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Abstract
The propagation of waves generated by an explosion induces both tensile and compressive stresses in the rock, impacting 
its mechanical and dynamic behaviour and ultimately leading to failure. Within this process, the phenomenon of crack 
expansion is of significant importance and has garnered the attention of various researchers in recent years. Predicting 
fracture geometry in rock materials, particularly in the context of crack growth, is a complex problem often necessitating 
advanced techniques. In this study, a blast hole was drilled into a concrete sample, and four explosion modes were exam-
ined using the discrete element method. These modes included the simultaneous modelling of shock energy, reflection, 
and gas pressure; the simultaneous modelling of shock energy and gas pressure; the simultaneous modelling of shock 
energy and reflection; and the modelling of shock energy alone. While the homogeneity observed in artificial samples 
like concrete may not precisely mimic that of stone samples, the findings of such research remain valuable within their 
limitations. The results indicate that the highest joint density, or, in other words, the most substantial rock fragmenta-
tion, occurs when all three types of shock energy, reflection, and gas pressure are present simultaneously. Furthermore, 
the results show that the model incorporating both gas pressure and shock energy exhibits the most significant rock 
fragmentation, followed by the model considering only shock and reflection energy. Finally, the model modelling shock 
energy alone demonstrates the least fragmentation.
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1. Introduction

The process of drilling and using explosives is crucial 
in both open pit and underground mining, as well as civil 
construction projects like road excavation, underground 
spaces, tunnels, and shafts. In open pit mining, a method 
called bench blasting is commonly employed, involving 
the drilling of rows of blast holes parallel to the vertical 
or inclined rock face. This approach is also applicable in 
large-area tunnel construction, where the upper part of 
the tunnel is initially created as a drift, and the lower part 
is excavated through benching using vertical, inclined, 
or horizontal holes (Rustan, 1998). During the blasting 
operation, the explosive within the borehole undergoes a 
rapid chemical reaction, transforming it from a compact 
material into a high-pressure, high-temperature gaseous 
substance (Fourney, 1993; Bhandari, 1997). This 
transformation rate is known as the velocity of detona-
tion (VOD), and the resulting pressure is referred to as 

the detonation pressure (Ayala Carcedo and Lopez Ji-
meno, 1995). The equilibrium pressure of the explosion 
gas is directly linked to the detonation pressure, and it is 
typically considered to be half of the detonation pressure 
(Katter and Fairhurst, 1971; Ning et al., 2011). The 
intense stress wave, or shockwave, that affects the bore-
hole wall is directly proportional to this latter pressure 
and is influenced by factors like the coupling ratio (the 
ratio of explosive diameter to borehole diameter), the 
material used for coupling, and the properties of the sur-
rounding rock (Chi et al., 2019).

The field of rock blasting continues to hold significant 
relevance and intrigue within the domains of civil and 
mining engineering. Notably, the numerical simulation 
of rock blasting has garnered substantial attention, serv-
ing as a valuable complement to experimental research 
efforts. Potyondy et al. (1996) employed a computa-
tional methodology for simulating explosive rock break-
age that integrates the separate and combined effects of 
shock- and gas-induced damage within a three-dimen-
sional framework using the PFC3D discrete-element 
code. The rock mass is modelled as a dense assembly of 
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bonded spherical particles, allowing dynamic stress 
waves to propagate through the structure and enabling 
unlimited displacement or separation under applied 
forces. A gas-filled discrete fracture network, represent-
ed as interconnected penny-shaped crack reservoirs at 
broken bond locations, is explicitly modelled. This fully 
coupled approach dynamically evolves fracture patterns, 
gas flow, and pressure distributions, providing a realistic 
representation of both mechanical and fluid responses in 
rock fragmentation. The model effectively captures the 
interaction between shock waves and gas pressures, of-
fering detailed insight into crack initiation and propaga-
tion, which is critical for optimizing blasting designs in 
engineering applications. Minchinton and Lynch 
(1996) utilized the combined finite element-discrete ele-
ment program MBM2D to model rock fragmentation 
and heaving during the blasting process. This study pro-
vides experimental evidence showing that a significant 
portion of crack development, fragmentation, and heave 
during blasting is driven by the high-pressure gases pro-
duced in the blast hole. Cracking in the model is restrict-
ed to tensile failure (Rankine criterion), which is influ-
enced by both stress fields and gas flow. The latter is 
modelled by coupling the discrete element porosity field 
with a finite volume gas flow model. Simulations reveal 
notable qualitative differences in blasting performance 
between scenarios with stemming (which retains gases 
in the blast holes) and without stemming, underscoring 
the critical role of gas containment in influencing rock 
fragmentation. Wang et al. (2008) developed a centered 
finite difference method using a cross-format approach 
to study spalling in a rock plate caused by an explosive 
event. They then compared their results with simulations 
performed using LS-DYNA. The study begins by sim-
plifying a large-scale contact explosion into a one-di-
mensional (1-D) strain problem, utilizing a cross-format 
centered finite-difference scheme. The finite-difference 
code is then employed to examine wave propagation in a 
rock plate and is compared with the commercial soft-
ware LS-DYNA. Furthermore, a continuum damage 
model for rock is introduced and successfully integrated 
into LS-DYNA via a user-defined subroutine. This, 
combined with the erosion technique, is used to simulate 
blast-induced spalling damage on the backside of a rock 
plate. The results demonstrate that the 1-D finite differ-
ence code is both efficient and accurate, while the sub-
routine effectively models the spalling damage process. 
Zhu et al. (2007) investigated the dynamic fracture 
mechanisms associated with blast-induced borehole 
breakdown and crack propagation using circular rock 
models with a centrally placed explosive charge. The 
models are analyzed using the AUTODYN 2D code, in-
corporating four equations of state (linear, shock, com-
paction, and ideal gas) based on material properties and 
loading conditions. A modified principal stress failure 
criterion is applied to assess material behaviour. Dynam-
ic stresses at selected points are calculated over time fol-

