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1. Introduction 
 

The cracks initiation, propagation and coalescence can 

control the failure of concretes. These cracks usually 

emanate from the natural pores or pre-existing cracks with 

in the concrete structures under different practically applied 

loading conditions, Therefore, some theoretical, 

exper imenta l  and  numer ica l  s tud ies  have  been 

accomplished on the mechanism of the crack growth and 

extension in material specimens containing pores and 

multiple cracks in the literature (Lajtai 1975, Robert et al. 

1979, Nemat-Nasser et al. 1982, Sammis 1986, Ashby et al. 

1986, Wong 1998, Lin 2005, Park 2009, Jespersen 2010, 

Lancaster et al. 2013, Ramadoss 2013, Pan et al. 2014, 

Mobasher et al. 2014, Noel and Soudki 2014, Oliveira and 

Leonel 2014, Tiang et al. 2015, Wan Ibrahim et al. 2015, 

Silva et al. 2015, Gerges et al. 2015, Liu et al. 2015, Lin 

2015, Lee and Chang 2015, Kequan and Zhoudao 2015, Fan 

et al. 2016, Li et al. 2015, 2016, Yaylac 2016, Sardemir 

2016, Shuraim 2016, Akbas 2016, Haeri et al. 2016a, b, c, 

Haeri and Sarfarazi 2016, Rajabi 2016, Mohammad 2016, 

Wang et al. 2017). The previous results show that an  
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analysis of the stress distribution around a crack indicates 

the points of fracture initiation as well as the initial 

direction of crack propagation. As a result of the change in 

stress distribution associated with fracture propagation it is, 

however, impossible to predict the final path of the 

propagating crack. Consequently, a serious limitation of the 

Griffith theory lies in the fact that it can only be used to 

predict fracture initiation. In its usual form, it yields no 

information on the rate or direction of fracture propagation. 

The earlier studies have shown that two kinds of cracks, 

e.g., wing cracks and secondary cracks, may initiate from 

the tip of a single open crack under uniaxial compression. 

Wing cracks are induced by the tensile force, while 

secondary cracks are the result of shear force. In the loading 

process, wing cracks appear earlier than secondary cracks. 

The secondary cracks make the failure of the whole 

specimen. Lajtai (1975), tensile wing cracks were found to 

first appear at the tips of horizontal joints, followed by the 

secondary shear cracks propagating towards the opposite 

joint. Wong 1998, represent that under internal or external 

pressures, pre-existing defects can induce macro crack, 

which can in turn change the structure of the rock. 

Sardemir (2016) represent that presence of natural 

weaknesses around the crack tip  could  change  the  

stress distribution  around the crack tip  and lead to 

variations of  characteristics of crack tip plastic zone  
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Abstract.   In the previous studies on the porous rock strength the effect of pore number and its diameter is not explicitly 

defined. In this paper crack initiation, propagation and coalescence in Brazilian model disc containing a single cylindrical hole 

and or multiple holes have been studied numerically using PFC3D. In model with internal hole, the ratio of hole diameter to 

model diameter was varied between 0.03, 0.17, 0.25, 0.33, and 0.42. In model with multiple hole number of holes was different 

in various model, i.e., one hole, two holes, three holes, four holes, five holes, six holes, seven holes, eight holes and nine holes. 

Diameter of these holes was 5 mm, 10 mm and 12 mm. The pre-holed Brazilian discs are numerically tested under Brazilian test. 

The breakage load in the ring type disc specimens containing an internal hole with varying diameters is measured. The 

mechanism of cracks propagation in the wall of the ring type specimens is also studied. In the case of multi-hole Brazilian disc, 

the cracks propagation and b cracks coalescence are also investigated. The results shows that breaking of the pre-holed disc 

specimens is due to the propagation of radially induced tensile cracks initiated from the surface of the central hole and 

propagating toward the direction of diametrical loading. In the case of disc specimens with multiple holes, the cracks 

propagation and cracks coalescence may occur simultaneously in the breaking process of model under diametrical compressive 

loading. Finally the results shows that the failure stress and crack initiation stress decreases by increasing the hole diameter. 

