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ABSTRACT: In this study, the effect of joints on rock breakage due to blast stress wave propagation 
in limestone has been investigated. The required rock strength properties were measured from limestone 
specimens extracted from the Angooran lead-zinc mine located in the northwest of Iran. Also, the 
geometrical properties of the three joints were given from the benches of mine. The particle flow code in 
two dimensions (PFC2D) has been used to model applying blast pressure to the inner walls of 6 holes; 
this code was based on the discrete element method (DEM). The obtained results showed that producing 
large pieces of rocks and back-break processes increased by making larger the distance between holes 
and free surface (B). Also, decreasing B caused to increase in the production of powdered limestone 
around the holes. DEM models confirmed when the stress wave reached empty spaces between joint 
surfaces, it lost a large part of its energy and the wave passed from the joints could not break limestone 
well. Furthermore, creating a large number of cracks around the holes showed that the powdered areas 
started to develop by propagating the stress wave. Comparing the results obtained from DEM models 
with experimental data showed that the discrete element method was an appropriate method to simulate 
the rock fracturing process during the blast wave propagation. Also, the blast wave propagation was 
modeled well in the plane strain condition.
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1- Introduction
Blasting is used in the mining and construction industries 

as the dominant method to break hard rocks. In open pit and 
underground mines, drilling and blasting are the first stages 
of production cycles. The results such as rock fragmentation 
rates, shape of the productions, etc. affect subsequent mining 
activities. In the process of explosion, the size and amount 
of broken rock pieces depend on creating and propagating 
cracks, and stress waves produced by the blast pressure and 
throwing rocks. Badly designing blast patterns in open pit 
mines causes cracks remaining walls (back-break process), 
decreases the stability mine walls and increases the size 
of broken pieces [1-5]. Furthermore, the back-break rate 
depends on the structural and mechanical properties of the 
rock mass. Therefore, it is possible to achieve the desirable 
crushing and reduce the back-break by developing an optimal 
blasting design [6, 7].

According to several researches, developing an optimal 
network of fractures requires understanding the mechanism 
of explosion [8-10]. They have confirmed that some 
characteristics such as explosive properties [10, 11], the 
strength of rock mass [12, 13], velocity of wave propagation 
[13], geological structures [14], and stress distributions 

would remarkably affect on fracture networks [15]. Also, 
waveform propagation and natural fractures [16], spacing 
of blast holes [17], hole diameters [18], and pre-existing 
discontinuities have the most important effects for increasing 
the smoothness of final wall faces in open-pit mines [19, 
20]. A blasting research subject can be divided into three 
parts: empirical and semi-empirical techniques, small-scale 
experiments, and numerical simulations. Empirical and semi-
empirical techniques, which are based on in-situ information, 
and small-scale experiments cannot consider geological and 
explosive conditions. However, numerical methods simulate 
well explosive damages in rock mass with different geological 
conditions [20- 23].

The main purpose of this study is to develop a discrete 
element model (DEM) of cracking rock due to the blast-stress 
wave propagation and effects of rock structures, in order to 
investigate a suitable pattern of blast holes for Angooran lead 
and zinc open-pit mine that is one of the largest metal mines 
in Iran. It is located in Zanjan province (40° 36´ in longitude 
and 20° 47´ in latitude of the geographical coordinates) and 
in a region with an average altitude of 3000 m. The ore body 
is located between a limestone layer as a hanging wall and on 
a thick layer of schist as a foot wall. In the Angooran mine, 
rocks in the hanging wall are collections of semi-metamorphic 
limestone with approximately 200 m in thickness that the 
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most extension of these collections are in the east of the mine 
including some joint sets. The required data (i.e. geometrical 
and mechanical properties of joints and rock) were obtained 
from surveying mines and previous studies [24, 25].

DEM is a modeling method based on the discontinuum 
mechanics [26, 27]. In this study, the wave produced by 
detonating ANFO charge in six blast holes was simulated in 
intact and jointed limestone by the particle flow code in two 
dimensions (PFC2D which is based on DEM. It simulated the 
limestone environment as a granular assembly by gathering 
many stiff particles bonded together [26, 27]. The previous 
study confirmed that the stress wave propagation in rocks 
was well simulated using PFC2D [23]. To verify the obtained 
results, they have been compared with confirmed data in 
previous similar studies.

