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Abstract 
The explosion process of explosives in a borehole applies a very high pressure on its 
surrounding rock media. This process can initiate and propagate rock fractures, and 
finally, may result in the rock fragmentation. Rock fragmentation is mainly caused by 
the propagation of inherent pre-existing fractures of the rock mass and also from the 
extension of the newly formed cracks within the intact rock due to the explosion. In this 
work, the process of extension of blast-induced fractures in rock masses is simulated 
using the discrete element method. It should be noted that, in this work, fracture 
propagation from both the rock mass inherent fractures and newly induced cracks are 
considered. The rock mass inherent fractures are generated using the discrete fracture 
network technique. In order to provide the possibility of fracture extension in the intact 
rock blocks, they are divided into secondary blocks using the Voronoi tessellation 
technique. When the modeling is completed, the fracture extension processes in the 
radial and longitudinal sections of a borehole are specified. Then a blast hole in an 
assumed rock slope is modeled and the effect of pre-splitting at the back of the blast 
hole (controlled blasting) on the fracture extension process in the blast area is 
investigated as an application of the proposed approach. The modeling results obtained 
show that the deployed procedure is capable of modeling the explosion process and 
different fracture propagations and fragmentation processes in the rock masses such as 
controlled blasting. 

1. Introduction 
The excavation of rocks by means of blasting is 
usually established by breaking the rocks into 
smaller pieces and creating various surface and 
underground structures in most mining and civil 
engineering projects. The dynamic fracture of 
rocks due to explosion mainly occurs due to stress 
wave propagation (within the rock) in a very short 
time (milliseconds). Some applications of the 
explosion-induced fractures are in mine blasting 
with the aim of rock fragmentation [1-3] and 
controlled blasting in civil engineering activities 
for rock excavation with a minimum damage to 
the remaining parts of the rock. Mechanical 
behaviors of rocks affected by high explosion 
loads are difficult and costly to be studied 

exclusively by the instrumentation and 
experimental works. Therefore, the investigation 
of rock dynamic fracture mechanisms can be 
studied promptly by the sophisticated numerical 
methods [4, 5]. Numerical modeling of these 
phenomena can also help to gain more 
information about the explosion and 
fragmentation process of rocks. 
Numerical modeling of rock blasting and 
numerical investigation of crack extension around 
the blast hole have been considered by some 
researchers in the past. The crack propagation 
problem from the tips of two and more radial 
cracks around a blast hole has been solved using 
the displacement discontinuity method in a  
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quasi-static manner [6-8]. The dynamic studies 
have also been performed using different 
numerical methods with different aims such as the 
investigation of crack propagation patterns around 
the blast hole in small [9-13] and large scales  
[14-16]. The effects of the free face in situ stresses 
and load density on the rock fracturing process 
have been investigated by several researchers  
[17-20]. Some of these studies have also been 
conducted by comparing the numerical and 
physical modeling of fracture extension due to 
rock explosion [21, 22]. Analytical [23, 24] and 
numerical [25] modeling of blast-induced wave 
propagation in rocks and comparison of the results 
with those for field measurements [26, 27] have 
also been the subjects of some studies. 
It should be noticed that in the  
above-mentioned approaches, the rock mass was 
considered as a continuum material. However, the 
rock masses that are exposed to explosion load 
may contain naturally pre-existing fractures. The 
response of these fractures to time-dependent 
loads is different from that of constant static loads 
[28, 29]. There are some studies conducted 
already by some researches who investigated the 
effect of a pre-existing crack [12, 30] or a fault 
[31] near a blast hole on the crack propagation 
around it after detonation. 
There are two events caused by blasting in the 
rock masses: inherent fractures of the rock mass 
propagation and split due to the explosion. In 
addition, the intact rock breaks and some new 
cracks are created within. In this work, a discrete 
element modeling of fracture propagation in rock 
mass around a blast hole was performed using the 
dual fracture media approach. It should be noted 
that previously the dual fracture media approach 
was utilized for the simulation of fluid flow 
modeling in dual porous media (rock masses) [32, 
33]. In this approach, the discrete fracture network 
(DFN) is used for simulation of the pre-existing 
fractures in rock masses. The Voronoi tessellation 
technique has also been used for dividing the 
rocks into secondary blocks in order to provide 
the possibility of fracture propagation in intact 
rock blocks. In this case, the explosion-induced 
fracture propagation is simulated considering both 
the pre-existing fractures and the newly created 
cracks in the intact rock. Moreover, the 
geomechanical properties of the Voronoi  
sub-blocks and contacts between them have been 
set in order to close their mechanical behavior to 
the intact rock behavior. Therefore, crack 
initiation and propagation in the intact rock 
around the blast hole can also occur. 

