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Abstract: The mechanism of cracks propagation and cracks coalescence due to compressive loading of the brittle substances 
containing pre-existing cracks (flaws) was modeled experimentally using specially made rock-like specimens from Portland 
Pozzolana Cement (PPC). The breakage process of the specimens was studied by inserting single and double flaws with different 
inclination angles at the center and applying uniaxial compressive stress at both ends of the specimen. The first crack was oriented at 
50° from the horizontal direction and kept constant throughout the analysis while the orientation of the second crack was changed. It 
is experimentally observed that the wing cracks are produced at the first stage of loading and start their propagation toward the 
direction of uniaxial compressive loading. The secondary cracks may also be produced in form of quasi-coplanar and/or oblique 
cracks in a stable manner. The secondary cracks may eventually continue their propagation in the direction of maximum principle 
stress. These experimental works were also simulated numerically by a modified higher order displacement discontinuity method and 
the cracks propagation and cracks coalescence were studied based on Mode I and Mode II stress intensity factors (SIFs). It is 
concluded that the wing cracks initiation stresses for the specimens change from 11.3 to 14.1 MPa in the case of numerical 
simulations and from 7.3 to 13.8 MPa in the case of experimental works. It is observed that cracks coalescence stresses change from 
21.8 to 25.3 MPa and from 19.5 to 21.8 MPa in the numerical and experimental analyses, respectively. Comparing some of the 
numerical and experimental results with those recently cited in the literature validates the results obtained by the proposed study. 
Finally, a numerical simulation was accomplished to study the effect of confining pressure on the crack propagation process, showing 
that the SIFs increase and the crack initiation angles change in this case. 
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1 Introduction 
 

Experimental works are mainly used to study the 
crack propagation and crack coalescence phenomena in 
brittle substances such as rocks [1−5]. The pre-existing 
cracks in rocks are normally under compressive loading 
and mainly propagate in a stable manner due to 
formation of wing and/or secondary cracks [6]. It is 
mainly expected that the crack initiation will follow in 
the direction (approximately) parallel to the maximum 
compressive stress [7−9]. In a crack propagation process 
of the brittle substances such as rock-like specimens, 
usually two types of cracks are observed originating 
from the original tips of pre-existing cracks (i.e. wing 
cracks and secondary cracks as shown in Fig. 1). Wing 
cracks are usually produced due to tension while 
secondary cracks may initiate due to shear. Therefore, 
initiation of wing cracks in rocks is favored relative to 

secondary cracks because of the lower toughness of these 
materials in tension than in shear [10]. 

Wing cracks are usually considered as the 
emanating tensile cracks that initiate at or near the 
original tips of pre-existing cracks and propagate in a 
curved path (with increasing load) and the secondary 
cracks may be considered as shear cracks that may grow 
from the original tips of the flaws. Secondary cracks may 
initiate in two different directions, coplanar 
(quasi-coplanar) and oblique to the pre-existing cracks 
[11−12]. 

Many experimental works have been devoted to 
study the crack initiation, propagation, interaction and 
eventual coalescence of the pre-existing cracks in 
specimens of various substances, including natural rocks 
or rock-like materials under compressive loading 
[13−26]. 

Recently, PARK and BOBET [27] carried out 
compression tests on prismatic gypsum specimens with  
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Fig. 1 A propagated center slant flaw under uniaxial 

compression 

 
three closed flaws and compared the cracking process in 
specimens with open flaws. The differences between 
open and closed flaws with different geometries are 
investigated. Seven types of cracks coalescence were 
observed in their experimental works. LEE and JEON 
[28] experimentally studied the propagation process of 
single and double flaws in PMMA (poly methyl meth 
acrylate), diastone, and Hwangdeung granite specimens. 
PU and CAO [29] conducted compression tests on 
rock-like specimens with closed multi-fissures and 
investigated the influence of fissure inclination angle and 
distribution density on the breakage characteristics of 
fissured bodies. 

Various numerical methods have been developed for 
the simulation of crack propagation in brittle substances, 
e.g. finite element method (FEM), boundary element 
method (BEM), and discrete element method (DEM). 