2- Materials and Method
In order to model breaking rocks due to propagated blast 

wave stresses, the mechanical properties of the limestone 
specimens were experimentally evaluated. Three stone blocks 
of limestone were extracted from the Angooran mine. Then six 
cylindrical specimens with 110 mm in height and 54 mm in 
diameter (Fig. 1) and 6 disc-shaped specimens with 54 mm in 
diameter 27 mm in thickness were prepared from the blocks. 
A standard uniaxial compressive test and a Brazilian test 

were carried out on the cylindrical and disc-shape specimens, 
respectively. Furthermore, the dry density of limestone was 
estimated by the saturation and caliper technique, which was 
defined by the International Society for Rock Mechanics 
(ISRM). The obtained mean-mechanical properties are 
shown in Table 1. The geometrical and mechanical properties 
of three joint sets were extracted by surveying the benches 
and previous studies [24- 28].

3- discrete element method
In this study, fracturing in a limestone environment due 

to a propagated blast wave has been simulated in a granular 
form by PFC2D which is based on DEM. A solid is simulated 
as a collection of rigid disk particles (discrete elements) 
together using this code. Also, in order to apply boundary 
conditions, some rigid moveable walls are located around the 
assembled particles; the very important behavior in PFC2D 
models is the actions and interactions of particles and walls at 
points of contact. In the case of external loading on models, 
the mentioned process continues until the induced internal 
forces at the contacts reach a balance. Those contacts, which 
are simulated by springs, are soft meaning the particles can 
penetrate each other (Fig. 2). The contact forces are measured 
by the force-displacement law using the spring stiffness. Also, 
motions and displacements of particles due to the contact 

 

Fig. 1. Cylindrical specimen prepared from Angooran Limestone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Cylindrical specimen prepared from Angooran Limestone.

Table 1. Properties of Angooran limestone 

Properties of limestone  

Density 2500 Kg/m3 
Uniaxial compressive strength 39 MPa 

Young's modulus 11 GPa 

Poisson's ratio  0.18 

Tensile strength  5 MPa 

 

Table 1. Properties of Angooran limestone 
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forces are simulated by Newton’s second law. This software 
uses an explicit algorithm to model the mechanical behaviors 
of solids. The contacts, particle, and wall displacements are 
updated at each calculating step of this algorithm. The time 
steps are considered small enough to avoid the turbulence 
and distribution of forces in DEM models. Fig. 2 shows the 
contact between two discrete elements which is modeled by 
two springs with normal stiffness ( nK ) and shear stiffness (

sK ) and rheometers. The rheometer (which has viscoelastic 
behavior with a constant viscosity) gradually reduces and 
makes zero the kinetic energy in the models with a static 
equilibrium [29, 30].

According to Fig. 2, a new contact occurs when the 
distance between two particles is less than a critical value. By 
assuming that the behavior of the springs is linear, the contact 
force is decomposed into the normal and shear components 
on the contact surface. If the increase of relative displacement 
between particles in a time step is Δδ, for each time step 
[29,30]:
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nF  and sF  represent the normal and shear components 
of contact force, respectively. nδ∆  and sδ∆  denote the 
normal and shear components of the increase rate in 
relative displacements between particles, respectively. The 
parameters with a zero index are equal to the corresponding 
values at the end of the previous time step. Properties that 
define the behavior of particles (such as density) and contacts 
(such as stiffness and coefficient of friction between particles 
when they slide on each other) are called micro-mechanical 
parameters, which are the required input values for the 
software [29,30]:

Table 2. Geometrical and mechanical properties of three joint sets [24, 25].

 

 

 First joint set Second joint set Third joint set 

Cohesion 0 0 0 

Friction angle 33° 33° 33° 

Average joint spacing 1.5 m 3 m 2 m 

Average joint separation 2 mm 3.5 mm 6.5 mm 

Average Azimuth angle of joint dip direction 7° 125° 15° 

 

Table 2. Geometrical and mechanical properties of three joint sets [24, 25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. a) Contact point between two particles, b) modeling contact with springs and rheometers [29,30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. a) Contact point between two particles, b) modeling contact with springs and rheometers [29,30].
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Where α  and E are a constant value and Young’s modulus 
of contact, respectively [27, 28].

Furthermore, a kind of bond can be defined at the contact 
point between two particles which causes the model to have 
mechanical behaviors similar to cementitious materials. The 
bond is simulated by springs that are parallel to the springs 
modeling the contact (Fig. 3). The motion of two discrete 
elements relative to each other creates force ( F ) and bending 
moment ( M ) in the bond: F  is decomposed into normal 
( nF ) and shear ( sF ) component on the contact surface 
[29,30].
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Where nK  and sK  are normal and shear stiffness of 
springs modeling the bonds, respectively. θ∆  represents the 
relative rotation of the particles. A  and I   are the section 
area and the inertia moment of the bond, respectively [29, 
30].

