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Abstract
Rocks are formed from particles and the interaction between those particles controls the behaviour of a rock’s mechani-
cal properties. Since it is very important to conduct extensive studies about the relationship between the micro-param-
eters and macro-parameters of rock, this paper investigates the eff ects of some micro-parameters on strength properties 
and the behaviour of cracks in rock. This is carried out by using numerical simulation of an extensive series of Uniaxial 
Compressive Strength (UCS) and Brazilian Tensile Strength (BTS) tests. The micro-parameters included the particles’ 
contact modulus, the contact stiff ness ratio, bond cohesion, bond tensile strength, the friction coeffi  cient and the fric-
tion angle, and the mechanical properties of chromite rock have been considered as base values of the investigation. 
Based on the obtained results, it was found that the most important micro-parameters on the behaviour of rock in the 
compressive state are bond cohesion, bond tensile strength, and the friction coeffi  cient. Also, the bond tensile strength 
showed the largest eff ect under tensile conditions. The micro-parameter of bond tensile strength increased the rock 
tensile strength (up to 5 times), minimized destructive cracks and increased the corresponding strain (almost 2.5 times) 
during critical stress.

Keywords:
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1. Introduction
One of the most important factors that affects the be-

haviour of rocks is their mechanical properties, such as 
compressive and tensile properties. These properties, 
which play a dominant role in the mechanism of rock 
failure, usually attract special attention in rock engineer-
ing projects. The behaviour of micro-cracks is another 
critical factor that is highly regarded. Crack density and 
propagation show a signifi cant impact on the behaviour 
and strength properties of rocks. Therefore, any research 
that helps to gain a better understanding of the behaviour 
of these mechanical properties is essential. On the other 
hand, the mechanical behaviour of rock materials is con-
trolled by the grain aggregate and the cementation 
(bond) between the grains (Delenne et al., 2011; Gao 
and Kang, 2017; Bahaaddini and Rahimi, 2018; Ba-
haaddini et al., 2019). Although a few researchers have 
studied the relations of these mechanical properties of 
rocks (Huang, 1999; Yang et al., 2006; Xu et al., 2016; 
Bahaaddini and Rahimi, 2018; Yari and Bagherpour, 
2018a; Yari and Bagherpour, 2018b; Yari et al., 2019; 
Khoshouei et al., 2020), more studies are required to 

obtain a comprehensive understanding of these relation-
ships.

In this paper, using numerical simulation of UCS and 
BTS tests, the effects of micro-parameters on the tensile 
and compressive strengths of rock are investigated. In 
addition, the effects of micro-parameters on the behav-
iour of micro-cracks have been studied in both tests. 
Since continuum methods cannot effectively reproduce 
the failure process due to their intrinsic limitations, Par-
ticle Code 2D (PFC-2D) has been used for the simula-
tion process, which is a software based on the Discrete 
Element Method (DEM).

2. A brief introduction to DEM

Since Cundall (1971) fi rst proposed DEM for ge-
omechanics applications, it has been proven that DEM is 
a very powerful method to represent the mechanical be-
haviour of granular materials (Yang et al., 2006). DEM 
is essentially a Lagrangian (mesh-free) technique where 
each individual particle is treated separately and the in-
ter-particle contact forces are calculated on the basis of 
simple mechanical models such as springs, dashpots, 
and frictional sliders (Cundall and Strack, 1979).
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The advantage of using DEM-based models is that the 
underlying physics are clearly resolved and the models 
are inherently discontinuous and heterogeneous. DEM 
models are very powerful in the sense that they capture 
the behaviour of many different types of materials with 
little or no changes in the model parameters.

In DEM, a granular material is modeled as a collec-
tion of separate particles. The particles can take any 
shape, but for simplicity they are commonly assumed to 
be perfectly spherical (see Figure. 1). The forces acting 
on a typical particle in a system consist of body forces as 
well as forces arising at the contacts with neighbouring 
particles. The equations of motion for a typical particle 
in the system are then simply given by Newton’s second 
law of motion (Equations 1 and 2):

  (1)

  (2)

Where:
Vp  –  Translational velocity vector (m/s). A super-

posed dot indicates a time derivative.
ωp  –  Rotational velocity vector (s-1).
mp  –  Particle mass (kg).
Ip  –  Particle moment of inertia (mm4).
fg  –  Gravitational vector (kg.ms-2).
fc  –  Inter-particle force at contact (kg m−1 s−1). c = 

1;2; ….
rc  –  Vector connecting the center of the particle to 

the location of contact (mm).

