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Abstract: Problem statement: One of the major environmental concerns related to blasting operation 
in mining and civil engineering projects is ground vibration. Approach: This study presented an 
assessment of ground vibrations caused by the blasting experiments at a marlstone quarry in northern 
Italy. The primary goal of this study was to determine the vibration level in order to protect dwelling 
area adjacent to the quarry. Based on the data obtained from the field, a new equation for the level of 
ground vibrations was proposed. Results: A comparative analysis between the results obtained by the 
new equation and common empirical predictors currently used in blasting practice was also carried out. 
Conclusion: Results indicated that a new equation may be used as a reliable predictor of the vibration 
level for the studied quarry. 
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INTRODUCTION 

 
 The purpose of blasting operations is rock 
fragmentation. It provides appropriate rock material 
granulation or size that is suitable for loading and 
transportation. The blasting process and usage of 
explosives, however, remain a potential source of 
numerous human and environmental hazards. Singh and 
Singh[1] indicate that fragmentation accounts for only 
20-30% of the total amount of explosive energy used. 
The remainder of the energy is wasted away in the form 
of ground vibrations, air-overpressure and flyrock. The 
specific problem associated with ground vibrations 
represents the human response to them. A recent study 
completed by Raina et al.[2] indicates the degree of 
human response to blast vibrations and air-overpressure. 
In addition, blasting vibrations may cause a significant 
damage to nearby buildings or various structures. 
 Ground vibrations are acoustic waves that propagate 
through the rocks[3]. They differ from the ground 
vibrations caused by earthquakes in terms of seismic 
source, amount of available energy and travelled 
distances[4]. Usually, parameters such as velocity, 
displacement and acceleration of particles are recorded 
during the vibration measurements[5]. According to the 
same author, vibration velocity represents a wave 
induced velocity of a particle in the media. 

 Bhandari[6], Rossmanith et al.[7] and Valdivia et al.[8] 
indicated the significance of several variables whose 
modifications can influence vibration reduction and 
improvement of blasting operations. Specifically, 
Bhandari[6] classified the factors with influence on 
vibrations as controllable and uncontrollable. Those 
controllable influences include the blast geometry, type 
of explosive used, steaming, priming and initiation, 
while uncontrollable factors are geological conditions 
and initiation timing errors. A detailed study on blasting 
parameters that affect the ground vibration and air blast 
is given by Nicholls et al.[9]. 
 The peak particle velocity (ppv) is considered to be 
reliable predictor for ground vibrations caused by 
blasting. This predictor takes into the consideration that 
the total energy of ground motion generated around a 
blast varies directly with weight of explosives 
detonated and it is inversely proportional to the square 
of distance from the blasting point[10].  
 The text that follows describes (i) the existing 
standards and predictors used to estimate blasting 
vibrations, (ii) a new equation that was derived from the 
field observations, (iii) a case study on estimation of 
blasting vibrations for the marlstone quarry in northern 
Italy and (iv) the comparative study on results obtained 
by applying the both a new and existing equations. 
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MATERIALS AND METHODS 
 
 There are several empirical equations that are used 
in blasting operations to estimate peak particle velocity. 
The most common equations are shown in Table 1. In 
these equations, D is distance between the center of the 
explosive charge and measuring unit in meters and cpd 
is charge per delay in kilograms. Values of K, alpha, n 
and m are empirical constants which can be determined 
by regression analysis and they are based on the 
measurements of vibration data. Procedure for the 
determination of these empirical values was covered by 
the numerous researchers[12,16,17,19-21] and it will not be 
repeated in this study. 
 
Proposed predictor for blasting vibrations: Based on 
the analysis of field data, a simple predictor is proposed 
for the estimation of peak particle velocity (ppv): 
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Where: 
D = Distance between the center of the 

explosive and measuring unit (geophones) 
in meters 

Cpd = Charge per delay in kilograms 
tdet = The time of detonation in seconds 
K and n = Empirical constants which can be 

determined by regression analysis based on 
the measurements in situ 

 
Table 1: List of the existing equations for estimation of ppv 
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 The Distance (D) is squared because the body 
waves travel on the free surface and have a squared 
decay in a homogeneous material[16,20]. Assuming a 
cylindrical explosive geometry for long charges, several 
researchers including Duvall and Petkof[11], Duvall and 
Fogelson[22], Duvall et al.[23] and Daemen et al.[24] 
concluded that any linear dimension should be scaled 
with the square root of the charge weight. The time of 
detonation (tdet) is tentatively introduced in the equation 
(1) with the aim to evaluate potential improvements in 
the calculation of ppv. In fact, depending on the type of 
explosive, its Velocity Of Detonation (VOD, in m sec−1) 
is of the same order of magnitude as the propagation 
speed of the waves in the rock. Therefore, a detonation 
cannot be considered as an instantaneous and punctual 
event: Instead, it develops over time and space[25]

. 

