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1. Introduction 
 

The implementation of the blasting process on quarry 

faces is a widespread practice in the mining industry. The 

explosives, such as Ammonium Nitrate (94%) & Fuel Oil 

(6%) (ANFO), are the main source of concentrating 

chemical energy for rock fragmentation and extraction of 

aggregate. The performance of the explosives and the 

monitoring of the effects inside the rock mass, constitute an 

attractive subject for investigation, throughout the decades, 

by the scientific community such as, Clark (1987), Mohanty 

(1996), Rosa and Thornton (2011), Singh et al. (2016), 

Ozacar (2018), Song et al. (2018).  

Based on several references, (Kuznetsov 1973, Rustan et 

al. 1983, Lilly 1986, Stagg et al. 1992, Scott et al. 1993, 

Franklin and Maerz 1996, Liu et al. 2019, Dimitraki et al. 

2019), there are many geotechnical factors that affect the 

blastability of the rock mass, intensifying the complexity of 

the problem. These factors include the properties of the 

intact rock such as strength, elastic-plastic range and 

density, as well as the characteristics of the discontinuities 

such as orientation and distance that define the volume of  
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the blocks in-situ. The initial properties of the rock mass are 

undergone severe changes due to blasting impact, affecting 

the behavior such as stress distribution, strength and 

deformability (Kwon et al. 2009). Furthermore, factors of 

utmost importance are the nature of the explosive material, 

the thermodynamic state, the geometry of the pit face and 

the blast hole pattern. Additionally, the rock mass 

fragmentation depends on its density, defining the 

propagation of the energy inside the rock mass. It is well 

known that shock waves are generated inside the rock mass 

during the explosion, with stress often exceeding the 

compressive strength of the rock, creating fracture 

formation around the blast hole. The shock waves travel in 

the rock mass until they are reflected on free faces or pre-

existed discontinuities, returning as tensile waves. The gas 

pressure, which is generated from the decomposition of the 

explosive material, also plays an important role in the 

fracture mechanism. A volume of high pressured gas causes 

radial fractures which finally lead to the spalling of the 

blocks, (Nie and Olsson 2000). 

It is clear that conducting field experiments, for studying 

the blasting phenomenon inside the rock mass, is a costly, 

very complicated and oftentimes not feasible process. 

However, numerical analysis methods, such as Finite 

Element Analysis (FEA), offer the capability to simulate the 

blasting event on the pit face in relation to time and space, 

investigating analytically the process of the explosion and 

the conditions that are developed inside the rock mass. 

Specifically, numerical simulation is widely used as a 

common practice for solving extremely complex problems  
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that are described by complicated geometry, 

thermodynamic states and boundary conditions. This 

process is a constantly evolving numerical method which 

can be used to simulate a continuous medium, such as the 

pit face.  

By applying the above principles, the present study 

focuses on simulating the conditions near a blast hole, 

inside a limestone pit face, taking into consideration not 

only the geometric characteristics of the face and the 

features of the explosive material of ANFO, but also the 

quality of the limestone. In this paper, three types of 

limestone of different quality were simulated, depending on 

the mechanical and stress-strain characteristics of each type. 

The three types of limestone are designated as of Very Good 

Quality (VGQ), Good Quality (GQ) and Poor Quality (PQ). 

In literature there are a number of references to the 

numerical simulation of the blasting load (Yang et al. 1996, 

Golshani et al. 2007, Ma and An 2008, Zhou 2010, Sazid 

and Singh 2012, Zhang et al. 2018). However, information 

on the comparative behavior of different qualities of 

limestone during the blast performance is scarce. Therefore 

the authors’ approach attempts to cover this deficiency, by 

comparing the response of different qualities of limestone 

under blasting. Specifically, the current research presents 

results that describe the influence of the mechanical 

characteristics of the limestone on pressure wave  

 

 

 

propagation, energy balance and stress wave propagation, 

verifying some well-known physical phenomena. Finally, it 

should be mentioned that the present analysis is a precursor 

of a future research which will be conducted with different 

structures of the limestone taking into consideration joints 

characteristics. 