Three important breakage initiation criteria were 
proposed to study the crack propagation mechanism of 
brittle materials: 1) the maximum tangential stress 
(σθ-criterion) [30], 2) the maximum energy release rate 
(G-criterion) [31] and 3) the minimum energy density 
criterion (S-criterion) [32]. Some modified form of the 
mentioned criteria e.g. F-criterion which is a modified 
energy release rate criterion proposed by SHEN and 
STEPHANSSON [33] may also be used to study the 
breakage behavior of brittle substances [34−35]. Several 
computer codes were used to model the breakage 
mechanism in brittle materials such as rocks, i.e. FROCK 
code [24], rock failure process analysis (RFPA2D) code 

[36], and 2D particle flow code (PFC2D) [28, 37]. 
The experimental works on rock-like specimens 

containing single and double flaws with different 
inclinations have been accomplished to study the cracks 
propagation and cracks coalescence phenomena in 
rock-like specimens (specimens are prepared mainly 
form PCC, fine sand and water). Some of the 
experimental works are simulated numerically by a 
modified higher order displacement discontinuity code 
and the cracks propagation and cracks coalescence paths 
are studied based on Mode I and Mode II stress intensity 
factors. The experimental results are compared with the 
numerical results which confirm each other and illustrate 
the accuracy and validity of the proposed work. The 
numerical simulation can insert the required flexibility in 
the present analyses so that it may be readily possible to 
investigate the effect of confining pressure on the wing 
crack initiation angles and their Mode I and Mode II 
stress intensity factors. 
 
2 Specimen preparation and testing 
 

In the present work, rock-like specimens are made 
basically from Portland Pozzolana Cement (PPC). PPC, 
fine sand and water are mixed in suitable ratios for 
preparing rock-like specimens with 60 mm in diameter 
and 120 mm in length (Fig. 2). 

Table 1 gives the mechanical properties of the 
rock-like specimens obtained from the laboratory tests. 

Various uniaxial compression tests are conducted on 
rock-like specimens containing two random Flaws 1 and 
2 (Fig. 3(a)). The inclination angle, α of Flaw 1 is kept 
constant (α=50°) but Flaw 2 may experience variable 
inclination angles, φ=0°, 30°, 60° and 90°. 

 

 
Fig. 2 Typical rock-like specimens prepared for laboratory test 

 
Table 1 Mechanical properties of rock-like specimens 

Parameter Value 

Uniaxial compression strength, σ/MPa 26 

Elastic modulus, E/GPa 17 

Poisson ratio,  0.21 

Fracture toughness, KIC/(MPa·m1/2) 2 
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Fig. 3 Geometry of two random flaws in a rock-like specimen under uniaxial compression 
 

These flaws are created by inserting two thin steel 
shims with 10 mm in width and 1 mm in thickness in the 
mold (before casting the specimens). The uniaxial 
compressive stress, σ, was uniformly applied and the 
loading rate was kept at 0.2 MPa/s during the tests. 

Figure 3(b) demonstrates a schematic view of the 
geometry of two random flaws (i.e. Flaw 1 and Flaw 2) 
with equal length 2b=10 mm. The locations of flaws are 
also determined by positions of the flaw tips i.e. Tip 1, 
Tip 2, Tip 3 and Tip 4, respectively. 

Therefore, four specimens are prepared each 
containing two random flaws, 1 and 2, as shown in   
Fig. 4. 
 

 
Fig. 4 Flaw geometries with spacing S=20 mm: (a) α=50°, 

φ=50°; (b) α=50°, φ=80°; (c) α=50°, φ=110°; (d) α=50°, 

φ=140° 

2.1 Production of wing and secondary cracks 
considering a single flaw (Flaw 1) 
Some experimental works have been accomplished 

to study the mechanism of initiation and propagation of 
wing and secondary cracks emanating from a single 50° 
center slant flaw. Figure 5 illustrates the production of 
wing and secondary cracks originating from the tips of 
the pre-existing center slant crack. The propagation paths 
are curved and the wing and secondary cracks propagate 
towards the direction of the uniaxial compressive stress 
applied to the specimen during the experiment. As the 
load increases, the wing cracks propagate further and 
their aperture increases. The secondary cracks are usually 
stable cracks propagating after the wing cracks and may 
 

 
Fig. 5 Cracking pattern in rock-like specimen considering a 

single flaw (Flaw 1) 
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be divided into two main types: 1) quasi-coplanar 
secondary cracks propagating in the plane of the original 
flaw, and 2) oblique secondary cracks propagating in the 
plane of wing cracks, i.e. nearly perpendicular to the 
direction of the original flaw. 
 
