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1. Introduction 
 

Concretes used in the construction of engineering 

structures may contain several natural weaknesses in form 

of pores, micro cracks, grains boundaries and the 

laminations between the layers known as bedding planes. 

These pre-existing defects may eventually induce macro 

cracks due to internal or external forces endeavored by the 

concrete structures (Wang and Kemeny 1994, Marji 2014, 

Haeri 2015a). On the other hand, presence of these natural 

defects near the crack tips may change the stress and 

displacement fields near these singular points and may lead 

to changing the elastic behavior of the material near the tips 

to that of plastic. These processes can produce the plastic 

zones of different sizes and shapes depending the materials 

being used and the loading conditions being endeavored by 

the concrete structures. The fracturing characteristics of the 

concretes may be defined in form of fracture toughness and 

the crack extension and crack kinking phenomena. 

Therefore, the shape and size of crack tip plastic zones and 

the crack growing process in form of crack length, initiation 

of crack propagation, crack growth length, crack initiation 

and propagation angles and crack growth rate considering 

the presence of other defects such as pores and planes of 

weaknesses may al l be studied to have a good 

understanding of concrete behavior and concrete failure  
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process which is very helpful in the engineering design of 

different concrete structures under different loading 

conditions (Haeri et al. 2015a, b, Marji 2014). The linear 

elastic fracture mechanics concepts can be effectively used 

for the crack analyses of brittle materials such as concretes 

and rocks. The linear elastics stress analysis near the crack 

tips can be used to predict the stress and displacement fields 

near these singular points where the inelastic deformation 

can be produced in both ductile and brittle materials (Marji 

2014, 2015, Abdollahipour et al. 2015). Plastic deformation 

in form of plastic strains may develop in most concrete 

materials near the crack tips when the yield strength of the 

material is exceeded. The concretes remain elastic during 

the loading procedure before the yield strength of the 

specimen. However, the formation of plastic zone in 

concrete depends on the material properties, loading 

conditions and structural element configuration. The 

moderate crack tip yielding can be used to estimate the size 

of plastic zone for a particular concrete specimen e.g. the 

Von-Mises yield criterion and the associated flow rules as 

used by some researchers (Rice and Rosengren 1968, 

Kuang and Chen 1997). A vast number of analytical, 

experimental and numerical studies has been carried out to 

study the elastic interaction between a crack and micro 

defects in homogeneous solid materials (Rose 1986, 

Rubinstein 1986, Horii and Nemat-Nasser 1987, Yang 2011, 

Yoshihara 2013, Zeng et al. 2014, Jiang et al. 2014, Haeri 

2015b, Haeri et al. 2016a,b,  and Haeri, 2016). 

Manystudies have been carried out to determine the plastic 

behaviour near the crack tip (Bian 2004, Botvina 2005, 

Tong 2007, Antunes 2008, ASTM 2008, Oudad 2009, 
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Abstract.  In this paper, the interaction between notch and micro pore under uniaxial compression has been performed 

experimentally and numerically. Firstly calibration of PFC2D was performed using Brazilian tensile strength, uniaxial tensile 

strength and biaxial tensile strength. Secondly uniaxial compression test consisting internal notch and micro pore was performed 

experimentally and numerically. 9 models consisting notch and micro pore were built, experimentally and numerically. 

Dimension of these models are 10 cm *10 cm* 5 cm. the length of joint is 2 cm. the angularities of joint are 30°, 45° and 60°. 

For each joint angularity, micro pore was situated 2cm above the lower tip of the joint, 2 cm above the middle of the joint and 2 

cm above the upper of the joint, separately. Dimension of numerical models are 5.4 cm*10.8 cm. The size of the cracks was 2 

cm and its orientation was 30°, 45° and 60°. Diameter of pore was 1cm which situated at the upper of the notch i.e., 2 cm above 

the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower of the notch tip. The results show that failure 

pattern was affected by notch orientation and pore position while uniaxial compressive strength is affected by failure pattern. 
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Kudari 2009, Rans 2009, Kudari 2009, Gao 2010, Huang 

2010, Gao 2010, Xin 2010, Caputo 2012, Castro 2013, 

Sousa 2013, Nabil et al. 2012, Ramadoss 2013, Caputo 

2013, Pan 2014, Nejati and Ghazvinian 2014, Panaghi et al. 

