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1. Introduction 
 

The porous concrete samples usually contain 

discontinuities which are mostly in form of micro cracks 

and pores.  Therefore, the physical properties of these 

material samples may be affected by the existence and 

shape of these pores. it has been found by many researchers 

that with porosity increasing, the concretes mechanical 

properties and their permeability’s (e.g., Al-Harthi et al. 

1999, Chang et al. 2006, Zhu et al. 2011, Baud et al. 2014, 

Schaefer et al. 2015, Chang et al. 2006, Bourbié and 

Zinszner 1985, Farquharson et al. 2015). Most of these 

studies stated that the porosity may not significantly control 

the hydro-mechanical properties of rock like materials but 

the voids geometry within the structure of the concretes or 

rocks may drastically affect the mechanical properties of 

these materials such as their uniaxial tensile strengths (e.g., 

Chang et al. 2006, Farquharson et al. 2015).  

A variety of numerical methods have been developed to 

study the mechanical behavior of rocks and concretes such 

as the domain methods (i.e., the finite element methods and 

the finite element methods) and the boundary methods such 

as the direct and indirect boundary element methods. 

The higher order displacement discontinuity method 

which is a version of indirect boundary element method 
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have also been developed and used in recent years to study 

the mechanical behavior and failure process and fracturing 

pattern of rocks and rock like materials such as concretes 

which are of importance in many geo-mechanical 

engineering applications in various fields of engineering 

such as mining, civil, petroleum geological and 

environmental (Marji et al. 2007, Hosseini_Nasab and 

Marji 2007, Marji 2014). The micro cracks and pores are 

usually assumed as elliptical voids within the texture of the 

rock or concrete samples. These discontinuities are 

considered to have different ratios of the minor to major 

axes of the ellipses. This ratio is unity for the perfectly 

spherical pores and can be as low as 10-3 to 10-5 for the 

micro cracks (Simmons and Richter 1976). It has been 

visualized by X-ray micro-computed tomography (μCT) that 

a wide variety of pores and micro cracks shapes can be 

observed in the porous rocks and concretes samples (e.g., Ji 

et al. 2012, Rozenbaum and Rolland du Roscat 2014, Ji et 

al. 2015, Schmitt et al. 2016, Luquot et al. 2016, Bubeck et 

al. 2017).  

Some numerical models (in two and three dimensional 

spaces) have also been developed to study the effects of 

micro cracks and pores on the micro and macro mechanical 

properties of the porous rocks and concretes (e.g., Ashby 

and Sammis 1990, sarfarazi 2016a, b, haeri 2016 a, b)  and 

circular pores (e.g., Sammis and Ashby 1986, Wu et al. 

2010, Heap et al. 2014, Mobasher et al. 2014, Noel and 

Soudki 2014, Haeri et al. 2014, Pan et al. 2014, Oliveira 

and Leonel 2014, Tiang et al. 2015, Haeri 2015, Haeri et al. 

2015a, b, c, Lee and Chang 2015, Kequan and Zhoudao 

2015, Liu et al. 2015, Yaylac 2016, Fan et al. 2016, Li et al. 

2016, Sardemir 2016, Wasantha et al. 2015, Sarfarazi et al. 
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Abstract.  The Brazilian tensile strength of concrete samples is a key parameter in fracture mechanics since it may significantly 

change the quality of concrete materials and their mechanical behaviors. It is well known that porosity is one of the most often 

used physical indices to predict concrete mechanical properties. In the present work the influence of porosity shape on concrete 

tensile strength characteristics is studied, using a bonded particle model. Firstly numerical model was calibrated by Brazilian 

experimental results and uniaxial test out puts. Secondly, Brazilian models consisting various pore shapes were simulated and 

numerically tested at a constant speed of 0.016 mm/s. The results show that pore shape has important effects on the failure 

pattern. It is shown that the pore shape may play an important role in the cracks initiation and propagation during the loading 

process which in turn influence on the tensile strength of the concrete samples. It has also been shown that the pore size mainly 

affects the ratio of uniaxial compressive strength to that of the tensile one in the simulated material samples. 
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2016, Haeri et al. 2016a, b, c, Haeri and Sarfarazi 2016, 

Rajabi 2016, Mohammad 2016, Shuraim 2016, Wang et al. 

2016, 2017, Wang et al. 2016a, Zhang et al. 2018, Zhou et 

al. 2018, Ma et al. 2017a, b, Khodayar and Nejati 2018, 

Nazerigivi et al. 2018, Kim et al. 2018, Imani et al. 2017, 

Najigivi 2017). However, it has been shown that the 

mechanical properties of most concretes may be affected by 

pores shapes. For example, Bubeck et al. (2017) 

experimentally considered the effects of elliptical pores 

shapes on the failure process and fracture patterns of 

Brazilian discs of basalt samples. The effect of pore shape 

on the Brazilian tensile strength of these specimens is also 

studied by these researchers. They arranged their 

experimental studies in such a way that the major axes of 

these elliptical holes are perpendicular to the loading 

direction.  