lowing the explosive load. The results reveal that shear 
stress, resulting from intense compressive stress, creates 
a crushed zone near the borehole, while the major tensile 
stress generates radial cracks. Reflected stress waves 
from the free boundary induce circumferential cracks 
further from the boundary. The study also explores the 
effects of boundary conditions, coupling media, bore-
hole diameter, decoupling, and joint presence on rock 
dynamic fracture. Wei et al. (2009) conducted a para-
metric study using the transient dynamic finite element 
program ANSYS-LSDYNA, and the model is validated 
against field blast test data. This paper addresses the pre-
diction of rock mass damage due to underground explo-
sions, such as those caused by accidental blasts, rock 
bursts, or weapon attacks, which is crucial for rock engi-
neering. Parametric studies are conducted to assess the 
effects of loading density, rock mass rating (RMR), and 
charge weight on rock mass damage induced by these 
explosions. A fully coupled numerical analysis, incorpo-
rating the explosion process, is carried out, with the 
large deformation zone near the charge solved using the 
Arbitrary Lagrange–Euler (ALE) method. The deform-
able modulus and compressive strength of granite rock 
mass are estimated using the RMR system. The study 
adopts the peak particle velocity (PPV) damage criterion 
and the plastic strain criterion to evaluate the damage 
zone around the charge hole. An empirical formula is 
derived from the numerical results to estimate the dam-
age zone in granite, considering the effects of loading 
density, RMR, and charge weight. Onederra et al. 
(2013) introduced the Hybrid Stress Blasting Model 
(HSBM), a recent advancement in blasting engineering 
modelling. HSBM includes a rock breakage engine that 
simulates detonation, wave propagation, rock fragmen-
tation, and muck pile formation. The model’s accuracy 
is evaluated through two controlled blasting experi-
ments. The results show that HSBM effectively predicts 
both the extent and shape of the damage zone, taking 
into account factors like the point of initiation and free-
face boundary conditions. Radial fractures, extending 
towards the free face, were observed in the model out-
puts and aligned with experimental data. In the second 
validation experiment, the model predicted the maxi-
mum visible damage to be about 1.45 meters for a fully 
coupled 38-mm emulsion charge, with a minimal rela-
tive error (1.59%) for radial velocities near the charge. 
However, discrepancies were noted at further distances 
from the charge, where the model overestimated particle 
velocities, leading to an overestimation of the damage 
zone due to excessive stress reflections. Despite this, the 
model accurately predicted damage in the immediate vi-
cinity of the blast hole. Table 1 presents some numerical 
studies conducted in the field of rock blasting.

Initially, as the shock wave applies pressure to the 
borehole wall, compressive forces in all three cylindrical 
coordinates lead to the formation of shear bands once the 
rock’s dynamic compressive strength is exceeded. These 
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bands can pulverize the rock, creating a crushed zone 
whose size depends on detonation pressure and explo-
sive charge coupling. As the shock wave moves away 
from the borehole, it transitions to tensile stress, poten-
tially causing new radial cracks or extending existing 
flaws. Interaction between explosion gas and crack sur-
faces further propagates these cracks. The expelled gas 
also displaces fragmented rock, forming a muck pile, 
eventually reducing gas pressure to atmospheric levels 
(Roy, 2005; Yang et al., 2018).

Explosion mechanisms are critical for advancing 
practical blasting engineering. However, conducting ex-
perimental blasting studies is often prohibitively expen-
sive, highly complex, and inherently hazardous. This 
underscores the necessity of developing reliable and sci-
entifically robust numerical methods to simulate the 
blasting process. In geotechnical engineering, numerical 
modelling of blasting mechanisms has proven invalua-
ble in assessing the effects of stress wave propagation on 
rock slope stability (Yan et al., 2016), optimizing tunnel 
excavation processes (Motoyama et al., 2014), and ana-
lyzing the dynamic response of tunnel linings under ex-
plosive loads (Tiwari et al., 2016). A comprehensive 
understanding of these mechanisms not only enhances 
the safety and efficiency of blasting operations but also 
facilitates the design of cost-effective and scientifically 
informed engineering solutions (Yang et al., 2013; Yang 
et al., 2019).