Also, the failure stress decreases by increasing the number of hole which mobilized in failure. The results of these simulations 

were comprised with other experimental and numerical test results. It has been shown that the numerical and experimental 

results are in good agreement with each other. 
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such as plastic zone size and plastic zone shape.  Such 

micro defects affect the fracture toughness and extension or 

kinking of the macro crack. Robert et al. (1979) represent 

that when cracks are analyzed, the behavior of the material 

ahead of the crack tip is considered isotropic, i.e., plastic 

deformation occurs identically in all directions and there are 

no preferred directions for the plastic deformation. In this 

case, the plastic deformation can be mathematically 

formulated with the help of classical isotropic plasticity. 

This situation significantly differs when the crack tip is near 

a micro-defect; the plastic zone ahead of the crack tip will 

be affected by the presence of the micro-defects. 

Theoretically, linear elastic stress analysis of cracks 

predicts infinite stresses at the crack tip. In fact, inelastic 

deformation, such as plasticity in ductile and brittle 

materials, leads to relaxation of crack tip stresses caused by 

the yielding phenomenon at the crack tip (Nemat-Nasser et 

al. 1982). 

Jespersen (2010) represent that most rock materials 

develop plastic strains when the yield strength is exceeded 

in the region near a crack tip. Thus, the amount of plastic 

deformation is restricted by the surrounding material, which 

remains elastic during loading. The formation of the plastic 

zone in a homogeneous material depends on the material 

properties, structural element configuration, and loading 

conditions. The size of the plastic zone can be estimated 

when moderate crack tip yielding occurs. 

A set of uniaxial compression tests were carried out on 

plate type specimens containing a single hole or array of 

holes with the same size or with different sizes by Sammis 

and Ashby (1986). They experimentally investigated the 

cracks coalescence phenomena in the propagating cracks 

and also their interaction with the surfaces of the specimens. 

The Central Straight through Crack Brazilian Disc 

(CSCBD) specimens of brittle limestone was used by Al-

Shayea (2005), to accomplish some experimental studies on 

the crack extensions paths in these rock samples. He 

considered the effects of different crack inclination angles 

on the cracks propagating pattern of lime stone samples 

under the mixed Mode I/II loading conditions. Mellor and 

Hawkes (1971) experimentally studied the cracks 

propagation mechanism in ring type specimens under 

diametrical compression loading. The cracks coalescence 

and interaction mechanism in granite rock samples 

containing multiple holes were also investigated by Lin et 

al. (2015).  

On the other hand, many numerically simulation 

approaches such as finite element method (FEM), boundary 

element method (BEM) and finite difference method 

(FDM) have been developed to study the cracks initiations, 

cracks propagations and cracks coalescences mechanism in 

various brittle materials such as rocks, concretes and 

ceramics. For example the finite element method have been 

carried out by Roy (1999), Sukumar (2003), Lin (2014), the 

boundary element method by Altiero (1982), Aliabadi 

(1993), Haeri et al. (2015a, b, c), and the finite difference 

method (Cundall 1979, Ghazvinian 2012, Sarfarazi 2014). 

Some other specially developed sophisticated numerical 

methods for cracks analyses in brittle materials include the 

discontinuous deformation analysis (Shi 1988, Zheng 2009, 

Amadei 1996), discrete numerical modelling, (Cundall 

1979, Ghazvinian 2012, Lin 2013, Sarfarazi 2014), 3D 

numerical manifold method (He 2010) and the displacement 

discontinuity method (Crouch 1976, Fatehi Marji 1989, Tan 

1998, Fatehi Marji et al. 2014). However, in the present 

work, the three dimensional particle flow code (PFC3D) 

which is based on the sophisticated discrete element method 

(DEM) is used to simulate the crack propagation 

mechanism in the modelled disc type specimens containing 

single hole or multiple holes under compressive loading 

condition. The failure process and the fracturing patterns 

including the cracks initiation and cracks extension and 

cracks coalescence and their interactions with the 

specimen’s boundary are being studied for the disc models 

containing cylindrical holes with different sizes. The effects 

of the bridge area (i.e., the area in between the two 

neighboring holes) and also the effects of the number of 

holes on the crack propagation patterns and failure 

mechanism of the modeled discs are numerically 

investigated. 