The novelty of the present work is to study the influence 

of pore shapes on the concrete strength characteristics, 

using a bonded particle modelling approach provided by 

discrete element method (DEM).  

 

 

2. Numerical modeling  
 

The bonded particle modelling approach used in the two 

dimensional particle flow code (PFC2D) is based on an 

explicit discrete element method as originally developed by 

Cundall 1971 and later on further extended by Potyondy 

and Cundall 2004. In this modelling technique the samples 

of rock mass or concretes structure are considered as 

bonded rigid particles in form of an assembly of circular 

discs which are connected to one another due to their 

cohesive and frictional properties. The cohesive and 

frictional bond are used to provide the element connectivity 

and the planar walls are assumed to confine the whole 

specimen.  

In this research, the parallel bond model is used to 

simulate the contact points in between the particles  in the 

assembly. The assigned values of bonding strengths may 

influence the macro strength and the cracking and failure 

process during the loading condition of the material 

samples. A proper friction coefficient is specified for the 

bonding and is applied as long as the particles remain in 

contacts in the particle assembly. When the applied normal 

stress exceeds that of the specified normal tensile strength 

of the bonding the tensile cracks may be induced while the 

shear cracks may be generated as the applied shear stress 

exceed that of the specified shear bonding strength either 

due to in plane shearing or rotation (out of plane shearing) 

of the particles. It has been shown that the contact tensile 

strength may immediately decrease to zero after the 

breaking of the bonds but shear strength decreases to that of 

the residual one (Itasca Consulting Group Inc 2004, Cho et 

al. 2007, basic micro-parametric 2008, Potyondy and 

Cundall 2004, Ghazvinian et al. 2012, Sarfarazi et al. 

2014). 

The discrete element code requires only the basic 
microscopic parameters such as contact forces, bonding 
stiffness, bonding strength and contact friction to be 
specified for each particle assembly. However, these 
parameters are to be adjusted so that the macro scaled 

mechanical behavior of the modeled material sample can be 
provided. Therefore, an explicit finite difference scheme is 
provided in this code to solve the equations of motions 
(second Newton’s law) so that the initiation and 
propagation of bonding breaks may be tackled through the 
modelled particle assembly (Potyondy and Cundall 2004). 

Table 1 gives a typical values of micro-properties of the 

particle assembly adopted for calibrating a particular 

discrete element code   

 

2.1 The micro-properties specified to calibrate the 
numerical method  

 

Some simple standard tests such as the uniaxial 

compressive strength (UCS) and the Brazilian tensile 

strength (BTS) are usually used for calibrating the micro-

properties of the particle assembly used in the numerical 

modeling of the material samples in a particular discrete 

element code. 

 

2.1.1 Unconfined compressive strength (UCS) test 
A model of two moving walls compressing the particle 

assembly from both sides as illustrated in Fig. 1(a), is used 

in PFC2D to simulate the compression testing of rock like 

materials. The solid lines represent the breakage of bonds at 

the micro cracks locations. Tensile and shear cracks are 

indicated by black and red lines, respectively. However, this 

failure process is somewhat similar to that observed 

experimentally in the laboratory (Fig. 1(a)). These walls are 

considered as the frictionless rigid plates. The numerically 

modelled testing specimen have a height 108 mm and width 

54 mm. The particle size distribution is normally used for 

particles in the assembly with particles radii ranging from 

0.27 to 0.4212 mm. These particle’s radii are chosen such 

that the computational efficiency of the code increases and 

also minimizing its running time for the solution of a 

specific geo-mechanical problem. A reasonable value for a 

dense packing of particles requires a porosity ratio of 0.08. 

The appropriate elasticity modulus E, the Poisson’s ratio  

 

 

Table 1 micro properties used to represent the intact rock 

Parameter Value 

Type of particle disc 

Density (kg/m3) 3500 

Minimum radius (mm) 0.27 

Size ratio 1.56 

Porosity ratio 0.08 

Damping coefficient 0.7 

Contact young modulus (GPa) 32 

Stiffness ratio 2 

Parallel bond radius multiplier 1 

Young modulus of parallel bond (GPa) 32 

Parallel bond stiffness ratio 2 

Particle friction coefficient 0.5 

Parallel bond normal strength, mean (MPa) 20 

Parallel bond normal strength, SD (MPa) 2 

Parallel bond shear strength, mean (MPa) 20 

Parallel bond shear strength, SD (MPa) 2 
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(a) (b) 

Fig. 1 (a) the failure pattern in numerical simulation, (b) 

experimental unconfined compressive test. 

