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Abstract
The Hoek-Brown (H-B) criterion is one of the most commonly used rock failure criteria in recent years. This criterion 
includes a constant parameter called mi which is a fundamental parameter for estimating rock strength. Due to the im-
portance of the mi parameter in the H-B criterion, it is necessary to conduct comprehensive studies on various aspects of 
the effect of this parameter on the behavior of rocks. Therefore, in this study, using numerical simulation of the Triaxial 
Compressive Strength (TCS) tests in PFC-2D code, the effects of microscopic properties of different rocks on the H-B 
parameter mi have been studied. Based on the results of this study, it was found that the effects of micro-parameters on 
the H-B parameter mi can be different depending on the type of rock, however this parameter has an inverse relationship 
to the micro-parameters of bond tensile strength and bond fraction of the rocks. Also, the mi parameter increases with 
an increase in the micro-parameters of the friction coefficient, the friction angle, the particle contact modulus, and the 
contact stiffness ratio of rocks.
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1. Introduction

Between all of the failure criteria presented, the Hoek-
Brown (H-B) (1980) empirical criterion is one of the 
most well-known. This criterion has become an indis-
pensable tool for rock engineers due to its simplicity, 
proper compatibility to laboratory data, as well as its ap-
plicability to rock masses, and it has been used success-
fully in various aspects of rock engineering in recent 
years (Merifield et al., 2006; Bagheripour and Haki-
mipour, 2009; Osgoui and Ünal, 2009; Sari, 2012; 
Shen et al., 2013; Feng and Jimenez, 2015; Bertuzzi 
et al., 2016; Jiang et al., 2016; Sun et al., 2016; Wu et 
al., 2017; Peng et al., 2017; He et al., 2020).

Depending on the application, different types of H-B 
criterion have been proposed. The mathematical equa-
tion for an intact rock is expressed as follows (Hoek & 
Brown, 1980a):

  (1)

Where:
σ1:  the major principal stress,
σ3:  the minor principal stress or confining pressure,

mi:  H-B material constant,
σci:  the uniaxial compressive strength of the intact 

rock.
According to the H-B criterion, one of the parameters 

that has a significant effect on the failure of rocks is mi, 
which is a dimensionless parameter. The strength param-
eter mi which is generally assumed to be a curve-fitting 
parameter to achieve the H-B failure envelope, can be 
determined by statistical evaluation of the results of ex-
perimental studies, linear or non-linear approaches 
(Hoek and Brown, 1980a; Hoek and Brown, 1980b; 
Hoek, 1983; Shah and Hoek, 1992; Colak and unlu, 
2004), and its values are distributed from 7 to 35 de-
pending on the rock material characteristics (Hoek, 
2007). Due to its significance in H-B failure criterion, 
many researchers have dedicated their studies to param-
eter mi (Colak and Unlu, 2004; Sari, 2010; Zhang et 
al., 2014; Wang and Shen, 2017; Aladejare and Wang, 
2019; He et al., 2020; Wen et al., 2021), but it is still 
necessary to conduct more comprehensive studies about 
this parameter. Therefore, in the current study, by using 
numerical simulation of Triaxial Compressive Strength 
(TCS) tests on three different rock samples, it is attempt-
ed to investigate the effects of microscopic properties 
(micro-parameters) of different rocks on the H-B param-
eter mi. In addition, the effects of micro-parameters on 
the failure envelope have been investigated.
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2. Material and methods

In the current study, the mechanical properties of 
three rock types namely andesite, limestone, and sand-
stone have been used to conduct investigations. Numeri-
cal simulations have been performed using Particle Flow 
Code 2D (PFC-2D), which is one of the most popular 
software based on the Discrete Element Method (DEM). 
Due to its high capability to simulate the mechanical be-
havior of different rocks, PFC-2D has been considered 
by many researchers and has been used in a wide range 
of numerical studies in recent years. (Potyondy and 
Cundall, 2004; Calvetti, 2008; Akram and Sharrock, 
2010; Deisman et al., 2010; Mas Ivars et al., 2011; 
Asadi et al., 2012; Ghazvinian et al., 2012; Bahaad-
dini, Sharrock and Hebblewhite, 2013a; Bahaaddini, 
Sharrock and Hebblewhite, 2013b; Bahaaddini, 
Hagan, Mitra and Hebblewhite, 2014; Sarfarazi et 
al., 2014; Bahaaddini, Hagan, Mitra and Hebble-
white, 2016; Haeri and Sarfarazi, 2016; Bahaaddini, 
2017; Gu et al., 2017; Cui et al., 2017; Hama et al., 
2017; Lin et al., 2017; Sarfarazi et al., 2017; Jiang et 
al., 2018; Yang and Huang, 2018; Bahaaddini et al., 
2019; Jafari Mohammadabadi et al., 2021).