2015, Nabil et al. 2017, Monfared 2017, Boumaaza et al. 

2017, Rooh et al. 2018, Khodayar and Nejati 2018). Several 

researchers have been done the experimental study on the 

pre-existing cracks and pores interaction (Cheng et al. 2016, 

Zhou et al. 2018a,b, Zhang et al. 2018). 

Many numerical methods can be applied to investigate 

interaction between internal notch and micro pore, such as 

General Particle Dynamics (GPD) (BI et al. 2016, Bi et al. 

2017, Zhou 2018a). Peridynamics(PD) (Wang et al. 2016, 

Wang et al. 2017, Wang et al. 2018), The Extended Finite 

Element Method (Cheng 2015). 

However, the plastic deformation around the crack tips 

in isotropic materials occurs identically in all directions and 

can be mathematically formulated based on the classical 

theory of plasticity because in this case, there is no 

preferred direction for the plastic deformation.  When the 

crack tip is near a micro-defect, the situation significantly 

differs because these defects influence on the size and shape 

of the crack tips plastic zone. Therefore, in this study, the 

effects of interaction of micro pore and internal joints (near 

the tip of the crack) are investigated for a typical concrete 

specimen (containing micro pores and pre-existing cracks) 

under compression. The aim of this research is to 

investigate the crack propagation and crack growth 

processes by experimental tests carried out on the specially 

prepared laboratory concrete specimens and also by discrete 

element simulation of the modeled concrete samples using 

the bonded particle model (BPM) implemented in particle 

flow code in two dimension (PFC2D). 

 

 

2. Laboratory tests and results 
 

Several laboratory tests have been carried out to study 

the effects of the crack and micro pore interaction on the 

crack propagation and failure processes of concrete 

specimens under compression. Some experimental tests 

were also conducted to calibrate the numerical models 

developed for the numerical investigation of the pore-crack 

interaction effects on the fracture process of modeled 

concrete specimens.  

 

2.1 Preparing the modeled samples 
 
A mixture of plaster, cement, and water is used for 

producing the intact specimens and the specimens with pre-

existing pore-cracks. The mixture is made of equal 

proportions of cement, plaster, and water by weight. A 

mixer was used for missing the batches for exactly 10 

minutes. The flow able mixture was then cast in the molds 

and cured at the room condition with the temperature of at 

20±2
°
C in the geo-mechanics laboratory for 20 days. The 

cylindrical molds were 54 mm in diameter and 108 mm in 

height (height to diameter ratio of 2) and the disc specimens 

were 54 mm in diameter and 27 mm in thickness.  

 

Table 1 Experimentally determined properties of intact 

modeled samples 

Mechanical properties Experimental results 

Elastic modulus (GPa) 17 

Poisson’s ratio 0.18 

UCS (MPa) 10 

Crack initiation stress (MPa) 7 

Brazilian tensile strength (MPa) 1.3 

Friction angle 29 

Cohesion (MPa) 3 

 
2.2 The mechanical properties of the intact material 

used for the modeled samples 
 

To characterize the mechanical properties of the molded 

specimen, several different tests in uniaxial compression, 

biaxial compression, and Brazilian configurations were 

conducted. Table 1 provides a summary of the mechanical 

properties of the intact concrete materials obtained from the 

experiments.  