2. Theoretical background and basic 
assumptions 
The distinct element method (DEM) is basically 
an explicit finite difference numerical technique 
that is commonly used for stability assessment, 
and failure and deformation of discontinuous 
media. After being proposed by Cundall [34], the 
method was widely used to model discontinuous 
jointed rocks in geomechanics. In this work, a 2D 
distinct element method was used to model the 
fractured rock mass under dynamic loading 
conditions. In this approach, the intact rock blocks 
can have linear or non-linear elastoplastic 
behaviors individually. The discontinuity motions 
are governed by the linear or non-linear force-
displacement behaviors in normal and shear 
directions [35]. These governing equations are the 
Cauchy equations of motion for deformable 
bodies and various constitutive equations of the 
rock matrix and fractures [36]. In the present 
work, the intact rock blocks were simulated by the 
Mohr-Coulomb plastic constitutive model, and the 
Coulomb slip model (area contact) was also 
applied to consider the behavior of rock joints. 
As shown in Figure 1, for the elastic rock joints, 
the stress-displacement incremental relation in the 
normal direction is assumed to be linear and 
governed by the stiffness kn such that: 

)1(     n n nk u  

where Δσn is the effective normal stress increment 
and Δun is the normal displacement increment. 
Also there is a limiting tensile strength, σt, for the 
joints. If the tensile strength exceeds (i.e. σn < -σt), 
σn = 0. In the shear direction, the response is 
similarly controlled by a constant shear stiffness 
ks. The shear stress, τs, is limited by a combination 
of cohesive (C) and frictional (φ) strengths. 
Therefore, if: 

)2(  maxtan  s nc     

then: 

)3(      e
n s sk u  

or if: 

)4(  maxs   

then: 

)5(    max  s ssign u   

where Δus
e is the elastic component of the 

incremental shear displacement and Δus is the 
total incremental shear displacement [20, 37]. 
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Figure 1. The normal and shear behaviors of the joints [36]. 

 
3. Modeling strategy 
As mentioned earlier, the discrete element method 
is utilized to model the blast-induced fracture 
extension using the dual fracture media approach. 
The first stage of the numerical modeling is to 
model geometry construction. In this work, 
Discrete Fracture Network (DFN) was used to 
model inherent cracks of the rock mass, and the 
Voronoi tessellation technique was used to model 
fracture propagation in intact rock blocks. 
Identifying the geomechanical properties of the 
intact rock and rock fractures was performed at 
the next stage. After assignment of the 
geometrical and geomechanical properties to the 
rock medium, dynamic modeling was started. At 
this stage, the dynamic input pulse, damping of 
the model, element size, and viscous boundaries 
were important issues. Then the results of the 
modeling were presented, and a typical example 
of controlled blasting was performed as an 
application of the proposed approach. 

4. Model geometry of a blast hole in a jointed 
rock mass 
In the present work, two radial and longitudinal 
sections of a blast hole were considered. The 
dimensions of the radial and longitudinal sections 
were 5 × 5 m and 5 × 10 m, respectively, and 
radius of the blast hole was 0.05 m. As mentioned 
earlier, in order to bring the rock mass fracture 
system closer to reality, and, on the other hand, to 
make possible the fracture extension in the intact 
rock blocks, the dual fracture media approach of 
the rock is utilized for geometric simulation of 

discontinuities. In this approach, the stochastic 
discrete fracture network (DFN) modeling, 
assuming that geometrical parameters of the 
fractures are statistically distributed into the rock 
mass pre-existing fractures, the Voronoi 
tessellation technique is used in the intact rock 
blocks. The geometrical parameters of DFN 
generation are tabulated in Table 1. In the 
Voronoi tessellation technique, the intact rock 
blocks were sub-divided into Voronoi sub-blocks 
with arbitrary sizes [35]. It should be noted that 
the fracture system data for generation of DFN in 
this work are taken from the result of field 
investigation at the northern slope of Choghart 
iron mine in Yazd (Iran). Figure 2 shows the 
geometry and dimensions of the modeling. 