In these studies, the numerical samples follow the 
ISRM recommendations, and the diameter and height of 
the samples were considered to be 54 mm and 115 mm, 
respectively Figure 1. Before starting the analysis, it is 
essential to define the base values   of the micro-parame-
ters. The base values of the micro-parameters from each 
rock are given in Table 1, which is determined with a 
calibrating operation on the experimental data. For the 
calibration process, the mechanical behavior of the syn-
thetic samples under the compression test was repro-
duced and compared with the experimental tests. In this 
paper, the TCS test has been used for calibrating the 
micro-properties of synthetic samples.

Also, to ensure the accuracy of the numerical results, 
the failure envelopes of one of the rock samples has 
compared with laboratory tests, which is shown in Fig-
ure 2. Moreover, in Table 2, the values of rock strength 
parameters in both numerical and laboratory modes are 
compared with each other. According to Figure 2 and 
Table 2, the values obtained from numerical models are 
very close to the laboratory values in all three rock sam-
ples. Therefore, it can be concluded that the created 
models are sufficiently accurate to perform more inves-
tigations.

3. Results and discussion

After validation and ensuring the accuracy of the an-
swer provided by numerical simulations, to study the ef-
fect of micro-parameters on the mi parameter, seven fac-

Table 1: Base values of micro-parameters from numerical samples

Property

Andesite Limestone Sandstone

UnitBase 
value

Range values Base 
value

Range values Base 
value

Range values

Low High Low High Low High
Density 2450 --- --- 2600 --- --- 2450 --- --- (kg/m3)
Bonded fraction 0.93 0.7 1 0.98 0.7 0.98 0.99 0.7 0.99 ---
Ec 6.0 2 8 15.2 5 20 14.0 5 20 (GPa)
Kn/Ks

* 1.7 0.5 2 2 1 2.5 1.7 1 2.5 ---
Friction coefficient 0.45 0.2 0.8 0.8 0.4 1 0.3 0.3 0.9 ---
Cohesion 33.5 10 40 64.5 20 80 82.0 40 100 (MPa)
Cohesion std 3.35 --- --- 6.45 --- --- 8.2 --- --- (MPa)
Tensile strength 5.0 1 15 12.6 1 15 4.5 1 15 (MPa)
Tensile strength std 0.5 --- --- 1.26 --- --- 0.45 --- --- (MPa)
Friction angle 5 0 30 15 0 20 5 0 30 Degree

* Kn and Ks are normal and shear stiffness between grains respectively.

Figure 1: Geometry of PFC 2D model in TCS test
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tors including bond tensile strength, bond cohesion, the 
friction coefficient, the friction angle, bond fraction, the 
particle contact modulus (Ec) and the contact stiffness 
ratio (Kn/Ks) have been selected. Since in current re-
search the effects of micro-parameters on three different 
rocks have been evaluated, the results have been pre-
sented in three sections, which are discussed as follows.

3.1. Andesite

The results of the studies about the behavior of mi pa-
rameter in andesite rock are shown in Figure 3. Accord-
ing to Figure 3, it can be seen that the value of mi de-
creases with an increase in the amount of bond tensile 
strength, which changes from 0 to 15 MPa. By increas-
ing the amount of particles bond cohesion, which has 
varied from 10 to 40 MPa, the mi parameter decreased 
firstly (C=20 MPa), then increased slightly and the 
changes became small. With an increase in the amount 
of the friction coefficient, which changed from 0.2 to 
0.8, mi also increased. The rate of these changes de-
creased between the values of 0.4 and 0.6 and then in-
creased again as before. Changes in the values of the 
friction angle led to an increase in the mi parameter. The 

rate of these changes was smaller at lower angles. The mi 
parameter also decreased with an increase in the bond 
fraction which varied from 0.5 to 1. Moreover, as the 
stiffness ratio increased, the mi parameter increased lin-
early. Also, with an increase in the value of the modulus 
of elasticity, the mi parameter increased slightly.

The effect of micro-parameters on the failure enve-
lope of andesite rock are shown in Figure 4. According 
to Figure 4, it can be seen that the greatest impact of the 
tensile strength was on the minor stress. This micro-pa-
rameter also had an effect on the major stress of the rock, 
but its amount is small. The micro-parameters of cohe-
sion, the friction coefficient and the friction angle caused 
the strength of the rock samples to increase. These mi-
cro-parameters only affected the major stress of the rock. 
Bond fraction lead to an increase in the value of the ma-
jor and minor stress. The stiffness ratio and particle con-
tact modulus also affected both stresses, but the greatest 
effect had occurred on the major stress.

