¢)

=55, =90, and (f) ¢ =90°, B =90".

4.2. Effects of confining pressure on crack
propagation patterns of modeled specimens

In this section, the effects of lateral confinements
on the fracturing mechanism of the specially

modelled cubic concrete specimens with two holes
and two cracks were investigated. The lateral
confinements used for this modeling were 1 MPa, 3
MPa, 6 MPa, and 9 MPa.
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The effects of confining pressure on the fracturing
paths of the two cracks in the cubic concrete
specimens with two vertically located holes are
given in Figures 8 to 11, considering the changes in
the confining pressure as 1 MPa, 3 MPa, 6 MPa, and
9 MPa, respectively. The wing cracks generated
from the tips of the pre-existing cracks of the
modelled specimens under low confinements are
shown in Figs. 9 and 10. On the other hand, as the
confining pressure increases, the wing cracks start
their growth from the walls and reach the center of
the cracks under high confinements, as shown in

(a) =30, =30°

(b) 9=45°, p = 45°

Journal of Mining & Environment, Published online

Figs. 11 and 12, respectively. The high confining
pressure suppresses the tensile crack growth pattern
and increases the shear crack growth mechanism of
the specimens. It means that the failure mechanism
of the specimen changes from a single diagonally
fractured pattern to that of the several cross-
sectional fractured sets as the confining pressure is
increased. However, the fracture length is decreased
by increasing the lateral confinement. When the
confining pressure is low, one crack may start its
propagation, while for the case of high confinement,
the failure process is controlled by the two cracks.

(¢) p=55° p="55°

(d) =55, p=0°

(©) 9=55°, p=90°

(® ¢=90° p=90°

Figure 8. Effect of low confining pressure (1 MPa) on the mechanism of crack growth in the numerically modeled
cubic specimens considering different pre-existing crack arrangements as (a) ¢ =30°, f = 30°, (b) ¢ =45°, B =45°,
() ¢ =55° B =55°(d) ¢ =55° P =0°, (¢) ¢ =55° P =90°, (f) ¢ = 90°, f§ = 90°.
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(@) ¢ =30°, p=30° (b) =45° p=45° (c) p=55° p=55°
!
(d) p=55°, p=0° (e) 9 =55°, p=90° ® ¢ =90°, p=90°

Figure 9. Effect of low to medium confining pressure (3 MPa) on the mechanism of crack growth in the numerically
modeled cubic specimens considering different pre-existing crack arrangements as (a) ¢ =30°, B =30°, (b) ¢ =45, B
=45,(0) 9 =55,p=55,(d) 9 =55,p =0, () ¢ =55, p=90", (f) ¢ =90°, p =90

(a) o= 30°, ﬁ =30° (b) o= 45°, B =45° (c) ¢= 550, B =55°

() p=55°, p=0° (©) 9 =55, p=90° () 9=90° p=90°

Figure 10. Effect of relatively high confining pressure (6 MPa) on the mechanism of crack growth in the
numerically modeled cubic specimens considering different pre-existing crack arrangements as (a) ¢ = 30", § = 30,
(b) ¢ =45", p=45",(c) ¢ =55, p=55, (d) 9 =55, p=0",(v) ¢ =55, p =90, () 9 =90°, p=90".
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(a) =300, p=30°

]

@ =55, p=0°

(©) 9 =55 p=90°
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(b) p=45°, p=45°

®) ¢ =90° p=90°

Figure 11. Effect of high confining pressure (9 MPa) on the mechanism of crack growth in the numerically modeled
cubic specimens considering different pre-existing crack arrangements as (a) ¢ =30°, B =30°, (b) ¢ =45°, p=45", (¢)
¢ =55,p=55,(d) ¢ =55, =0, () =55, p=90", () ¢ = 90", p = 90".

From the above findings, it could be concluded
that in a fixed confining pressure, the number of
cracks were increased by increasing the notch angle.
Also the fracturing pattern changed from a single
tensile crack to that of the several shear bands by
increasing the confining pressure.

4.3. Pre-cracked cubic specimens under uniaxial
compression

The compressive strength of the pre-cracked cubic
specimen of concrete was somewhat lower than that
of the intact (un-cracked) one. In this section, the

ratio of the final failure stress (or) to the strength
(or/oc) of the pre-cracked specimens containing two
holes and two cracks was obtained. The average
unconfined compressive strength (i.e. oc) of the
intact specimens was 28.1 MPa.

Based on the configurations shown in Figure 3, six
different scenarios were considered, i.e. (a) ¢ =30,
B=30",(b)p=45,B=45,(c)p=55,p=55,(d)
9=55,B=0",(e) p=55,B=90", and (f) ¢ = 90",
B =90. The normalized values of or/c. for the cubic
concrete specimens having these 6 scenarios are
given in Figure 12. The normalized values were
used for equalization.
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¢ Normalized breaking stress in the holed-cracked specimen

0.7
0.65
E 0.6‘
2
& 0.55
% 0.5
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2045
E 0.4 ¢
g035 s
S 03
0.25 -
0. 'ﬂg ti" (.f‘)
7 7 7
N LR
\e) $°
4 4 z
[N N3 N

Figure 12. Comparing the or/c. versus different crack locations considering the six scenarios (a) ¢ = 30°, p = 30", (b) ¢ =45", p =
45", (c) =55, p=55°,(d) ¢ =55", =0, (¢) 9 =55, p=90", (f) 9= 90", p = 90’ for the pre-cracked cubic specimens containing
two holes.

5. Conclusions

The crack analysis of brittle geo-materials such as
concretes and rocks under various loading
conditions is important in many engineering
disciplines concerning the surface and underground
structures. In this research work, it was tried to
investigate the complicated process of the crack
growth mechanism in specially prepared cubic
concrete specimens. These specimens contained two
vertically arranged holes in the central part with two
pre-existing cracks just above and below the upper
and lower holes, respectively. Various scenarios of
cracks arrangements were considered, and the
specimens were numerically modelled under the
different lateral confinements of 1 MPa (low), 3
MPa (medium), 6 MPa (relatively high), and 9 MPa
(high). The following main conclusions may be
gained from this work:

e The number of tensile cracks is decreased as the
confining pressure increases. This is due to the
crack closure phenomenon under the lateral
confinement.

e The number of shear crack is increased by
increasing the lateral confinement.

e The fracturing pattern changes from a single
tensile crack to that of the several shear bands by
increasing the confining pressure.

e The length of the major fracturing pattern sets is
decreased by increasing the confining pressure.

e  The position of fracturing is changed from the
tips or near the tips of the pre-existing cracks to
that of the centrally edge model starting from the
center of the two cracks under the lateral
confinement.

e The ultimate strength of the cubic concrete
specimen is increased by increasing the confining
pressure.

e  The minimum strength of the specimens occurs
when the crack and hole arrangements are ¢ =55°
and B = 55°, and the maximum strength is
obtained at @ =90° and = 90",

e  The corresponding numerical results are in good
agreement with their experimental counterparts.
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