 The time of detonation is defined as: 
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Where: 
N = Number of explosive cartridges in the 

boreholes 
l = Length of each cartridge, in mm 
VOD = The velocity of detonation, in m sec−1 
 
 The charge per delay (cpd) is calculated as follows: 
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Where: 
φ = Charge diameter, in mm 
ρe = Explosive density, in kg m−3 
 
 Substituting the equations (2) and (3) into equation 
(1), ppv is calculated as follows: 
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 The equation shows that ppv does not depend only 
on charge per delay (cpd), but also on Velocity Of 
Detonation (VOD). It means that, in addition to an 
explosive weight initiated per delay, the properties of 
explosive also become important. 
 
Case study: The experimental blasts were carried out in 
a marlstone quarry located near Lecco, northern Italy. 
The primary goal was to determine the vibration level in 
order to protect dwelling area adjacent to the quarry. 
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 The marlstone is a sedimentary rock primarily 
composed of clay, mud, sand, CaCO3 and MgCO3. The 
basic rock properties for the studied quarry include 
specific gravity of 2500-2555 kg m−3 and unconfined 
compressive strength of 55-65 MPa. The tensile 
strength (from bending tests) ranges from 2-5 MPa and 
shear strength is 7 MPa. The rock is not abrasive, 
moreover, it has an elastic-brittle behavior and rough 
fracture surfaces. 
 The distance from blasting site to surrounding 
buildings was 200 m and it is likely to be reduced to 
70 m in the future. Two experimental blasts were 
performed-Tests A and B (Fig. 1). The blasting 
geometry was the same for both experiments: burden 
2.5 m; spacing 2.5 m; stemming between 1.7 and 2.6 m 
and hole diameter 64 mm (Table 2). Figure 2 shows 
cross section of the blasthole. For each blast, the 
boreholes were charged with 1.5, 2.5 and 3.5 kg of 
Nitram 5[26], respectively. Table 3 shows the basic 
properties of the explosive that was used for the 
experiments. The initiation system included 3 non-
electric detonators with 0, 300 and 600 ms delay at the 
bottom of the boreholes. An electric detonator was used 
as a source of initiation pulse at the surface. Both soil 
material and drilling cuttings were combined to be used 
as stemming. 
 

 
 
Fig. 1: Plan view of the drilling and blasting pattern 
 

 
 
Fig. 2: Cross section of a blasthole in the experimental 

blasts 
 
Table 2: Experimental blast geometry 
Borehole Hole 
diameter depth Burden Spacing Inclination Angle Sub-drilling 
[mm] [m] [m] [m] [ °] [ °] [m] 
64 3.3 2.5 2.5 10 80 0.2 

 The ppv data were recorded by six tri-axial 
geophones. In order to obtain reliable data from in situ 
tests, the geophones have to be correctly positioned on 
the ground. As a rule of thumb, geophone coupling 
method is defined through the particle acceleration. For 
example, when acceleration does not exceed 0.2 g, 
where g is the acceleration of gravity, it is desirable to 
cover the geophones with sand bags. However, when 
an acceleration falls between 0.2 and 1 g, either burial 
or firm anchoring of geophone to the rock mass (soil) 
is adequate. Geophones are required to be buried or 
firmly attached when measuring an acceleration 
greater than 1 g[27,28]. 
 Figure 3 shows the position of the geophones, 
while Table 4 shows the technical characteristics of the 
geophones used for the experiments. The geophone 
GEO1 was coupled to the rock by concrete, while the 
other geophones were simply covered by the sandbags 
(Fig. 4).  
 

