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Abstract I would like to suggest a theoretical justification for the mathematical

structure of some laws for predicting the maximum particle velocity vibration from

blasting operations in the light of some basic notions of elastic and anelastic wave

theory. Within this point of view, in dimensionally correct expressions, the terms

pertaining to the rock, to the blast and to the seismic wave become evident and

recognisable. A law is presented that can be used to forecast the maximum particle

velocity on the basis of some blast design and rock parameters. Four tests of the

proposed law performed with real data sets seem to confirm fairly well its reliability.

Keywords Seismic wave energy � Blasting � Peak particle velocity �
Scaled distance

1 Foreword

Scaled distance (SD) laws are linear regression, in a log–log plane, between the

maximum particle velocities (mm/s) (peak particle velocity or ppv) recorded at

various distances r (m) during a blast and the distances normalised by the square

root of the maximum charge per delay Q (kg) SD ¼ r
� ffiffiffiffi

Q
p� �

:
Usually, SD laws are presented as being derived from a more or less large

amount of experimental data and are also defined as ‘‘site-dependent’’ relations.

Some authors (Kim and Lee 2000; Tripathy and Gupta 2002) present the derivation

of attenuation laws starting from the wave equation, relaxing the attenuation

exponents with respect to the theoretical values.

Many kinds of these laws can be found in the literature; a quite exhaustive review

of the existing laws can be found, for example, in Mancini et al. (2002). The
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coefficients resulting from regression claimed to be site-dependent and are often not

dimensionally clear. Some elementary considerations based on seismic wave theory

contribute to clarify their meaning, and a new formulation is given which explicitly

shows the contribution of the various factors concurring to the problem: the source,

the propagation medium and the wave-motion phenomenon. A test on four real data

sets shows the satisfying performance of the proposed law.

2 Seismic wave energy theory and scaled distance laws

The energy associated with a seismic wave propagates far away from the source in a

visco-elastic homogeneous medium according to the following equation (Telford

et al. 1990):

E ¼ E0

r0

r

� �f
e�a r�r0ð Þ Jð Þ ð1Þ

where E and E0 (J) are, respectively, the energy at distance r and r0 (m), a (1/m) is

the attenuation coefficient (Santamarina et al. 2001), f is a coefficient concerning

the geometrical attenuation (often referred to as the spherical divergence, but

sometimes improperly), taking into account the wave type: f = 2 for body waves,

f = 1 for surface waves (Santamarina et al. 2001), r is the distance from the source

to the measuring point and r0 is a reference distance from the source.

As far as E0 is concerned, it can be written as the explosive specific energy U
(J/kg) times the weight of the instantaneous explosive charge Q (kg); in such a way,

the delays are considered as non co-operating. While the meaning of r is obvious, it

is the distance from the source to the sensor, r0, that is less obvious. I propose to

select r0 as the diameter of the drill hole rh. With regard to the exponential term,

firstly, I propose to ignore the r0 term as, most of the time, r0 � r; then, I also

propose to drop this term and to let it be a part of the dimensionless ‘‘site

coefficient’’ K that will have to be determined; in this way, we explicitly drop also

the anelastic behaviour of the medium. In doing so, especially when dealing with

medium–high-quality rock, we could estimate this coefficient to be roughly equal to

0.8/0.95 (Santamarina et al. 2001).

Commercial instruments and common practice use to measure the particle

vibration velocity v (m/s), and most of the laws relate the maximum value of this

measure, ppv, essentially to Q (the quantity of instantaneous explosive charge in kg)

and to the distance r (m) of the sensor from the blasting source. In the following, I

will use with the same meaning v and ppv.

Following this guideline, it is possible to write Eq. 1 in terms of the

aforementioned variables v, Q and r. Obviously, v, in this context, should be the

‘‘synchronous maximum,’’ v ¼ max
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

x þ v2
y þ v2

z

q� �
; to account for the whole

energy, with vx, y, z being the particle velocity along three orthogonal directions x, y
and z.

For E, which is an energy, we could write a specific energy as an energy by unit

of volume W (Aki and Richards 2002), such that:
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W ¼ 1

2
dv2 J

m3

� �
ð2Þ

where d is the rock density (kg/m3).

So far, we still have to write the right-hand side of Eq. 1 in terms of energy by

unit of volume. At this point, we have to define the volume to be used as the

denominator of the right-hand side that could be referred to as the volume

‘‘scanned’’ by the wave from the source to the sensor.

Very likely, the maximum particle velocity usually measured is associated to

Rayleigh waves. While body waves, in an isotropic, homogeneous half-space, have

hemispherical wavefronts (f = 2), Rayleigh wavefronts are approximately cylin-

drical (f = 1). Actually, these waves carry, following an explosion, the largest part

(about 65%) of the energy and have the maximum amplitudes (Foti 2000).