3. Material and methods

In this research, an extensive series of experimental 
tests were carried out and then a numerical model was 
calibrated with the obtained experimental results. Nu-
merical investigations were conducted using Particle 
PFC2D. This code is among the most widely used DEM-

based commercial software, and has been used success-
fully in a variety of engineering applications such as the 
simulation of intact rocks (Cui et al., 2019; Potyondy 
and Cundall, 2004; Akram and Sharrock, 2010), rock 
cutting and indentation (Kaitkay, 2002; Lei and Kait-
kay, 2002; Huang, 1999), underground rock support 
(Tannant and Wang, 2002), rock joints and jointed 
rock masses (Bahaaddini, 2017; Bahaaddini et al., 
2013; Bahaaddini et al., 2014; Bahaaddini et al., 
2016; Yang and Huang, 2018; Deisman et al., 2010; 
Jiang et al., 2018; Mas Ivars et al., 2011; Asadi et al., 
2012).

The main advantage of PFC2D is that there is no need 
for pre-defi ned complex empirical constitutive relations, 
and they have been replaced with simpler particle con-
tact logic without requiring plasticity rules (Bahrani et 
al., 2011). Another signifi cant advantage of PFC2D is 
that it can simulate a fracture mechanism from crack ini-
tiation, propagation, to coalescence explicitly by bond 
breakage without any special crack-criteria (Zhang and 
Stead, 2014).

In PFC2D, rock is represented as a dense packing of 
grains cemented by contacts, which simulate the interac-
tion behaviour between grains (Xu et al., 2016). The three 
main bonding approaches, namely Contact Bond (CB), 
Parallel Bond (PB) and Flat-Joint (FJ) models, have been 
proposed for a simulation of the cementation between 
particles in PFC2D code (Bahaaddini et al., 2019). Due 
to its ability to reproduce the mechanical behaviour of 
rock materials under different loading conditions (Ba-
haaddini et al., 2019), the FJ model has been adopted for 
numerical modelling in the current study. This model was 
proposed by Potyondy (2012), with the aim of consider-
ing the polygonal grain structure of particles, to fi x the 
intrinsic problems that have been raised in the standard 
PB model, and it has been implemented in both PFC2D 
and PFC3D (Itasca Consulting Group, 2015).

Before performing an analysis, it is necessary to de-
termine the base values of the micro-parameters. This 

Figure 1: Modeling actual granular soils. (left) as a collection of spheres (right) 
in Discrete Element Method (El Shamy 2007).
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can usually be done by using a calibration process with 
regard to the macroscopic mechanical properties.

To obtain the base values of the micro-parameters, a 
calibration process is performed on the experimental 
data of granular chromite rock samples from the Faryab 
mine in the southeast of Kerman, Iran. The calibration 
process of the micro-properties of particles and bonds is 
carried out by comparing uniaxial tests results in both 
numerical models and laboratory tests, which is com-
monly performed by undertaking uniaxial compression 
tests (Bahaaddini et al., 2019).

In this operation, which is an iterative process (Ba-
haaddini et al., 2013b), the elastic modulus is calibrated 
fi rst which depends on “the particle and bond modulus 
(  and )” and “particle and bond normal/shear stiff-

ness (  and )”. Then ν is calibrated in an it-

erative process with the fi rst step which is controlled by 
the ratio of normal to shear rigidity in particles and 

bonds (  and ),. Finally, UCS is calibrated 

which is affected by the bond strength properties. The 
calibrated values of micro-parameter of particles and 
bonds are given in Table 1.

For numerical models, the specimen sizes are deter-
mined with regards to the types of each test and in ac-
cordance with the ISRM recommendations (UCS: diam-
eter 54 mm and height 115 mm - BTS: diameter 54 mm 
and height 27 mm) (Bieniawski and Bernede 1979; 
Bieniawski and Hawkes 1978). In both types of tests, 
the particle dimensions follow the normal distribution 
and are based on the minimum particle radius (rmin = 0.45 
mm) and the maximum radius to minimum radius ratio 

(  = 1.5). Also, UCS and BTS specimens contain 

5658 and 2096 particles, respectively (see Figure 2).

4. Results and discussion

As mentioned earlier, the aim of this paper is to inves-
tigate the effects of micro-parameters on strength prop-
erties and micro-crack behaviour of rock materials. In 
the current study, the effects of six factors from simu-
lated samples including the particle contact modulus 
(Ec), the contact stiffness ratio (Kn/Ks), bond cohesion, 
bond tensile strength, the friction coeffi cient and the 
friction angle have been analysed. These aspects of the 
model results are discussed in sequence in the following 
sections.