 
 
Fig. 3: Location of the geophones 
 

 
 
Fig. 4: Geophone GEO1 coupled by concrete (left) and 

geophone covered by a sandbag (right) 
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Table 3: Properties of the explosive 
Commercial name Density Energy liberation Detonation pressure VOD Cartridge length Cartridge diameter Cartridge mass 

Nitram 5[26] [kg m−3] [kJ kg−1] [MPa] [m sec−1] [mm] [mm] [kg] 
 1200 3500 13500 5500 475 50 1.0 

 
Table 4: Technical characteristics of the geophones 
Geophone Company and model Amplitude range Frequency range Sample rate Acustic range 

  [mm sec−1] [Hz] [sample sec−1] [dB] 
GEO1 THOMAS Instrument VMS 2000[30] ±228 2-250 1024 86-141 
GEO2-3-6 NOMIS Mini-Graph 7000[31] ±260 2-400 1024 92-148 
GEO4 BARTEC MR2002-CE[32] ±114 1-315 800 - 
GEO5 NOMIS Mini Supergraph[31] ±260 2-400 1024 to 4096 92-148 

 
Table 5: Results of ppv data recorded at different distances and using different cpd 
   ppv R  ppv T ppv V ppv max cpd D 
Geophone Test Borehole No. [mm sec−1] [mm sec−1] [mm sec−1] [mm sec−1] [kg] [m] 
Geo1 A 1 15.2 17.1 11.8 17.1 1.5 14 
  2 39.0 42.1 26.6 42.1 2.5 14 
  3 85.4 97.4 50.2 97.4 3.5 14 
 B 4 55.7 41.6 29.7 55.7 1.5 16 
  5 30.9 28.6 18.7 30.9 2.5 17 
  6 5.9 5.5 7.3 7.3 3.5 19 
Geo2 B 4 3.5 4.3 4.7 4.7 1.5 26 
  5 2.7 4.7 6.0 6.0 2.5 29 
  6 3.6 3.3 4.8 4.8 3.5 31 
Geo3 A 1 3.3 1.4 1.8 3.3 1.5 50 
  2 4.4 2.2 2.2 4.4 2.5 50 
  3 4.3 3.2 2.2 4.3 3.5 50 
 B 4 1.0 1.4 1.7 1.7 1.5 49 
  5 0.8 2.4 2.2 2.4 2.5 52 
  6 1.3 2.0 1.7 2.0 3.5 54 
Geo4 A 1 0.7 0.6 1.1 1.1 1.5 97 
  2 0.8 0.9 1.8 1.8 2.5 97 
  3 1.3 1.1 2.4 2.4 3.5 97 
 B 4 0.6 0.5 0.9 0.9 1.5 98 
  5 0.7 1.2 1.2 1.2 2.5 98 
  6 1.0 1.6 1.0 1.6 3.5 98 
Geo5 A 1 2.8 2.3 3.7 3.7 1.5 30 
  2 7.1 3.2 7.7 7.7 2.5 27 
  3 6.9 6.9 8.6 8.6 3.5 25 
 B 4 5.1 6.5 7.6 7.6 1.5 20 
  5 9.3 18.6 24.4 24.4 2.5 17 
  6 8.2 15.1 17.1 17.1 3.5 15 
Geo6 A 1 7.1 12.8 9.0 12.8 1.5 22 
  2 9.4 13.3 11.4 13.3 2.5 25 
  3 5.6 8.8 7.9 8.8 3.5 27 
 B 4 3.7 5.3 4.4 5.3 1.5 32 
  5 3.3 5.2 6.1 6.1 2.5 35 
  6 2.7 6.5 5.7 6.5 3.5 37 

 
RESULTS 

 
 The results of the ppv measurement recorded at all 
geophones are shown in Table 5. The empirical 
constants including K, n, m and α were determined by 
the statistical tool Minitab version 14[29]. The calculated 
values for both existing standards and a proposed 
equation are given in Table 6. It can be noted that the 
coefficient of determination (R2) varies between 79.2 
and 93.1%, while for the Indian Standard[15] value for 
R2   is   59.9%. All   the   considered   equations  but 

Rai et al.[18] and Indian Standard[15] have the similar 
values for Standard Error (SE). 
 The results obtained by these experiments were 
compared with the minimum values of ppv suggested 
by DIN 4150-3 standard[33]. Table 7 shows the limits of 
ppv suggested by the DIN standard for different types 
of structures. 
 Figure 5-7 show the relationship between charge 
per delay (cpd) and distance (D) for different values of 
peak particle velocity (ppv), i.e., 3, 5 and 20 mm sec−1, 
respectively. 
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Table 6: Empirical constants (K, n, m and α), Standard Error (SE) and coefficient of determination (R2) 

 K n m α SE R2 
USBM[11] 769.50 -1.560 - - 0.219 81.5 
Davies et al.[12] 1279.70 -1.610 0.405 - 0.214 83.0 
Langefors-Kihlström[13] 514.50 2.000 - - 0.233 79.2 
Ambraseys-Hendron[14] 1099.00 -1.600 - - 0.212 82.8 
Indian Standard[15] 68.40 1.610 - - 0.323 59.9 
Ghosh-Daemen[16] 1166.80 -1.760 - -0.005 0.221 81.8 
Central mining research institute[17] 418.60 -10.550 - - 0.219 81.5 
Rai et al.[18] 0.54 0.167 - - 0.151 93.1 
Proposed equation 29607.38 -0.780 - - 0.219 81.6 

