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1. Introduction 
 

There are two basics for using the versatile numerical 

methods to study the mechanical behavior of rocks i.e. 

continuum and dis-continuum (Jing 2003; Fu2005). The 

damage (failure or degradation) process in these brittle 

materials is the most important difference to be considered 

via continuum and dis-continuum mechanics known as 

direct or indirect methods (Potyondy and Cundall 2004). 

The indirect (continuum) approach usually takes into 

account the average material degradation based on the 

constitutive relations representing the micro-structural 

damage of the rock texture. On the other hand, the basic 

principal in the dis-continuum (direct) methods includes the 

separate units of the rock materials simulated as particles 

assemblies bonded together at their contact points where the 

breakage of the bonds in between the particles represent the 

damage process (Potyondy and Cundall 2004). The 

mechanical properties of discontinuous and heterogeneous 

rocks can be studied by considering them as granular 

materials with micro-mechanical behavior. Therefore, the 

conventional continuum methods may have some 

deficiencies in characterizing the micro-mechanical 

properties of rock materials. These deficiencies lead to the 

development of dis-continuum approaches such as discrete 

element method (DEM) as suggested and modified by 

Cundall and Strack 1979, Cundall 1987). Many researchers 

simulated the mechanical behavior of rocks by adopting the 

discrete element approach in form of two and three 

dimensional Particle Flow Codes (PFC2D and PFC3D) 

(Potyondy and Cundall 2004, Itasca 2004). A few  
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experiments and simulations have been reported for the 

breakage analysis of concrete and rock specimens under 

different loadings (Mughieda and Alzo’ubi 2004, Wu et al. 

2014, Zhao et al. 2013; Haeri et al. 2013, Lancaster et al. 

2013, Ramadoss 2013, Pan et al. 2014, Noel and Soudki 

2014, Oliveira and Leonel 2014, Mobasher et al. 2014, 

Wang et al. 2015, Gerges et al. 2015, Tiang et al. 2015, Lu 

et al. 2015, Liu et al. 2015, Wan Ibrahim et al. 2015, Haeri 

2015, Haeri et al. 2015a, b, Lee and Chang 2015, Silva et 

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

Sarfarazi et al. 2016, Haeri et al. 2016, Haeri and Sarfarazi 

2016a,b, Akbas 2016, Rajabi 2016, Yaylac 2016, Fan et al. 

2016, Mohammad 2016, Wang et al. 2017). The two 

dimensional Particle Flow Code (PFC2D) is based on the 

basic idea of treating the rock material as an assembly of 

particles bonded at specified points. This sophisticated 

software models the mechanical behavior of rock by 

considering the formation and interaction of microcracks 

developed within the particle assembly based on the 

Newtot’s law of motion (Potyondy and Cundall 2004, Yan 

and Ji 2010). The most important application aspects of 

PFC are the assignment of model’s microscopic parameters 

which are unknown and cannot be measured directly by 

experimental laboratory tests. These micromechanical 

properties are commonly back-calculated through the 

numerical calibrations against the macroscopic property 

values measured from laboratory experiments. The versatile 

iterative trial and error algorithm is usually adopted to 

determine the microscopic parameters of rock materials. A 

series of numerical simulations are conducted on the 

standard small-scale laboratory tests performed on the 

natural rock specimens so that the microscopic parameters 

can be reproduced and adequately approximate the 

measured macroscopic properties. The main macroscopic 

mechanical properties used for the calibration process  
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include the unconfined compressive strength (UCS), 

Young’s modulus and Poisson’s ratio. However, this 

calibration process (as a priori step) has been studied 

extensively by different researchers in PFC2D (Huang 

1999, Potyondy and Cundall 2004, Yang et al. 2006, Cho et 

al. 2007, Koyama and Jing 2007, Yoon 2007, Zhang et al. 