Finally, the maximum normal ( maxσ ) and shear stress (
maxτ ) created in the bond are measured as follows. If the 

stresses are greater than the corresponding resistances, a 
failure will occur and a crack will be formed [29, 30].
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To simulate a continuous environment, the macro-
mechanical properties of the environment can be obtained 
directly from experimental measurements. However, PFC2D 
analyzes a DEM model using the mentioned properties 
called micro-mechanical. It is impossible to measure the 
micro-mechanical parameters of a solid by laboratory and 
in-situ tests. So in this study, the micro properties of studied 
limestone have been obtained by plane strain simulating the 
uniaxial compressive test as shown in Fig. 4; a rectangular 
specimen with a diameter of 54 mm and a height of 110 mm 
was created using the assembly of 5973 disc-shaped elements 
with radii of 0.5 to 1 mm. Some accidental values were defined 
as inputted-micro properties for the model and the test was 
carried out, then the values were changed until the obtained 
results matched the properties estimated experimentally 
(Table 1). Furthermore, to ensure the accuracy of obtained 
micro-parameters, the standard Brazilian test was simulated 
as shown in Fig. 5. The determined tensile strength was equal 
to 4.81 MPa which is close to the experimental value (Table 
1). 

Table 3 gives the calculated micro-mechanical properties 

 

Fig. 3. A parallel bond between two particles [29, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. A parallel bond between two particles [29, 30].
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Table 3. Micro-mechanical properties of limestone obtained from DEM model.

Property  
Density 2500 Kg/m3 
Young’s modulus of contact 54 GPa 

Ratio of normal to shear stiffness of contact 1 

Young’s modulus of bond 54 GPa 

Ratio of normal to shear stiffness of bond 1 

Tensile strength of bond  4.9 MPa 

Shear strength of bond  8 MPa 

frictional coefficient between two particles 0.7 

 

Table 3. Micro-mechanical properties of limestone obtained from DEM model. 

 

 

 

Fig. 4. DEM model of applied compressive test to limestone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. DEM model of applied compressive test to limestone.

 

Fig. 5. DEM model of applied Brazilian test to limestone produced by 2298 bonded particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. DEM model of applied Brazilian test to limestone produced by 2298 bonded particles.
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of the limestone specimen used here for modeling the 
explosive process in the studied limestone.

4- DEM model of stress wave propagation
In order to simulate the explosive-stress-wave 

propagation, it assumed that the assembly of bonded stiff 
particles is equivalent to a continuous environment. The 
limestone was simulated by 93031 disc-shaped and bonded 
particles with radii of 0.5 to 1 mm. The micro-mechanical 
parameters shown in Table 3 were used for defining the 
properties of the modeled-studied rock (Fig. 6). The pressure 
of blasting was applied to the inner walls of six excavated 
holes in limestone during a few hundredths of a second, 
causing stress waves to propagate along the particles that are 
in contact with each other (Fig. 7). As mentioned in the last 
section when the stresses induced in the bonds exceeded their 
strength, they broke and cracks were produced. These cracks 
and joint sets dropped the wave energy [26]. As shown in Fig. 

6, B is the smallest distance between the hole row and the free 
surface (i.e. burden). S is and the distance between the holes 
(i.e. spacing) [7].

The maximum pressure ( maxP  ) produced from an 
explosive material was calculated by the following formula; 
it carried out on the inner body of a hole due to explosion 
[31]:
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Where eρ  and eV  are the density of explosive material 
and blast velocity, respectively. The explosive material used 
in the Angooran mine is ANFO with 820 Kg/m3 in density 
and 3100 m/s in blast velocity [7], so the maximum blast 
pressure applied to the inner walls of holes was equal to 1 
GPa.

 

Fig. 6. DEM model of a non-jointed rocky environment including 6 explosive holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. DEM model of a non-jointed rocky environment including 6 explosive holes.

 

Fig. 7. Transferring stress wave between particles that are in contact with each other [29, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Transferring stress wave between particles that are in contact with each other [29, 30].
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4- 1- Continues-rocky environment
To simulate stress wave propagation, the blast pressure 

was applied to the inner body of six holes shown in Fig. 6. 
The pressure increased gradually from 0 (at 0 seconds) to 1 
GPa at 0.45 seconds, then it decreased gradually from 1 GPa 
to 0. Fig. 8 shows the distribution of cracks in the DEM model 
with the different patterns of holes. The results showed that 
producing large pieces of rocks and the back-break processes 
increased by making the burden larger. It wasted a large part 
of explosive energy in growing back-break rates and ground 
vibration processes [7]. Also, raising the spacing caused the 
back-break and the number of large rocky pieces to increase. 
In contrast, decreasing the burden remarkably increased the 
crushing rock rates and powdered areas.  