 

Table 2 macro-mechanical properties of model material in 

experimental tests and PFC2D 

Mechanical properties 
Experimental 

results 

PFC2D 

Model results 

Elastic modulus (GPa) 33 33 

Poisson’s ratio 0.2 0.19 

UCS (MPa) 18.3 18 

Tensile strength (MPa) 2 4 

 

 

and the uniaxial compressive strength (UCS) for the 

particular particle assembly can be obtained by PFC2D  

(Itasca Consulting Group Inc. 2004, Ghazvinian et al. 

2012). 

The experimentally measured UCS procedure is shown 

in Fig. 1(b). This figure illustrate that an inclined fracture 

surface may be generated in the model testing of UCS. 

A comparison of numerical results with experimental 

measurements is presented in Table 2.  

 

2.1.2 Brazilian test 
The Brazilian tensile strength (BTS) of the specimen 

can be determined in a rock mechanics laboratory to 

calibrate the tensile strength of PFC2D model. The diameter 

of the Brazilian discs is kept constant (54 mm.) and a total 

number of 5,615 particles are used in all of the numerical 

modelling of the testing specimens. The lateral walls are 

moved toward each other at a constant speed of 0.016 m/s, 

in order to crush the disc sample and provide the tensile 

fracturing condition for the modelled specimen. The 

numerical and experimental tested specimens are shown in 

Fig. 2(a) and 2(c), respectively. The Brazilian disc testing 

set up is presented in Fig. 2(b). These figures show that the 

failure process and fracturing pattern of the numerical 

simulations and laboratory tests are being well matched 

with each other. Table 2 compares the numerically 

estimated tensile strength of the testing specimen with the 

corresponding measure experimental values.   
It should be noted that the parallel bond model of discs 

or spheres may give a very high tensile strength which may 
not be well matched with the unconfined compressive 
strength of a typical hard rock (Potyondy and Cundall 
2004). May be on claim for matching the numerical tensile 
strength with experimental one in this research is that the 
tensile strength of concrete is sufficiently low. 
 

2.2 Brazilian test simulation consisting various pore 
shape  

  
(a) (b) 

 
(c) 

Fig. 2 the failure pattern in the (a) numerical model, (b) 

experimental set up, (c) physical samples 

 

  
(a) (b) 

    
(c) (d) 

    
(e) (f) 

Fig. 3 Brazilian disc containing various pores shape 

 

 

The effect of pore shapes on the Brazilian tensile test is 

then numerically simulated by PFC2D after its calibration. 

The circular disc models are numerically simulated in 

PFC2D as shown in Fig. 3. For this simulation process 

again a Brazilian disc specimen with 54 mm. in diameter 

containing 5456 circular particles with a minimum radius of 

0.27 mm. can be efficiently used. However, the effects of 

specimen’s boundary and the parameters to minimize the 
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(a) (b) 

   
(c) (d) 

    
(e) (f) 

Fig. 3 Continued 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 3 Continued 
 

    
(a) (b) 

    
(c) (d) 

    
(e) (f) 

Fig. 3 Continued 

 

  
(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 3 Continued 
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(a) (b) 

  
(c) (d) 

Fig. 3 Continued 

 

 

running time of the model have been carefully considered in 

the suggested concrete model size. The porosities with 

different shape were created in the models. In total, thirty 

four models containing pores with various shapes were set 

up to study the influence of pore shapes on failure behavior 

of numerical models. Two loading wall were situated in the 

left and right of the models. Left wall moves in X direction 

and right wall moves in opposite side of X direction with a 

constant optimized speed of 0.016 m/s. 

 

 

3. Results 
 

3.1 Failure process in numerical models:  
 

Figs. 4-9 shows failure pattern in numerical models. Red 

line and black line represent shear crack and tensile crack, 

respectively. When pore shape is like Fig. 4(a) and (b), Fig 

5(c), (d), (e) and (f), Fig. 6(a) and (d), Fig. 7(b), Fig. 8(b), 

and Fig. 9(d) two tensile wing crack initiate from left and 

right of the pore and propagate horizontally till coalescence 

with model boundary.  

When pore shape is like Fig. 4(c) and (e), Fig. 5(a), (c), 

and (f), Fig. 6(a) and (b), Fig. 8(c) and (d), and Fig. 9(d), 

three tensile wing crack initiate from left and right of the 

pore, sometime from lower of the pore, and propagate 

horizontally till coalescence with model boundary.  