Despite significant advancements in numerical mod-
elling of rock blasting, existing studies have primarily 
focused on the effects of shock waves and reflected ener-
gies. However, gas pressure, which plays a critical role 
in rock fragmentation, has often been overlooked or 
oversimplified in simulation studies. This omission has 
resulted in models that lack the ability to fully capture 

the complex interactions between explosive forces and 
rock mechanics.

This study aims to address this gap by introducing a 
novel function within the PFC 2D framework to explic-
itly model gas pressure within fractures. By dynamically 
applying gas pressure perpendicular to crack surfaces as 
they propagate, our approach provides an unprecedented 
level of detail and accuracy in simulating the blast-in-
duced fracture process. Furthermore, the study aims to 
analyze how explosive material characteristics affect 
crack development, influencing blast performance and 
rock crushing. Using numerical simulation (PFC 2D), 
the research investigates explosion behaviour and its im-
pact on crack growth and rock crushing. Such advance-
ments not only bridge the gap between numerical and 
experimental studies but also pave the way for optimiz-
ing blasting designs in mining and civil engineering ap-
plications. The simulation explores how the explosive 
force interacts with the rock, affecting fracture patterns 
and subsequent rock fragmentation, offering insight into 
optimizing blasting operations for various applications.

2. Methodology

2.1. Test set-up and calibration

The simulated sample is a concrete sample prepared 
in the laboratory and then simulated based on its rock 
mechanical properties (see Table 2). The mechanical 
tests on the concrete samples were conducted following 
standard procedures recommended by the International 
Society for Rock Mechanics (ISRM) (Ulusay, 2014). 
For the uniaxial compressive strength, the ISRM-sug-
gested method for “Determination of Uniaxial Compres-
sive Strength of Rock Materials” was followed. Cylin-
drical concrete samples with dimensions of 54 mm × 

Table 1: Some numerical studies conducted in the field of rock blasting

Researcher Technique Description
Trigueros et al. (2017) Experimental investigation, previously 

presented equations, seismic equations
Improvement of peak particle velocity (PPV) 
equation

Sołtys et al. (2017) Automating the blast damage investigation 
process using experimental data and 
predetermined numerical relationships

Providing a system for recording explosive 
vibrations and its pathology automatically

Liu et al. (2018) Continuous method (finite element) Matching the obtained results with experimental 
data based on numerical modelling

Luccioni et al. (2018) Lagrangian method and continuous RHT 
model

Matching the obtained results with experimental 
data based on numerical modelling

Zarate et al. (2018) Using two finite element and discrete element 
methods

Matching the obtained results with experimental 
data based on numerical modelling

Lak et al. (2019) Discontinuous method (discrete element) Matching the obtained results with experimental 
data based on numerical modelling

Wang et al. (2023) ALE-FEM-SPH coupling method Numerical prediction of blast fragmentation  
of reinforced concrete slab

Salamy and Hammoud 
(2023)

Numerical modelling Simulation of blast-induced rock tunnel damage
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150 mm were cast and cured under standard laboratory 
conditions for 28 days. The specimens were tested using 
a universal testing machine with a loading rate of 0.5–
1.0 MPa/s until failure occurred. The compressive 
strength was calculated by dividing the maximum ap-
plied load by the cross-sectional area of the specimen. 
Three specimens were tested for this property, and the 

values presented in Table 2 represent their average. In-
direct tensile strength of the concrete was determined 
using the Brazilian test, as per the ISRM-suggested 
method for “Determination of Tensile Strength by the 
Brazilian Test” on 28-day concrete disk samples being 
54 mm in diameter and 27 mm in length. In this method, 
cylindrical specimens were subjected to diametral com-
pression in a universal testing machine. The applied load 
created tensile stress perpendicular to the loading direc-
tion until failure occurred. The tensile strength was cal-
culated using the formula , where F is the 
maximum load applied, L is the length of the specimen, 
and D is the diameter. Ten specimens were tested for 
this property to ensure greater accuracy, and the values 
in Table 2 represent their average. For the density, it was 
determined by measuring the weight and volume of the 
specimens and calculating the ratio of mass to volume. 
The ISRM-suggested method for “Determination of 

Table 2: Rock mechanical properties of the concrete sample 
used

Parameter Unit Value
Density Kg/m3 2240
Uniaxial compressive strength MPa 30
Tensile strength MPa 3.5
Modulus of elasticity GPa 20
Poisson’s ratio - 0.2
Shear strength MPa 10

Figure 1: Calibration of Uniaxial Compressive Strength of tested concrete in PFC Software