2011, Zhang and Wong 2012, Ghazvinian et al. 2012, 

Bahaaddini et al. 2013, Sarfarazi et al. 2014, Sarfarazi 

2016a, b, Potyondy, Cundall 2004, Li 2014, Potyondy 2015, 

Zhou 2016, Wang 2016, Wang and jacobs 2016, Oetomo 

2016, Bahaaddini 2016, Yang 2016, Yang 2015, Oliaei 

2015, Lin 2015, Turichshev 2015, Khazaei 2015, Bock 

2015, Fan 2015, Zhang 2015, Wen 2016, Lee 2016, Vallejos 

2016, Hofmann 2015, Li 2016, Mehranpour 2016, Yao 

2016, Wang 2017, Ghazvinian 2017, Bahrani 2015, 

Hofmann 2016, Imani et al. 2017, Najigivi 2017, Khodayar 

and Nejati 2018, Nazerigivi et al. 2018, Kim et al. 2018). 

The highly non-linear local behavior of the bonded particles 

may cause some non-optimal microscopic parameters in the 

trial-and-error process. Some detailed studies were carried 

out on the microscopic properties calibration by Wang and 

Tonon (2009, 2010) using their DEM code. They conducted 

some sensitivity analyses and optimization process for 

calibration. The significant effects of the model size and 

micro-structural characteristics to be used in the numerical 

method on the simulated results are studied by Potyondy 

and Cundall (2004), Yang et al. (2006), Koyama and Jing 

(2007), Yoon (2007). They suggested that these effects 

shoukd be considering while applying the PFC simulation 

results. On another research, Koyama and Jing (2007) 

pointed out that a representative model should be used to 

study the relationship between microscopic parameters and 

macroscopic properties of rock materials for a reliable 

simulation of the real rock structures regardless of the 

numerical model size. 

In this paper the effect of four micro parameters i.e., 

friction angle, Accumulation factor, Expansion coefficient  

 

 

and disc distance have been investigated on the uniaxial 

compression and Brazilian model calibration. 

 

 

2. Calibration method 
 

2.1 PFC software 
 

The discrete element codes such as PFC2D and PFC3D 

can be used to simulate many geo-mechanical problems 

through a discrete-element modeling framework. This geo-

mechanical engineering package includes a computational 

engine augmented with a graphical user interface. The two 

and three dimensional discrete element models can be 

treated by PFC2d and PFC3D which simulate the 

movement and interaction of many finite-sized particles 

within particular particle assemblies. These particles are 

considered as rigid bodies having finite mass and can move 

(translate and/or rotate) independently. The interaction 

between these particles can be modeled using a pair-wise 

contacts approach provided by means of internal forces and 

moments. The contact mechanics is used to study the 

mechanical behavior of geo-mechanical problems based on 

the particle-interaction laws that update the internal forces 

and moments within the particle assembly. 

The discrete-element method can compute the time 

evolution obtained through the explicit dynamic solution of 

the Newton’s law of motion. A synthetic material can be 

modeled by PFC considering an assembly of rigid grains of 

granular and/or bonded materials interacting at contacts 

points (Potyondy and Cundall 2004). Flat joint model used 

in version 5 of PFC2D is one of the bonded contact models 

which is used to simulate a corresponding a piece of a body 

flat jointed material as shown in Fig. 1. The mechanical 

behavior of an interface in between the two notional 

surfaces connected rigidly to a piece of a rigid body can be 

efficiently simulated by a flat joint contact model. A flat  

 

Fig. 1 Flat-joint contact (left) and flat-jointed material (right) [29] 

644



 

The effect of micro parameters of PFC software on the model calibration 

 

 

 

 

jointed material includes the balls, clumps, or walls of 

bodies jointed by flat joint contacts. The effective contact 

surface for each body can be defined by the notional 

surfaces of the contacting pieces. These pieces may interact 

at each flat joint contact with the notional surfaces called 

faces defined as lines and discs for two and three 

dimensional bodies, respectively. The macroscopic behavior 

of the finite-size bonded or frictional interfaces that may 

sustain partial material damage considering the linear 

elastic behavior can be efficiently modeled by the flat-joint 

model used in PFC2D. 

 

 
 

 
 
2.2 Experimental test 
 

Experimental samples are from Parvade Tabas coal mine 

situated from ease of Iran. These samples were subjected to 

Uniaxial compression test and Brazilian test. Stress-strain 

curve and failure pattern of coal rock was depicted in Fig. 2. 

Also Fig. 3 shows failure pattern in Brazilian test. Table 1 

shows geometrical properties and mechanical properties of 

coal rock. 

