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The paper proposes a new empirical correlation designed to complement the ‘‘site laws” currently used to
evaluate the attenuation in the rock masses of vibrations induced by rock blasting. The formula contains a
deformed exponential known as the K-exponential, which seems to well represent a large number of both
natural and artificial phenomena ranging from astrophysics to quantum mechanics, with some extension
in the field of economics and finance. Experimental validation of the formula was performed via the anal-
ysis of vibration data covering a number of case studies, which differed in terms of both operation and
rock type. A total of 12 experimental cases were analysed and the proposed formulation exhibited a good
performance in 11 of them. In particular, the proposed law, which was built using blast test data, pro-
duced very good approximations of the points representing the vibration measurements and would thus
be useful in organising production blasts. However, the developed formula was found to work less well
when a correlation obtained for a given site was applied to another presenting similar types of rocks and
operations, and thus should not be employed in the absence of measurements from test data.
� 2019 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A ‘‘site law” (predictor equation) can be defined as the mathe-
matical expression to describe the attenuation of the vibrations
in the rock masses produced by blasting; the site law is not char-
acteristic of a site but rather, at most, of a particular kind of pro-
cess, performed within a range of operating conditions, at a given
site. The term ‘‘site law” is rather common referring to a predictor
equation, obtained from experimental data concerning the moni-
toring of vibrations in a specific site, and effective only in relation
to that site [1–4]. The formulas used as predictors are numerous,
but can essentially be grouped into two categories: those that
are based on the concept of scaled distance and those that are
not. The former contain only two variables and can be simply
determined by statistically processing the measured data; for this
reason they are widely used, even though the latter are perhaps
more satisfactory from a conceptual point of view.

Over the past 60 years, many researchers have studied the phe-
nomenon of vibrations induced by explosives, with empirical laws
formulated based on experimental blast tests or even production
blasts [5–14]. Most of these studies have suggested that the
parameter that best correlates with both the energy developed
from the explosion and the stress suffered by the rock-mass and
nearby structures is the vibration velocity or, more precisely, the
peak particle velocity ppv, expressed according to the following
equation:

ppv ¼ k � Ra � Qb ð1Þ

where ppv is the peak particle velocity, mm/s; R the distance
between the barycenter of the charge and the point of vibration
detection, m; Q the charge per delay, kg; and k, a and b the exper-
imental constants depending on the blast geometry and rock type,
generally, 0.5 � a � 1 and �1.5 � b � �1.

In the case of blast tests, a chart is commonly used that corre-
lates ppv with scaled distance, with the latter generally repre-
sented by the ratio between the distance R and the square or
cubic root of the charge per delay Q; typically, the square root is
used when the blast-survey point distance is greater than 30 m:

ppv ¼ k � Rffiffiffiffi
Q

p
� ��m

ð2Þ

In contrast, for short distances, it is customary to use the cubic
root of the charge for delay:
k blast-
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ppv ¼ k � Rffiffiffiffi
Q3

p
� ��m

ð3Þ

where k and m are experimental coefficients; and m is always
greater than 0.

The classic Eq. (2) would appear, on average, less unreliable
than others; the unreliability of extrapolation over long distances,
however, is of little weight in some cases (i.e. tunnel excavation,
where relatively small charges per delay are used, that at distances
of around 100 m give a disturbance almost always tolerable). More
serious is the defect, common to all site laws, to provide uncertain
predictions about what happens at very small distances, just
beyond 3–4 times the diameter of the holes: in this case, it is
assumed that the charge is point-like and that the distance from
the point where the disturbance is detected is the distance from
the centre of gravity of the charge, where it can be assumed that
the whole explosive is concentrated.

The results obtained must, anyhow, be compared with the lim-
its of the reference regulations; in Italy the German DIN4150 stan-
dard is commonly employed, which is more cautious than others in
use in Europe.

Over the years, several different laws have been developed that
differ not only in their prediction of the ppv values for large dis-
tances, but also from case to case, or from site to site [5,14–26].

Aimed at improving the current situation, an attempt was made
to assess whether the proposal for a new empirical correlation
could provide greater reliability in representing the attenuation
of the intensity of vibrations caused by blasting in a rock mass,
at different distances and charges per delay. This innovative corre-
lation is based on the deformed exponential known as the K-
exponential, recently used in numerous fields of physics.