 

 

2. Numerical modeling description 
 

2.1 Finite element model 
 

The numerical simulation was performed using the 

explicit finite element method, which offers the capability 

to analyze high rate, short duration, dynamic problems, 

such as explosions. The explicit method requires many 

small time steps and the stability limit for the largest time 

increment is closely related to the time required for a stress 

wave to cross the smallest element dimension. The present 

model simulates a limestone block with dimensions of 6.00 

m x 6.00 m and a single blast hole of 0.05 m radius, using 

biaxial symmetry for reducing computational time. 

Specifically, the model includes the one fourth part of the 

square, in medium depth of the entire rock mass block, with 

a negligible thickness. Aside from the two forming free 

faces, suitable boundary restraints were implemented on all 

 

Fig. 1 Geometry and FEA mesh for the simulated single blast hole model 

 

Fig. 2 Convergence plot for the determination of the mesh density 
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remaining faces, using symmetry displacement conditions 

(the displacement vector component perpendicular to the 

plane is zero and the rotational vector components parallel 

to the plane are zero). The model’s mesh consists of 

hexahedron-shaped solid elements, Fig. 1. After many 

attempts, the final mesh was achieved with an increasing 

number of elements until convergence was achieved, 

according to the relevant plot Fig. 2. The convergence plot 

is a curve of a critical result parameter, which is typically 

some kind of stress, against the number of elements, 

(Abbey 2019). A number of convergence runs were 

performed to plot a curve which then was used to indicate 

the required convergence. 

   

2.2 Rock mass behavior 
 

Limestone behavior is closely related to the internal 

characteristics of the rock, such as mineral composition, 

structure, granular texture, porosity and density. However, 

in nature, it is also related to external conditions such as 

temperature, pressure and loading mechanism (Wei et al. 

2018). Generally, limestone is characterized as a brittle 

material that behaves elastically until the point of yield, 

without presenting great potential for plastic deformation 

and with failure abruptly occurring at fracture. In the elastic 

deformation range, energy is not lost during the process of 

stressing and straining and strain is increased in a linear 

manner to the applied stress. The process of deformation is 

reversible as long as stress is kept under a certain value 

called yield stress. Exceeding this limit deformation is 

neither elastic nor fully reversible. Once yield occurs, then 

stress needs to be continually increasing to drive the plastic 

deformation. This natural process is called hardening and is 

represented in the stress-strain curve (Fig. 3) by a distinct 

upward trend. While loading past the yield point, the yield 

stress of the rock mass increases (from point A to point B). 

At this point if stress remains stable there will be no further 

strain, while if stress decreases, there will be elastic 

unloading leading to some remaining deformation. After a 

number of cycles of loading and elastic unloading, the yield 

stress of the rock will have further increased while the 

ductility of the material will have decreased significantly. 

Another important behavioral aspect is the rock mass 

response to transient dynamic loading and its dependency 

on temporal features. The temporal features not only 

describe the effect of time on deformation and fracture, but 

also the temporal scales of the process related to the internal 

structure and physical-mechanical properties of the 

material, (Qi et al. 2016). The strain rate is an important 

feature of the rock mass behavior under dynamic loading 

and it can be described as the sensitivity of material strength 

to temporal deformation and fracture. It is noted that the 

effects on the material behavior for strain rates ranging 

from 1s-1 to100s-1, are very important in high energy 

dynamic events such as blasting. 

As far as modeling is concerned the rock mass is 

considered to be continuous and isotropic, without any 

joints or fractures. The elastic mechanical behavior can be 

designated by fundamental parameters like the elastic 

modulus and the Poisson’s ratio, in order to predict the  

 

Fig. 3 Stress-strain curve with a typical hardening behavior 

 

 

stress-strain performance under specific loading conditions. 

Moreover, the transition from the elastic to plastic range can 

be determined by various functions describing certain 

intensive conditions that lead to yield failure. These 

functions are often referred to as failure criteria. There is a 

number of failure criteria or yield criteria that correlate to 

stresses, strains, strain energy etc. The yield point is 

generally determined by the following expression (Potts and 

Zdravkovic 1999), Eq. (1). 