3.2. Sandstone

The results of studies on sandstone samples are shown 
in Figures 5 and 6. Based on the results of Figure 5, it 

Figure 2: Comparison of failure envelope of numerical and laboratory tests

(A) Andesite. (B) Sandstone. (C) Limestone.

Table 2: Comparison of numerical and experimental results

Rock
mi C (MPa) Φ (˚)

Experi- 
mental Numerical STD* 

(%)
Experi- 
mental Numerical STD

(%)
Experi- 
mental Numerical STD

(%)
Andesite 5.00 6.47 2.94 12.35 12.42 0.56 31.40 35.22 12.16
Sandstone 12.86 12.04 6.37 17.30 18.99 9.76 46.86 45.83 2.19
Limestone 15.25 17.96 17.77 17.29 17.9 3.52 49.57 51.94 4.5

*STD: standard deviation.
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(b)(a)

(d)(c)

(f)(e)

(g)

Figure 3: Effects of micro-parameters on H-B parameter mi in andesite: (a) bond tensile strength, (b) bond cohesion,  
(c) the friction coefficient, (d) the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle  

contact modulus.
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(c)(b)(a)

(f)(e)(d)

(g)

Figure 4: Effects of micro-parameters on H-B envelope failure in andesite: (a) bond tensile strength, (b) bond cohesion,  
(c) the friction coefficient, (d) the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle  

contact modulus.

can be seen that increasing the amount of the micro-pa-
rameter of bond tensile strength leads to a decrease in 
the value of the mi parameter, so that its value has 

changed from 16 to 7, which reached about half of its 
value. By increasing the micro-parameter of bond cohe-
sion, mi changed slightly at first (40 MPa < C < 60 MPa), 
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(b)(a)

(d)(c)

(f)(e)

(g)

Figure 5: Effects of micro-parameters on H-B parameter mi in sandstone: (a) bond tensile strength, (b) bond cohesion,  
(c) the friction coefficient, (d)the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle  

contact modulus.
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(c)(b)(a)

(f)(e)(d)

(g)

Figure 6: Effects of micro-parameters on H-B envelope failure in sandstone: (a) bond tensile strength, (b) bond cohesion,  
(c) the friction coefficient, (d) the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle  

contact modulus.

then the rate of these changes increased (60 MPa < C < 
80 MPa) and then decreased again (C > 80 MPa). In-
creasing the amount of micro-parameter of the friction 

coefficient, which changed from 0.3 to 0.9, increased the 
mi parameter, so that the value of mi changed from 13 to 
23. Changes in the amount of bond fraction micro-pa-
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(b)(a)

(d)(c)

(f)(e)

(g)

Figure 7: Effects of micro-parameters on the H-B parameter mi in limestone: (a) bond tensile strength, (b) bond cohesion,  
(c) the friction coefficient, (d) the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle  

contact modulus.

rameter lead to a reduction in the values of the mi param-
eter. This reduction is linear and the mi changes ranged 
from 27 to 13. By increasing the amount of the bond 

stiffness ratio, which varied from 1 to 2.5, mi first in-
creased (1 <KN/KS < 2) and then the changes decreased 
slightly (KN/KS >2). With an increase in the value of the 
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(c)(b)(a)

(f)(e)(d)

(g)

Figure 8: Effects of micro-parameters on H-B envelope failure in sandstone: (a) bond tensile strength, (b) bond cohesion, (c) the 
friction coefficient, (d) the friction angle, (e) bond fraction (f) the contact stiffness ratio and (g) the particle contact modulus.

particle contact modulus, the mi parameter first increased 
slightly (Ec<14) and then it decreased again (Ec>14).

According to Figure 6, it can be seen that, same as 
andesite rock, the greatest effect of the micro-parameter 

of bond tensile strength was on the minor stress and its 
effect on the major stress was relatively smaller. The 
micro-parameters of bond cohesion, the friction coeffi-
cient and the friction angle only affected the major stress 



Salajegheh, S.; Shahriar, K.; Jalalifar, H.; Ahangari, K. 82

Rudarsko-geološko-naftni zbornik i autori (The Mining-Geology-Petroleum Engineering Bulletin and the authors) ©, 2021,  
pp. 73-84, DOI: 10.17794/rgn.2021.4.7

of the rock. The bond fraction and the particle contact 
modulus increased both the maximum and minimum 
stresses. Also, the stiffness ratio micro-parameter affect-
ed both major and minor stresses, but the greatest effect 
occurred on the minor one.

