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Abstract-A typical blast wave attenuation curve presents a 

relationship between Peak Particle Velocity (PPV) at the surface 

of a geologic profile and distance. As the stress wave is amplified 

at the free-field boundary, the attenuation curve at the surface is 

always larger than the within media profile curve. Measurements 

are made at the rock's surface and test blasts are always 

conducted to ensure the safety of underground existing 

structures. In order to design underground blasting, the recorded 

PPVs are then reduced by a factor of 2. In this paper, particle 

velocity amplification was studied by using numerical simulation, 

and the difference between PPV at the surface and within media 

profiles is quantified. The amplification factor depends upon 

source depth, incidence angle, and Poisson’s ratio of the media. It 

is calculated as the ratio of the magnitude of PPV at the surface 

of the media to the within media profile. According to the 

parametric study, the amplification factor for a uniform medium 

increases with increasing source depth, while the amplification 

factor decreases with increasing Poisson’s ratio. Considering a 

three-layer model with a source depth of 30m, the amplification 

factor is high for low incident angles and low for higher incident 

angles. The range varies between 1.5 to 2.1. 

Keywords-free surface; numerical simulation; underground 

blasting; wave amplification; wave attenuation 

 

I. INTRODUCTION  

Blasting is one of the most extensively utilized methods for 
extracting rock in mining and construction operations and the 
most cost-effective excavation method [1]. The appropriate 
design of blasts and the management and prediction of blast 
consequences importance is increasing as the magnitude of 
these operations grows [2, 3]. The majority of the explosive 
energy is utilized in the crushing and fracturing of the rock 
mass. When blasting energy is transferred to the rock mass, it 
might cause damage to the surrounding rock in the form of 
undesired fractures. Many researchers have contributed to the 
development of the blast vibration safety criterion, and several 
criteria or prediction models have been proposed to assess the 
structural stability of diverse constructions [4, 5]. Peak Particle 
Velocity (PPV) is the most extensively used indicator for 
evaluating blast-induced damage. PPVs are widely assumed to 
be determinable in empirical models based on the maximum 
charge per delay, distance from the blasting source, and site 
coefficients. The scaled distance concept proposed by the 
United States Bureau of Mines (USBM) [6] is the most 
acceptable vibration prediction equation. It takes into account 
the quantity of explosive energy in shock and seismic waves, as 
well as distance effects. Test blasts are usually conducted to 
record surface PPVs, and an attenuation curve is then 
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developed by conducting regression analysis. The Scaled 
Distance (SD) is calculated by taking the distance between the 
source and measurement locations and dividing it by the 
maximum charge per delay:  

SD � �
√�    (1) 

where R is the distance between the charge and monitoring 
station and W is the maximum charge weight per delay. 

The USBM predictor equation for the estimation of the 
peak particle velocity is: 

��� � 	
��
�    (2) 

where K and n are the site and geological constant factors 
respectively. 

The ground transmission factor, or constant K, is influenced 
by the confinement of the charge, and the local geology. Higher 
values of K denote either well-coupled explosives or a mass of 
rock that is relatively large and fracture-free. The quality of the 
rock mass affects the constant n, which indicates the impact of 
attenuation with distance. Lower values of n indicate more 
competent rock mass with less fracturing, whereas higher 
values of n indicate poorer quality rock mass that attenuates 
vibration energy more quickly and within a shorter distance 
from the charge. 

Test blasts are usually conducted to record surface PPVs, 
and an attenuation curve is then developed by regression 
analysis. Artificial Intelligence (AI) techniques like Artificial 
Neural Networks (ANNs) and Particle Swarm Optimization 
(PSO) have been utilized in mining and civil engineering 
during the last few years to forecast the PPV based on total 
charge, distance, maximum charge per delay, frequency, and 
blasting parameters [7, 8]. Previously, the wave amplification 
effect studies mainly focused on earthquakes [9-14] and the 
amplification effect for the blast source has not been studied 
extensively. This paper uses numerical simulations to study the 
amplification factors using a spherical blast source. 