𝐹({𝜎}, {𝛶}) = 0 (1) 

where, {σ}  represents the intensive field and {Υ}  the 

compressive or tensile strength of the material. When the 

yield function F = 0 the material yields, while when F <
0 the material presents linear behavior for the most part. 

The type of the function depends on specific characteristics 

of the material.  

At the present paper, the Drucker-Prager failure criterion 

was implemented for defining the limestone plasticity under 

a blasting event, as an appropriate theory for pressure 

dependent, granular and frictional material, in conjunction 

with the Equation of State model to describe the dynamic 

response, estimating the stress state at which the rock 

reaches its ultimate strength, (Alejano and Bobet 2012). The 

Drucker-Prager failure criterion was also selected among 

others as a suitable theory, in which strain rate can be 

introduced as it affects the rock strength during the dynamic 

process. Also, this theory is suitable for materials such as 

limestone that present significantly greater compressive 

yield strength than tensile yield strength. 

The Drucker-Prager criterion is a smooth approximation 

of the Mohr-Coulomb yield surface and a simple expansion 

of the Von Mises criterion and takes into consideration the 

hydrostatic stress for the calculation of the strength of the 

material. It can be expressed by the following equation, 

(Drucker and Prager 1952), Eq. (2). 

√𝐽2 = 𝜆𝐼1́ + 𝜅 (2) 

where, J2 =
1

6
[(σ1

′ − σ2
′ )2 + (σ1

′ − σ3
′ )2 + (σ3

′ − σ1
′ )2]  is 

the second invariant of the stress deviator tensor, Í1 = σ1
′ +

σ2
′ + σ3

′  is the first invariant of the stress tensor, λ and κ 

are material constants that depend on the friction and 

cohesion of the material, σ1
′ , σ2

′ , σ3
′  are the principle 
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effective stresses. Also, the Drucker-Prager yield surface is 

a function of pressure and the second invariant of the stress 

deviator tensor, Eq. (3): 

𝑓(𝑝, 𝐽2) = √3𝐽2 − 𝛽p − y = 0 (3) 

where, p = −
1

3
 (σ1 + σ2 + σ3) is the pressure and y can 

be a function of plastic strain, plastic strain rate and 

temperature. 

The yield surface is depicted as a cone surface in the 

principle stress space with its main axis coinciding with the 

hydrostatic one. Inside the cone no yield takes place while 

outside yielding occurs, Fig. 4. 

There is a hardening rule which describes the evolution 

of the yield surface with plastic strain. The Drucker-Prager 

criterion, obeys to isotropic hardening. In this case, when 

the yield stress is exceeded, the yield surface 

 

 

 

Fig. 4 Drucker-Prager yield surface in the principle stress 

space 

 

 

Fig. 5 Isotropic hardening 

 

Table 1 Parameters for the three types of limestone that 

were used for the simulation 

 arame er Uni   GQ GQ  Q 

Densi   t/m3 2.70 2.65 2.58 

 oisson’s ra io - 0.30 0.25 0.19 

 o ng’s  od   s kPa 44E+06 36E+06 27E+06 

U  ima e com ressive 

s ress 
kPa 100E+03 82E+03 61E+03 

Tensi e   reng h kPa 10E+03 8200 6100 

expands proportionally in all directions. Specifically, 

beyond the yield point, after some cycles of loading and 

unloading, the material becomes harder and the elastic limit 

is higher both for tension and compression, Fig. 5. As far as 

the present research is concerned, the hardening behavior of 

the limestone, under the dynamic process, was defined by 

the yield stress in relation to the corresponding plastic strain 

also depending on the strain rate. 

Moreover, the Drucker-Prager failure criterion was used 

in conjunction with a model of progressive damage and 

failure. The typical components of the progressive damage 

model are the damage initiation at the onset of the damage, 

the damage evolution law and finally the element removal 

from the mesh. Specifically, the damage initiation defines 

the point of initiation of stiffness degradation of the 

material, specifying the fracture plastic strain. 