Moreover, it can also be roughly stated that nearly all of the energy of Rayleigh

waves travels to within a depth of about k/3 (m) from the surface (Foti 2000). This

latter figure suggests to us a way to define the height of the cylindrical volume.

Following this criterion, Eq. 1 can be rewritten as:

1

2
dv2 ¼ K 0UQ

rh

r

3

pr2k
ð3Þ

but as the wavelength k = c/f (c [m/s]) is the velocity of the propagation of the

surface waves or, with good approximation, shear waves; f (Hz) can be taken as the

dominant frequency), we get:

1

2
dv2 ¼ K 0UQ

rh

r

3f

pr2c
ð4Þ

so that:

v2 ¼ K 0 UQrhð Þ f

dc

2 � 3
pr3

� �
ð5Þ

Table 1 Example of the influence of the errors on the definition of the single factors arising due to the

calculation of the proposed law

Parameter name pi
r pið Þj j

pið Þ � 100
o ln f pið Þ½ �

opi

			
			 � r pið Þj j

n o
� 100

Q (kg) 5 5/10 2.5/5

r (m) 100 10/10 15/15

U (J/kg) 4,672,000 1/10 0.5/5

rh (m) 0.032 10/10 5/5

f (Hz) 30 30/10 15/5

d (kg/m3) 2,600 2/10 1/5

c (m/s) 1,800 10/10 5/5

The third and fourth columns report two different values of percentage errors in order to show the

possible error level in a real case and to have an estimate of the sensitivity of the rule with respect to the

different parameters
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In this equation, the ratio in the first set of parentheses carries information on the

blasting design, the ratio in the second set of parentheses on the acquisition

geometry and in the middle, we have the numerator reporting a characteristic of the

Table 2 Geological and geometrical parameters used to estimate SD and ppv with Eq. 6 from the four

analysed data sets. The frequencies I used have been taken from the experimental data sets

Data

set

Rock type Hole

diameter

(m)

Explosive specific

energy (J/kg)

Rayleigh wave

velocity (m/s)

Rock

density

(kg/m3)

Data source

1 Limestone

(1)

0.052 3,660,000 1,800 2,650 Kahriman (2004)

2 Granite (2) 0.038 3,660,000 1,800 2,700 Kahriman et al.

(2000)

3 Limestone

(3)

0.064 3,500,000 1,800 2,650 Cardu et al.

(internal

report)

4 Limestone

(4)

0.032 4,670,000 1,800 2,650 Cardu et al.

(internal

report)

Fig. 1 Graph showing the capability of the theoretical formula of Eq. 6 in simulating real data sets.
Theoretical points have been calculated with K = 1. The crosses refer to the experimental points from the
four data sets and the squares refer to the points calculated with Eq. 6
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signal and the denominator reporting two meaningful characteristics of the rock.

Finally, we have:

v ffi K

ffiffiffiffi
Q
p
ffiffiffiffi
r3
p 2Urhf

dc

� �1=2

ð6Þ

where K is the square root of K0.
We have found an SD-like expression where there is a term calculable with our

knowledge on the rock and on the blast design. The Rayleigh wave velocity can be

either measured (Foti 2000) or estimated as about 0.6 times the velocity of P-waves

Table 3 ppv-SD laws from the experimental data and Eq. 6 results

Rock type SD law from experimental ppv SD law from ppv from Eq. 6

Limestone (1) ppv ¼ 442

SD
1:96 ppv ¼ 217:73

SD
1:51

Granite (2) ppv ¼ 108:03

SD
1:32 ppv ¼ 412:27

SD
1:63

Limestone (3) ppv ¼ 1072:29

SD
1:62 ppv ¼ 807:7

SD
1:54

Limestone (4) ppv ¼ 467:42

SD
1:53 ppv ¼ 205:12

SD
1:31

Fig. 2 Graph showing the ppv-SD laws obtained from: the real data set (black line) and the calculated
data with Eq. 6 (dashed line). The thin continuous lines show the 95% confidence interval of the black
line, that is, of the regression line from the experimental data. The crosses are the real data set from
Kahriman (2004)
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(a datum more readily available). As far as the frequency is concerned, it can only

be reasonably evaluated after some tests, as the usual tests are carried out to

determine the SD laws. Obviously, the result will be multiplied by 0.65 to account

for the part of the energy pertaining to Rayleigh waves. The only term to be

experimentally derived is K.

Now, if we set (Berta 1985): Q = 20 kg, U = 2,500,000 J/kg, r = 100 m,

d = 2,600 kg/m3, rh = 0.04 m, c = 1,800 m/s and f = 30 Hz, we get, with K = 1,

v = 0.00325 m/s, which is of the right order of magnitude.