5. Geomechanical properties of the numerical 
modelling 
As mentioned earlier, the Voronoi tessellation was 
used in this work to sub-divide the intact rock 
blocks into the secondary blocks. However, it 
should be noted that the contacts between the 
secondary blocks (which are considered as a type 
of joints in reality) do not actually exist, and they 
are generated here artificially to model the 
explosion-induced fracture extension in the intact 
rock. The physical and mechanical characteristics 
of the Choghart iron mine have resulted from 
several laboratory tests such as unconfined and 
confined compressive pressure tests. Table 2 
shows the geomechanical properties of the intact 
rock and joints of the northern slope of the 
Choghart iron mine. 

 
Table 1. Geometrical parameters of DFN generation. 

Parameters Dip (°) Dip direction (°) Spacing (m) Trace length (m) Fisher constants M* SD** M SD M SD M SD 
Js1 70.55 3.312 220.85 6.87 2.461 0.206 11.537 1.782 44 
Js2 74.449 6.749 314.84 8.6 0.627 0.433 19.566 2.568 24 
Js3 35.354 9.01 23.114 6.867 0.739 0.434 7.44 1.32 35 

*Mean 
**Standard Deviation 
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Figure 2. Total geometry of a) radial and b) longitudinal DFN models. 

 
Table 2. Geomechanical properties of intact rock and rock joints of the northern slope [38]. 

Intact 
rock 

Density 
(kg/m3) 

Bulk modulus 
(GPa) 

Shear modulus 
(GPa) 

Cohesion 
(MPa) 

Friction angle 
(°) 

2603 18 13 27.6 41.8 

Rock 
joints 

Normal stiffness (GPa/m) Shear stiffness 
(GPa/m) 

Cohesion 
(MPa) 

Friction angle 
(°) 

150.2 75 0.262 32.2 
 
The geomechanical properties of these contacts 
are naturally governed by contacts between the 
grains, crystals, minerals, and other small 
components of the intact rock. In this work, an 
especial type of calibration is proposed to acquire 
the geomechanical properties of these secondary 
contacts. In this calibration, a uniaxial 
compressive strength test was numerically 
simulated on a sample of intact rock, which was 
sub-divided by Voronoi tessellation. This 

numerical test was repeated for several times by 
introducing new property sets for Voronoi  
sub-block contacts at each time, and the results of 
rock behaviors were compared with those for the 
original intact rock (not sub-divided by Voronoi 
tessellation). Finally, the properties of the best 
curve-fit behavior were selected. Figure 3 displays 
the diagram of Voronoi model behavior and a 
simple (without Voronoi tessellation) specimen. 

 

 
Figure 3. Stress-strain behavior of the sample with and without Voronoi. 
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6. Dynamic modelling of explosion process 
Dynamic analysis is often very complicated and 
requires a considerable amount of insight to be 
correctly interpreted. These analyses are required 
for problems involving high frequency and short 
duration loads like that of seismic or explosion, in 
which the full dynamic equations of motion 
(including inertial terms) are solved and the 
generation and dissipation of kinetic energy 
directly affect their solutions [35]. 
All rock blocks considered in the present work 
were assumed to be deformable. These 
deformable blocks were composed of  
finite-difference zones and mechanical changes 
(e.g. stress/strain), which were calculated within 
each zone. In the dynamic analysis of rock blocks, 
the size of an element (or sizes of finite difference 
zones) should be regarded so that the waves are 
truly transmitted and they cannot make any 

numerical distortion. To this end, the natural 
frequency of the system and the pre-dominant 
frequency of the input waves were obtained as 
well. One of the methods available for obtaining 
the natural frequency is model release under its 
own weight without damping. Under these 
circumstances, the system begins to vibrate, and 
due to the lack of damping, the vibrations will not 
stop. In this case, natural frequency can be 
obtained by counting oscillations in one second. 
Oscillations of the natural frequency of our case 
study were 270 Hz. Moreover, the Fast Fourier 
Transform (FFT) on the acceleration of input 
waves was deployed to acquire the pre-dominant 
frequency [35]. Hence, the maximum Fourier 
amplitude of the input waves, as shown in Figure 
4, occurred at a frequency of 2213 Hz. The special 
element size must be smaller than approximately 
one-tenth to one-eighth of the wavelength. 