4 .1. Compressive Strength

The numerical results of UCS tests have been used to 
study the effect of micro-parameters on the compressive 
strength of rock. In this research, fi ve models of UCS 
testing were performed for each micro-parameter. The 
examining procedure is that during the investigation of 
each micro-parameter, all micro-parameters are selected 
to be the same as those in Table 1. Then, the investigated 
parameter is varied from a low value to a high value (as 
displayed in Table 1). Finally, the effects on the com-
pressive strength are studied. The effects of these param-
eters on UCS tests are demonstrated in Figure 3. Based 
on the conducted tests, the following results were ob-
tained:

The micro-parameters of particles’ contact modulus 
and friction angle have no obvious effects (see Figures 
3a and f), and the contact stiffness ratio has very little 
effect on compressive strength (see Figure 3d). As the 
bond tensile strength increases, the compressive strength 
of a specimen increases (the amount of compressive 
strength increased from 20 MPa to 28 MPa). However, 
after a certain amount, the effect of this micro-parameter 
becomes very small (see Figure 3b). An increase in the 
amount of bond cohesion and the friction coeffi cient sig-
nifi cantly increases the amount of compressive strength 
(see Figures 3c and e). The amount of compressive 
strength increased by 10 MPa and 14 MPa for bond co-
hesion and friction coeffi cient, respectively. Also, the ef-
fi ciency of these micro-parameters decreases after ex-
ceeding a certain amount, but they still have a signifi cant 
effect on the compressive strength.

Figure 2: Cross-section of PFC 2D models (a): 
in UCS tests (b): in BTS tests.

(a) (b)

Table 1. Base values of the investigated micro-parameters.

Property Base value
Range values 
for study Unit
Low High

Density 5700 --- --- (kg/m3)
Bonded fraction 0.76 --- --- ---
Ec 5.4 2 10 (GPa)
Kn/Ks 1.8 1 3 ---
Friction coeffi cient 0.5 0.1 1 ---
Cohesion 13.3 10 25 (MPa)
Cohesion std 1.33 --- --- (MPa)
Tensile strength 6.6 5 20 (MPa)
Tensile strength std 0.66 --- --- (MPa)
Friction angle 30 10 50 Degree
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Figure 3: The eff ect of micro-parameters on compressive strength in UCS tests: (a) particle contact modulus, (b) bond tensile 
strength, (c) bond cohesion, (d) contact stiff ness ratio, (e) friction coeffi  cient and (f) friction angle.

(a) (b)

(c) (d)

(e) (f)

4.2. Tensile strength
In order to study the effect of the investigated micro-

parameters on tensile strength, the numerical results of 
BTS tests were studied. Five BTS tests were simulated 
in PFC2D for each micro-parameter. The results of these 
simulations are shown in Figure 4. Based on these re-
sults, it can be seen that the micro-parameters of the par-
ticle contact modulus, the contact stiffness ratio, bond 
cohesion, the bond friction coeffi cient and the friction 
angle have no obvious effect on the tensile rock strength 
(see Figures 4a, c, d, e and f). However, the bond tensile 
strength affects the sample tensile strength. So, increas-
ing this micro-parameter increased the tensile strength 
up to 5 times (see Figure 4b).

4.3. Micro-cracks behaviour

To investigate the effects of micro-parameters on the 
behaviour of micro-cracks, crack density and corre-
sponding strain at critical (destructive) stresses have 
been studied in both UCS and BTS tests. Four models of 
UCS and BTS tests were simulated for each micro-pa-
rameter, and the applied procedure was the same as the 
procedure performed in the above sections. The results 
of these studies are demonstrated in Figures 5 and 6.

Based on the results of UCS tests, it was observed that 
the amount of crack density at critical stress was in-
creased with an increase in the values of the particle con-
tact modulus (up to 2600 cracks), the contact stiffness 
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(a) (b)

(c) (d)

(e) (f)

Figure 4. The eff ects of micro-parameters on tensile strength in BTS tests: (a) particle contact modulus, (b) bond tensile 
strength, (c) bond cohesion, (d) contact stiff ness ratio, (e) friction coeffi  cient and (f) friction angle.

ratio (up to 3000 cracks) and the friction coeffi cient (up 
to 2350 cracks) (see Figures 5a, d and e).