2. K-exponential distribution

The so-called principle of kinetic interaction imposes the gener-
alised form of entropy associated with a system and allows the
acquisition of the statistical particle distribution as a stationary
solution to nonlinear equations of evolution (a state which maxi-
mizes the generalised entropy) [27]. In recent decades, intense dis-
cussions have taken place regarding the use of classical or
quantum unconventional statistics, with different forms of entropy
considered for each [28–40]. A new statistical distribution, the K-
deformed distribution, has been proposed both as a stationary
solution to a nonlinear evolution equation and using the principle
of maximum entropy [41–44]. The main mathematical properties
of the deformed exponential function are summarised by the expo-
nential expK(x), where K is the deformation parameter; it has been
postulated that this exponential obeys the following relationship:

expK xð Þ � expK �xð Þ ¼ 1 ð4Þ
Each function A(x) can be written as: A(x) = Ae(x) + Ao(x), where

Ae(x) = Ae(�x) is an even function and Ao(x) = �Ao(�x) is an odd
function. The condition A(x) * A(�x) = 1 enables the expression of

Ae(x) as Ao(x) through Ae(x) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A0ðxÞ2

q
; then, the function A(x)

can be written as A(x) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A0ðxÞ2

q
+ Ao(x)

A number of the particularities of such K-statistics were here
adopted in order to obtain a distribution function with which to
study the vibrations induced by explosives as a function of the
charge per delay (cpd) Q and distance R. In statis tical physics, a
typical distribution function can be written in the form:

f i ¼ Av xð Þ ð5Þ
where the v(x) function, for x? 0, is:

v xð Þ ! exp �xð Þ ð6Þ
Please cite this article as: M. Cardu, D. Coragliotto and P. Oreste, Analysis of pre
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It has been observed that the function v(x), for high x values,
deviates from the ordinary exponential function and can be better
described by a power function:

v xð Þ � x�1=K for x ! 1 ð7Þ
This type of distribution has been observed in an extremely

wide range of scientific applications, including, for instance:
cosmic rays, processes of particles production, fluid dynamics, tur-
bulence, seismology, meteorology, biology; applied finance,
socio-demographics, language and even fields that involve more
generally human activities [45–64]. Here the theory developed
by Kaniadaki is employed to estimate the function v(x) in the form
[26,65–67].

v xð Þ ¼ expK �xð Þ ð8Þ

with expK xð Þ¼
" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ K2x2 þ
q

Kx

#1=K
ð9Þ

The latter function represents the deformation to a parameter
(0 < K < 1) of the ordinary exponential retrieved for the limit K?
0, whereas the associated distribution function:

f i ¼ AexpK �bxð Þ ð10Þ
Approximates the ordinary exponential is for low values of x; it

presents a queue with a trend similar to a power law for high x val-
ues. The experimental data from both blast tests and production
blasts can thus be analysed using Eq. (10), where fi is the ppv and
x is the scaled distance SD [68–70].

ppv ¼ AexpK �bSDð Þ ð11Þ
that is:

ppv ¼ AexpK �b
R

Qd

 !
ð12Þ

corresponding to:

ppv ¼ A

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2 �b

R

Qd

 !2
vuut þ K �b

R

Qd

 !#1=K
ð13Þ

There are thus four parameters or ‘‘site constants” to be consid-
ered: A, b, K, and d.

3. Analysis of vibration data using the new formula

The four site parameters established in Eq. (12) and the relative
error were calculated for 12 case studies. Parameter values were
obtained by identifying the four constants A, b, K and d thatminimise
the error of the empirical correlation compared to the experimental
data; in other words, the values of the parameters that minimise
the sum of the squared deviations amongst experimental values
and those approximated by the curve representing the empirical cor-
relation, or ‘‘expK”, were calculated.Mathematical techniques, aimed
at finding the minimum error condition, have been used in order to
finally identify, accurately andquickly, the set of thebest parameters.

In the latter case study, a devoted measurement campaign was
carried out in order to verify whether the curve built on the basis of
the preliminary blast tests could reliably approximate the points
referred to by the pairs of values (PPV, SD) measured during the
production blasting.