 

 

 

 

Fig. 2 stress-strain curve and failure pattern of coal rock 

 

Fig. 3 Failure pattern in Brazilian test 
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Table 1 geometrical properties and mechanical properties of 

coal rock 

Tensile 

strength 

[MPa] 

Uniaxial 

compressive 

strength [MPa] 

Length [mm] 
Diameter 

[mm] 

 3.1 108 55.4 

0.62 ---- 27 55.4 

 

 

2.3 Coal rock calibration 
 
For calibration of coal rock, uniaxial compression test 

and Brazilian test were simulated by PFC2D version 5. 

Nineteen micro parameters should be change to get the best 

calibrated models (Table 2). These micro parameters are 

related to Model dimension, particle assembly and bonded 

particles contact properties. In this paper, only the effect of 

friction angle, Accumulation factor, Expansion coefficient 

and Particle distance on the model calibration has been 

studied. 

 

2.3.1 Numerical unconfined compressive test 
In PFC2D, the unconfined compression test can be 

simplified to a model of two moving walls compressing the 

particles assembly, as illustrated in Fig. 4(a). The walls 

were selected to be frictionless rigid plates. The tested 

specimen of assembly is 108 mm in height, 54 mm in width 

and consists of 14298 particles. A normal particle size 

distribution was used, with particle radii ranging from 0.6 

mm to 1.2 mm. The bounds of the particle radii were 

chosen so as to have particles that are as small as possible, 

without compromising computational efficiency, and 

minimizing cod running time.  

 

 

 

 

Table 2 Micro properties used for model calibration 

No Micro properties No Micro properties 

1 Particle distance 11 Model height 

2 Elastic modulus (yang) 12 Model width 

3 K-ratio 13 Expansion coefficient 

4 Friction coefficient 14 Accumulation factor 

5 Tensile strength 15 Density 

6 Tensile strength 

standard deviation 

16 Minimum diameter of 

particles 

7 Compressive strength 17 Maximum diameter of 

particles 

8 Compressive strength 

standard deviation 

18 Material pressure 

9 Friction angle 19 Material pressure 

changes 

10 Porosity 20  

 

 

2.3.2 Brazilian test 
Brazilian test was used to calibrate the tensile strength 

of the specimen in PFC2D model (Fig. 4(b)). A normal 

particle size distribution was used, with particle radii 

ranging from 0.6 mm to 1.2 mm. The diameter of the 

Brazilian disk used in the numerical tests is 54 mm in 

diameter, and is made of 5615 particles. The disk was 

crushed by the lateral walls moved towards each other with 

a low speed of 0.016 m/s. 

 

 
3. Result and discussion 
 

3.1 The effect of friction angle on the model 
calibration 

 

In this study friction angle change in the values of: 0°, 

10°, 15°, 20°, 30°, 40°, 45°, 50°, 60°, 70° and 80°.  

 

 

(a) (b) 

Fig. 4 (a) the unconfined compression test and (b) Brazilian test 
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(a) 0° (b) 10° (c) 15° 

   
(d) 20° (e) 30° (f) 40° 

   
(g) 45° (h) 50° (i) 60° 

Continued- 
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Following section introduced the results of unconfined 

compression test calibration and Brazilian test calibration. 

a) The effect of friction angel on the UCS test outputs 

Fig. 5 shows the effect of friction angle on the failure 

pattern. Fig. 5 shows that the tensile cracks number 

increases by increasing the friction angle. When friction  

 

 

 

 

angle has low value, the failure surface angle is 45°. The 

splitting failure and sample rupture were occurred by 

increasing the friction angle. Fig. 6 shows the effect of 

friction angle on the uniaxian compression strength. The 

uniaxial compression strength is increased by increasing the 

friction angle. Its increase is graduated till 60° of friction  

  
(j) (k) 

Fig. 5 The effect of friction angle on the failure pattern in UCS test 

 

Fig. 6 The effect of friction angle on the uniaxial compression strength 
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angle is reached. By increasing the friction angle more than 

60°, the compressive strength is increases in higher rate.  

By comparison between Fig. 5, Fig. 6 and Fig. 2 it can be 

concluded that the friction angel 20° was proper for model 

calibration. The output rendered by this friction angle is 

close to experimental one. 