The crack density decreased by increasing the amount 
of bond cohesion (decreased to 320 cracks) and bond ten-
sile strength (decreased to 850 cracks). However, these 
effects are much lower in the case of bond cohesion (see 
Figures 5b and c). In addition, with an increase in the 
bond tensile strength, the contact stiffness ratio, the fric-
tion coeffi cient and decreasing the particle contact modu-
lus and bond cohesion, the corresponding strain increased 
(see Figures 5a-e). The friction angle also had very little 
effect on these properties (see Figure 5f).

According to the results of BTS tests, it can be ob-
served that with an increase in the values of bond tensile 

strength, bond cohesion and the friction coeffi cient, the 
crack density is reduced. However, these variations ap-
peared to be low in the parameters of bond cohesion and 
the friction coeffi cient (see Figures 6b, c and e). In-
creasing the value of particle contact modulus has in-
creased the density of cracks. However, the contact stiff-
ness ratio and friction angle have not shown a signifi cant 
effect on crack density (see Figures 6a, d and f). A mi-
cro-parameter that has the greatest impact on the corre-
sponding strain is bond tensile strength (see Figure 6b), 
since increasing this parameter increased the corre-
sponding strain from 0.002% to 0.005%.

Also, the particle contact modulus, the contact stiff-
ness ratio, the friction coeffi cient and the friction angle 
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(a) (b)

(c) (d)

(e) (f)

Figure 5: The eff ects of micro-parameters on crack density in UCS tests: (a) particle contact modulus, (b) bond tensile 
strength, (c) bond cohesion, (d) contact stiff ness ratio, (e) friction coeffi  cient and (f) friction angle.

have shown a slight effect on the corresponding strain, 
but they are not considerable (see Figures 6a and c-f).

5. Conclusion

In this paper, using numerical simulations of UCS and 
BTS tests in the Discrete Element Method, the effects of 
micro-parameters of rock grains on the compressive 
strength, tensile strength and micro-crack behaviour 

were investigated. The most important results of this 
study can be summarized as follows:

The micro-parameters that are very important to in-
crease the compressive strength of the rock are bond co-
hesion, friction coeffi cient and bond tensile strength. 
However, special attention is needed in the selection of 
these micro-parameters, as a little change in the values 
of these micro-parameters severely affects the other 
properties of the rock. Increasing some of them may lead 
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(a) (b)

(c) (d)

(e) (f)

Figure 6: The eff ects of micro-parameters on crack density in BTS tests: (a) particle contact modulus, (b) bond tensile 
strength, (c) bond cohesion, (d) contact stiff ness ratio, (e) friction coeffi  cient and (f) friction angle.

to a reduction of deformability or an increase in the 
number of destructive cracks.

In the case of tensile strength, the most effective mi-
cro-parameter was bond tensile strength. The amount of 
this micro-parameter is also very important and effective 
in increasing deformability and reducing destructive 
cracks.

Moreover, although micro-parameters such as parti-
cle contact modulus and stiffness ratio do not have a sig-
nifi cant effect on the amount of strength, they are very 
important in the deformation and number of destructive 
cracks and should be considered in geo-engineering de-
signs.
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SAŽETAK

Istraživanje utjecaja mikroparametara na svojstva čvrstoće stijene

Svaka je stijena stvorena od čestica čijim se međudjelovanjem određuju njezina mehanička svojstva. Budući da je vrlo 
važno provesti opsežne studije o povezanosti mikroparametara i makroparametara stijene, u ovome su radu istraživani 
učinci nekih mikroparametara na svojstva čvrstoće i ponašanje pukotina stijene numeričkim simulacijama jednoosne 
tlačne čvrstoće (UCS) i brazilske vlačne čvrstoće (BTS). Ispitivani mikroparametri uključivali su kontakt čestica, omjer 
kontaktne krutosti, koheziju veze, vlačnu čvrstoću, koefi cijent trenja i kut trenja, a mehanička svojstva stijene bogate 
kromitom bile su osnovne vrijednosti ispitivanih mikroparametara. Utvrđeno je kako su najvažniji mikroparametri na 
ponašanje stijene kod tlačenja kohezija veze, vlačna čvrstoća veze i koefi cijent trenja. Također, vlačna čvrstoća ima naj-
veći učinak u vlačnim uvjetima. Ovaj mikroparametar povećava vlačnu čvrstoću (do 5 puta), minimalizira destruktivne 
pukotine i povećava odgovarajuće naprezanje (gotovo 2,5 puta) pri kritičnome naprezanju.

Ključne riječi:
mikroparametar, stijena, pukotina, snaga veze, jednoosna tlačna čvrstoća, brazilska vlačna čvrstoća, destruktivna puko-
tina
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