In every experimental case, both the error, calculated as the
sum of the squared deviations between the value of ppv approxi-
mated by the curve and the measured value, and the standard
deviation with respect to the obtained curve, were evaluated. The
analysed cases, all of them referring to civil or mining operations
dictor equations for determining the blast-induced vibration in rock blast-
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Fig. 2. Representation of the experimental points and best fit curve obtained
through the k exponential formulation for case 1.

Fig. 3. Plan view of the drilling pattern adopted during the experimental blasts.

Fig. 4. Cross section of a blasthole.
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for the most part located in Northern Italy, are described in the fol-
lowing, and the results obtained are highlighted.

3.1. Case 1: excavation of a trench to build a highway

The example refers to blast tests where the drill and blast tech-
nique was used to build a highway. Vibration monitoring was
required due to the presence of a settlement at a short distance
(Fig. 1).

The curve, corresponding to the Eq. (12) that best approximates
the experimental points, is given in Fig. 2.

As noted in Fig. 2, the values of the parameters referred to Eq.
(12) are: A is 6755292, b 534,27, K 0,7096, and d 0,4465.

3.2. Case 2: marlstone quarry

Experimental blast tests were carried out in a marlstone quarry
located in Northern Italy. The target of the research was to monitor
ground vibrations through the ppv control, to protect the dwelling
area close to the quarry, as quoted in study by Giraudi [71]. The
distance from blasting sites to surrounding buildings was between
70 and 200 m. To define a suitable charge per delay during the
exploitation, two experimental blasts were performed, with the
same geometry: burden 2.5 m; spacing 2.5 m; stemming between
1.7 and 2.6 m; hole diameter 64 mm. Three blast-holes per blast
were initiated. For each blast, the boreholes were charged with
1.5, 2.5, and 3.5 kg of emulsion explosives, respectively. The initia-
tion system was setup by three non-electric detonators with 0, 300
and 600 ms delay at the bottom of the boreholes. An electric deto-
nator was used as source of initiating pulse. Both soil material and
drilling cuttings were combined, and used as stemming. In Figs. 3
and 4, the geometry of the two experimental blasts is depicted.

The ppv data were obtained through the analysis of the mea-
surements recorded by six tri-axial geophones, that were posi-
tioned at different distances from the blasting site. Figs. 5–8
show, as an example, the vibration records related to the two
experimental blasts recorded by two of the six tri-axial geophones
used in the campaign. The curve, corresponding to Eq. (12), that
best approximates the experimental points, is given in Fig. 9.

As noted in Fig. 9, the values of the parameters referred to Eq.
(12) are: A is 39140, b 120,006, K 0,7899, and d 2,1074.

3.3. Case 3: limestone quarry

The case refers to an experimental campaign that was made in a
limestone quarry in Northern Italy. The excavation geometry of the
production blasts is: burden 2.5 m, spacing 3 m, stemming 2 m,
drilling diameter 76 mm. The total charge (emulsion explosive)
Fig. 1. Route of the motorway and schematic representation of the distances from
the settlement.
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varied from 90 to 214 kg (6 to 14 blast-holes); the nonel initiation
system was employed, with 25 ms delays; the powder factor did
not exceed 0.14 kg/m3. The ppv data were obtained through the
analysis of the measurements recorded by nine tri-axial geo-
phones, that were positioned at different distances from the blast-
ing site. The curve, corresponding to Eq. (12), that best
approximates the experimental points, is given in Fig. 10.

As noted in Fig. 10, the values of the parameters referred to Eq.
(12) are: A is 128,71, b 1,8955, K � 0, and d 1,444.
3.4. Case 4: limestone quarry

The case refers to the data coming from an experimental cam-
paign that was made in a limestone quarry in Central Italy. The
monitoring had the aim of establishing the max charge per delay
in the production blasts, to avoid damages to the residential build-
ings close to the quarry.

The geometry of the blasting pattern was: burden 2.5 m, spac-
ing 2.5 m, stemming 2.5 m and drilling diameter 89 mm. Each hole
was loaded with 10 kg of emulsion. An example of blast is given in
Fig. 11.

The triggering system was composed of 6 electric detonators,
one of which instantaneous, 2 with 225 ms delay and 3 with
450 ms delay, corresponding to the numbers 0, 9, 18 of the
25 ms series, positioned at the top of each blast-hole. A strand of
15 g/m detonating cord was also provided for each blast-hole.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 12.