Figure 2: Calibration of Indirect tensile strength of tested concrete in PFC Software
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Density of Rock Materials” was followed. Three speci-
mens were tested, and the average value is reported in 
Table 2. The modulus of elasticity and Poisson’s ratio 
were obtained from stress-strain measurements during 
uniaxial compressive testing, in accordance with the IS-
RM-suggested method for “Determination of Elastic 
Moduli”. Strain gauges were used to measure longitudi-
nal and lateral strains, enabling the calculation of Pois-
son’s ratio as the ratio of lateral strain to longitudinal 
strain in the elastic region. Three specimens were used 
for these measurements, and the average values are pre-
sented in Table 2. The shear strength of the concrete was 

evaluated using the ISRM-suggested method for «Shear 
Testing of Rock Samples.» Cylindrical specimens were 
subjected to shear forces until failure occurred, and the 
maximum load was divided by the area of failure to cal-
culate shear strength. Three specimens were tested, and 
the average value is reported in Table 2. After obtaining 
the experimental results, the mechanical properties, in-
cluding uniaxial compressive strength, tensile strength, 
density, modulus of elasticity, Poisson’s ratio, and shear 
strength, were used as input parameters for simulation in 
the Particle Flow Code (PFC) software. The calibration 
process involved adjusting the PFC model parameters to 

Figure 3: Construction of main wall of the model

Figure 4: Construction of copper pipe geometry
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formed in the rock). The objective of this section is to 
investigate the impact of each of these waves on the ex-
tent of rock fragmentation. Shock energy is present in all 
parts and models created, but reflection and gas pressure 
can be mitigated through specific methods. A blasting 
chamber is constructed, and a concrete sample is posi-
tioned inside for the blasting operation. In essence, a cy-
lindrical explosion chamber is used, containing a con-
crete sample with a 1 cm hole and a copper tube with an 
8 mm diameter to alleviate the gas pressure. In the initial 
stage, these parameters are incorporated into the numer-
ical model (see Figure 3 and Figure 4).

match the experimental results, ensuring accurate repre-
sentation of the concrete›s mechanical behaviour. Fig-
ure 1 and Figure 2 illustrates an example of modelling 
and calibration of uniaxial compressive strength and ten-
sile strength within the PFC software.

2.2. Development of numerical modelling

As previously mentioned, the energy resulting from 
the explosion comprises shock (the shock applied to the 
hole), reflection (the energy that returns), and gas pres-
sure (the pressure caused by the explosion in the cracks 

Figure 5: Showing the construction of concrete sample model with copper pipe

Figure 6: The construction of the concrete sample model, the copper pipe, and the iron powder
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Table 3: Validation of the developed model based  
on the study conducted in this field in the PFC software environment

Results of the software manualResults of this study

Plot of gas pressure (Pa) in terms of time (S)Application of radial forces dependent on grain size

Fragments from the explosionFragments from the explosion

Crack growth processCrack growth process

In the subsequent stage, the concrete geometry is es-
tablished. During this phase, the barrier separating the 
concrete and the copper pipe is eliminated, ensuring 
their complete connection. In this scenario, the copper 
pipe functions as a solid wall (see Figure 5). Subse-
quently, the properties of the concrete grains are inte-
grated into the model, and following that, the primary 
type of concrete (properties obtained from the calibra-
tion stage) is introduced into the model.

When a copper pipe is present, it effectively prevents 
the transmission of gas pressure after the explosion, re-
sulting in a reduction of gas pressure to zero. The ration-
ale behind selecting a copper pipe is its ability to main-
tain an elastic state and undergo shape changes without 
tearing, thereby preventing gas from escaping. Subse-
quently, the modelling of iron powder is carried out. In a 
manner similar to the previous step, the boundary be-
tween the iron and concrete is removed. It’s important to 
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note that the iron used in this experiment is granular, and 
the model’s behaviour is linear, thus necessitating differ-
ent instructions for creating the iron model compared to 
copper and concrete. Following the explosion, cracks 
and wave propagation occur, with these waves impact-
ing the model’s boundary. If the reflected energy strikes 
a solid wall, it creates a crack. However, if it encounters 
the iron powder, which can move freely, it explodes and 
transforms into heat due to friction between the iron 
powder and the wave. Consequently, the reflected ener-
gy is reduced to zero. Figure 6 shows the construction of 
the concrete sample model, the copper pipe, and the iron 
powder.

2.3. Validation of the model

To validate the Particle Flow Code (PFC) software, 
the results of PFC software have been used. This study 
involves simulating the explosion of a hole in a homoge-
neous, isotropic, elastic rock environment. Table 3 pre-
sents the outcomes obtained from modelling the con-
crete sample under investigation and the results derived 
from manual modelling. As indicated in the table, a 
strong concordance is observed between this study and 
the software test results.