Consequently, after damage initiation, the material stiffness 

is degraded progressively according to the specified damage 

evolution response. In particular, the damage evolution is an 

essential part of the damage formulation, which calculates 

the amount of the damage during the deformation process, 

according to the material behavior. At the current paper, the 

damage evolution law was determined with an associated 

parameter, the equivalent plastic displacement at failure. 

This parameter defines the damage as a function of the 

plastic displacement after damage initiation. Finally, the 

element removal option from the mesh was selected, once 

the material stiffness was fully degraded, leading to a 

complete loss of load carrying capacity. 

Three types of limestone of different quality were 

simulated, depending on the mechanical and stress-strain 

characteristics of each type. The three types of limestone 

are designated as of Very Good Quality (VGQ), Good 

Quality (GQ) and Poor Quality (PQ). The parameters were 

defined based on literature by Wawersik and Fairhurst 

(1970), Stowe (1969), Christaras (1996) and Dimitraki et al. 

(2016). The relevant mechanical characteristics are 

presented in Table 1 and the stress-strain curves for each 

type are comparatively presented in Fig. 6. It should be 

noted that the tensile yield strength of limestone is much 

lower than the compressive yield strength by a factor of 10. 
 

2.3 Explosive material and thermodynamic state 
 

The Jones-Wilkins-Lee (JWL) Equation of State (EOS), 

which is used for modeling the thermodynamic state of the 

explosives in the current research, models the pressure, 

volume and energy relationship of the detonation products, 

generated by the release of chemical energy in an explosion. 

It has an empirical character that conforms to experiments 

and allows flexible calibration from experimental data at 

both early and large expansions (Souers et al. 1996, 

Hansson 2009). The pressure produced by the explosion is 

described by the JWL equation of state as shown in Eq. (4): 

𝑃 = 𝐴 (1 −
𝜔𝜌

𝑅1𝜌0
) 𝑒

−𝑅1
𝜌0
𝜌 + 𝐵 (1 −

𝜔𝜌

𝑅2𝜌𝜊
) 𝑒

−𝑅2
𝜌0
𝜌 +

𝜔𝛦𝜌

𝜌0
 (4) 

where P is the pressure of the detonation products, ρ/
ρο is the relative volume (i.e. the expansion ratio of the 

detonation products), Α (kPa), Β (kPa), R1, R2, ω are 

constants for each specific explosive, ρo and ρ the initial  
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Table 2 ANFO properties and JWL EOS parameters 

 NFO  ro er ies JWL EO   arame ers 

Densi   

  /m3  

De ona ion 

wave s eed 

 m/s  

De ona ion 

Energ  

Densi   

 kJ/   

  

 k a  

  

 k a  

ω 

- 

R  

- 

R  

- 

0.85 3200 3881000 266799000 3435000 0.39 7.037 1.159 

 

 

and current density respectively, ω  is a Grüneisen 

coefficient γ − 1 , where γ is the adiabatic gamma for the 

detonation products at low pressure and Ε is the detonation 

energy density (kJ/t). Moreover, they are subjected to the 

constraints that R1 > R2 > 0  and ω > 0 , (Menikoff 

2017). The JWL parameters can be determined either by 

numerical code or by the widely known cylinder test 

expansion measurements. At the current paper, the 

properties of explosive material of ANFO were used 

according to the experimental results of the cylinder test 

data by Sanchidrian et al. (2015). Table 2 presents the 

ANFO properties and JWL EOS parameters that were 

inserted into the model. 

By taking into account the geometrical characteristics of 

the blast hole and the ANFO properties, the specific amount 

of energy of the explosive material is expected to be equal 

to 3881000 ∗
3.14∗0.052∗0.01

4
∗ 0.85 = 64.73 kJ. This value 

actually is close enough to the result produced by the FEA 

and is depicted in Fig. 11. 
 

 

3. Simulation results and discussion 
 

3.1 Stress wave propagation 
 

The explosion causes stresses that are characterized by a 

dynamic nature and the propagation of these stresses 

through the rock as a wave must be considered, (Jaeger et 

al. 2007). Τhe stress waves include elastic waves, plastic 

waves and shock waves, according to the stress-strain 

relation of the material in which stress waves propagate.  