 

 

2 Three dimensional particle flow code (PFC3D) 
using the bonded particle model 

 

To simulate a rock sample in PFC3D, it is required to 

present the rock material as an assembly of bonded disc 

type particles which are rigid but can move relative to one 

another and are in contact with each other at the contact 

points. These particle assemblies are confined by walls to 

model a typical rock sample. However, two types of 

bonding models are being adopted in PFC3D which are: i) 

the contact bond model and ii) the parallel bond model. In 

the contact bond model, the physical behavior of the small 

cement like material lying in between the two adjacent 

bonded particles is approximately determined. The contact 

bond model corresponds to a parallel bond model with a 

radius of zero it means that the contact model unlike that of 

the parallel bond does not have a radius therefore, have no 

normal or shear stiffness’s so that it cannot resist the 

bending moment but can only resist the forces acting at the 

contact points with in a particle assembly. On the other 

hand, the parallel bonds are adopted specified tensile and 

shear strengths values which them to resist the tensile and 

shear forces at the contacts until the contact forces exceed 

the corresponding strengths of the bonds. Cundall (1979) 

proposed an approach to generate a parallel bond model for 

PFC3D. in this modeling approach, the following micro 

parameters are suggested for modelling a particular particle 

assembly: the stiffness ratio, Kn (normal stiffness) over Ks 

(shear stiffness), the contact modulus for ball to ball, the 

normal and shear bonding strengths at the contacts, the ratio 

of the strengths’ standard deviation to that of the normal and 

shear bonding strengths, the minimum ball radius. In 

addition to these parameters, three micro parameters are 

also required for the modeling for a parallel-bonding 

particle model including the multiplier for the parallel-bond 

radius, the modulus and the stiffness ratio for the parallel-

bond. 
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2.1 Numerical model’s preparation and calibration 

procedures 
 

The standard indirect Brazilian tensile testing procedure 

is used for calibrating the tensile strength of the material 

specimen modeled in PFC3D as a particular particle 

assembly. The test model can be generated by a standard 

process involving four steps: i) generation and packing of 

the particles in the assembly, ii) the installation of isotropic 

stress state, ii) the elimination of floating particles and iv) 

the installation of particle bonding. The standard calibration 

procedure suggested by Ghazvinian (2012) is adopted using 

the micro properties listed in Table 1 to calibrate the 

Brazilian disc type samples simulated in PFC3D as a 

particular assembly. The dimension of this particle 

assembly is 54 mm and a total number of 5,615 particles are 

generated. A standard low speed of 0.016 m/s is used to 

crush the lateral walls of the modelled specimen toward 

each other (diametric compression). The numerical and 

experimental failure processes of the testing samples are  

 

 

 

 

 

being illustrated in Figs. 1(a) and 1(b), respectively. These 

failure process shows that there is a well matching in 

between the numerical and laboratory testing results and the 

calibration process is valid. Table 2 present the tensile 

strength values measured experimentally with those gained 

numerically. Comparing these strength values shows that 

there is a good agreement in between the numerical and 

experimental results. 

 

2.2 model preparation using particle flow code 
 

The numerical investigation of Brazilian disc model is 

accomplished considering the two cases: (1) model 

containing a single cylindrical hole in middle and (2) 

specimens containing multi-holes. 

 

2.2.1 Specimens containing a central hole (ring type 
disc specimens) 

Some experiments have been carried out to study the 

mechanism of crack initiation and crack propagation in ring  

Table 1 Micro properties used to represent the intact rock 

Parameter Value Parameter Value 

Type of particle disc Parallel bond radius multiplier 1 

Density (kg/m3) 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) 7 

Damping coefficient 0.7 Parallel bond normal strength, SD (MPa) 2 

Contact young modulus (GPa) 40 Parallel bond shear strength, mean (MPa) 7 

Stiffness ratio 1.7 Parallel bond shear strength, SD (MPa) 2 

Table 2 Brazilian tensile strength of physical and numerical samples 

Physical tensile strength (MPa) 1.5 and 1.7 

Numerical tensile strength (MPa) 1.5 

 

 
(a) (b) 