 

 

b) The effect of friction angel on the Brazilian test 

outputs 

Figs. 7 and 8 show the effect of friction angel on the failure 

pattern and tensile strength, respectively. Fig. 7 shows that 

splitting failure change to multiple shear bands with 

increasing the friction angel. Also Fig. 8 shows that totally  

   
(a) 0 (b) 10 (c) 15 

   
(d) 20 (e) 30 (f) 40 

   
(g) 45 (h) 50 (i) 60 

 

 

 

(j) 70  (k) 80 

Fig. 7 The effect of friction angel on the Brazilian failure pattern 
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tensile strength is decreases by increasing the friction angle. 

By comparison between Figs. 7 and 8 and Fig. 3 it can be 

concluded that the friction angel of 20° was proper for 

model calibration. The output rendered by this friction 

angle is close to experimental one. 
 

3.2 Accumulation factor 
 

In this study Accumulation coefficient change in 

following values: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7. The 

following section introduced the results of unconfined 

compression test calibration and Brazilian test calibration. 

a) The effect of Accumulation factor on the UCS test 

outputs 

Fig. 9 shows the effect of accumulation factor on the 

compressive failure pattern. Fig. 9 shows that failure pattern 

changes from diametrical failure to several shear band with 

increasing the Accumulation coefficient. Fig. 10 shows the 

effect of accumulation factor on the UCS. Fig. 10 shows 

that totally compressive strength is decreases by increasing 

the Accumulation factor.. By comparison between Figs. 9 

and 10 and Fig. 2 it can be concluded that the Accumulation 

coefficient of 0.7 was proper for model calibration. The 

output rendered by this Accumulation coefficient is close to 

experimental one. 

 
 
b) The effect of Accumulation factor on the Brazilian 

test outputs 

Fig. 11 shows the effect of accumulation factor on the 

tensile failure pattern. Fig. 11 shows that failure pattern was 

constant by increasing the Accumulation coefficient. Fig. 12 

shows the effect of accumulation factor on the tensile 

strength. Fig. 12 shows that tensile strength is constant by 

increasing the Accumulation factor. It’s to be note that only 

when the Accumulation coefficient was 0.7, the tensile 

strength was close to experimental one. Therefore the 

coefficient of 0.7 was chosen for model calibration. 
 

3.3 Expansion coefficient 
 

In this study Expansion coefficient change in following 

values: 1, 1.2, 1.4, 1.6, 1.8, and 2. The values less than 1 

and more than 2 lead to error in numerical results. The 

following section introduced the results of unconfined 

compression test calibration and Brazilian test calibration. 

a) The effect of accumulation factor on the UCS test 

outputs: 

Figs. 13 and 14 show the effect of Expansion coefficient on 

the failure pattern and UCS, respectively. 
 
 

 

Fig. 8 The effect of friction angel on the tensile strength 
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(a) 0.1 (b) 0.2 (c) 0.3 

   
(d) 0.4 (e) 0.5 (f) 0.6 

 
(g) 0.7 

Fig. 9 The effect of Accumulation coefficient on the uniaxial failure pattern 
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Fig. 10 The effect of Accumulation factor on the uniaxial compressive strength 

   
(a) 0.1  (b) 0.2 (c) 0.3 

   
(d) 0.4  (e) 0.5  (f) 0.6 

 
(g) 0.7 

Fig. 11 The effect of Accumulation coefficient on the failure pattern 
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Fig. 12 The effect of Accumulation factor on the tensile strength 

   
(a) 1.0  (b) 1.2  (c) 1.4 

   
(d) 1.6 (e) 1.8 (f) 2.0 

Fig. 13 The effect of Expansion coefficient on the failure pattern 
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Fig. 13 shows that failure pattern changes from diametrical 

to several shear band with increasing the Expansion 

coefficient. Fig. 14 shows that unconfined compression 

strength was increased by increasing the Expansion 

coefficient. Its to be note that only when the Expansion 

coefficient was 1.2, the compressive strength and failure 

pattern were close to experimental one. Therefore the 

coefficient of 1.2 was chosen for model calibration. 

b) The effect of expansion coefficient on the brazilian 

test outputs 

Fig. 15 shows the effect of accumulation factor on the 

tensile failure pattern. Fig. 15 shows that failure pattern was  

 

 

 

 

constant by increasing the expansion coefficient. Only when 

the Expansion coefficient was equal to 1, the failure pattern 

are accomplished by several shear band. Fig. 16 shows the 

effect of expansion coefficient on the tensile strength. Fig. 