 

 

Specifically, the stress waves that are generated inside 

the rock mass by blasting are generally elastic waves, 

except for the area close to the blast hole where the shock 

waves are generated, (Zhang 2016). 

As far as the stress wave propagation inside the rock 

mass for the three qualities of limestone during the 

explosion is concerned, it is depicted in the following plot 

(Fig. 7), as it was produced by the numerical models. As it 

can be seen there is a rapid increase of the stress in a local 

area around the explosive center while smaller values are 

observed as the wave travels radially away from the blast 

hole. A ring of deleted elements is also observed around the 

blast hole, indicating the destruction of the rock mass and 

the maximum degradation of the stiffness. Furthermore, this 

plot demonstrates the difference of the wave propagation 

velocity and magnitude for the three types of limestone. It is 

obvious that the stress wave in the limestone that presents 

better quality characteristics is propagated faster than in the 

other two types. Comparatively, the stress wave in the VGQ 

limestone is propagated in 6.25E-04 s for a distance of 3.00 

m, while in the GQ and PQ limestone the propagation 

presents latency for the same distance, 7.25E-04 s and 

8.50E-04 s respectively. It is noted that after encountering 

the free faces, the stress waves create reflections on the 

boundaries, initiating rather complicated phenomena that 

are not discussed in the present paper. 

 

3.2 Borehole pressure and stress wave pressure 
analysis 

 

In the beginning of the blasting event, firstly a shock 

wave is formed and then the pressure wave follows in the 

reaction zone, which is a very thin zone behind the shock 

front of the blast hole. Immediately after the wave in the 

reaction zone follows the rarefaction wave. The 
composition of these three waves forms the detonation 

wave. The detonation wave acts as a shock wave causing an 

extremely high pressure on the wall of the borehole and 

then travels as ordinary stress wave in the region relatively  

 

Fig. 6 Stress-strain curves for the three types of limestone based on literature 
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far from the blast hole. Pressure values are largely 

dependent on factors such as the nature and the density of 

the explosive material and the type of the rock mass, 

(Bhandari 1997). The stress wave attenuates over distance 

after the pressure fluctuation in the immediate vicinity of 

the blast hole. 

This phenomenon is evident in Fig. 8, which presents  

 

 

 

 

the borehole pressure fluctuation at the wall of the blast 

hole, for the three types of limestone, as it was produced by 

the numerical model. The query point for the extraction of 

pressure value data is chosen to be a node at the wall of the 

blast hole, inside the model, in the middle of the arc. 

Specifically, the highest quality limestone (VGQ) displays 

the highest pressure of 1.55E+06 kPa, while the lowest 

 

Fig. 7 Stress wave propagation over time for the three qualities of limestone 

 

Fig. 8 Borehole pressure variation over time at the wall of the blast hole, for the three qualities of limestone 

 

Fig. 9 Stress wave pressure variation over time, 2.00 m from the blast hole wall, for the three qualities of limestone 
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GQ 

 Q 
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Table 3 P-wave velocities of stress wave for the three 

qualities of limestone, according to Eq. (5) 

Limes one   a i    -wave ve oci    m/s  

 GQ 4701 

GQ 4038 

 Q 3390 

 

Table 4 Comparison of stress wave pressure arrival times 

between FEA model and theoretical calculation, 2.00 m 

away from the blast hole wall 

  ress re Wave  rriva  Time s  

Limes one   a i   FE   ode  Theore ica  Ca c  a ion 

 GQ 4.00E-04 4.25E-04 

GQ 4.75E-04 4.95E-04 

 Q 5.75E-04 5.89E-04 

 

 

pressure of 1.27E+06 kPa corresponds to limestone with 

poor mechanical characteristics (PQ). 

As far as pressure of stress wave build up and 

attenuation, inside the rock mass is concerned, it is expected 

that depending on the position of the measurement, there 

will be a delay of the pressure wave arrival with a gradual 

increase in pressure value and consecutive attenuation as 

the wave passes. 