 
2.3 Preparing and testing the models consisting crack 

and pore 
 

In this research, the concrete specimens containing 

cracks and pores are specially prepared in the laboratory by 

using a mold with 100 mm in length and width and 50 mm 

in thickness. The concrete specimen was a mixture of fine 

sand, cement and water by a ratio of 0.4/1/1. Fiberglass 

sheets containing smooth contact surfaces are attached 

together to prepare the specially designed mold for 

preparing the concrete specimens in the laboratory. The 

fiberglass plates of 20 mm in thickness are placed on the 

top and bottom of the mold to produce the concrete 

specimens with smooth surfaces. The top plate contains two 

orifices allowing the cast able concrete material mortar to 

flow into the enclosed mold.  Slits of 1 mm aperture are 

placed at the upper and lower surfaces of the mold. The 

length of these slits is equal to the thickness of the modeled 

specimens. One shim and one cylinder are inserted into the 

mold to leave the required spaces for simulating the internal 

crack and pore respectively after poring the gypsum. The 

casted specimens were kept in the mold for 7 hours then 

unmolded and kept in the laboratory at the temperature of 

20±2
°
C (room temperature) for 20 days. The shim and 

cylinder are greased and placed with in the casted specimen 

to produce smooth through thickness cracks and pore.  It 

has been tried to produce open natural crack with smooth 

surfaces while removing the shims from the concrete 

specimen. Repeating the same procedure for nine 

specimens, the required concrete specimens containing non-

persistent crack and pore were prepared so that the size of 

crack was 2 cm and its orientation was changed for each 

specimen as: 30° (Fig. 1), 45° (Fig. 2) and 60° (Fig. 3), 

respectively. In addition, the pore had a diameter of 1 cm 

and was placed 2 cm either above the upper tip of the crack, 

or 2 cm bellow the lower crack tip or 2 cm above or below 

the center of the crack in any individual concrete specimen.  
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The uniaxial compression test machine was used for testing 

the sample. The loading rate was 0.01 mm/s. after the test,  

 

 

 

 

the broken samples was check visually and failure pattern 

and failure mode were determined. 

  
(a) (b) 

 
(c) 

Fig. 1 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower 

of the notch tip; notch angle is 30° 

  
(a) (b) 

 
(c) 

Fig. 2 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower 

of the notch tip; notch angle is 45° 
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3. Fracturing patterns in loaded specimens 
consisting pore and crack 

 
The fracture patterns of specimens containing different 

pore and notch configurations are discussed in this section. 

The fracturing patterns are categorized by considering 

different angle of notches including, 30°, 45° and 60°, and 

different pore’s situation as shown in Figs. 1- 3 respectively. 

 

3.1 Specimens with notch angle 30°  
 

When notch angle is 30° and pore was situated 2 cm 

above the upper tip of the joint (Fig. 4(a)), two wing crack 

initiate from notch tips and propagate nearly parallel to 

normal load till coalescence with sample edge. Also three 

wing cracks initiate from the hole. One of these crack 

coalesce with lower tip of the notch and two of them 

coalescence with sample edge. 

When notch angle is 30° and pore was situated 2 cm above 

the middle of the joint (Fig. 4(b)), three wing crack initiate 

from notch tips and propagate till coalescence with sample 

edge. Also three wing cracks initiate from the hole. Two of 

these crack coalesce with the notch and one of them 

coalescence with sample edge. 

When notch angle is 30° and pore was situated 2 cm above 

the lower tip of the joint (Fig. 4(c)), two wing crack initiate 

from notch tips and propagate nearly parallel to normal load 

till coalescence with sample edge. Also two wing cracks 

initiate from the hole. One of these crack coalesce with the 

notch and one of them coalescence with sample edge. 

 

 

3.2 Specimens with notch 45° 
 

When notch angle is 45° and pore was situated 2 cm 

above the upper tip of the joint (Fig. 5(a)), two wing crack 

initiate from notch tips and propagate nearly parallel to 

normal load till coalescence with sample edge. Also three 

wing cracks initiate from the hole. One of these crack 

coalesce with lower tip of the notch and two of them 

coalescence with sample edge. 

When notch angle is 45° and pore was situated 2 cm above 

the middle of the joint (Fig. 5(b)), one wing crack initiate 

from upper tip of the notch and propagate nearly parallel to 

normal load till coalescence with sample edge. Also two 

wing cracks initiate from the hole. One of these crack 

coalesce with lower tip of the notch and one of them 

coalescence with sample edge. 