 

 
Figure 4. Frequency content of input wave. 

 
The most important stage of a dynamic analysis is 
the dynamic input of the system. In the present 
work, the explosion-induced pressure pulse was a 
detonation by Ammonium Nitrate-Fuel Oil 
(ANFO) with a density of 0.8 g/cm3 and a 
detonation velocity of 2400 m/s. There were 
several equations available to calculate the 
pressure of detonation (Pd) [39, 40]. Based on 
[40], the detonation pressure of an explosive 
depends upon its ingredients (apart from the 
density and the detonation velocity). This 
parameter can be estimated using the following 
equation: 

)6(   
2

6432 10
1 0.8

   


d
d e

e

VP 


 

where Pd is the pressure of detonation in MPa, ρe 
is the explosive density in g/cm3, and Vd is the 
velocity of detonation in m/s [40]. 
Moreover, the variations in the borehole wall 
pressure with time lapse (P(t)) is significant as a 
result of the explosion. Many of the past studies 
have proposed functions to obtain P(t) such as [2, 
9, 10]. The most important solution for the stress 
distribution around a spherical explosive source 
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has already been derived [41]. The transient 
spherical cavity pressure is represented by the 
following expression [42]: 

)7(  0
 tP P e   

where P0 is the peak wall pressure and α is a 
positive frequency-dependent decay constant. An 
elaboration of the Sharpe solution by [23] was 
based on the assumption that the cavity pressure 
could be represented by the expression: 

)8(   0
  t tP P e e   

since this is merely the superposition of two 
separate temporal pressure variations with the 
decay constant β [42]. The transient borehole 
pressure for the long column of explosive is 
similarly derived as: 

)9(   0
  t tP P e e   

where ξ is a variable representing the rising and 
decaying phases of the pressure pulse and t0 is the 
time required to achieve the peak pressure. They 
are obtained by [9, 17]: 

)10(   0 01 /   t te e   

)11(      0 1/ .log / t      

The decay constants α and β in the above 
equations can be achieved by: 

)12(  / 4 2   
)13(  / 2 2   

)14(  2 2
3
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)15(  
4
3
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where Cp is the P-wave velocity in the rock media, 
a is the borehole radius, K is the bulk modulus of 
the rock medium, G is the shear modulus of the 
rock mediumand, and ρr is the rock density [2, 
23]. Consequently, the input pressure pulse in this 
work was achieved as that shown in Figure 5. 
In dynamic problems, any of the unreal 
boundaries cause the created waves to go back 
into the medium after reaching these boundaries. 
The solution scheme for this problem involves 
dashpots attached independently to the boundary 
in the normal and shear directions [43]. The 
dashpots provide viscous normal and viscous 
shear tractions, given by: 

)16(   n p nt rC v  

)17(   s s st rC v  

(18)  s
r

GC


 

where vn and vs are the normal and shear 
components of the velocity at the boundary, and 
Cp and Cs are the P- and S-wave velocities that 
can be obtained from Equations 15 and 18, 
respectively [26, 44]. Thus the rock external 
boundaries impose non-reflection conditions so 
that the stress wave could transmit away from the 
boundaries and would not reflect on the rock 
medium (Figure 6). 

 

 
Figure 5. The input pressure pulse. 
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Figure 6. Dynamic boundary conditions of a) radial and b) longitudinal models. 