 
Table 7: Range of ppv values for different types of structures-DIN 4150-3 standard[33] 

  Vibration velocity (ppv) [mm sec−1] 
  ---------------------------------------------------------------------------------- 
  Foundation   Plane of floor 
  -------------------------------------------------------------- of uppermost  
  At a frequency of   full storey 
  -------------------------------------------------------------- Frequency 
Line Type of structure Less than 10 [Hz] 10-50 [Hz] 50-100 [Hz]* mixture 
1 Buildings used for commercial purposes, industrial buildings and 20 20-40 40-50 40 
 buildings of similar design 
2 Dwellings and buildings of similar design and/or use 5 5-15 15-20 15 
3 Structures that, because of their particular sensitivity to vibration,  3 3-8 8-10 8 
 do not correspond to those listed in lines 1 and 2 and are of great 
 intrinsic value (e.g. buildings that are under a preservation order) 
*: For frequencies above 100 [Hz], at least the values specified in this column shall be applied 
 

 
 
Fig. 5: Charge per delay Vs distance (ppv = 3 mm sec−1) 
 

 
 
Fig. 6: Charge per delay Vs distance (ppv = 5 mm sec−1) 
 
 Table 8 summarizes the cpd values calculated at a 
distance of 60 m. 

 
 
Fig. 7: Charge per delay Vs distance (ppv = 20 mm sec−1) 
 
 The proposed equation was compared to other 
standard equations using a percentage change, which is 
calculated as follows: 
 

eq. prop. [cpd]-other eq. [cpd]
% change  100

other eq. [cpd]

 
= ⋅ 
 

 (5) 

 
 It can be noted that cpd values derived by 
proposed equation are comparable with the results 
obtained by the existing standards and, in particular, with 
the most popular equation given by the USBM[11]. The 
Langefors-Kihlström[13] and the Ghosh-Daemen[16] 
equations  give  similar  results  for a low ppv value 
(3-5 mm sec−1), while the results from the Indian 
Standard  and Rai et al.[18] equations suggest lower cpd. 
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Table 8: Proposed equation vs. other equations at a distance of 60 m 

  Proposed Other 
 ppv cpd cpd Change 
 [mm sec−1] [kg] [kg] [%] 

USBM[11] 3 2.8 2.9 -5.4 
 5 5.4 5.7 -5.4 
 20 31.6 33.5 -5.4 
Davies et al.[12] 3 2.8 3.9 -28.5 
 5 5.4 13.7 -61.0 
 20 31.6 421.5 -92.5 
Langefors-Kihlström[13] 3 2.8 2.7 2.8 
 5 5.4 4.5 18.7 
 20 31.6 18.1 73.5 
Ambraseys-Hendron[14] 3 2.8 3.4 -18.3 
 5 5.4 8.9 -39.6 
 20 31.6 118.9 -73.4 
Indian standard[15] 3 2.8 2.2 25.8 
 5 5.4 3.0 76.5 
 20 31.6 7.2 342.0 
Ghosh-Daemen[16] 3 2.8 3.0 -5.8 
 5 5.4 5.3 1.6 
 20 31.6 25.4 24.5 
Central mining 3 2.8 3.8 -26.2 
research institute[17] 
 5 5.4 5.0 7.8 
 20 31.6 19.2 65.1 
Rai et al.[18] 3 2.8 2.5 9.8 
 5 5.4 2.8 94.1 
 20 31.6 3.5 810.6 

 
The Central Mining Research Institute[17] equation 
gives comparable results to the proposed equation, but 
only for high ppv values. Finally, the Ambraseys-
Hendron[14] and Davies et al.[12] equations provide 
remarkable different cpd values. 
 

CONCLUSION 
 
 The experimental study was carried out in order to 
determine the vibration level at the marlstone quarry in 
northern Italy. Based on the results of the experiments, 
a new blasting predictor for the peak particle velocity 
was introduced. The comparative analysis between the 
results of proposed predictor and the current equations 
(standards) was also performed. 
 The results of the study indicate that the proposed 
equation gives similar results to those obtained by 
widely used USBM[11] standard. The derived equation 
is a site-specific and it should be updated/revised if 
there is a significant change of ppv values with the 
future development of the quarry. 
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