2.2 Crack coalescence of rock-like specimens 

containing two flaws 
Cracks coalescence phenomenon occurs when the 

two pre-existing cracks combine due to propagation of 
wings and/or secondary cracks (originating from the tips 
of the pre-existing cracks) in brittle substances under 
various loadings. 

In the current experimental works, the wing cracks 
are instantaneously initiated quasi-statically (Fig. 6). The 
development and coalescence of wing cracks may be the 
main cause of the breakage paths in rock-like specimens. 
Then the secondary cracks may be developed and 
coalesced with the wing cracks in a stable manner. As 
illustrated in Fig. 6, the experimental tests demonstrate 
that the secondary cracks may not always be observed, 
but the wing cracks appear instantaneously. Wing cracks 
may start their initiation at stress levels of about one half 
that of the specimen’s strength, otherwise, the secondary 

cracks may approximately occur near the peak strength 
of the specimens and extend unstably after the wing 
cracks propagation. Figures 6(a)−(d) show the observed 
wing cracks propagating toward each other and causing 
crack coalescence. 

Figures 6 (a)−(b) illustrate four cases of coalescence 
paths due to the propagation of the wing cracks that are 
observed in the experiments. 
 
3 Numerical method 
 

A displacement based version of the indirect 
boundary element method known as displacement 
discontinuity method (DDM) originally proposed by 
CROUCH [38] for the solution of elastostatic problems 
in solid mechanics is used in this work [39−44]. 

In this research, a higher accuracy of the 
displacement discontinuities along the boundary of the 
problem is obtained by using quadratic displacement 
discontinuity (DD) elements. A quadratic DD element is 
divided into three equal sub-elements where each 
sub-element contains a central node for which the nodal 
DD is evaluated numerically [34−35]. 

Figure 7 shows the displacement distribution at 
 

 
Fig. 6 Experimental results illustrating coalescence path of rock-like specimens containing two flaws: (a) α=50°, φ=50°; (b) α=50°, 

φ=80°; (c) α=50°, φ=110°; (d) α=50°, φ=140° 
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Fig. 7 Quadratic collocations for higher order displacement discontinuity variation 

 
quadratic collocation point m, which can be calculated as 

 
)3 ,2,1  ;,( )()(  myxjDAD m

jmj                   (1) 
 

where Dj
1, Dj

2 and Dj
3 are the quadratic nodal 

displacement discontinuities (DDs) in x and y directions. 
Considering a quadratic element of length, 2c, with equal 
sub-elements (c1=c2=c3) and a quadratic shape function, 
Am(ζ) for −c≤ζ≤c, the following shape functions of the 
quadratic collocation point m can be defined as [34] 
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The stresses and displacements for an oriented 

straight flaw in an infinite specimen along x-axis, in 
terms of single harmonic functions f(y, x) and g(y, x), are 
given by CROUCH and STARFIELD [45] as 

 
















][2]2[2

][2][2

][2]2[2

,,,

,,,

,,,,

xyyyyyyyxy

yyyyyxyyyy

yyyyyxyyxyxx

ygyff

yggyf

yggyff







               (3) 

 
And the displacements are 
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where ρ is shear modulus and f,y, g,y, f,x, g,x, etc are the 
partial derivatives of the single harmonic functions f(y, x) 
and g(y, x) with respect to y and x. These potential 
functions (for a quadratic variation of DD along the 
element) can be written as 
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The common function, Ωm, can be defined as 
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The integrals I0, I1 and I2 in Eq. (6) can be obtained 
as 
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where ψ1, ψ2, Γ1 and Γ2 can be derived as  
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To eliminate the singularity of the displacements 

and stress calculation near the flaw ends and increase the 
accuracy of higher order displacement discontinuity 
method around the original flaw tip, a special treatment 
of the flaw at the tip is necessary [46−47]. In previous 
works, usually, one or two elements for specific flaw tip 
were used, but in the present research three special flaw 
tip elements at the flaw ends are used in the general 
higher order displacement discontinuity method. As 
shown in Fig. 8, the DD variation for three nodes can be 
formulated using a special flaw tip element containing 
three nodes (or having three special flaw tip sub- 
elements) [34]: 

 
)3,2,1  ;,)(()()( T   myxjcDAD m

jmj             (9) 
 
Considering a flaw tip element with the three equal 

sub-elements (c1=c2=c3), the shape functions AT1(ζ), 
AT2(ζ) and AT3(ζ) can be obtained as 
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Fig. 8 A special flaw tip element with three equal sub-elements 
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The mode I and mode II stress intensity factors KI 

and KII can be estimated based on LEFM theory as the 
opening and sliding displacements [48]: 
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3.1 Numerical simulation of experimental works 