As noted in Fig. 12, the values of the parameters referred to Eq.
(12) are: A is 363963, b 4641,01, K 0,8939, and d 1,008.
dictor equations for determining the blast-induced vibration in rock blast-
.1016/j.ijmst.2019.02.009
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Fig. 5. Blast test A–acoustic recording and trend of the three seismic components recorded by geophone 1, placed at a distance of about 14 m from the blast.

Fig. 6. Blast test A–trend of the three seismic components recorded by geophone 4, placed at a distance of about 97 m from the blast.

Fig. 7. Blast test B–acoustic recording and trend of the three seismic components recorded by geophone 1, placed at a distance of about 17 m from the blast.

Fig. 8. Blast test B–Trend of the three seismic components recorded by geophone 4, placed at a distance of about 98 m from the blast.

Fig. 9. Representation of the experimental points and best fit curve obtained
through the k exponential formulation for case 2.

Fig. 10. Representation of the experimental points and best fit curve obtained
through the k exponential formulation for case 3.
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3.5. Case 5: excavation of a shaft-tunnel system in limestone

The experimental campaign was realized to identify the max
charge per delay to use during a civil excavation (limestone rock).
The limitation of the vibration was necessary for two reasons: the
Please cite this article as: M. Cardu, D. Coragliotto and P. Oreste, Analysis of pre
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stability of the rock face and the need to preserve the integrity of a
historic building, a sanctuary built on the side of Maggiore Lake,
Italy. The aim of the excavation was to create a shaft for an elevator
and a tunnel to facilitate the access to this remote site of historic,
artistic and religious importance. A scheme of the project is given
in Fig. 13. Measurements were carried out in different parts of the
dictor equations for determining the blast-induced vibration in rock blast-
.1016/j.ijmst.2019.02.009
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Fig. 11. Plan view of an experimental blast.

Fig. 12. Representation of the experimental points and best fit curve obtained
through the k exponential formulation for case 4.

Fig. 13. Shaft equipped with a lifting system, connecting the top hill level (254 m
above sea level), to the down hill level (203 m above sea level); section shaft: 28 m2.

Fig. 14. Approximation of the experimental data for case 5, using the k exponential
formulation.

Fig. 15. Quarry site analyzed and the room-pillars system is clearly noticeable.
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complex and in the upper part of the wall in the vicinity of other
buildings, as reported by [72]. The charge per delay limit found
was in the 0.5–1 kg range for a great part of the excavation work
and, consequently, the pull of the rounds very seldom could exceed
1 m (at the cost of a very high specific drilling).

As shown in Fig. 13, horizontal tunnel is connecting the gardens
to the bottom of the shaft, and section tunnel is 25 m2.

The area where the blast tests took place is the same where
both the shaft and the access tunnel would have built.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 14.

As noted in Fig. 14, the values of the parameters referred to Eq.
(12) are: A is 2149576; b 30,57, K 0,4826, and d 0,6955.
Please cite this article as: M. Cardu, D. Coragliotto and P. Oreste, Analysis of pre
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3.6. Case 6: underground gypsum quarry

The monitoring campaign was made in an underground quarry
in North Italy, exploited by rooms and pillars. In proximity of the
quarry there are many towns that must be preserved by the vibra-
tions induced by blasting. Several production blasts were moni-
tored; the max charges per delay ranged from 10 to 14,55 kg,
while the measuring points were at varying distances from the
source (20 m to almost 500 m). A drilling diameter of 51 mm was
used, with a theoretical pull of 3.1 m; the holes were loaded with
gelatin dynamite and emulsion cartridges (38–40 mm diameter).
In Fig. 15 a picture of the quarry site is given. Fig. 16 shows a typ-
ical blast performed at the quarry.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 17.

As noted in Fig. 17, the values of the parameters referred to Eq.
(12) are: A is 110101; b 9,0828; K 0,7017, and d � 0.
3.7. Case 7: limestone quarry

The experimental campaign refers to a limestone quarry located
in North Italy. The monitoring was performed to obtain a site law
aimed to evaluate the maximum charge per delay employable in
view of the expansion of the site. The production blasts were mon-
itored during a 6-months period. Blasts were organized with a cpd
of 7.24 kg. A scheme of a typical blast is given in Fig. 18.