 
In time-domain analyses, Rayleigh damping is 
commonly used to provide damping because it is 
approximately frequency-independent over a 
restricted range of frequencies [35]. Generally, the 
Rayleigh damping is a combination of  
mass-proportional and stiffness-proportional 
damping. The mass-proportional damping force 
term,݀, and the stiffness-proportional damping 
force term, di

s, for translational degrees of freedom 
in the momentum equation take the forms: 

)19(  


 


m i
i

ud m
t

  

)20(  





s i
i ij

ud k
t

  

where m is the block mass or lumped mass at a 
grid point, kij is the contact stiffness tensor, γ and 
δ are the mass- and stiffness-proportional 
constants, respectively, and ∂ui/∂t is the velocity 
in the mass-proportional damping and relative 
velocity at the contact in the stiffness-proportional 
damping [36]. Furthermore, the natural damping 
for geo-media is mainly hysteretic and difficult to 
decide but it commonly falls in a 2-5% range of 
critical damping [45]. 

7. Results and discussion 
The two radial and longitudinal (vertical) sections 
of a blast hole were modeled to investigate the 
dynamic fracture propagation around the hole in a 
jointed rock mass using the dual fractured media 
approach. Due to the explosion in the blast hole, 

the elastic waves propagate in the rock mass and 
transmit the explosion energy into the rock media. 
This energy breaks the rock into fragments due to 
the simultaneous fracture extension within the 
rock mass. In Figures 7 and 8, the velocity plot of 
the particles is illustrated at different times in the 
radial and longitudinal sections, respectively. 
Generally speaking, they show the shock front 
status in the radial and longitudinal sections of a 
typical exploded blast hole. It should be noted that 
due to the inhomogeneity and anisotropy of the 
jointed rock masses, the shock wave propagates 
accordingly. 
The fracture extension process around this blast 
hole is shown in Figures 9 and 10. These figures 
demonstrate the initiation, propagation, and 
coalescences of radial cracks in both the radial 
and longitudinal sections of a blast hole. 
It should be noted that Figures 9 and 10 show the 
situation of a completely exploded blast hole and 
rock fragmentation process within a millisecond. 
The mechanism of dynamic fracture initiation, 
propagation, and coalescences around an exploded 
blast hole in a jointed rock mass is explained in 
Figures 11 (a-c). The dynamics rock 
fragmentation process occurred in two modes: 1) 
as shown in Figure 11-b, the fracture extension 
process may be developed from the rock mass 
pre-existing fractures and propagated along them 
2) the cracks may be initiated and propagated in 
the intact rock blocks (Figure 11-c). 
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Figure 7. Shock front status of a blast hole in radial plan at different times. 

 

 
Figure 8. Shock front status in vertical (longitudinal) section of a blast hole at different times. 
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Figure 9. Fracture propagations in radial section of a blast hole at different times. 

 

 
Figure 10. Fracture propagations in longitudinal section of a blast hole at different times. 
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Figure 11. a) Radial section of a blast hole after explosion b) Splitting of rock mass from the pre-existing 

fractures c) Crack initiation and extension in the intact rock blocks d) Propagation of the pre-existing fractures 
from the crack tips. 

 
8. Dynamic modeling of controlled blasting 
To demonstrate the applicability of the proposed 
modeling, a typical example of a controlled 
exploded blast hole in a jointed rock mass was 
studied in this research work. In this example 
problem, the effect of the pre-splitting method on 
the fracture extension process at the back of the 
blast hole was numerically investigated. The  
over-break is an important problem at the back of 
the exploded area in rock slope engineering, 
which reduces the strength of rock mass. There 
are many different techniques to alleviate this 
destructive effect such as the pre-splitting method. 
This technique consists of creating a fracture 
plane or generally an empty area in the rock mass 
before firing the production blasting by means of 
a row of blast holes, usually of a small diameter, 
and with decoupled explosion charges [46]. 

The numerical example in this work was a typical 
rock slope with a 0.05 m diameter blast hole. To 
specify the pre-splitting effect, a 0.03 m gap was 
assumed as the pre-splitting gap at the back of the 
blast hole (Figure 12). To visualize the effect of 
pre-splitting, two different situations were 
modeled, i.e. with and without the pre-splitting 
gap. 
The fracture patterns around the exploded blast 
hole (for one millisecond time duration) 
considering the two models (i.e. without and with 
pre-splitting gap models) are shown in Figures 13 
and 14, respectively. 
It can be visualized that the pre-splitting gap does 
not allow the fractures to extend at the back as 
well as at the explosion area (comparing Figures 
13 and 14). 