A modified higher order displacement discontinuity 
method based on the versatile boundary element method 
[49] is used for the numerical simulation of the 
experimental works proposed in this work to study the 
cracks coalescence and cracks propagation process of 
brittle substances under compressive loading conditions. 
The four different specimens already shown in       
Figs. 6(a)−(d) are simulated numerically by the proposed 
numerical method and the results are shown graphically 

in Figs. 9(a)−(d). The linear elastic fracture mechanics 
(LEFM) approach based on the concept of SIFs proposed 
by IRWIN [50] is implemented in the boundary element 
code and the maximum tangential stress criterion given 
by ERDOGAN and SIH [30] are used in a stepwise 
procedure to estimate the propagation path of the 
propagating wing cracks. An iterative method explained 
by MARJI and DEHGHANI [51] has been used to 
investigate the crack propagation directions and paths 
after each crack extension step, Δb=0.1b, successively. 
The crack propagation paths of each flaw have been 
estimated by this iterative method and finally the 
coalescence of the cracks has been observed (after the 
propagation of wing cracks). As it is quite clear from the 
results shown in Fig. 9, the numerically simulated 
propagation paths are in good agreement with the 
corresponding experimentally observed paths (already 
shown in Fig. 6). 

 

 
Fig. 9 Numerical simulation of crack coalescence path for 

specimens containing two flaws: (a) α=50°, φ=50; (b) α=50°, 

φ=80°; (c) α=50°, φ=110°; (d) α=50°, φ=140° 

 
Figure 10 compares the numerical and experimental 

results by considering the cracks initiation and cracks 
coalescence stresses. It has been observed that the wing 
cracks initiation stresses for various samples change 
from 11.3 to 14.1 MPa in the case of numerical analysis 
and from 7.3 to 13.8 MPa in the case of experimental 
works. On the other hand, the cracks coalescence stresses 
change from 21.8 to 25.3 MPa for the numerical analysis 
and from 19.5 to 21.8 MPa for the experimental analysis. 
 
3.2 Effects of orientation and randomness of flaws on 

their SIF 
The mode I stress intensity, KI and mode II stress 
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Fig. 10 Comparison of wing crack initiation and cracks 

coalescence stresses (using numerical simulation and 

experiments works) 

 
intensity factor, KII, are normalized as 
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The values of the normalized SIFs, KI and KII, near 

the original tips of two random flaws are estimated by 
considering Flaw 1 with a constant inclination angle, 
α=50° and Flaw 2 with different inclination angles, φ= 
50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130° and 140°. 
The values of ,N

IK  
N
IIK  and θ are obtained for the first 

step of crack propagation process. Table 2 presents the 
values of ,N

IK  and 
N
IIK  at each of the four tips of the 

two flaws. 
To demonstrate the effect of the second flaw (Flaw 2) 

on the cracks coalescence and cracks propagation paths, 
the numerical values of ,N

IK  and 
N
IIK  for the first flaw 

(Flaw 1) in the absence of the second flaw (Flaw 2) i.e. 
for a single flaw, are also shown in Figs. 11 and 12, 
respectively. 

The numerical results demonstrate that the final 
crack propagation paths are strongly depended on the 
inclination of the second flaw (Flaw 2) as shown in Table 
2 and Figs. 11 and 12. 

As shown in Fig. 11, 
N
IK  has a maximum value at 

φ=80° for the flaw Tip 1 and there may be no interaction 
at 

50  and .95  For the flaw Tip 2, the value of 
N
IK  may decrease when the two flaws (Flaw 1 and  

Flaw 2) overlap slightly whereas, and 
N
IK   may increase 

when two flaws overlap considerably. 
According to Fig. 12, the behavior of 

N
IIK  is usually 

different from that of .N
IK  For the flaw Tip 1, 

N
IIK  has a 

maximum value at 
90  which is close to the value of 

N
IIK  for a single flaw. In addition, there is a little change 

in the value of 
N
IIK  for the flaw Tip 2 when φ changes 

between 70° and 100°. It may be concluded that for the 
closer flaw tips, the values of 

N
IK  and 

N
IIK  increase and 

tend towards the values estimated for a single flaw. 
 