As noted in Fig. 18, the numbers refer to the blasting sequence.
The blast-holes of the same row are connected with 25 ms nonel
units; between a row and the next 17 ms units are employed, so
as to avoid the superposition of the effects, ensuring that there is
always at least a 8 ms delay between the blast-holes, and 500 ms
delay at the bottom.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 19.

As noted in Fig. 19, the values of the parameters referred to Eq.
(12) are: A is 78959, b 9,64, K 0,73, and d 0.
3.8. Case 8: marlstone mine

The case presents the results of the experimental measure-
ments performed in a marlstone open-pit mine in the province of
Varese, North Italy. A general view of the site is given in Fig. 20.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 21.

As noted in Fig. 21, the values of the parameters referred to Eq.
(12) are: A is 182603, b 4,48, K 0,4078, d 0,5577.
3.9. Case 9: limestone quarry

The case presents the results of the experimental measure-
ments performed during a campaign in a limestone open-pit
quarry in the province of Como, Northern Italy.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 22.
dictor equations for determining the blast-induced vibration in rock blast-
.1016/j.ijmst.2019.02.009
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Fig. 23. Approximation of the experimental data for case 10, using the k
exponential formulation.

Fig. 16. Schemes of the blasts adopted at the quarry [73].

Fig. 20. A general view of the quarry site after a production blast on a bench.

Fig. 19. Approximation of the experimental data for case 7, using the k exponential
formulation.

Fig. 21. Approximation of the experimental data for case 8, using the k exponential
formulation.

Fig. 17. Approximation of the experimental data for case 6, using the k exponential
formulation.

Fig. 22. Approximation of the experimental data for case 9, using the k exponential
formulation.

Fig. 18. Plan view of a production blast.
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As noted in Fig. 22, the values of the parameters referred to Eq.
(12) are: A is 49,67, b 0,0232, K 0,3333, and d � 0.

3.10. Case 10: open-pit limestone quarry

The experimental data come from a measurement campaign in
a limestone quarry near Cuneo, Northern Italy. The curve, corre-
sponding to Eq. (12), that best approximates the experimental
points, is given in Fig. 23.

As noted in Fig. 23, the values of the parameters referred to Eq.
(12) are: A is 3,6849, b 0,1707, K 0,7536, and d 1,1902.

3.11. Case 11: open-pit limestone quarry

The experimental data come from a campaign in a limestone
quarry near Lucca, Central Italy. Drilling is performed with
dictor equations for determining the blast-induced vibration in rock blast-
.1016/j.ijmst.2019.02.009
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Fig. 24. Approximation of the experimental data for case 11, using the k
exponential formulation.

Fig. 25. Approximation of the experimental data for case 12, using the k
exponential formulation.
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76 mm vertical holes (length about 10 m). Stemming is 2 m, and
blasting pattern is 2.5 m � 2.5 m. Bottom charge: slurry; column
charge: ANFO. A blast is made by 400 kg of explosive, with a rock
production of about 3000–4000 t, and a powder factor of 0.25–
0.3 kg/m3. Initiation is by long delay (500 ms) nonel detonators
in the blast-holes, short delay (25 ms units) at the surface.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 24.

As noted in Fig. 24, the values of the parameters referred to Eq.
(12) are: A is 313,02, b 0,0238, K 0,2584, d 0.

3.12. Case 12: civil tunnel in gneiss and mica-schists

The data come from a campaign of blast tests near to the future
entrance of a 120 m2 cross-section civil tunnel. It had to be exca-
vated close to a small mountain village mainly consisting of stone
buildings, some of them of historical importance. The campaign of
experimental measurements was required for evaluating the
behavior of the rock against vibrations, in order to preserve the
integrity of such buildings. The rock mass consists of a succession
of minute gneiss and mica-schists. On the surface, there is some-
times a modest debris cover. The following characteristics of the
rock mass were known: GSI = 48; cohesion c = 0.85 MPa; friction
angle / = 50�; elastic modulus E = 8250 MPa; Q = 2.44.

The curve, corresponding to Eq. (12), that best approximates the
experimental points, is given in Fig. 25.