II. NUMERICAL MODELING 

In the present study, numerical analysis is carried out using 
FLAC 2D version 7.0 [15]. An axisymmetric model with a 
spherical blast source and a quad mesh with a mesh size of 
0.05m is used. The blast-induced fracture zone is described as a 
spherical cavity with a radius of 0.5m. The half-space was 
modeled as an elastic material. The computational model and 
boundary conditions are shown in Figure 1. The reflected wave 
created at the upper boundary travels to the side wall and the 
lower end as it propagates in the radial direction with vertical 
and horizontal velocity components. Therefore, viscous 
dampers are installed in two directions, at the side wall and at 
the bottom to absorb the impact of vibrations, as suggested in 
[16]. The modelling strategy used in this paper is as follows: 
first, a geometric model of the rock mass is created and a 
behavioural model and material properties are applied. Then, a 
mesh is generated, boundary conditions and viscous boundaries 
are applied, and finally, a blast load is applied. 

The explosion depths employed were 10, 20, and 30m. The 
computational domain has a 70m lateral dimension. The blast 

load was applied to the cavity surface in the normal direction as 
a pressure-time history. 

 

Fig. 1.  The computational model. 

To verify the numerical model, the results of the dynamic 
analysis for the undamped case are compared to the closed-
form solution in [17]. To solve the spherical charge blasting 
vibration problem, the authors in [17] simplified the cavity-
blasting pressure. The solution showed that the spherical 
blasting generates only P waves, and an elastic velocity 
equation for the spherical blasting vibration was later obtained 
as follows: 

V
R, τ̄
 � � �
� f
τ̄
 � ��

��� q
τ̄
    (3) 

where V is the velocity induced by the blast source, a is the 
source cavity, R is the distance from the measured point to the 
charge centre, f(τ), q(τ) are time history functions of the wave at 
R, and � is the dimensionless time. 

f
τ̄
 � c �� !
�"̄� , q
τ̄
 � c � !

�"̄     (4) 

where c is the wave velocity and ϕ1 is the displacement 
potential function: 
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Time-varying blast pressure is applied to the wall of an 
equivalent cavity using the following formulation [17]: 

�
D
 � �KD�-%LM     (4) 

where P(t) and P0 denote time-varying blast pressure and initial 
detonation pressure respectively, t represents time, n is an 
integer, and β denotes decay of the pressure pulse. Figure 2 
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shows a blast pressure profile calculated using ( �
D
 �
�KD�-%LM). 

 

Fig. 2.  Pressure time history applied to the wall of an equivalent cavity. 

The velocity-time history estimated from the numerical 
simulation and the equation from [17] for the undamped 
medium is shown in Figure 3. The shear wave was fixed to 
2309m/s, with a Poisson ratio of 0.25, whereas unit weight was 
set at 24.5kN/m

3
. The selected loading pressure was 1GPa. n 

and β were set to 1 and 2000 respectively. The blast equivalent 
cavity was assumed as 0.5m. It is shown that the numerical 
model correctly predicts the wave attenuation, providing results 
that are almost identical to the analytical solution. A parametric 
study is conducted to study the influence of effective 
parameters on wave amplification at the surface. These 
parameters include source depth, angle of incidence, and 
Poisson’s ratio. First, a homogeneous rock mass is modeled 
and then layered model with weathered rock at the surface, 
followed by soft rock, and then hard rock mass is considered. 

 

 

 
Fig. 3.  Comparison of the numerical simulation with a closed-form 

solution. 

III. RESULTS AND DISCUSSION 

Blast-induced vibrations are usually recorded in the form of 
PPV at the surfaces. Surface vibrations are always higher than 
within profiles [18]. Table I shows the mechanical properties of 
the rock mass [19]. The attenuation of PPV for surface and 

within profiles for the depth of 30m with Poisson’s ratio of 
0.25 is shown in Figure 4. The calculated PPV at the surface is 
almost two times the one within profiles. 