Fig. 9 depicts the fluctuation of the pressure of the stress 

wave at a node about 2.00 m away from the blast hole wall, 

in the middle of the model’s thickness. As it can be seen, 

the very good quality limestone responds earlier to pressure, 

presenting a peak value of 1.13E+05 kPa, 4.75E-04 s after 

the event initiation. Comparatively, the pressure wave 

arrives later as the quality of limestone deteriorates and a 

delay in the forming of peak pressure of stress wave values 

is evident. Moreover, a gradual demise of the peak pressure 

value is observed from the very good to poor quality 

limestone. 

The observed latency in the formation of peak pressure 

of stress wave values according to rock quality can be 

attributed to the P-wave velocity of stress wave, as it is 

expressed by Eq. (5), (Zhang 2016): 

𝐶𝑝 = √
𝐸(1 − 𝑣)

𝜌(1 + 𝑣)(1 − 2𝑣)
 (5) 

where, Cp is the P-wave velocity of stress wave, Ε is the 

Young’s modulus, v is the Poisson’s ratio, and ρ is the 

density of the rock. The equation determines the 

propagation speed of a P-wave in the particular medium, 

according to its mechanical characteristics. It is evident that 

P-wave propagation depends on density as well as on other 

elastic constants of the rock. By implementing the equation 

for the three types of limestone, Table 3 is produced 

showing relevant resulting velocities. It is obvious that there 

is a gradual increase in P-wave velocity as the quality of 

limestone improves. Furthermore, Table 4 shows a 

comparison of stress wave pressure arrival times between 

the FEA model and simple theoretical calculation (constant 

velocity assumption). It is apparent that the difference is 

rather negligible and most likely without significant 

consequences for the validity of the numerical simulation. 
 

3.2.1 Stress wave pressure attenuation over distance 
Another important aspect of the phenomenon concerns 

the attenuation of stress waves inside the rock mass 

following the explosion, which is defined as the decrease in 

the amplitude as the propagation distance increases. The 

attenuation is mainly dependent on geometrical factors, 

material damage and fracture, internal friction and cracks of 

the material. The attenuation characteristics of the stress 

waves induced by rock blasting over distance, is expressed 

as a function of the peak pressure of stress waves on the 

wall of the explosive column and the distance from the 

explosive source. Specifically, the following equations, Eq. 

(6) and Eq. (7) describe the attenuation process (Li et al. 

2011, Qiu et al. 2018): 

𝑃𝑟 = 𝑃𝑑 (
𝑑

𝑟
)

𝑎

 (6) 

𝑃𝑑 =
𝜌𝑜𝐷22𝜌𝐶𝑝

1 + 𝛾𝜌𝐶𝑝 + 𝜌𝜊𝐷
 (7) 

where, Pr is the peak pressure of stress waves at a distance 

r from the explosive source in the rock mass, Pd is the 

pressure on the rock face in the blast hole, d is the radius 

of the charge column and α is an attenuation coefficient 

(In the propagation area of a shock wave: a = 2 +
v

1+v
 , in 

the propagation area of a stress wave: a = 2 −
v

1+v
). 

Furthermore v is the Poisson’s ratio of the rock mass, ρ is 

the density of the rock mass, ρo  is the density of the 

explosive, D is the detonation velocity of the explosive, γ 

is the adiabatic parameter of detonation products and Cp is 

the P-wave velocity of the rock mass. 

Eqs. (6) and (7) were implemented using the geometric 

and mechanical characteristics of the present problem. A 

path ranging from the blast hole to a distance of 3.00 m 

away from the explosive source was chosen, in order to get 

a set of theoretical results. Accordingly, pressure values in 

relation to distance for the same path were also calculated 

by the FEA model. In Fig. 10 a representative diagram 

concerning the GQ limestone is presented. The resulting 

attenuation curves of peak pressure values over distance 

from both the theoretical and the FEA model are compared. 

In both cases and in accordance to theory, pressure of stress 

wave almost instantaneously maximizes and then attenuates 

along with distance from the explosive source. It is also 

observed that the attenuation curve of the FEA model 

generally coincides with the theoretical results. This further 

indicates the reliability of the numerical model in 

simulating the blast wave propagation inside the limestone, 

presenting successfully the attenuation properties of the 

rock during the blasting process. 
 