When notch angle is 45° and pore was situated 2 cm above 

the lower tip of the joint (Fig. 5(c)), two wing crack initiate 

from the notch and propagate nearly parallel to normal load 

till coalescence with sample edge. Also two wing cracks 

initiate from the hole. One of these crack coalesce with 

lower tip of the notch and one of them coalescence with 

sample edge. 

 

3.3 Specimens with notch 60° 
 

When notch angle is 60° and pore was situated 2 cm 

above the upper tip of the joint (Fig. 6(a)), two wing crack 

initiate from the notch and propagate nearly parallel to 

normal load till coalescence with sample edge. Also two  

  
(a) (b) 

 
(c) 

Fig. 3 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower 

of the notch tip; notch angle is 60° 

482



 

Experimental and numerical studies of the pre-existing cracks and pores interaction... 

 

 

 

 

  
(a) (b) 

 
(c) 

Fig. 4 Failure pattern when Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 

cm above the lower of the notch tip; notch angle is 30° 

  
(a) (b) 

 
(c) 

Fig. 5 Failure pattern when Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 

cm above the lower of the notch tip; notch angle is 45° 
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wing cracks initiate from the hole. One of these crack 

coalesce with lower tip of the notch and one of them 

coalescence with sample edge. 

When notch angle is 60° and pore was situated 2 cm above 

the middle of the joint (Fig. 6(b)), two wing crack initiate 

from the notch and propagate nearly parallel to normal load 

till coalescence with sample edge. Also two wing cracks 

initiate from the hole. One of these crack coalescence with 

lower tip of the notch and one of them coalescence with 

sample edge. 

When notch angle is 60° and pore was situated 2 cm above 

the lower tip of the joint (Fig. 6(c)), two wing crack initiate 

from the notch and propagate nearly parallel to normal load 

till coalescence with sample edge. Also three wing cracks 

initiate from the hole. One of these crack coalesce with 

upper tip of the notch and two of them coalescence with 

sample edge. 

 

 

4. The bonded particles modeling techniques 
 

The bonded particle algorithm implemented in a particle 

flow code in two dimensions (PFC2D) which is based on 

the versatile discontinuous materials (geo materials) known 

as discrete element method (DEM). Based on this modeling  

 

 

technique, any geo-mechanical problem can be modeled in 

term of a series of disc particles (circular disc elements for 

two dimensional problems). These numerically created 

particles can form different shapes while combining 

together to constitute particles assembly for modeling the 

geo-mechanical problem. This procedure allows that each 

particle assembly behaves like an autonomous object in the 

numerically modeled specimen. In this numerical modeling 

each particle assembly can be produced with a uniform 

size-distribution algorithm to have radii with different 

dimensions. The particles within the assembly can move 

individually while they are bonded to each other at the 

specified contact points. In this discrete element modeling 

technique each particle assembly generate an individual 

particle mode for the geo-mechanical problem. As a whole, 

the bonded particle model can be designed considering the 

following assumptions: a) each particle act as a rigid body; 

b) the area of contact points are negligible; c) a soft-contact 

procedure is adopted; d) overlaps at the contact points are 

allowed; e) the magnitudes of overlaps are related to the 

induced forces; f) all overlaps are small compared to the 

particle’s sizes and g) all the particles are bonded at the 

corresponding contact points.  

The contact (normal) and parallel bonds can both be 

assumed for modeling the particles by the particle bond 

  
(a) (b) 

 
(c) 

Fig. 6 Failure pattern when Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 

cm above the lower of the notch tip; notch angle is 60° 
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modeling technique. The magnitude of the tensile normal 

force in the case of contact bonds must exceed that of the 

normal bonding strength of the particles in the assembly. 

After that the normal and shear contact forces can be set to 

zero at the breaking stage of the contacts. On the other 

hand, in case of shear breakage of bonds, the induced shear 

contact force in between the particle assembly should be 

equal or exceed that of the shear strength of the particle 

contacts. In this case, the contact forces are kept constant 

while the induced shear forces are allowed to exceed that of 

the frictional and coherent shear strength of the contact 

particles under compressive normal loading conditions.   