16 shows that tensile strength is increased by increasing the 

Expansion coefficient. Its to be note that only when the 

Expansion coefficient was 1.2, the tensile strength and 

failure pattern was close to experimental one. Therefore the 

coefficient of 1.2 was chosen for model calibration. 
 
 
 

 

Fig. 14 The effect of Expansion coefficient on the UCS 

   
(a) 1.0 (b) 1.2 (c) 1.4 

   
(d) 1.6 (e) 1.8 (f) 2.0 

Fig. 15 The effect of Expansion coefficient on the Brazilian failure pattern 
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Fig. 16 The effect of Expansion coefficient on the Brazilian tensile strength 

   
(a) 0.1 (b) 0.2 (c) 0.3 

   
(d) 0.4 (e) 0.5 (f) 0.6 

Continued- 
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3.4 disc distance 
 

In this study Particle distance change in following 

values: 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 

mm, 0.7 mm and 0.8 mm. The following section introduced 

the results of unconfined compression test calibration and 

Brazilian test calibration. 
a)The effect of disc distance on the UCS test outputs 

Fig. 17 shows the effect of Particle distance on the failure 

pattern. When Particle distance is less than 0.5, several 

shear band distributed in the model. When Particle distance 

is 0.5, diametrical failure occurred in the model. When 

Particle distance is more than 0.5, number of tensile cracks  

 

 

 

 

was increased and several shear bands distributed in the 

model transversely. Fig. 18 shows the effect of Particle 

distance on the UCS. Fig. 18 shows that uniaxial 

compressive strength was increased by increasing the 

Particle distance. Its to be note that only when Particle 

distance was 0.5, the UCS and failure pattern was close to 

experimental one (Fig. 2). Therefore the coefficient of 0.5 

was chosen for model calibration. 

b) The effect of disc distance on the brazilian test 

outputs 

Fig. 19 shows the effect of Particle distance on the failure 

pattern. Failure pattern was constant with increasing the 

Particle distance. Fig. 20 shows the effect of Particle  

  
(g) 0.7 (h) 0.8 

Fig. 17 The effect of Particle distance on the failure pattern 

 

Fig. 18 The effect of Particle distance on the UCS 
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(a) 0.1 (b) 0.2 (c) 0.3 

   
(d) 0.4 (e) 0.5 (f) 0.6 

 

 

 
(g) 0.7  (h) 0.8 

Fig. 19 The effect of Particle distance on the failure pattern 

 

Fig. 20 The effect of Particle distance on the tensile strength 
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distance on the tensile strength. Totally tensile strength was 

increased by increasing the Particle distance. Its to be note 

that only when Particle distance was 0.5, the tensile strength 

and failure pattern was close to experimental one. Therefore 

the coefficient of 0.5 was chosen for model calibration. 

 
 
4. Comparison between numerical models with 
experimental results 
 

The numerical model was calibrated when friction angle, 

Accumulation factor, Expansion coefficient and Particle 

distance were 20°, 0.7, 1.2 and 0.5 mm, respectively. Table 

3 shows micro-parameters used for calibration. 

Figs. 21(a) and 21(b) show failure patterns in both of the 

PFC2D numerical model and experimental sample; 

respectively. The splitting plane is basically diametrical and 

it agrees well with the experimental observation. Figs. 21(c) 

and 21(d) shows the compressive strength versus the axial 

displacement curve for experimental test and PFC2D 

numerical UCS test simulation. From Figs. 21(c) and 21(d), 

it’s clear that the bonded particles have a brittle behavior  

 

 

 

under compressive loading so that they have reached their 

peak compressive strength and got broken before they get 

into non-linear deformation stage. The Numerical tensile 

strength with the comparison of the experimental 

measurements is presented in Table 4. Table 4 shows that a 

good accordance was established between experimental test 

and numerical simulation. 
Figs. 22(a) and 22(b) show failure patterns in both of the 

PFC2D numerical model and experimental sample; 

respectively. The splitting plane is basically horizontal and 

it agrees well with the experimental observation. Fig. 22(c) 

shows the tensile strength versus the axial displacement 

curve for PFC2D numerical Brazilian simulation. From Fig. 