2.4. �Development of the function code for applying 
gas pressure in the produced cracks

In this section, the gas pressure function has been de-
veloped and the gas has been modelled for the first time. 
This sector faces two major challenges, which include 
the propagation of cracks and the application of gas 
pressure perpendicular to these cracks. In general, there 
is no rock mechanics software that models gas (or any 
other type of fluid) inside the rock. In other words, there 
is a void where cracks were created and spread inside 

after the explosion, and inside these cracks, gas must be 
modelled. The primary issue is that the fluid always ex-
erts pressure vertically. Therefore, in the written code, 
the crack direction is first determined, and then gas pres-
sure is applied perpendicular to it. Finally, a code for 
initiating the explosion is incorporated into the model. 
This code facilitates the process of applying gas pressure 
to the cracks produced during the explosion. The opera-
tion of this code can be described as follows:

•	 The gas pressure within the cracks formed during 
the explosion is a function of time, and it’s applied 
in accordance with the pressure-time diagram de-
fined by the user for the explosion.

•	 Bands or connections that break under loading re-
ceive the pressure from the explosive gas. This 
pressure is applied as a force vector to the spheres 
around the crack, acting perpendicular to the crack 
(hydrostatically), and it tends to open the crack.

•	 The conversion of gas pressure within a crack into 
the force applied to the spheres is determined by a 
quarter of the sphere’s circumference, which repre-
sents the active surface in contact with the crack or 
gas pressure. Consequently, even if there is a con-
stant gas pressure within the crack, the difference in 
radius between two spheres around a crack results 
in varying forces being applied to these spheres.

•	 Since multiple cracks may surround a single sphere, 
the code adjusts the magnitude and direction of the 
applied force while calculating the gas forces ap-
plied to this sphere. This becomes particularly cru-
cial in models with numerous cracks, and it can 
slow down the model. To address this issue, a ro-
bust analysis system is required. It might be possi-
ble to enhance speed by dedicating more time to the 
analysis process.

Figure 7: The directions of crack propagation and the application of vertical gas pressure to it
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Finally, the output observed after implementing this 
code is the simulation of the crack branching phenome-
non, which is considered a significant advancement in 
PFC. Figure 7 shows the directions of crack propagation 
and the application of vertical gas pressure to it.

The methodology adopted in this study involves the 
development of a unique code within the PFC environ-
ment to simulate gas pressure effects in fractures. Unlike 
traditional models, which often assume uniform or iso-
tropic gas pressure distribution, our approach dynami-
cally calculates the orientation of each crack and applies 
pressure perpendicularly to its surface. This process en-
sures that the interaction between the explosive gases 
and the rock material is represented with high fidelity. 
Moreover, the code accounts for variations in gas pres-
sure over time, simulating the decay of pressure as the 
gases escape through fractures. This time-dependent be-

haviour adds a new dimension of realism to the simula-
tion, allowing for a better understanding of how gas 
pressure contributes to crack propagation and fragmen-
tation efficiency. The challenges encountered during this 
development, including computational limitations and 
the need for precise calibration, were overcome through 
iterative testing and refinement. This innovative ap-
proach not only enhances the predictive capabilities of 
PFC but also establishes a framework for integrating 
fluid dynamics into discrete element modelling.

3. Numerical modelling results
To assess the extent of fragmentation resulting from 

the explosion under various conditions such as shock, 
reflection, gas pressure, and the absence of blast energy, 
joint density is employed. This assessment is based on 

Figure 8: Generated fragments during the simulation of shock energy modelling

Figure 9: Propagation of cracks induced by shock energy during the simulation
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the data obtained from P21 plot, which represents the 
total length of discontinuities per unit surface area (m/
m2). The construction of this plot has been achieved 
through coding in the PFC3D software environment. 
This model has been established for all areas as follows.

3.1. �Modelling in the presence of copper pipe  
and iron powder

In this scenario, only the shock energy is being mod-
elled. The simulation results for this scenario are pre-
sented in Figures 8 to 11. Figure 8 illustrates the distri-
bution and size of the generated fragments, demonstrat-
ing the fragmentation process. Figure 9 highlights the 
propagation of cracks, showing the pathways and spread 
induced by the shock energy. Figure 10 depicts the blast 
diagram, visualizing the dissipation of energy and shock-

Figure 11: Joint density diagram highlighting the fragmentation process during shock energy modelling

Figure 10: Blast diagram illustrating energy dissipation and shockwave dynamics in the presence of shock energy

wave dynamics. Finally, Figure 11 displays the joint 
density, emphasizing the fragmentation process.

As observed in Figures 8 to 11, a high density of frac-
tures has formed around the blast hole, with four distinct 
groups of longer fractures evident in the vicinity of the 
hole. It is clear that complete disintegration has not oc-
curred in the model; instead, the shock wave energy has 
primarily caused the formation of initial fractures. This 
observation aligns well with existing theories and previ-
ous studies, which suggest that the initial energy from 
blasting typically induces micro-fracturing and crack 
propagation rather than immediate and complete disinte-
gration of the rock mass. In this scenario, as depicted in 
the figures, the total number of fractures generated is 
1953, and the cumulative length of discontinuities 
formed is 110 meters per square meter. These findings 
indicate that the energy from the blast was effectively 
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transferred into the surrounding material, creating a 
fracture network that could significantly influence sub-
sequent rock fragmentation and stability. These results 
provide valuable insight into the early stages of fracture 
development around blast holes and emphasize the role 
of shock wave energy in initiating micro-fractures. Such 
detailed modelling helps in understanding the mechan-
ics of rock breakage and can inform the optimization of 
blasting parameters to achieve desired fragmentation 
with minimal environmental and operational impact.