 
Figure 12. Numerical example geometry of a typical blast hole in a jointed rock mass. 
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Figure 13. Fracture propagations around a blast hole (without presplitting gap model) at different times. 
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Figure 14. Fracture propagation around a blast hole (with a pre-splitting gap model) at different times. 

 
9. Conclusions 
The dual fracture media approach and discrete 
element method were utilized simultaneously to 
numerically model the dynamic fracture extension 
process in a jointed rock mass around an exploded 

blast hole. An explosion occurs in two stages: 
shock wave propagation and gas extension. In this 
work, the blast-induced shock wave was 
considered as the dynamic input pulse. 
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The DFN approach and Voronoi technique were 
used to generate the pre-existing rock fractures 
and newly cracks in the intact rock, respectively. 
This research work demonstrates that the 
proposed modeling procedure may be capable of 
simulating the rock blasting problems related to 
fracture propagation in a jointed rock mass 
considering both the pre-existing fractures and the 
newly created cracks in the intact rock. Therefore, 
crack initiation and propagation in the intact rock 
around the blast hole can also occur. It may be 
concluded that the dynamic fracture extension 
process can be accomplished in two modes: 1) the 
new cracks may be initiated and extended 
dynamically in the intact rock blocks 2) the 
dynamic fracture extension may be developed 
from the rock mass pre-existing fractures. 
The applicability of the present method was 
represented by modeling a typical example 
problem numerically. The dynamic fracture 
extension patterns of this example problem 
indicated that the new and inherent cracks just 
extended in front of the pre-splitting gap, and its 
back area was not affected. This example 
illustrates that the deployed procedure is capable 
of modeling the explosion process in controlled 
blasting methods and can be utilized for different 
fracture propagations and fragmentation processes 
in the rock masses. 
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  چکیده:

کند. این روند ممکن اسـت باعـث شـروع و گسـترش درزه در     فرآیند انفجار مواد منفجره در یک چال، فشار بسیار زیادي را به محیط سنگی اطراف خود وارد می
هـاي  هاي موجود در سنگ و همچنین ایجاد و توسعه تـرك بر اثر گسترش ترك عمدتاًشود. خردایش سنگ بر اثر انفجار، سنگ و در نهایت باعث خردایش سنگ 

سازي شده است. لازم به ذکر اسـت کـه در   سنگ به روش المان مجزا شبیهتوده هاي ناشی از انفجار دردر این مطالعه، فرآیند گسترش تركشود. جدید ایجاد می
سـنگ بـا   هـاي ذاتـی تـوده   هاي جدید ایجاد شده در نظر گرفته شده است. شکستگیهاي موجود و تركها از هر دو مورد شکستگیاین مطالعه، انتشار شکستگی

هـا توسـط تکنیـک    هاي سنگ بکر، ایـن بلـوك  ها در بلوكکردن امکان توسعه شکستگی فراهممنظور اند. به استفاده از تکنیک شبکه شکستگی مجزا ایجاد شده
Voronoi سازي، فرآیند توسعه شکستگی در مقاطع شعاعی و طولی از چال انفجاري مشخص شـده اسـت.   اند. پس از اتمام مدلهاي ثانویه تقسیم شدهبه بلوك

فرضی مدل شده است و اثر روش پیش شکافی (انفجار کنترل شده) در ناحیه پشـت چـال انفجـاري بـر فرآینـد      سپس یک چال انفجاري در یک شیروانی سنگی 
دهد که رونـد ارائـه   سازي نشان میتوسعه شکستگی در ناحیه انفجاري به عنوان یک کاربرد از روش ارائه شده، مورد بررسی قرار گرفته است. نتایج حاصل از مدل

  ها و خردایش سنگ مانند انفجار کنترل شده است.فرآیندهاي مختلف انتشار شکستگی رآیند انفجار وسازي فشده قادر به مدل

  سنگ، شکست دینامیکی، گسترش ترك، روش المان مجزا، شبکه شکستگی مجزا.انفجار توده کلمات کلیدي:

 

 

 

 