Fig. 1 Failure pattern in (a) physical sample and (b) PFC3D model 

677



 

Vahab Sarfarazi, Hadi Haeri and Alireza Bagher Shemirani 

 

 

 

 

   
(a) (b) (c) 

  

 

(d) (e)  

Fig. 2 Single-holed Brazilian discs under diametrical compression with different c / d ratios; (a) c / d = 0.033, (b) c / d = 

0.17, (c) c / d = 0.25, (d) c / d = 0.33 and (e) c / d = 0.42 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 3 disc specimens containing multi-cylindrical holes under diametrical compression; (a) one hole, (b) two hole, (c) 

three hole, (d) four hole, (e) five hole, (f) six hole, (g) seven hole, (h) eight hole and (i) nine hole; hole diameter was 5 mm 
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type disc specimens with different c/d ratios (Fig. 2). 

Diameter of Brazilian model was 6 cm (d in Fig. 2) and the 

ratio of c/ d were 0.033, 0.17, 0.25, 0.33 and 0.42. These 

data were selected based on limitation in model space. 

 

2.2.2 Brazilian discs containing multiple parallel 
cylindrical holes 

Brazilian tensile tests were simulated by creating a 

circular model in PFC3D (Figs. 3-5). Nine numerical 

modeling have been carried out to study the mechanism of  

 

 

 

crack initiation and crack propagation in brazilian disc  

specimens with multiple parallel cylindrical holes (Figs. 3- 

5). Number of hole in models changes from 1 to 9 with 

increment of 1 hole. Three different diameter was used in 

his study; i.e., 0.5 mm (Fig. 3), 1 mm (Fig. 4) and 1.2 mm 

(Fig. 5). The model was crushed by lateral walls moved 

toward each other. The Tensile force and crack initiation 

force were registered by taking the reaction forces on the 

wall 1 in Fig. 3(a). 

 

  
 

(a) (b) (c) 

   

(d) (e) (f) 

   
(g) (h) (i) 

Fig. 4 Disc specimens containing multi-cylindrical holes under diametrical compression; (a) one hole, (b) two hole, (c) 

three hole, (d) four hole, (e) five hole, (f) six hole, (g) seven hole, (h) eight hole and (i) nine hole; hole diameter was 10 

mm 
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3. Results 
 

3.1 The effect of diameter of central hole on crack 
coalescence 

 

When the ratio of c/ d were 0.033 (Fig. 6(a)) , it was 

observed that the tensile cracks initiate from right and left 

of model and propagate in a direction parallel to the 

direction of the maximum compressive stress till coalesce 

with the internal circle edge. In this condition several short 

shear bands occur in model. When ratio of c/ d were 0.17,  

0.25, 0.33 and 0.42 (Figs. 6(b)-6(e)), it was observed that 

the tensile cracks initiate from right and left of internal hole 

and propagate parallel to the compressive stress till coalesce  

 

 

with the model boundary. In this condition single fracture 

surface bring model to failure. As can be observed by 

comparing between Fig. 6 and results rendered by Haeri et 

al. (2015), there is good accordance between numerical 

simulation and experimental results obtained by Haeri et al. 

(2015). 

Also, the crack propagation paths shown in Fig. 6 are in 

good agreement with the numerical results given by Tang 

and Hudson (2010). Therefore, comparing the results 

graphically shown clearly demonstrate the accuracy and 

validity of the PFC3D results presented in this study. It 

should be noted that the PFC3D is much faster, and it is 

quite easy to work with it. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 5 Disc specimens containing multi-cylindrical holes under diametrical compression; (a) one hole, (b) two hole, (c) 

three hole, (d) four hole, (e) five hole, (f) six hole, (g) seven hole, (h) eight hole and (i) nine hole; hole diameter was 12 

mm 
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3.2 the effect of multiple parallel cylindrical holes on 
crack coalescence 

 

a) Diameter of hole was 5 mm 

Figs. 7(a)-7(i) shows failure pattern in numerical 

models. Red line and black line represent the shear crack 

and tensile crack, respectively. When one hole situated in 

the model (Fig. 7(a)), the tensile and shear cracks initiated 

from right and left the model and propagates toward the 

holes till coalesce with internal hole. In this condition hole 

mobilized in failure process. For the case shown in Fig. 7(b) 