TABLE I.  MECHANICAL PROPERTIES OF THE ROCK MASS [19] 

Rock type 
Shear velocity 

(m/s) 

Unit weight 

(kN/m
3
) 

Poisson 

ratio 

Hard Rock 

2500 

25 

0.25 

2000 

1500 

Soft Rock 

1200 

23 

0.27 

1000 

800 

Weathered Rock 

650 

21 

0.3 

500 

150 

 

 

Fig. 4.  Comparison of PPV within profile and surface for homogenous 

media. 

To study the amplification factor in detail, three source 
depths of 10, 20, and 30m from the surface are considered. 
Three Poisson’s ratios of 0.20, 0.25, and 0.30 are selected. For 
uniform homogeneous rock mass, Figure 5(a) shows the results 
of Poisson’s ratio of 0.20, for the three depths. The 
amplification factor at high angles is 1.8, whereas at lower 
angles it increases up to 2. A source at greater depth shows an 
amplification factor near to 2 at 10° to 50°. For Poisson’s ratio 
of 0.25, at high angles the amplification factor in Figure 5(b) is 
1.7 and at lower angles it is 2. The amplification factor for 
Poisson’s ratio of 0.30 in Figure 5(c) is 1.5 at higher angles and 
1.9 at lower angles. Low Poisson’s ratio has amplification from 
near 1.8 to 2.1, whereas higher Poisson’s ratio shows less 
amplification factor and gradually increases for lower angles up 
to 1.9. 

Until now, the rock mass was considered homogenous, 
however, in the real field, it is inhomogeneous. For this 
purpose, a three-layer model is developed: near the surface the 
rock mass consists of soft rock, followed by weathered rock, 
and the lower most part consists of hard rock. Figure 6 shows 
the computational model for inhomogeneous rock mass. The 
attenuated PPV at 30m depth is shown in Figure 7. The 
amplification factor at smaller distances, i.e. at lower incident 
angles, is more than 2, whereas at greater distances, i.e. at 
higher incident angles, the amplification factor is 1.5. To 
further get a clear view, Figure 8 shows the amplification factor 
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at 30m depth, which shows high amplification factor for low 
incident angles. The amplification factor decreases for higher 
angles. 

 

 

 
Fig. 5.  Amplification factor for homogeneous rock: (a) υ = 0.20, 

(b) υ = 0.25, (c) υ = 0.30. 

 
Fig. 6.  A computational model for inhomogeneous rock mass. 

The results show that the inhomogeneity of rock mass plays 
a vital role in wave amplification. Amplification factors for 
different sites will be different based upon rock mass strata. 
Many studies [20] assume an amplification factor of 2 for 
homogenous rock mass using a spherical blast source. A 
numerical simulation is suggested for finding amplification 

factors for the specific site. This study is limited to spherical 
blast sources. In the field, cylindrical blast sources are utilized. 
Future research will include a complete parametric 
investigation employing a cylindrical blast source. 

 
Fig. 7.  Comparison of PPV of within profile and surface for 

inhomogeneous rock mass. 

 

Fig. 8.  Amplification factor for inhomogeneous rock mass 

IV. CONCLUSIONS 

This paper presented a numerical analysis-based 
amplification factor for a spherical blast source. The velocity 
amplification factor is defined as the ratio of wave amplitude at 
the free field boundary to the incident wave amplitude. 
Poisson’s ratio, source depth, angle of incidence, and 
geological characteristic of a specific site are the main factors 
that affected the velocity amplification. The results show that 
the amplification factor varies between 1.5 to 2.1. 

As a consequence, velocity amplification phenomena 
should be taken into account while assessing underground 
damage. It is recommended to utilize numerical analysis to 
predict site-specific amplification factor, which can improve 
design procedures and help engineers predict the inner profile 
attenuation curves for controlling damage to the surrounding 
rock mass. 
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