A sensitivity test on the proposed law can be easily performed using the rule of

relative errors propagation:

r f pið Þ½ �
f pið Þ


 �
% ¼

Xn

1

o ln f pið Þ½ �
opi

				

				 � r pið Þj j
( )

� 100 ð7Þ

where f(pi) is the law, pi is the ith parameter in the law expression and r(pi) is the

error on pi.

Applying Eq. 7 to Eq. 6, the weight of the error related to each parameter of the

law can be calculated. Let us suppose that Q = 20 kg, U = 2,500,000 J/kg,

Fig. 3 Graph showing the ppv-SD laws obtained from: the real data set (black line) and the calculated
data with Eq. 6 (dashed line). The thin continuous lines show the 95% confidence interval of the black
line, that is, of the regression line from the experimental data. The crosses are the real data set from
Kahriman et al. (2000)
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r = 100 m, d = 2,600 kg/m3, rh = 0.04 m, c = 1,800 m/s, f = 30 Hz and

r(Q) = 0.01Q, r(U) = 0.01U, r(r) = 0.3r, r(d) = 0.02d, r(rh) = 0.1rh,

r(c) = 0.1c and r(f) = 0.3f. With this data, Eqs. 6 and 7 give v = 0.5 mm/s with

an error of r(v) = 44%. Table 1 shows the influence of the errors of the single

factors on the final error both in the aforementioned realistic conditions and in a

more theoretical environment considering a 10% error on each parameter. It can be

easily seen how the main source of error is the definition of the correct path length

of the seismic perturbation. However, this could be a challenging point in every SD

law, as this path is usually considered as a straight line ignoring the real

topographical paths. As far as the frequency value is concerned, it is the author’s

opinion that only a few preliminary tests could indicate a realistic value to be used

in the formula.

3 Testing on real data sets

To test the formula in Eq. 6, I use four real data sets from the following sources:

Kahriman (2004) (data set 1); Kahriman et al. (2000) (data set 2); Cardu et al.

Fig. 4 Graph showing the ppv-SD laws obtained from: the real data set (black line) and the calculated
data with Eq. 6 (dashed line). The thin continuous lines show the 95% confidence interval of the black
line, that is, of the regression line from the experimental data. The crosses are the real data set (1) from
Cardu et al.
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(internal reports, data sets 3 and 4) and I compare the theoretical results (ppv)

obtained with the proposed law with the experimental results measured in the field.

According to the information reported in the papers and in the reports, I used the

parameters as shown in Table 2 to calculate the theoretical ppv.

The graph in Fig. 1 shows the capability of the theoretical ppv values, predicted

using Eq. 6, in simulating all of the real data sets.

I then calculated the SD and the ppv values for each of the experimental data

points of the four data sets with Eq. 6. Then, I calculated four SD laws for the

experimental ppv and four SD laws for the calculated ppv.

Table 3 reports the eight equations. Figures 2, 3, 4 and 5 graphically show, for

each data set, respectively, the experimental points, the SD law, with the 95%

confidence intervals obtained from the experimental points, the proposed SD law.

To give a synthetic view of the capability of the prediction of Eq. 6, a histogram

of the differences between the experimental ppv and those calculated with Eq. 6 is

shown in Fig. 6. The proposed law slightly overestimates the experimental values.

According to these four tests, Eq. 6 gives reasonable results but it seems to

underestimate the ppv at small SD.

Fig. 5 Graph showing the ppv-SD laws obtained from: the real data set (black line) and the calculated
data with Eq. 6 (dashed line). The thin continuous lines show the 95% confidence interval of the black
line, that is, of the regression line from the experimental data. The crosses are the real data set (2) from
Cardu et al.
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4 Conclusions

Starting from the theory of elastic waves, it can be shown that a scaled distance (SD)

law may be almost rigorously derived, obtaining a dimensionally correct expression.

This SD law can be used to predict the peak particle velocity (ppv) given some

blasting, geological and geometrical parameters. According to the results of this

study, the capability of prediction is nearly the same as for the usual a posteriori SD

laws: this is clearly evidenced by Figs. 1–5. Moreover, as shown in Fig. 6, the

proposed law is slightly more conservative than the a posteriori SD laws, thus,

allowing for safer predictions. Within this new expression, the rock, the seismic

wave characteristics, the blasting design and the acquisition geometry acquire a

more precise meaning. The parameter K, which is to be determined, will then take

into account the hardly definable variables, such as the seismic dissipative

characteristic of the rock and the fraction of explosive energy lost due to vibration.

The test on four real data sets taken from the literature shows that the theoretical

values of ppv calculated with Eq. 6, amazingly, fall within (or slightly overestimate

at long distances) the experimental data set with K = 1. Obviously, many other data

Fig. 6 Histogram of the differences between ppv calculated with Eq. 6 and the experimental ppv
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sets should be tested and particular conditions of fractured rocks or thick

overburdening could need tuning of the K parameter.
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