3.3. Limestone

The results of studies on limestone samples are shown 
in Figures 7 and 8. According to Figure 7, it can be seen 
that with an increase in bond tensile strength, the mi pa-
rameter decreased so that its value reached half of the 
original value (it changed from 32 to 15). With an in-
crease in bond cohesion, the mi parameter first decreased 
(20 MPa < C < 40 MPa), then it increased (40 MPa < C 
< 65 MPa) and finally decreased again. Increasing the 
friction coefficient, which varied from 0.4 to 1, led to an 
increase in the mi parameter so that the value of mi 
changed from 12 to 18. The rate of changes in mi param-
eter were small at first (0.4 to 0.6), then these changes 
increased (0.6 to 0.8) and finally decreased again. As the 
friction angle increased, mi also increased. However, the 
rate of this changes was relatively low. By increasing the 
amount of bond fraction micro-parameter, which varied 
from 0.7 to 1, the mi parameter decreased. This reduction 
was linear and the mi changes ranged from 22 to 17. In-
creasing the stiffness ratio also led to an increase in the 
value of the mi parameter. The changes of the mi param-
eter were small at first (1 <KN/KS < 1.5), then increased 
(1.5 <KN/KS < 2) and finally became small again. More-
over, by increasing the amount of particle contact modu-
lus, mi first increased slightly (Ec<15), and then the mi 
value decreased again.

According to Figure 8, it can be seen that similar to 
the earlier samples, the greatest effect of the bond tensile 
strength micro-parameter was on the minor stress and its 
effect on the major stress was relatively smaller. Increas-
ing the micro-parameter of bond cohesion and bond 
fraction increased the major and minor stress of the 
limestone. The micro-parameters of friction coefficient 
and friction angle affected the major stress of the rock. 
Also, the effect of these micro-parameters on the minor 
one were very minimal. Increasing the micro-parameter 
stiffness ratio increased the major stress. This parameter 
also led to a reduction in minor stress, which is lower in 
higher values. Also, increasing the micro-parameter of 
the particle contact modulus increased the major and mi-
nor stresses, and these changes were greater than in the 
major stresses. 

4. Conclusion

In this paper, using numerical simulations of triaxial 
compressive strength tests in PFC-2D code, the effects 
of micro-parameters in rocks on the H-B parameter mi 
were researched. To perform the analyses, the mechani-
cal behaviour of three different rock types: andesite, 

sandstone and limestone, have been simulated and the 
effects of micro-parameters of bond tensile strength, 
bond cohesion, the friction coefficient, the friction an-
gle, bond fraction, the particle contact modulus (Ec) and 
the contact stiffness ratio (Kn/Ks) have been evaluated. 
According to the performed analyses, the results of this 
research can be summarized as follows:

• The mi parameter of the H-B criterion has an in-
verse relationship to the micro-parameters of bond 
tensile strength and bond fraction of the rocks, so 
that by increasing these micro-parameters, the mi 
parameter decreases by about half of its original 
value.

• The effects of the bond cohesion micro-parameter 
on mi is varied in different rocks.

• The mi parameter increases with an increase in the 
micro-parameters of the friction coefficient, the 
friction angle, the particle contact modulus, and the 
contact stiffness ratio of rocks. However, these ef-
fects vary depending on the type of rock.

• The greatest effect of the bond tensile strength mi-
cro-parameter was on the minor stress and its effect 
on the major stress is relatively smaller.

• The greatest effects of micro-parameters of the fric-
tion coefficient and the friction angle was on the 
major stress and their effects on a minor one are 
very small.

• Increasing the amount of the contact stiffness ratio 
micro-parameter reduces the minor stress in differ-
ent rocks.
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Sažetak

Varijacija intrinističkih svojstava stijene u ovisnosti o Hoek-Brownovim parametrima 
kriterija loma

Hoek-Brownov kriterij (HB) jedan je od najčešće korištenih kriterija loma stijena posljednjih godina. Ovaj kriterij uklju-
čuje konstantni parametar zvan mi koji je temeljni parametar za procjenu čvrstoće stijene. Zbog važnosti parametra mi u 
Hoek-Brownovu kriteriju potrebno je provesti sveobuhvatne studije o različitim aspektima učinka ovoga parametra na 
ponašanje stijena. Stoga su u ovoj studiji, korištenjem numeričke simulacije ispitivanja troosne tlačne čvrstoće (TCS) u 
PFC-2D kodu, proučavani učinci mikroskopskih svojstava različitih stijena na Hoek-Brownov parametar mi. Na temelju 
rezultata ove studije utvrđeno je da učinci mikroparametara na Hoek-Brownov parametar mi mogu biti različiti, ovisno 
o vrsti stijene, međutim ovaj parametar ima obrnut odnos prema mikroparametrima vlačne čvrstoće veze i veza frakcija 
stijena. Također, parametar mi raste s povećanjem mikroparametara koeficijenta trenja, kuta trenja, modula kontakta 
čestica i odnosa krutosti stijena.

ključne riječi:
Hoek-Brownov kriterij, parametar mi, troosna tlačna čvrstoća, mikroskopska svojstva, PFC-2D
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