In the present study, the micro-mechanical properties of 

the rock like materials (such as concrete) are predicted by 

using the parallel bond modeling techniques. Table 2 gives 

eight micro mechanical parameters of the concrete 

specimens being used in the present parallel bond model 

technique. The macro mechanical parameters of the 

concrete specimens obtained in the laboratory are being 

calibrated by these numerically evaluated micro parameters. 

The standard calibration procedure used in this study is the 

trial and error scheme. The measured experimental results 

for the macro mechanical parameters of the concrete 

specimens obtained from the laboratory tests are already 

known and can be used in this iteration process. In this 

procedure, the elastic modulus of the intact material is 

related to that of the bonded particle model. In addition, the 

shear and normal strengths of the particle bonding are also 

related to those of bonded particle model, in this research. 

 

4.1 Preparing the modeled samples and calibrating 
the numerical modeling  
 

The standard process of generating a suitable particle 

assembly model in the particle flow code, was explained by 

Itasca (1999). The same procedure is adopted in the present 

study by assuming the following steps: i) generating and 

 

 

Table 2 Micro properties used to represent the concrete 

specimens modeled having a tensile strength of 1.6 MPa 

property value property value 

Type of particle disc 
Parallel bond radius 

muliplier 
1.4 

Densiy (kg/m3) 2000 
Youngs modulus of 

parallel bond (GPa) 
40 

Minimum radius 

(mm) 
0.27 

Parallel bond stifness 

ratio (pb_kn/pb_ks) 
1.7 

Size ratio 1.56 
Particle friction 

coefficien 
0.4 

Porosity ratio 0.08 
Parallel normal 

strength, mean (MPa) 
8 

Local damping 

coefficient 
0.7 

Parallel normal 

strength, std. dev 

(MPa) 

2 

Contact young 

modulus (GPa) 
4 

Parallel shear strength, 

mean (MPa) 
8 

Stiffness ratio 

(kn/ks) 
1.7 

Parallel shear strength, 

std. dev (MPa) 
2 

 

 

packing of the particles with in the assembly, ii) stress 

initialization by assuming isotropic loading conditions, iii) 

eliminating the floating particles with in the assembly, iv) 

installing  the bonds with in the particles of the assembly 

and v) the effects of gravity are neglected because the 

gravity induced stress gradient is very small and have a 

relatively negligible effect on the macroscopic behavior of 

the concrete specimens. 

In the present study, the unconfined compressive 

strength test, the indirect tensile strength (Brazilian) test and 

the biaxial stress test were carried out in a rock mechanics 

laboratory. The measured macroscopic mechanical 

properties were used to calibrate the microscopic properties 

of the particles considering the parallel bond model of 

bonded particle model technic. A relatively small loading 

rate (0.016 m/s) was applied in all models simulated in this 

study as suggested by Potyondy (2004) and Ghazvinian 

(2012). The micro and macro mechanical properties of the 

modeled concrete samples were calibrated by the standard 

trial and error calibration process. Table 3 represents the 

micro properties used for the simulation of the concrete 

samples with 1.6 MPa in tensile strength. 

Following sections summarize the specifications of 

different numerical tests adopted for the calibration of the 

models used in this research. 

The lines 

 

4.1.1 Numerical modeling of unconfined compressive 
strength test 

The conventional unconfined compressive strength test 

can be simplified to model by a particle flow code 

(PFC2D). The particle assembly as illustrated in Fig. 7(a) is 

modelled such that two moving walls compress the 

assembly. The lines in this figure indicate the bonds and the 

positions of micro cracks existing in the particle assembly. 

The black and red lines represent the tensile and shear 

failure of the modeled specimen, respectively. The walls 

acting as frictionless rigid plates enclosing the modeled 

concrete specimen. The height of the particle assembly 

representing the tested concrete specimen is 108 mm and 

the specimen’s width is 54 mm. The assembly consists of 

14298 particles with a normal particle size distribution 

ranging in radii from 0.27 to 0.421 mm. The radii of particle 

bonds were chosen to be as small as possible so that they 

may not affect the computational efficiency and minimize 

the total running time of the computer code. Assuming a 

dense packing of the modeled concrete specimen, a 

reasonable porosity ratio of 0.08 is considered in this work. 