When pore shape is like Fig. 4(d) and (f), Fig. 5(b), (d), 

and (e), Fig. 7(b), (c), (e) and (f), Fig. 8(a), (e) and (f), and 

Fig. 9(a) and (c), four tensile wing crack initiate from left 

and right of the pore, sometime from lower and upper of the 

pore, and propagate till coalescence with model boundary.  

From the above findings and results it may be concluded 

that porosity shape may have an important effect on the 

failure process of the modeled samples. Whenever larger 

axis of porosity is perpendicular with loading axis, more 

cracks develop from the pore. But when the larger axis of 

porosity is parallel to loading axis, only two or three cracks 

develop in the model. 

    
(a) (b) 

   
(c) (d) 

  
(e) (f) 

Fig. 4 Failure pattern in Brazilian disc containing various 

pores shape 

 

  
(a) (b) 

  
(c) (d) 

   
(e) (f) 

Fig. 5 Failure pattern in Brazilian disc containing various 

pores shape 
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(a) (b) 

  
(c) (d) 

   
(e) (f) 

Fig. 6 Failure pattern in Brazilian disc containing various 

pores shape 

 

  
(a) (b) 

   
(c) (d) 

   
(e) (f) 

Fig. 7 Failure pattern in Brazilian disc containing various 

pores shape 
 

  
(a) (b) 

  
(c) (d) 

   
(e) (f) 

Fig. 8 Failure pattern in Brazilian disc containing various 

pores shape 

 

  
(a) (b) 

  
(c) (d) 

Fig. 9 Failure pattern in Brazilian disc containing various 

pores shape 

 

 

3.2 The effect of pore shape on the Brazilian tensile 
strength:  

 

Fig. 10 shows the effect of pore shape on the tensile 

strength. As can be seen, the tensile strength has maximum 

value when larger axis of porosity is perpendicular to 

loading axis. 
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Fig. 10 The effect of pore shapes on the tensile strength 

 

 

The discrete of some data are more in Fig. 10; it’s due to 

the effect of porosity shape on strength of material.  

 

3.3 influence of pore shape on the stress field during 
crack initiation process 
 

The effects of pore shape on the crack initiation stress is 

 

 

Fig. 10 Continued 

 

 

 
Fig. 11 The effect of pore shape on the crack initiation stress 

 

 

shown in Fig. 11. As can be seen, the crack initiation stress 

has maximum value when larger axis of porosity is 

perpendicular to loading axis. 
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Fig. 11 Continued 

 

 

3.4 Effects of porosity shape on the ratio of uniaxial 
compression strength to that of tensile 
  

Fig. 12 shows the effect of porosity shape on the ratio of 

uniaxial compression strength to the tensile strength of the 

modelled specimen. As can be seen, the ratio of uniaxial 

compression strength to that of tensile one has minimum 

value when larger axis of porosity is parallel to loading 

axis. 

 

 

 

 
Fig. 12 The effects of porosity shape on the ratio of uniaxial 

compression strength to tensile strength 

 

 

4. Discussion 
 

The porosity shape has important effects on the failure 

process and Brazilian tensile strength of the concrete. The 

ratio of uniaxial compression strength to that of tensile one  
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Fig. 12 Continued 

 

 

of the modelled concrete specimen has minimum value 

when larger axis of porosity is parallel to loading axis. The 

crack initiation stress has maximum value when larger axis 

of porosity is perpendicular to loading axis. Whenever 

larger axis of porosity is perpendicular with loading axis, 

more cracks develop from the pore. But when the larger 

axis of porosity is parallel to loading axis, only two or three 

cracks develop in the model. 

 

 

5. Results 
 

In this paper, the effect of porosity shape on concretes 

tensile strength is studied, using a bonded particle model. 

Firstly numerical model was calibrated by Brazilian 

experimental results and uniaxial test out puts. Secondly, 

Brazilian models consisting various pore shape were 

simulated and tested (at a constant speed of 0.016 mm/s.). 

These modelling results show that  

- Porosity shape has important effect on the failure 

pattern. Whenever larger axis of porosity is 

perpendicular with loading axis, more cracks develop 

from the pore.  

- The tensile strength has maximum value when larger 

axis of porosity is perpendicular to loading axis.  

- The crack initiation stress has maximum value when 

larger axis of porosity is perpendicular to loading axis.  

- The ratio of uniaxial compression strength to that of 

tensile one has minimum value when larger axis of 

porosity is perpendicular to loading axis. 

-By PFC2D we can make particle assembly. Its possible 

to drilled porosity with different shape. Also it’s 

possible to check the cracks initiation, cracks 

propagation and cracks coalescence in the modelled 

concrete specimens where previous methods may not be 

able to predict simultaneously. 
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