3.3 Energy balance analysis 
 

The evaluation of the energy balance in an explicit 

dynamic analysis is of great importance as it allows 
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comparative analysis of various energy components that are 

developed after applying the explosive load in short time 

duration. The assessment of the energy quantities leads to 

the determination of the plausibility of the finite element 

model. In the process of simulating the blast event inside a 

rock mass, it is necessary to assess whether the model 

attributes in an appropriate way the dynamic transformation 

of the chemical energy to other forms of energy. Generally, 

the energy balance for the entire model is expressed as 

follows, Eq. (8) (Diehl 2012): 

Etotal = EI + EV + EFD + EKE + EIHE − EW − EPW

− ECW − EMW − EHF (8) 

where, EI is the Internal Energy, EV is the Viscous Energy 

dissipated, EFD is the Frictional Energy dissipated, EKE is 

the Kinetic Energy, EIHE is the Internal Heat Energy, EW 

is the work done by the externally applied loads, 

EPW, ECW, EMW, are the work done by contact penalties,  

 

 

 

by constraint penalties and by propelling added mass, 

respectively.  EHF  is the External Heat Energy through 

external fluxes. The Etotal value is the sum of the energy 

components and should be observed to present a constant 

value throughout the entire analysis, (Fig. 11). 

Due to the nature of the present research and the 

corresponding analysis three energy components standout, 

such as the Internal Energy (EI), the Viscous Energy (EV) 

and the Kinetic Energy (EKE) . The internal energy is 

described by the following expression, Eq. (9): 

EI = EE + EP + ECD + EA + EDMD + EDC + EFC (9) 

where the components are the recoverable Elastic Strain 

Energy (EE), the Plastic Dissipated Energy (EP), the Energy 

Dissipated through Viscoelasticity or creep ( ECD ), the 

Artificial Strain Energy (EA), the Energy Dissipated through 

Damage(EDMD), the Energy Dissipated through Distortion 

Control (EDC) and the Fluid Cavity Energy (EFC). 

 

Fig. 10 Comparison of peak pressure attenuation curves between FEA model and theoretical results for limestone of good 

quality 

 

Fig. 11 The Total Energy and its components for the three types of simulated limestone 
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The energy balance assessment for the three types of the 

simulated limestone is analyzed in the following 

paragraphs, resulting in conclusions that confirm the 

plausibility of the model. 

Fig. 11 depicts the energy plots for the Total Energy and 

its components for the three types of simulated limestone, 

as they were calculated by the FEA model. An important 

component of the Total Energy is the Kinetic Energy (KE), 

as it is illustrated in the plot and it is delineated by an initial 

energy with a peak value of approximately 1.0E-04 s from 

the beginning of the explosion. In particular, it is noticed 

that the poor quality limestone presents the highest KE, 

allowing higher mobility of the particles due to the low 

density and stiffness of the material, while the lowest value 

of KE corresponds naturally to the limestone with better 

mechanical characteristics. The Total Energy is relatively 

constant throughout the three models presenting a value as 

high as 64.80 kJ, coinciding with the calculation by the 

geometrical characteristics of the blast hole and the ANFO 

properties (paragraph 2.3). 

The Artificial Strain Energy, as a component of the 

Internal Energy, should and is found to be close to zero for 

all the FEA models with an average value of 3.14E-06 kJ, 

indicating the credibility of the FEA model as far as the 

accuracy of the meshing is concerned, (Fig. 12). According 

to sources from FEA related literature the Artificial Strain 

Energy should be less than 1-2% of the Internal Energy. In 

the simulated model for the three types of the limestone, the 

Artificial Strain Energy is estimated to be as low as 6.5 E-

08% of the Internal Energy. 

The simulated limestone presents an initial linear 

relationship between stress and strain, storing energy inside 

the rock before the elastic limit, indicating a recoverable 

Elastic Strain Energy (EE) of 4.36 kJ for the VGQ 

limestone, 4.79 kJ for the GQ and 5.28 kJ for the PQ. It is 

obvious that there is a reverse relationship between the  

 

 

quality of the limestone and the energy that is stored for the 

elastic response. The energy dissipated through the inelastic 

process - Plastic Dissipation Energy (EP), which succeeds 

the elastic behavior, is slightly higher for the PQ than the 

VGQ limestone. 