The Poisson’s ratio, the elastic modulus, E, the unconfined 

compressive strength (UCS) and the crack initiation stress 

for the particle assembly can be easily estimated through 

the numerical simulation of the modeled sample by PFC2D 

(Potyondy 2004). However, as shown in Fig. 7(b), the 

failure plane estimated by the numerical modeling is nearly 

vertical which is in agreement with the experimentally 

observed one in the laboratory.  

Table 3 gives the numerical results and compares them with 

those measured experimentally through laboratory tests. 
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Table 3 Macro mechanical properties of model material in 

Experimental test and PFC2D 

Mechanical 

properties 
Experimental results 

PFC2D model 

results 

Elastic modulus 

(GPa) 
17 17 

Poissons ratio 0.18 0.19 

UCS (MPa) 10 10 

Crack initiation 

stress (MPa) 
7 7 

Brazilian tensile 

strength (MPa) 
1.3 1.2 

Friction angle 29 28 

Cohesion (MPa) 3 3 

 

 

4.1.2 Numerical simulation of Brazilian tensile 
strength test 

The standard indirect tensile strength test known as 

Brazilian test was used in this study to calibrate the tensile 

strength of the concrete specimens modeled by the two 

dimensional particle flow code. The specimen’s diameter 

for Brazilian tensile strength (BTS) test was 54 mm and 

5615 particles were used to simulate this test. This particle 

assembly was crushed by moving the lateral walls toward 

each other with a standard speed of 0.016 m/s. The failure 

patterns for both numerical and experimental concrete 

specimens are shown in Figs. 7(c) and 7(d), respectively. 

Horizontal splitting planes resulted in this modeling 

research are in good agreement with those observed 

experimentally through laboratory tests.  Fig. 7(e) shows 

the numerical BTS results which are compared with those 

obtained experimentally.  

 

4.1.3 Numerical simulation of biaxial test for concrete 
specimens 

The experimental requirements for performing the 

biaxial tests in the laboratory are initially the same as those 

for uniaxial compressive tests. For a two dimensional 

modeling of this test, a rectangular model was prepared and 

loaded from four sides by the surrounding walls. In this 

case the top and bottom walls serve as the vertical loading 

platens but the two modeled specimens sides serve as the 

applied confining stress walls. For simulating a soft 

confinement, the normal stiffness for the lateral walls was 

set as 0.001 to 0.2 times the average normal stiffness of the 

specimen. The servo-mechanism (which controls the 

velocities of the four confining walls of the modeled 

concrete specimen) was activated to apply the suitable 

vertical and confined stresses to the modeled particle 

assembly. Effects of confined stress on the strength 

parameters of the modeled specimens are shown in Fig. 

7(f). The behavior of the modeled specimens under biaxial 

loading condition then can be obtained from PFC2D and 

these results can be compared with those measured 

experimentally through real tests already presented in Table 

3. Comparing the numerical and experimental results 

(already given in Table 3) demonstrate that the results 

obtained through the numerical modelling approach are 

very close to those measured experimentally.  

 

 

Fig. 7 (a) Unconfined compressive test (cracks described 

by red/black lines), (b) failure pattern in physical 

uniaxial sample, (c) failure pattern in PFC2D model, (d) 

failure pattern in physical sample, (e) Tensile strength 

versus axial displacement curve for numerical Brazilian 

test simulation) Calibrated failure locus for PFC 

synthetic rock compared to the Laboratory measured 

 

 

 

This procedure helps to the verification and calibration of 

the proposed numerical method applied in this research. 