3.3 Effect of confining pressure 
Since the experimental analysis of the crack 

propagation process of rock-like specimens is somewhat 
time-consuming, expensive, difficult and complex, the 
numerical simulations of crack propagation process are 
also accomplished by the indirect boundary element 
method. As experimentally shown in the previous section, 
the flaw inclination angle in double-flawed specimens 
has a significant effect on the coalescence process of the 
two pre-existing cracks. In this work, the effect of 
confining pressure on the crack propagation process has 
been investigated considering single-flawed specimens 
with different flaw inclination angles under biaxial 
compressive loading. To do this, consider a rock 
specimen with length L=120 mm and width w=60 mm  

 

Table 2 Numerical values of N
IK and 

N
IIK  for tips of two pre-existing cracks  

Flaw inclination 
angle 

 N
IK  N

IIK  

α/(°) φ/(°)  Tip 1 Tip 2 Tip 3 Tip 4 Tip 1 Tip 2 Tip 3 Tip 4 

50 50  0.4195 0.4372 0.6367 0.6157 0.463 0.4838 0.3981 0.2196 

50 60  0.4233 0.4342 0.2732 0.2658 0.4766 0.4915 0.4318 0.4144 

50 70  0.4273 0.4323 0.1398 0.1402 0.4863 0.4966 0.3260 0.3129 

50 80  0.4275 0.4285 0.0489 0.0554 0.4941 0.4992 0.1808 0.1773 

50 90  0.4236 0.4233 0.0143 0.0203 0.4985 0.4990 0.0142 0.0210 

50 100  0.4208 0.4217 0.3930 0.0451 0.4962 0.4964 0.1524 0.0941 

50 110  0.4064 0.4122 0.1216 0.1130 0.4934 0.4905 0.3035 0.2881 

50 120  0.3966 0.4082 0.2487 0.2344 0.4847 0.4836 0.4157 0.4054 

50 130  0.3873 0.4051 0.6052 0.5867 0.4718 0.474 0.3979 0.2395 

50 140  0.3825 0.4053 0.5788 0.5667 0.4631 0.4699 0.4792 0.4742 
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Fig. 11 Treatment of N

IK versus changes of flaw 

inclination angle (φ) 

 

 
Fig. 12 Treatment of N

IIK versus changes of flaw inclination 

angle (φ) 

 
(L/w=2) containing a center slant flaw with a half-length, 
b=5 mm, as schematically shown in Fig. 13. The 
mechanical properties of this finite specimen are the 
same as those already given in Table 1. 
 

 
Fig. 13 A schematic view of a propagated center slant flaw 

(with two wing cracks) in a rock specimen under biaxial 

compression 

Several single-flawed specimens under biaxial 
compressive loading are simulated to study the effect of 
the flaw inclination angle on the wing crack initiation 
angle and normalized SIFs by the higher order 
displacement discontinuity method. 

The numerical results of wing crack initiation 
angles and normalized SIFs in specimens containing 
single flaw with varying inclination angles, φ =0°, 15°, 
30°, 45°, 60° and 75° under the confinement of 0, 5 and 
10 MPa are shown in Figs. 14−16. As shown in Fig. 14, 
the confining pressure strengthens the material and 
causes the wing crack initiation angles to be diverted 
from the direction of the maximum (vertical) stress   
(10 MPa) and finally they may produce a shear like 
fracture plane as is usually expected from the results of 
the conventional biaxial compression tests carried out on 
the intact rock specimens. 

According to Figs. 15 and 16, increasing the 
confinement stress causes increasing of 

N
IK  and 

N
IIK  for 

all flaw inclination angles. 
 

 
Fig. 14 Variation of wing crack initiation angles versus changes 

of flaw inclination angles (φ) for confinement stress of 0, 5 and 

10 MPa 

 

 
Fig. 15 Variation of 

N
IK  versus changes of flaw inclination 

angles (φ) for confinement stress of 0, 5 and 10 MPa 
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Fig. 16 Variation of 

N
IIK  versus changes of flaw inclination 

angles (φ) for confinement stress of 0, 5 and 10 MPa 

 
4 Discussion 
 

In this work, the cracks propagation path, the cracks 
coalescence and the effects of confining pressure on the 
fracturing process of rock and rock-like materials have 
been studied both experimentally and numerically. The 
experimental and numerical results given in this work are 
in good agreement with each other. These results are also 
comparable with those already cited in Ref. [36]. The 
following discussion may further augment the validity 
and accuracy of the present research. 