4- 2- Jointed rocky environment
To investigate the effects of joints on rock fracturing, 

the joint sets, whose parameters are given in Table 2, have 
been simulated using the discrete fracture network (DFN) 
method as shown in Fig. 9. DFN model is a set of statistical 

distribution of the cracks with geometrical characteristics 
such as fracture sizes, orientations and positions combined 
with the rocky environment [26]. The blast pressure was 
applied to the inner body of the holes according to the method 
mentioned above. The crack distributions of the jointed 
limestone environment with B = 1 m were approximately 
similar to the fractures of the non-jointed environment with 
B=1.5 m. In other words, the existence of joints decreased the 
energy of stress wave propagation. When the wave reached 
the empty space between the joint surfaces, it lost a large part 
of its energy and the wave passed from the joints could not 
break limestone well and large pieces of rock were created. 
Also, the reflected wave increased the back-break areas. So, 
the burden of explosive holes in a jointed limestone should 
reduce relative to those in the jointed rock [32, 33].

Based on the geological characters of the Angooran mine, 
the optimum blast pattern in the east jointed area of the 
mine is B=1 m and S=2 m, because the large pieces of rock 
considerably decreased. Also, too many fractures and around 
each hole showed the powered areas (Fig. 8 and 10).

 

Fig. 8. DEM models of crack distribution in non-jointed limestone environment with different blast 
patterns (cracks are shown with black color). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. DEM models of crack distribution in non-jointed limestone environment with different blast pat-
terns (cracks are shown with black color).



A. Pourih Heeghet al., AUT J. Civil Eng., 8(2) (2024) 83-92, DOI: 10.22060/ajce.2025.23288.5868

90

 

Fig. 9. DEM model of limestone environment including three joint sets and 6 explosive holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. DEM model of limestone environment including three joint sets and 6 explosive holes.

 

Fig. 10. DEM models of crack distribution in jointed limestone environment with different blast patterns 
(cracks are shown with black color). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. DEM models of crack distribution in jointed limestone environment with different blast patterns 
(cracks are shown with black color).
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4- 3- Validating DEM model of explosion
Distributing many fractures around the blast hole and 

creating radial cracks are the important results during the 
explosion. Several researches have shown different broken 
areas and cracks created close to the crater of an explosive 
hole. Fig. 11 shows the powder area and radial cracks after 
blowing up a hole in an experimental test and the DEM model 
developed in this study. Also, previous studies showed when 
blasting stress waves reach the free surface, reflection tensile 
waves are generated and cause tensile fractures that were 
approximately similar to the results obtained in this study 
[32, 33].

5- Conclusion
The effect of rock joints on the propagation of stress 

waves due to the explosion of six holes in limestone was 
studied here by the discrete element method (DEM). For this 
purpose, a non-jointed and jointed limestone environment 
was modeled using the particle flow code in two dimensions 
(PFC2D); the condition of the model was assumed as the 
plane strain. The results obtained from simulating wave 
propagation in the non-jointed rock showed that producing 
large pieces of rocks and back-break processes increased by 
making the burden larger, causing to waste of a large part 
of explosive energy. However, decreasing B remarkably 
increased the degree of crushing rock, causing to produce 
of more powdered materials. Furthermore, a large number 
of cracks around the holes showed that the powdered areas 
started to develop by propagating the blast-stress wave. 

Simulating blast pressure carried out on jointed limestone 
confirmed when the wave reached the empty space between 

the joint surfaces, it lost a large part of its energy and the 
wave passed the joints could not break the rock well and the 
rocky large pieces were produced. Furthermore, the reflected 
stress wave increased the back-break areas. So, the burden 
of explosive holes in a jointed limestone should be reduce 
relative to those in the jointed rock.  

Using DEM models, the optimum pattern of blast holes 
for the jointed limestone environment, which is located in the 
east area of the Angooran mine, was B=1 and S=2 m. Also, 
comparing the results obtained from DEM model of blasting 
holes with accurate experimental data showed that the discrete 
element method was an appropriate method to simulate the 
rock fracturing by the blast-stress wave propagation.
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