As noted in Fig. 25, the values of the parameters referred to Eq.
(12) are: A is 48477, b 35,998, K 0,7735, and d 0,0094. Blue dots:
measures recorded during blast tests; red dot: measure recorded
during a production blast.

It is appreciable that the only measure recorded during the pro-
duction blast (red dot), with a ppv of 0.55 mm/s (all others registra-
tions were lower, since they have not reached the trigger threshold
of the instrument of 0.5 mm/s) is well approximated by the curve
obtained from the blast test (blue dots), even though they are char-
acterized by much lower scaled distances.
Please cite this article as: M. Cardu, D. Coragliotto and P. Oreste, Analysis of pre
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4. Discussion

Data from the 12 case studies were analysed using four com-
monly employed site laws:

Duvall&Petkof � USBM 1959ð Þ : ppv ¼ K � Rffiffiffiffiffiffiffiffiffiffiffi
Qmax

p
 !�n

ð13Þ

Ambraseys�Hendron 1968ð Þ : ppv ¼ K � R

Q1=3
max

 !�n

ð14Þ

Langefors� Kihlstr€om 1973ð Þ : ppv ¼ K �
ffiffiffiffiffiffiffiffiffiffiffi
Qmax

R3=2

s !n

ð15Þ

Indian Standard Institution 1973ð Þ : ppv ¼ K � Qmax

R2=3

� �n

ð16Þ

For each of these laws, the constants K and n were calculated,
with the site constants made explicit and, separately, the related
errors listed. To compare the expK formulation with the four
abovementioned site laws, for each site and for each case the fol-
lowing data were analysed: the error, the standard deviation of
the ppv experimental values compared to those approximated by
the correlation, a number from 1 to 5 representing a classification
of relative law performance and the percentage difference between
the formula producing the lowest error with respect to the others.
The performance of the various laws was also verified for cases in
which blast tests were not available by using a correlation obtained
for a similar site (rock mass characteristics and operation type).
Finally, it was determined to what extent expK, unlike other corre-
lations examined, better approximates experimental points for
both high and low values of scaled distance.

The results obtained, referred to the 12 experimental cases con-
sidered, are shown in Tables 1–12, where the meaning of the used
symbols is: K and n: site constants obtained by the 4 site laws
employed, listed as Tables 1–4. A: Correlation analyzed; B: error;
C: standard deviation; D: performance classification; E: percentage
difference compared to the best site law.

The performance of the five cases where blast tests were not
available before the excavation (a correlation previously obtained
for similar sites must be therefore applied) have been verified:
seven measurements in limestone rock being available, the corre-
lation obtained in one of these cases was applied to the others.
By using, for example, the correlations obtained for case 4 to the
other sites with the same rock type (cases 3, 5, 7, 9, 10, 11), the
results of Table 13 were obtained.

By applying the correlations obtained for case 5 to the other
sites (cases 3, 4, 7, 9, 10, 11), in limestone rocks (same rock type),
the results of Table 14 were obtained.

By applying, in a further example, the correlations obtained for
case 10 to the other sites (cases 3, 4, 5, 7, 9, 11) in limestone rocks,
the results of Table 15 were obtained.

Tables 13–15 show that the Langefors-Kihlström and USBM cor-
relations are more reliable when the blast tests are not available; in
other cases, K-exponential formulation shows in 11 cases out of 12
a better performance: this is due both to the characteristics of the
deformed exponential and to the higher number of parameters
involved. From the analyses carried out, it seems that the expK is
accurate but not very versatile; a further defect is that, if the blast
tests are made with very similar charges or always with the same
charge, the parameter d, which is the exponent of the charge per
delay Q, in the former case tends to 0 and in the second is 0: this
implies that blast tests must be made with different charges per
delay, otherwise the correlation obtained would be independent
dictor equations for determining the blast-induced vibration in rock blast-
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Table 1
Case 1: excavation of a trench.

A K n B C D E

ExpK 0,91 0,32 1
[1] 380,75 1,254 4,82 0,73 3 +425
[2] 444,78 1,219 4,55 0,71 2 +395
[3] 206,044 1,6842 18,44 1,43 4 +1909
[4] 13,538 1,3225 146,15 4,03 5 +15829

Table 2
Case 2: marlstone mine.