 

4.2 Simulating the uniaxial compressive strength test 
for specimens with crack-pore 

 

After calibration of PFC2D, the calibrated micro 

parameters were used in PFC2D models (Figs. 8-10). The 

PFC specimen has the cross sectional dimensions (54×108 

mm). To create the models, a total of 11179 disks with a 

minimum radius of 0.27 mm were used. The cracks and 

pores are formed in the model, by deleting bands of the 

particles, with a width of 1 mm, from the model. Totally, 

nine rectangular models were constructed. Each model 

contains crack and pore. The size of the cracks was 2cm and 

its orientation was 30 (Fig. 8), 45 (Fig. 9) and 60 (Fig. 10). 

Diameter of pore was 1 cm which situated at the upper of 

the notch i.e., 2 cm above the upper notch tip, 2 cm above 

the middle of the notch and 2 cm above the lower of the 

notch tip. The uniaxial test was simulated by making the 

platens approaching each other with the rate of 0.016 m/s. 

The axial displacement was measured by monitoring the 

upper and lower wall displacements. 
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5. Results and discussion 
 

5.1 Failure patterns in the numerical models of 
cracked-pored specimens  

 

Figs. 11-13 show the interaction between pore and notch 

for three different value of notch angle, i.e., 30, 45 and 60, 

respectively. Tensile and shear cracks are shown by black 

and red lines, respectively. 

 

 

 

 

 

 

 

 

5.1.1 Specimens containing a 30° notch  
When notch angle is 30° and pore was situated 2 cm 

above the lower tip of the joint (Fig. 11(a)), One wing crack 

initiates from upper tip of the notch and propagates 

diagonally till coalescence with model edge. Also two wing 

crack initiates from lower tip of the notch and propagates 

diagonally till coalescence with model edge. One wing 

crack initiates from lower wall of the notch. Two wing 

cracks initiates from upper and lower of the pore. These 

cracks propagate parallel to loading axis. Lower tensile 

crack coalesces with the lower tip of the notch. 

 

   
(a) (b) (c) 

Fig. 8 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower 

of the notch tip; notch angle is 30° 

   
(a) (b) (c) 

Fig. 9 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the lower 

of the notch tip; notch angle is 45° 
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When notch angle is 30° and pore was situated 2 cm 

above the middle of the joint (Fig. 11(b)), two wing crack 

initiates from upper tip of the notch and two wing cracks 

initiate from lower tip of the notch. These cracks propagate 

diagonally till coalescence with model edge. One wing 

crack initiates from lower wall of the notch. Two wing 

cracks initiates from upper and lower of the pore. These 

cracks propagate parallel to loading axis. Lower tensile 

wing crack coalesce with the upper wall of the notch.  

When notch angle is 30° and pore was situated 2 cm 

above the upper tip of the joint (Fig. 11(c)), two wing crack 

initiates from lower tip of the notch and propagate 

diagonally till coalescence with model edge. One wing  

 

 

 

 

crack initiates from lower wall of the notch and propagates 

parallel o loading axis. Also four wing cracks initiates from 

upper, lower, left and right side of the pore. These cracks 

propagate parallel to loading axis. Two of these tensile wing 

crack coalescences with the upper wall of the notch. One of 

them propagates vertically upward and other crack 

propagates diagonally till coalescence with model edge. 

 

5.1.2 Specimens containing a 45° notch 
When notch angle is 45° and pore was situated 2 cm 

above the lower tip of the joint (Fig. 12(a)), four wing crack 

initiates at tip of the notch. One of these wing cracks 

propagates diagonally ill coalescence with model edge. Also  

 
  

(a) (b) (c) 

Fig. 10 Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 2 cm above the 

lower of the notch tip; notch angle is 60° 

   
(a) (b) (c) 

Fig. 11 Failure pattern when pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 

2 cm above the lower of the notch tip; notch angle is 30° 
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here wing crack initiates from hole. The lower wing crack 

propagates vertically related to loading axis till coalescence 

with notch. 

When notch angle is 45° and pore was situated 2 cm 

above the middle of the joint (Fig. 12(b)), wing crack 

initiates from lower tip of the notch. These cracks propagate 

diagonally till coalescence with the model edge. Also two 

wing crack initiates from hole and propagate parallel to 

loading axis. Lower wing crack was coalescence with the 

notch. When notch angle is 45° and pore was situated 2 cm  

 

 

 

 

above the upper tip of the joint (Fig. 12(c)), three wing 

crack initiates from lower tip and upper tip of the notch. 