As far as the energy dissipated through progressive 

damage, it is observed that the PQ limestone presents higher 

stiffness degradation, dissipating energy of 24 kJ than the 

VGQ limestone which presents a value of 22 kJ. As a result 

the Internal Energy (EI) output, which is the sum of the 

aforementioned variables, presents a general stable value 

for the three qualities of simulated limestone, but with a 

different distribution of the individual components. 

According to the aforementioned, the limestone quality 

affects the energy balance presented by the FEA models, 

revealing in a plausible way the energy distribution during 

the blasting process inside the rock mass. The quality of the 

rock mass is strongly related to stiffness, plastic 

deformation potential, degradation evolution and failure 

point, affecting the overall elastic-plastic behavior, as well 

as the allocation of the various energy components. 

 

 

4. Conclusions 
 

The present study dealt with the investigation of the 

behavior of three types of limestone of varying quality 

under the typical blasting process used in quarries, in 

relation to time and space. The numerical method of Finite 

Element Analysis (FEA) was implemented, in order to 

simulate the blasting event on the pit face, examining in 

detail the conditions that are developed inside the rock 

mass. 

The three types of limestone are designated as of Very 

Good Quality (VGQ), Good Quality (GQ) and Poor Quality 

(PQ), depending on their mechanical properties. The Finite 

 

Fig. 12 The Internal Energy and its components for the three types of simulated limestone 
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Element code was developed by applying the Jones-

Wilkins-Lee (JWL) equation of state to describe the 

thermodynamic state of ANFO and the pressure dependent 

Drucker-Prager failure criterion in conjunction with a 

progressive damage model to define the limestone behavior 

under blasting induced high rate stress. 

Various phenomena, such as stress wave propagation, 

borehole pressure development, pressure attenuation over 

distance and energy component analysis were examined 

throughout the duration of the simulation, giving answers 

about the rock mass response in the immediate vicinity and 

further away from the blast hole. 

As far as stress propagation is concerned, a rapid 

increase in stress in combination with the destruction of the 

material in a local area around the explosive center was 

observed, by the numerical analysis. Smaller values of 

stress were observed as the wave was propagated radially 

away from the blast hole, indicating different stress 

distribution for the three types of limestone. Furthermore, a 

direct correlation between the quality of limestone and the 

wave propagation velocity is presented. 
The borehole pressure was also investigated, specifying 

the peak pressure at the wall of the blast hole, for each type 
of limestone. A direct relationship between the quality of 
limestone and the evolution of borehole pressure over time 
was observed. Additionally, a significant varying amount of 
latency for the development of the peak pressure of the 
stress wave, in a specific distance from the blast hole, was 
observed, from the very good to poor quality of limestone. 
This is attributed to the P-wave velocity, which in turn 
depends on the density and other elastic constants of the 
rock mass. Moreover, a comparison between the numerical 
model and theoretical results concerning the attenuation 
properties of limestone indicated the reliability of the 
simulation, as the peak pressure attenuation curves over 
distance are broadly similar. 

As far as the energy distribution during the blasting 
process is concerned, limestone quality strongly affected the 
energy balance, as it was presented by the FEA models. 
Therefore, it can be concluded that the stiffness as well as 
the plastic deformation potential, degradation evolution and 
failure point of each rock mass affected the allocation of the 
various energy components. 

In conclusion, taking into account the aforementioned 
results, it is obvious that the FEA models provide extensive 
information about a complex and inaccessible phenomenon, 
giving great potential for further study and development. 
The current research has a prospect of development as far as 
additional characteristics of the limestone are concerned, 
such as the blastability of the rock mass, including various 
joint characteristics. It might be useful to delineate the 
various phenomena that are developed inside the rock mass 
with a more complex geometry, depending on the density, 
the length and the mechanical properties of pre-existed 
discontinuities. The numerical simulation of the rock mass 
fracturing is an attractive practice, which will give answers 
about the effect of the fracture topology on the blasting 
event. 
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