3.2. Modelling in the presence of copper pipe

In this scenario, only shock and reflection energy is 
modelled. The simulation results for this state are pre-
sented in Figures 12 to 15. Figure 12 illustrates the dis-
tribution and size of the generated fragments, showing 
the fragmentation process. Figure 13 highlights the 
propagation of cracks, demonstrating the pathways and 
spread induced by shock and reflection energy. Figure 
14 depicts the blast diagram, visualizing the dissipation 

Figure 12: Distribution and size of the generated fragments during the simulation  
of shock and reflection energy

Figure 13: Propagation of cracks induced by shock and reflection energy  
during the simulation of the second state
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of energy and shockwave dynamics. Finally, Figure 15 
presents the joint density diagram, showing the variation 
of joint density over time and its relationship with the 
fragmentation process during the simulation of the sec-
ond state with shock and reflection energy.

As observed in Figures 12 to 15, similar to the simu-
lation involving shock energy alone, a high density of 
fractures has formed around the blast hole, with four dis-
tinct groups of longer fractures visible near the hole. Ad-
ditionally, micro-fractures are observed in the outer re-
gion of the model, which can be attributed to the effect 
of reflected energy. According to the obtained graphs, 
the total number of fractures in this scenario is 2,248, 
and the cumulative length of discontinuities is 130 me-
ters per square meter. This represents an increase of less 

than 20% compared to the case of shock energy alone. 
The results indicate that while the presence of reflected 
energy contributes to additional fracture formation, its 
impact remains secondary to that of the primary shock 
energy. Considering that the model remained intact in 
both simulations, it can be concluded that the primary 
role of both shock energy and reflected waves is the ini-
tiation and propagation of fractures in the rock rather 
than complete disintegration. This finding underscores 
the importance of understanding energy transfer mecha-
nisms during blasting operations, as it highlights the dis-
tinct contributions of different wave types to fracture 
dynamics. Such insight is crucial for optimizing blasting 
parameters to control fragmentation and minimize ad-
verse effects on the surrounding environment.

Figure 14: Blast diagram illustrating energy dissipation and shockwave dynamics in the presence  
of shock and reflection energy

Figure 15: Joint density diagram showing the variation of joint density over time and its relation to the fragmentation process 
during the simulation of shock and reflection energy
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3.3. Modelling in the presence of iron powder

In this scenario, only shock energy and gas pressure 
are modelled. The simulation results for this state are 
presented in Figures 16 to 19. Figure 16 illustrates the 
distribution and size of the generated fragments, show-
ing the fragmentation process. Figure 17 highlights the 
propagation of cracks, demonstrating the pathways and 
spread induced by shock energy and gas pressure. Fig-
ure 18 depicts the blast diagram, visualizing the dissipa-
tion of energy and shockwave dynamics. Finally, Figure 
19 presents the joint density diagram, showing the vari-
ation of joint density over time and its relation to the 
fragmentation process during the simulation of the third 
state with shock energy and gas pressure.

As observed in Figures 16 to 19, unlike the two pre-
vious models, the continuity of the material has been lost 
in this scenario, resulting in a highly fragmented zone. In 
this model, the density of fractures has significantly in-
creased, and the blasting process has progressed to com-
pletion, as expected under these conditions. According 
to the obtained graphs, the total number of fractures gen-
erated is 13,839, and the cumulative length of disconti-
nuities has reached approximately 850 meters per square 
meter. Compared to the previous two models, these fig-
ures represent a roughly sevenfold increase in both the 
number of fractures and the cumulative length of discon-
tinuities. This dramatic rise highlights the critical role of 
gas pressure in the blasting process, as it greatly ampli-
fies fracture density and ensures complete fragmentation 

Figure 16: Distribution and size of the generated fragments during the simulation of shock energy and gas pressure

Figure 17: Propagation of cracks induced by shock energy and gas pressure during the simulation of the third state



Sahlabadi, SMR.; Ahangari, K.; Eftekhari, M.� 100

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 87-105, DOI: 10.17794/rgn.2025.2.7

of the material. These results emphasize the importance 
of considering gas pressure in the simulation and optimi-
zation of blasting operations. The substantial increase in 
fracture metrics demonstrates that gas pressure not only 
extends the reach of fractures but also transforms the 
rock into a fully fragmented zone, which is essential for 
efficient material extraction. Future studies could further 
explore the interplay between gas pressure, shock ener-
gy, and material properties to optimize the balance be-
tween energy efficiency and fragmentation outcomes in 
blasting processes.