(two holes), the tensile and shear cracks initiated from right 

and left the model and propagates toward the holes till 

coalesce with internal holes. When three hole, four hole, 

five hole, six hole, seven hole, eight hole and nine hole 

distributed in the model (Figs. 7(c)-7(i)), cracks initiate 

from internal holes and propagates parallel to loading 

direction. The specimen fails in the direction of the crack 

propagation paths. 

b) Diameter of hole was 10 mm 

Figs. 8(a)-8(i) shows failure pattern in numerical models 

consisting one hole, two holes, three holes, four holes, five 

holes, six holes, seven holes, eight holes and nine holes, 

respectively. Red line and black line represent the shear 

crack and tensile crack, respectively. 

When one hole situated in the model (Fig. 8(a)), the 

tensile cracks initiated from right and left the model and 

propagates toward the holes till coalesce with internal hole.  

 

 

In his condition hole mobilized in failure process. For 

the case shown in Fig. 8(b) (two holes), the tensile cracks 

initiated from right and left the model and propagates 

toward the holes till coalesce with internal holes. 

When three hole, four hole, five hole and six hole 

distributed in the model (Figs. 8(c)-(f)), tensile cracks 

initiate from internal holes and propagates parallel to 

loading direction. The specimen fails in the direction of the 

crack propagation paths i.e., only three crack mobilized in 

failure process. 

When seven holes, eight holes and nine holes distributed 

in the model (Figs. 8(g)-8(i)), tensile cracks initiate from 

four holes and propagate parallel to loading direction. The 

specimen fails in the direction of the crack propagation 

paths. 

c) Diameter of hole was 12 mm 

Figs. 9(a)-9(i) shows failure pattern in numerical models 

consisting one hole, two holes, three holes, four holes, five 

holes, six holes, seven holes, eight holes and nine holes, 

respectively. Red line and black line represent the shear 

crack and tensile crack, respectively. 

When one hole situated in the model (Fig. 9(a)), the 

tensile cracks initiated from right and left the model and 

propagates toward the holes till coalesce with internal hole. 

In his condition hole mobilized in failure process. For the 

case shown in Fig. 9b and c (two holes and three holes), the 

tensile cracks initiated from right and left the model and 

propagates toward the holes till coalesce with internal holes. 

   
(a) (b) (c) 

  

 

(d) (e)  

Fig. 6 numerical tests showing the cracking patterns in the single-holed Brazilian discs under diametrical compression 

with different c/ d ratios: (a) c /d = 0.033, (b) c /d = 0.17, (c) c/d = 0.25, (d) c/d = 0.33 and (e) c / d = 0.42 
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When four hole, five hole and six hole distributed in the 

model (Figs. 9(d)-9(f)), tensile cracks initiate from four 

holes and propagates parallel to loading direction. The 

specimen fails in the direction of the crack propagation 

paths i.e., only three cracks mobilized in failure process. 

When seven holes, eight holes and nine holes distributed 

in the model (Figs. 9(g)-9(i)), tensile cracks initiate from six 

holes and propagate parallel to loading direction. The 

specimen fails in the direction of the crack propagation 

paths. 

 

 

 

 

 

As can be observed by comparing between Figs. 7(c), 

8(c) and 9(c) and Fig. 10(a), there is good accordance 

between numerical simulation and experimental results 

obtained by Haeri et al. (2015). 

Haeri et al. (2015) simulate numerically crack propagation 

in Brazilian disc with same internal hole configuration. 

Comparison between Figs. 7(c), 8(c) and 9(c) and Fig. 

10(b), shows that the simulated propagation paths are in 

good agreement with the corresponding high order DDM 

numerical results obtained by Haeri et al. (2015). 