A K n B C D E

ExpK 8228 15,79 4 +22,6
[1] 961,09 1,72 6728 14,28 2 +0,46
[2] 1,528 1,64 6697 14,25 1
[3] 478,08 2,304 7119 14,69 3 +6,3
[4] 10,989 1,8235 8652 16,19 5 +29,19

Table 3
Case 3: limestone quarry.

A K n B C D E

ExpK 1566 9,32 1
[1] 777,35 1,563 3158 13,71 4 +103
[2] 1108,9 1,604 3858 14,64 5 +146
[3] 520,06 2,0032 2713 12,28 3 +73
[4] 68,848 1,679 2422 11,6 2 +56

Table 4
Case 4: limestone quarry.

A K n B C D E

ExpK 2,13 0,65 1
[1] 186,35 1,502 6,71 1,16 3 +214
[2] 344,06 1,479 16,72 1,83 5 +685
[3] 89,841 1,9808 4,62 0,96 2 +116
[4] 2,7174 1,5763 4,93 0,99 4 +131

Table 5
Case 5: shaft-tunnel system in limestone.

A K n B C D E

ExpK 4,79 0,56 1
[1] 611,28 1,641 1066 8,43 2 +22174
[2] 863,09 1,725 1088 8,51 3 +22630
[3] 402,79 2,0486 1189 8,9 4 +24736
[4] 50,537 1,5052 2520 12,96 5 +52548

Table 6
Case 6: underground gypsum quarry.

A K n B C D E

ExpK 418 3,41 1
[1] 474,36 1,489 431 3,46 3 +3,28
[2] 933,02 1,497 435 3,48 4 +4,16
[3] 241,15 1,9718 29 3,46 2 +2,86
[4] 9,0658 2,1034 453 3,55 5 +8,44
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on the charge; however, this is not a problem if, for instance, the
same charge per delay should always be employed and only the
ppv-distance relationship has to be known.

The expK formulation approximates well the experimental
points for both low and high values of the scaled distance. The
graphs below present some example of this trend respect to the
other examined prediction equations.
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Fig. 26 shows how the K-exponential predictor formula
approximates the experimental data of Case 3 better than the
others for high scaled distance values. Fig. 27 shows how the
K-exponential predictor formula approximates the experimental
points of Case 5 better than the others for both low and high
scaled distance values. Fig. 28 shows how the K-exponential
predictor formula approximates the experimental points of Case
dictor equations for determining the blast-induced vibration in rock blast-
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Table 12
Case 12: road tunnel in gneiss and mica-schists.

A K n B C D E

ExpK 173 2,49 1
[1] 626,26 1,205 196 2,66 3 +13
[2] 820,68 1,374 175 2,51 2 +1,24
[3] 243,92 1,2299 226 2,89 4 +30
[4] 6,5733 0,1986 305 3,36 5 +74

Table 7
Case 7: limestone quarry.

A K n B C D E

ExpK 64,19 0,84 1
[1] 701,43 1,465 65,52 0,853 4 +2,07
[2] 1137,3 1,465 65,52 0,853 5 +2,08
[3] 432.62 1,9529 65,47 0,852 2 +1,99
[4] 38,612 2,1971 65,48 0,852 3 +2,01

Table 8
Case 8: marlstone mine.

A K n B C D E

ExpK 167 2,19 1
[1] 744,27 1,547 359 3,2 3 +114
[2] 1808,8 1,593 353 3,18 2 +111
[3] 285,8 1,9573 403 3,34 4 +141
[4] 5,8706 1,3617 815 4,83 5 +387

Table 9
Case 9: limestone quarry.

A K n B C D E

ExpK 529 3,89 1
[1] 746,05 1,411 764 4,67 3 +44,5
[2] 1188,8 1,411 760 4,66 2 +43,7
[3] 468,04 1,8814 768 4,68 4 +45,3
[4] 45,379 2,1156 789 4,75 5 +49,3

Table 10
Case 10: limestone quarry.

A K n B C D E

ExpK 0,14 0,13 1
[1] 3033,7 1,842 0,27 0,18 4 +99
[2] 16,307 1,993 0,61 0,28 5 +339
[3] 449,75 2,131 0,18 0,15 3 +28
[4] 2,4519 1,2322 0,17 0,14 2 +19

Table 11
Case 11: limestone quarry.