22(c), it’s clear that the bonded particles have a brittle 

behavior under indirect tensile loading so that they have 

reached their peak tensile strength and got broken before 

they get into non-linear deformation stage. The Numerical 

tensile strength with the comparison of the experimental 

measurements is presented in Table 4. Table 4 shows that a 

good accordance was established between experimental test 

and numerical simulation. 
 

 

Fig. 21 (a) coal rock failure pattern in experimental UCS test, (b) coal rock failure pattern in numerical UCS test, (c) axial 

stress versus axial strain in experimental UCS test and (d) axial force versus axial strain in numerical UCS test 
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Fig. 22 (a) coal rock failure pattern in experimental brazilian test, (b) coal rock failure pattern in numerical brazilian test 

and (c) axial force versus axial strain in numerical Brazilian test 

Table 3 Micro properties used for model calibration 

No Micro properties Value No Micro properties Value 

1 Particle distance 0.5 mm 11 Model height 108 mm 

2 Elastic modulus (yang) 190 MPa 12 Model width 54 mm 

3 K-ratio 2 13 Expansion coefficient 1.2 

4 Friction coefficient 0.5 14 Accumulation factor 0.7 

5 Tensile strength 0.85 MPa 15 Density 2500 N/cm2 

6 Tensile strength standard deviation 0.001 MPa 16 Minimum diameter of particles 0.6 mm 

7 Compressive strength 0.7 MPa 17 Maximum diameter of particles 1.2 mm 

8 Compressive strength standard deviation 0.1 MPa 18 Material pressure 0.1 MPa 

9 Friction angle 20⁰ 19 Material pressure changes 0.01 

10 Porosity 0.08 20   

Table 4 The results of compressive strength and tensile strength rendered by experimental test and numerical simulation 

 Tensile strength (MPa) Compressive strength (MPa) 

Real value 0.62 3.1 

Modeling value 0.83 3.3 
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5. Discussion 
 

The output shows that UCS increases by increasing the 

friction coefficient but tensile strength decrease by 

increasing the friction coefficient. UCS increases by 

increasing the accumulative factor but tensile strength 

decrease by increasing the accumulative factor.  UCS 

increases by increasing the expansion coefficient but tensile 

strength decrease by increasing the expansion coefficient. 

UCS and tensile strength were increased by increasing the 

particle distance. 

 

 

6. Conclusions 
 

The results show that: 

 The UCS increase by increasing the friction angle 

but the tensile strength decreases by increasing the 

friction angle. 

 When brittleness increase its better to choose 

higher value for friction angle in calibration 

process. 

 Whereas the ratio of uniaxial strength to tensile 

strength for coal rock is equal to 5, therefore the 

lower value for friction angle was chosen i.e. 20°. 

In this friction angel, failure pattern and 

mechanical properties in numerical simulation 

were similar to experimental one. 

 The UCS increase by increasing the Accumulation 

factor but the tensile strength decreases by 

increasing the Accumulation factor. Accumulation 

factor effect was less than the effect of friction 

angle. 

 Whereas the ratio of uniaxial strength to tensile 

strength for coal rock is equal to 5, therefore the 

higher value for Accumulation factor was chosen 

i.e., 0.7. in this Accumulation factor, failure pattern 

and mechanical properties in numerical simulation 

were similar to experimental one. 

 The UCS and tensile strength increase by 

increasing the Expansion coefficient. 

 Whereas the ratio of uniaxial strength to tensile 

strength for coal rock is equal to 5, therefore the 

lower value for Expansion coefficient factor was 

chosen i.e., 1.2. in this Expansion coefficient, 

failure pattern and mechanical properties in 

numerical simulation were similar to experimental 

one. 

 The UCS and tensile strength increase by 

increasing the disc distance. 

 Whereas the ratio of uniaxial strength to tensile 

strength for coal rock is equal to 5, therefore the 

middle value for disc distance was chosen i.e. 0.5 

mm. In this disc distance, failure pattern and 

mechanical properties in numerical simulation 

were similar to experimental one. 

 The calibration of experimental sample was good 

when model was calibrated by PFC2D version 5. 

 By try and error we can calibrate the numerical 

method. 
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