3.4. �Modelling without the presence of copper pipe 
and iron powder

In this scenario, all three energies of shock, reflection 
and gas pressure are modelled. The simulation results 

for this state are presented in Figures 20 to 23. Figure 
20 illustrates the distribution and size of the generated 
fragments, showing the fragmentation process. Figure 
21 highlights the propagation of cracks, demonstrating 
the pathways and spread induced by shock, reflection, 
and gas pressure. Figure 22 depicts the blast diagram, 
visualizing the dissipation of energy and shockwave dy-
namics. Finally, Figure 23 presents the joint density dia-
gram, showing the variation of joint density over time 
and its relation to the fragmentation process during the 
simulation of the fourth state with all three energies.

As observed in Figures 20 to 23, the model in this 
simulation has undergone complete fragmentation. In 
this scenario, the total number of fractures generated is 
17,673, and the cumulative length of discontinuities has 
reached 1,100 meters per square meter. Compared to the 

Figure 19: Joint density diagram showing the variation of joint density over time and its relation  
to the fragmentation process during the simulation of shock energy and gas pressure

Figure 18: Blast diagram illustrating energy dissipation and shockwave dynamics in the presence of shock energy and gas pressure
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cases without gas pressure, this model shows approxi-
mately a ninefold increase in the number of fractures and 
a tenfold increase in the cumulative length of disconti-
nuities. Furthermore, when compared to the case with 
gas pressure but without reflected energy, an increase of 
about 30% is observed in both the number of fractures 
and the cumulative length of discontinuities. This high-
lights the significant role of reflected waves in enhanc-
ing the fragmentation process during blasting. These re-
sults underscore the combined influence of gas pressure 
and reflected energy in achieving efficient and complete 

rock fragmentation. The reflected waves not only am-
plify fracture density but also enhance the propagation 
of discontinuities, contributing to a more effective blast-
ing outcome. Understanding the synergistic effects of 
these energy components is crucial for optimizing blast-
ing designs and improving fragmentation efficiency 
while minimizing energy waste. Future research should 
explore these interactions further in real-world condi-
tions to validate and refine these findings.

Figure 20: Distribution and size of the generated fragments during the simulation of shock, reflection, and gas pressure

Figure 21: Propagation of cracks induced by shock, reflection, and gas pressure during the simulation of the fourth state
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4. Discussion

The modelling results under different explosion sce-
narios reveal that radial cracks are initiated by the initial 
shock wave and further develop within the rock. As the 
reflected wave passes through, these cracks can absorb 
more energy and expand further. In the final stage, the 
release of gas leads to the fracturing of the rock. Further-
more, the modelling results indicate that the shock wave 

has a substantial impact on the formation of the majority 
of cracks within the sample. While the increased pres-
ence of gas does contribute to exerting pressure on the 
resulting rock fragments, its effect is less significant 
compared to the initial shock wave. Both the shock wave 
and gas pressure play essential roles in the rock frag-
mentation process during an explosion. It is worth not-
ing that the reflected pressure has the least influence on 
crack expansion within the rock, making the smallest 

Figure 23: Joint density diagram showing the variation of joint density over time and its relation to the fragmentation process 
during the simulation of shock, reflection, and gas pressure

Figure 22: Blast diagram illustrating energy dissipation and shockwave dynamics in the presence of shock, reflection,  
and gas pressure
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contribution to the process. These findings align well 
with the research conducted by other scholars (Banada-
ki and Mohanty, 2014; Lanari and Fakhimi, 2015).

This study introduces a paradigm shift in the model-
ling of blast-induced rock fragmentation by emphasiz-
ing the critical role of gas pressure. The function devel-
oped within the PFC framework has successfully dem-
onstrated its ability to simulate the complex interactions 
between shock energy, reflected waves, and gas pres-
sure. While the current study focuses on the simulation 
and mechanical characterization of concrete samples as 
an analogue for rock, future work will aim to extend the 
methodology to real rock samples. Real rock materials 
present unique challenges, such as heterogeneity, anisot-
ropy, and variability in mechanical properties, which can 
significantly affect the outcomes of blasting and crush-
ing operations. Setting up small-scale experiments on 
real rock samples would enable validation of the numer-
ical model’s applicability under more realistic condi-
tions and allow for fine-tuning of the input parameters to 
better replicate field scenarios. It is important to empha-
size that numerical modelling serves as an essential pre-
liminary step in understanding complex processes such 
as rock blasting and crushing. These simulations allow 
researchers to predict the overall behaviour of materials 
under controlled conditions, offering valuable initial in-
sight without the need for costly and time-consuming 
full-scale experiments. The modelling approach used in 
this study provides a detailed representation of the me-
chanical behaviour of the material, enabling the investi-
gation of various scenarios, parameter adjustments, and 
energy variations in a highly controlled and repeatable 
environment. By combining laboratory-based calibra-
tion and numerical modelling, we have developed a 
framework that bridges experimental findings with pre-
dictive simulations. This not only helps in optimizing 
the experimental design but also reduces the overall cost 
and resource consumption associated with real-world 
testing. Numerical simulations are particularly advanta-
geous for identifying potential challenges and refining 
processes before conducting more extensive experi-
ments on real rock samples. In future studies, the inte-
gration of real rock sample testing with advanced nu-
merical modelling will further enhance the robustness 
and applicability of this research. Such an approach en-
sures a comprehensive understanding of the process 
while leveraging the strengths of both experimental and 
computational methods.

