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Abstract

This paper presents a methodology that analyses a set of observed intensities and estimates the parameters of
an adopted attenuation law directly using the data points. A procedure was developed to define and evaluate
the equivalent radii D; of the isoseismal lines. From these data it is possible to derive the parameters of the at-
tenuation law. Moreover a validation procedure was developed to measure the capability of intensity decay re-
lationships to reproduce the observed intensities. A case study of 55 earthquakes, divided into 9 subsets, of
similar-attenuation zones, was analysed, using, as attenuation law, the one proposed by Grandori (1987, 1991)
to estimate either the parameters for each single earthquake or the parameters of an average intensity decay re-
lationship for the similar-attenuation zones. The calculated intensity decay relationships result in 60-70% of
correctly reproduced points for most intensity data maps analysed. Analysing the similar-attenuation zones and
different earthquakes simultaneously, the parameters of attenuation laws obtain results with a lower percentage
of correctly reproduced points. The proposed methodology seems to be effective and suitable to reach practical
results in parameters estimation of intensity decay relationships.

Key words intensity data-points  — equivalent sity decay. The problem is due, not only to the
radius — intensity decay relationships — validation scarcity and the quality of data (in fact in Ttaly

criteria there are rich archives of information on ef-
fects of historical earthquakes), but also to the

1. Introduction procedures for data processing. In previous pa-
pers the parameters of several attenuation laws

In this paper we present a procedure to esti- were evaluated, starting from the isoseismals
mate the parameters of intensity decay rela-  (for a review, see Ambraseys, 1985). The
tionships, obtained in the framework of a case  choice of input data is a significant problem; in

study of 55 earthquakes investigated by the fact isoseismal maps for one event, drawn by
Italian Macroseismic Working Group of the different authors, show quite considerable dif-
National Project for Seismic Prevention (GNDT).  ferences that traduce different evaluations of
The starting data, intensity data maps and the  (he equivalent radii D; of the isoseismals and
model of similar-attenuation zones were used consequently different estimates of the attenua-
for 'lt};ﬁ 2(11na1y51s, hw1tho(111t considering gther tion law’s parameters (Barbano and Zonno,
ava;a :© kata on Ehe stu }t, arca (secttlon. 2 1985). The aim of this research is the use of
A8 15 known, the most importan pomt in observed intensity maps as starting data. In this
seismic hazard assessment is the issue of inten- .. S . .
way the subjective criteria to draw the isoseis-
mal maps are disregarded and an objective pro-
. i i cedure is developed to evaluate the equivalent
Mailing address: Dr. Francesca Cella, Istituto di dii D, of the i . 11 C ideri h
Ricerca sul Rischio Sismico, C.N.R., Via Ampere 56, ra? 11 D; ol the 1soseisma 1qes. onsicering t. €
20131 Milano, Italy; e-mail: france@ade.irrs.mi.cnr.it distance X; between the epicentre and the site
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with intensity decay Al = i as a random vari-
able, the empirical cumulative distribution can
be calculated through the data points with the
same intensity decay but with different site-
epicentral distances. Those distributions are fit-
ted through either Weibull or mixed Weibull-
Gamma distributions, using maximum likeli-
hood technique, and their mode is used in the
definition of the isoseismal radius (section 3).

The next step to estimate the attenuation pa-
rameters is the choice of which attenuation law
to adopt (e.g., different attenuation models are
available: Blake (1941), Sponheuer (1960) or
Grandori et al. (1991), but it was beyond our
research to check the most suitable one for
each earthquake of the case study. To have ho-
mogeneity, only Grandori’s attenuation law
was adopted in this study (section 4).

This attenuation law is not able to take into
account the local seismic effects but furnishes
the intensity decay trend fitting as many points
as possible for a given intensity. To measure
the capability of intensity decay relationships
to reproduce the observed intensities some cri-
teria for a validation procedure have been de-
veloped (section 5).

The results obtained by analysing single
earthquakes and their validation percentage are
discussed.

In particular the analysis of the equivalent ra-
dius Dy of the isoseismal line for maximum in-
tensity I, shows that there is no evidence to as-
sume that the intensity decay depends on the epi-
central intensity I,. Some considerations on the
adopted attenuation law and on the supplied sim-
ilar-attenuation zones are outlined in section 6.