These cracks propagate diagonally till coalescence with the 

model edge. Also three wing crack initiates from the hole 

and propagate parallel to loading axis. Lower wing crack 

was coalescence with the notch. 

 

5.1.3 Specimens containing a 60° notch 
When notch angle is 60° and pore was situated 2 cm 

above the lower tip of the joint (Fig. 13(a)), three wing  

   
(a) (b) (c) 

Fig. 12 Failure pattern when Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 

2 cm above the lower of the notch tip; notch angle is 45° 

   
(a) (b) (c) 

Fig. 13 Failure pattern when Pore was situated (a) 2 cm above the upper notch tip, 2 cm above the middle of the notch and 

2 cm above the lower of the notch tip; notch angle is 60° 
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crack initiates from lower tip and upper tip of the notch. 

One of these cracks propagates diagonally till coalescence 

with the model edge. Also one wing crack initiates from the 

left side of the hole and propagate diagonally till 

coalescence with the model edge. 

When notch angle is 60° and pore was situated 2 cm 

above the middle of the joint (Fig. 13(b)), two wing crack 

initiates from lower tip and upper tip of the notch. These 

cracks propagate diagonally till coalescence with the model 

edge.  

When notch angle is 60° and pore was situated 2 cm 

above the upper tip of the joint (Fig. 13(c)), three wing 

crack initiates from lower tip and upper tip of the notch. 

One of these cracks propagates vertically related to normal 

loading till coalescence with model edge. Two other wing 

cracks propagate diagonally till coalescence with the model 

edge. Also four wing crack initiates from the hole. Two of 

these wing cracks coalescence with upper oriented wing 

cracks. One of them coalescence with upper wall of the 

notch and finally the forth wing crack propagates vertically 

through the model. 

With comparison between numerical results (Figs. 11-13) 

and experimental measurements (Figs. 4-6) its clear that the 

good accordance was established between them. 

 

 
 
5.2 Effects of pore-crack interaction on the uniaxial 

compressive strength of modelled concrete specimens  
 
Figs. 14(a)-14(c) show the effect of pore-crack 

interaction on the uniaxial compressive strength for three 

different joint angularities of 30°, 45° and 60°, respectively. 

Each figure shows experimental and numerical results for 

three pore configuration, i.e. when pore was situated 2 cm 

below, at the middle and above the joint. 

From Fig. 14, it’s clear that the uniaxial compressive 

strength has maximum value when pore was situated upper 

than lower tip of the joint. The uniaxial compressive 

strength was decreased By changing the pore situation from 

lower tip of the joint to upper tip of the joint. Also uniaxial 

strength was decreased by increasing the joint angularities 

from 30° to 60°. With comparison between numerical 

results and experimental measurements it’s clear that the 

good accordance was established between them. 

 

 

5. Conclusions 
  

 Generally, two wing cracks initiate from notch tips and 

propagate nearly parallel to normal load till 

coalescence with sample edge. Also two wing cracks 

  
(a) (b) 

 
(c) 

Fig. 14 The effect of pore-crack interaction on the uniaxial compressive strength for three different joint angularities of (a) 

30°, (b) 45° and (c) 60°. 
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initiate from the hole. One of these crack coalescence 

with the notch and one of them coalescence with 

sample edge. Number of wing cracks was increased by 

increasing the joint angle. Also number of wing cracks 

was increased by changing the pore situation from 

lower tip of the joint to upper tip of the joint. 

 With comparison between numerical failure pattern and 

experimental measurements its clear that the good 

accordance was established between them. 

 The uniaxial compressive strength has maximum value 

when pore was situated upper than lower tip of the joint.  

 The uniaxial compressive strength was decreased By 

changing the pore situation from lower tip of the joint 

to upper tip of the joint.  

 uniaxial strength was decreased by increasing the joint 

angularities from 30° to 60°.  

 With comparison between numerical results and 

experimental measurements its clear that the good 

accordance was established between them. 
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