 

 

  
 

(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 7 Failure pattern in numerical models consisting (a) one hole, (b) two holes, (c) three holes, (d) four holes, (e) five 

holes, (f) six holes, (g) seven holes, (h) eight holes and (i) nine holes; hole diameter was 5mm 
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(a) (b) (c) 

   

(d) (e) (f) 

 
  

(g) (h) (i) 

Fig. 8 failure pattern in numerical models consisting (a) one hole, (b) two holes, (c) three holes, (d) four holes, (e) five 

holes, (f) six holes, (g) seven holes, (h) eight holes and (i) nine holes; hole diameter was 10 mm 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 9 failure pattern in numerical models consisting (a) one hole, (b) two holes, (c) three holes, (d) four holes, (e) five 

holes, (f) six holes, (g) seven holes, (h) eight holes and (i) nine holes; hole diameter was 12 mm 

  
(a) (b) 

Fig. 10 The cracking patterns in the disc specimens containing multi-cylindrical holes (r/R = 0.006) under diametrical 

compression. (a) Vertical arrangements of three holes in disc specimens and (b) Vertical arrangements of three holes in 

disc model (Haeri et al. 2015) 

684



 

Simulation of fracture mechanism of pre-holed concrete model under Brazilian test using PFC3D 

 

 

 

 

3.3 The effect of internal hole diameter on the failure 
stress 

 

Fig. 11 shows the effect of hole diameter on the failure 

stresses and crack initiation stress. The failure stress and 

crack initiation stress decreases by increasing the hole 

diameter. 

Fig. 12 shows the effect of number of hole on the failure 

stresses of model. The failure stress decreases by increasing 

the number of hole which mobilized in failure. When hole 

diameter was 5mm, the failure stress decrease till the 

number of holes were three. By increasing the hole more 

than three, the failure stress was fixed. When hole diameter 

was 10mm, the failure stress decrease till the number of 

holes were four. By increasing the hole more than four, the 

failure stress was fixed. When hole diameter was 12 mm,  

 

 

 

 

the failure stress decrease till the number of holes were 

seven. By increasing the hole more than seven, the failure 

stress was fixed. 

 

 

4. Conclusions 
 

The subject of cracks propagation and cracks 

coalescence in brittle solids such as rock and concrete has 

gotten much attention in recent years. Further research may 

be devoted to investigating the mechanism of the crack 

propagation process in rocks and rock-like materials. In this 

research, effects of the breaking load in Brazilian disc 

concrete models each containing a single hole of different 

size is studied first. The failure stress and failure pattern 

analyses are accomplished numerically and the results are 

 

Fig. 11 The effect of hole diameter on the failure stresses and crack initiation stress 

 

Fig. 12 The effect of number of hole on the failure stresses of model 
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compared and discussed. Then, some pre-holed Brazilian 

discs are tested under compression and the numerical results 

are compared with the numerically simulated results 

obtained by using the higher order displacement 

discontinuity method (a version of the indirect boundary 

element method). It is concluded that: 

 The crack propagation mechanism in the brittle 

solids such as rocks and concrete may occur due to 

the cracks coalescence phenomenon in the bridge 

area, which is mainly caused by propagation of 

tensile radial cracks emanating from the surface of 

the central holes.  

 It has been observed that the corresponding 

numerical results are in good agreement with the 

experimental and numerical results rendered by 

other researchers. 

 Comparing the PFC numerical results with DDM 

results illustrates that the tensile cracks and the 

cracks propagation paths are mainly produced by 

the coalescence phenomenon of the preexisting 

multi-holes in models.  

 Based on the present analyses, it may be also 

concluded that the cracks may be initiated radially 

near the surface of the holes, the stress 

concentration can be released and finally, stresses 

in the specimen can redistributed to attain a new 

equilibrium condition. Then, the final breaking of 

the pre-holed disc specimens may be due to the 

propagation of radially induced tensile cracks 

initiated from the surface of the central hole and 

propagating toward the direction of diametrical 

loading and/or perpendicular to it (for the case of 

specimens with larger holes).  

 In the case of disc specimens with multiple holes, 

the cracks propagation and cracks coalescence may 

occur simultaneously in the breaking process of 

model under diametrical compressive loading.  

 The failure stress and crack initiation stress 

decreases by increasing the hole diameter.  

 The failure stress decreases by increasing the 

number of hole which mobilized in failure. When 

pore diameter was 5 mm, both of the tensile and 

shear cracks bring model to failure. By increasing 

the hole diameter only tensile crack induced in the 

model. 
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