WONG et al [36] have numerically (using a finite 
element code) presented the solution for the problem 
shown schematically in Fig. 17 considering a rock-like 
specimen with length L=170 mm and width w=50 mm 
(L/w=3.4) containing a center slant flaw with a 
half-length b=10 mm and inclination angle, φ, changing 
counterclockwise from x axis. 
 

 
Fig. 17 A schematic view of a propagated center slant flaw 

(with two wing cracks) in a rock specimen under uniaxial 

compression 

 
WONG et al [36] have been numerically 

investigated the crack propagation patterns for different 

flaw inclination angles, φ= 30°, 45° and 65°. They have 
used the RFPA2D code (a 2D finite element code) to 
conduct a number of numerical simulations. Table 3 
gives the mechanical properties of rock specimens used 
in their simulations. 
 
Table 3 Mechanical properties of a rock specimen [36] 

Parameter Value 

Flaw length, 2b/mm 20 

Uniaxial compression strength, /MPa 200 

Elastic modulus, E/GPa 50 

Poisson ratio,  0.25 

Fracture toughness, KIC/(MPa·m1/2) 1.2 

 
Figure 18 illustrates the numerical results presented 

by WONG et al [36] using RFPA2D simulations of the 
crack propagating patterns in pre-cracked specimens 
with variable flaw inclination angles, φ=30°, 45°, and 
65°, respectively. 

 

  
Fig. 18 RFPA2D simulation of propagating paths in pre-cracked 

specimens with variable flaw inclination angles: (a) φ=30°, (b) 

φ=45°; (c) φ=65° [36] 

 
In this work, the same problem is solved 

numerically with the proposed indirect boundary element 
method. The numerical results obtained by the boundary 
element simulation of pre-cracked specimens are shown 
in Fig. 19. Comparing Fig. 18 and Fig. 19 illustrates that 
the crack propagation paths shown in Fig. 16 are in good 
agreement with the numerical results given by WONG et 
al [36] in Fig. 18. Therefore, comparing the results 
graphically shown in Figs. 18 and 19 clearly 
demonstrates the accuracy and validity of the boundary 
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element results presented in this work. It should be noted 
that the boundary element code is much faster and it is 
quite easy to work with it because the boundary element 
method essentially reduces one dimension of the problem, 
alternatively reduces the mesh size sharply and makes 
the discretization of the problem simpler and quicker 
[36]. 
 

 
Fig. 19 Boundary element simulation of crack propagation 

process in pre-cracked specimens (based on mechanical 

properties given in Table 3): (a) φ=30°; (b) φ=45°; (c) φ=65° 

 
In the numerical verification of the results, the mode 

I fracture toughness KIC=1.2 MPa·m1/2 is estimated based 
on the numerical results given by WONG et al [36]. It 
should be noted that different crack propagation 
increments (steps) are used in the numerical analysis of 
the present problem. 
 
5 Conclusions 
 

1) A comprehensive experimental works have been 
accomplished to investigate the crack propagation 
mechanism in brittle substances due to the cracks 
coalescence phenomenon which mainly occurs during 
the propagation of wing cracks emanating from the tips 
of the pre-existing cracks. 

2) It is experimentally shown that the wing cracks 
are mainly responsible for the cracks coalescence and the 
final cracks propagating paths. The secondary cracks 
may also be produced after the propagation of the wing 
cracks in the specimens under uniaxial loadings. The 
experimental models illustrate well the production of the 
wing and secondary cracks and the cracks propagation 
paths produced by the coalescence phenomenon of the 
two pre-existing cracks (flaws). 

3) The same experimental specimens are modeled 
numerically by an indirect boundary element method and 
it has been shown that the numerical results are in good 
agreement with the corresponding experimental results. 
The effects of the orientation of the second flaw on the 
propagation path and cracks coalescence have also been 
studied experimentally and numerically. 

4) The wing cracks initiation stresses for the 
specimens change from 11.3 to 14.1 MPa in the case of 
numerical simulations and from 7.3 to 13.8 MPa in the 
case of experimental works. The cracks coalescence 
stresses change from 21.8 to 25.3 MPa and from 19.5 to 
21.8 MPa in the numerical and experimental analyses, 
respectively. 

5) The effect of confining pressure on the crack 
propagation process has been numerically simulated, 
which shows that the SIFs increase and the crack 
initiation angles change in this case. 
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