5. Conclusions

This study focuses on comprehending the mecha-
nisms behind rock blasting using explosives and evalu-
ating their influence on crack growth and rock crushing. 
Employing numerical analysis through PFC software, 
the research investigates explosion mechanisms and 
their effects on crack development. It begins by incorpo-

rating laboratory-tested concrete sample data into the 
model and calibrating numerical parameters based on 
prior research. The study explores four explosion modes 
in a concrete sample with a blast hole, considering shock 
energy, reflection, and gas pressure individually and in 
combinations. Key findings of the study include:

1. � The results show that the simultaneous inclusion 
of shock energy, reflection, and gas pressure leads 
to the highest density of fractures, resulting in the 
greatest rock fragmentation. This demonstrates 
that combining these energies can significantly en-
hance the efficiency of the blasting process and 
optimize the explosion mechanisms. The analysis 
also accurately examined how energy is distribut-
ed within the rock and the propagation of cracks in 
different directions.

2. � Comparing the different models revealed that the 
model with both gas pressure and shock energy 
produced the highest level of rock fragmentation. 
In contrast, models incorporating only shock and 
reflection energies or shock energy alone resulted 
in less fragmentation. These results were further 
confirmed through analysis of fragmented rock 
images and crack propagation.

3. � One of the key findings of this study is the substan-
tial effect of gas pressure on rock fragmentation. 
Gas pressure increased rock fragmentation by up 
to 7.7 times compared to when only shock energy 
was present. Furthermore, the presence of all three 
energies (shock, reflection, and gas) led to an in-
crease in fragmentation by 1.3 to 10 times com-
pared to the models with only shock and gas pres-
sure or shock energy alone. These results highlight 
the crucial role of gas pressure in enhancing rock 
crushing behaviour during explosions.

4. � The study also examined how cracks initiate and 
propagate within the rock. It was found that shock 
energy is responsible for creating initial radial 
cracks, while gas pressure plays a critical role in 
extending and deepening these cracks. The models 
that combined shock, reflection, and gas energies 
exhibited more complex and effective crack propa-
gation mechanisms. The number of cracks formed 
in different models varied significantly, with the 
combination of all three energies resulting in the 
highest number of cracks.

The findings of this study can have significant practi-
cal applications in optimizing blasting operations in 
mining and industrial projects. By utilizing these results, 
it is possible to reduce the consumption of explosives 
and prevent unpredictable and unstable explosions. Fur-
thermore, future research should focus on field testing 
and validating these simulations under real-world condi-
tions. Further studies exploring the combined effects of 
blasting energies in various geological settings and em-
ploying more sophisticated models could further im-
prove the accuracy and efficiency of these processes.
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SAŽETAK

Analiza utjecaja različitih energija eksplozije na razaranje stijena pomoću 
numeričkoga modeliranja

Širenje valova uzrokovanih eksplozijom izaziva vlačna i tlačna naprezanja u stijeni i utječe na njezino mehaničko i dina-
mičko ponašanje te na kraju dovodi do njezina razaranja. U tome procesu važna je pojava širenja pukotine te privlači 
pozornost raznih istraživača u novije vrijeme. Predviđanje geometrije loma u stijenskim materijalima, posebno u kon-
tekstu porasta pukotina, složen je problem koji zahtijeva napredne tehnike modeliranja. U ovome istraživanju izbušena 
je minska bušotina u uzorku betona, a metodom diskretnih elemenata proučavana su četiri obilježja eksplozije. To su 
istovremeno modeliranje energije udara, refleksije i tlaka plina; istovremeno modeliranje energije udara i tlaka plina; 
istovremeno modeliranje energije udara i refleksije i samo modeliranje udarne energije. Iako homogenost umjetnih uzo-
raka poput betona neće točno oponašati uzorke kamena, saznanja iz ovoga istraživanja korisna su u okviru ograničenja 
koja imaju. Rezultati pokazuju da se najveća gustoća pukotina, odnosno najveća fragmentacija stijene događa kada su 
istovremeno prisutne sve tri vrste energije: udar, refleksija i tlak plina. Nadalje, rezultati pokazuju da model koji uklju-
čuje tlak plina i energiju udara pokazuje najveću fragmentaciju stijene, a slijedi ga model koji uzima u obzir samo ener-
giju udara i refleksije. Model koji simulira udarnu energiju pokazuje najmanju fragmentaciju.

Ključne riječi: 
udarni val, udarna energija, energija refleksije, tlak plina, numeričko modeliranje
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