A K n B C D E

ExpK 2,69 0,73 1
[1] 298,4 1,397 2,8231 0,75 4 +4,63
[2] 412,06 1,397 2,8239 0,75 5 +4,64
[3] 216,08 1,8625 2,8216 0,75 2 +4,58
[4] 43,03 2,0954 2,8221 0,75 3 +4,59
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9 better than the others for both low and high scaled
distance values. Fig. 29 shows how the K-exponential predictor
formula approximates the experimental points of Case 11
better than the others for both low and high scaled distance
values.
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The expK best approximates the experimental points both for
low and for high values of scaled distances, unlike the other corre-
lations, that tend to approximate well the experimental points only
for a certain range of values of the scaled distances. This fact was
also evidenced in the case 12, thanks to the good correspondence
dictor equations for determining the blast-induced vibration in rock blast-
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Table 13
Position of the considered formulations in the approximation of data of different cases using the formulation obtained for case 4.

Formulation Case 3 Case 5 Case 7 Case 9 Case 10 Case 11 Sum of position Performances’ classification

Expk 4 5 1 4 2 4 20 4
USBM 2 3 3 2 5 2 17 2
A-H 3 1 2 1 4 1 12 1
L-K 1 4 4 3 3 3 18 3
ISI 5 2 5 5 1 5 23 5

Table 14
Position of the considered formulations in the approximation of data of different cases using the formulation obtained for case 5.

Formulation Case 3 Case 4 Case 7 Case 9 Case 10 Case 11 Sum of position Performances’ classification

Expk 4 4 4 2 4 3 21 3
USBM 2 2 2 3 1 4 14 2
A-H 3 1 5 4 3 5 21 3
L-K 1 3 1 1 2 2 10 1
ISI 5 5 3 5 5 1 24 4

Table 15
Position of the considered formulations in the approximation of data of different cases using the formulation obtained for case 10.

Formulation Case 3 Case 4 Case 5 Case 7 Case 9 Case 11 Sum of position Performances’ classification

Expk 3 1 3 3 4 2 16 2
USBM 4 4 2 1 3 4 18 3
A-H 5 5 5 5 2 5 27 5
L-K 1 3 1 2 1 1 9 1
ISI 2 2 4 4 5 3 20 4

Fig. 26. How the K-exponential predictor formula approximates the experimental
data of Case 3 better than the others for high scaled distance values.

Fig. 27. How the K-exponential predictor formula approximates the experimental
points of Case 5 better than the others for both low and high scaled distance values.

Fig. 28. How the K-exponential predictor formula approximates the experimental
points of Case 9 better than the others for both low and high scaled distance values.

Fig. 29. How the K-exponential predictor formula approximates the experimental
points of Case 11 better than the others for both low and high scaled distance
values.
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of the ppv recorded during a production blast with that predicted
by the site law obtained on the basis of the measurements per-
formed during the blast tests.
5. Conclusions

Data from 12 experimental case studies related to vibration
measurement campaigns were analysed using both the most com-
mon site laws and the newly developed K-exponential formulation
(expK). The new formulation was found to provide better results
than the traditional laws in 11 out of 12 cases, producing a good
approximation of experimental points. However, in the absence
of blast tests, the classical laws used in the estimation of ppv values
were more reliable. Since the charge per delay has an unknown
exponent in the proposed formulation, blast tests must be carried
out using different charges per delay; otherwise, an exponent
equal to zero is obtained, producing a correlation independent on
the charge per delay that is generally not useful in practice.

Nevertheless, the proposed formulation provides the advantage
of offering a better correlation for experimental points than the
other analysed site laws, both for low and high values of the scaled
distance; this is in part attributable to the presence of a greater
dictor equations for determining the blast-induced vibration in rock blast-
.1016/j.ijmst.2019.02.009
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number of parameters and in part to the nature of the deformed
exponential contained in the function.

Interestingly, the K-formulation was able to reliably predict ppv
values for high scaled distances (typical of production blasts) even
when the ppv-scaled distance curve was drawn based on experi-
mental points at low scaled distances (typical of blast tests). How-
ever, further tests are required to cover a larger number of cases,
both blast tests and production blasts, in order to confirm the
validity of the approach here presented.
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