The last part of the paper is concerned with
the use of a validation to select the best set of
attenuation parameters for a similar-attenuation
zone. A comparison between the results ob-
tained from single earthquake analysis and si-
multaneous earthquakes analysis is discussed
for a sample zone (section 7).

2. Case study
The seismic classification of Italy is mainly

based on the analysis of the effects of histori-
cal earthquakes (Petrini, 1980). Today there is

a need to revise the classification according to
new information and methodologies. Currently,
the Group of the National Project for Seismic
Prevention (GNDT) is sponsoring national re-
search to revise all original information, i.e. in-
tensity point maps for the earthquakes even if
the drawn isoseismals are already available.
That leads to an upgrade of the national macro-
seismic data bank, from a very large amount of
information on historical seismicity, from pub-
lished and unpublished sources. A set of 55 in-
tensity point maps has been selected to check
some methodologies to estimate the intensity
decay relationships starting directly from the
observed intensities. The date of analysed
earthquakes, its epicentral intensity I, and the
amount of observations for each intensity de-
gree (scale MCS) are represented in table I.
The date and the epicentral locations identify
the seismic sources for which the case study
has furnished the intensity point maps. The
seismic sources model comes from published
papers (Scandone er al., 1992; Scandone and
Meletti, 1992) while the model of similar-
attenuation zones was done by the Seismicity
Working Group of GNDT, as a preliminary
version (GNDT, 1994), assuming that each of
the source zones identifies a similar-attenua-
tion zone, and then linking some of them on
the basis of considerations of similarity.

Figure 1 shows the epicentral location of the
case study earthquakes identified by the date,
and the seismic sources model, from which is
derived the similar-attenuation zones model,
which is depicted in fig. 2.

3. Procedure for equivalent radii
evaluation

The n-th isoseismal is defined as the line
that bounds the observations with an intensity
value n = Iy—I;, where I, is the epicentral in-
tensity and I; is the observed intensity at the
site, and it is drawn by experts who analyse the
macroseismic field. The intensity decay with
respect to the epicentral distance is expressed
by Al = Iy—j, where j = I, I,—1, ..., 1, so a site
with an observed intensity I, has a decay equal
to Al = Iy—I. The equivalent radius D, is de-
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Table 1. Earthquake list with membership of similar-attenuation zone, date, epicentral intensity and the
amount of observations for each intensity degree. The 55 earthquakes of the case study of this table are or-
dered by decreasing degree of epicentral intensity, Iy, and by increasing date. The observations from degree
III, even if in some cases they have been processed including lower intensity degrees.

Zone Date 1, I v A" VI viI VI IX X XI
E 1638/03/27 XI 1 2 9 5 9 13 45 24 33 23 37 ¢ 5
F 1693/01/11 XI 5 3 7 3 10 6 12 1 36 7
E 1857/12/16 XI 4 4 2 29 2 33 52 31 59 13 4 11 17 12
F 1627/07/30 X-XI 4 1 1 20 4 1 6 1 9 6 2
B 1703/01/14 X 2 3 5 2 23 14 8 19 34 56 2 48
H 1743/02/20 X 5 1 4 1 1 1 2 19 15 12 2
E 1783/03/28 X 1 S5 32 40 72 60 51 17 11 13 9 1 2
E 1805/07/26 X 6 3 25 2 92 8 43 12 15 1
A 1873/06/29 X 9 1 14 6 17 9 23 7 22 6 12 7 1 5
B 1781/06/03 IX-X 2 2 1 1 6 8 17 40 17 13 25 8 4 6
E 1832/03/08 IX-X 5 I 9 11 4 9 5 2 4 2
E 1836/04/25 IX-X 1 7 11 1 4 5 5 1 1 1
L 1887/02/23 IX-X 15 2 31 15 9% 52 87 10 19 3 1
G 1911/10/15 IX-X 5 2 4 4 2 4 2 1 3 3
B 1920/09/07 IX-X 21 4 43 9 55 18 69 34 52 16 41 38 26 2
E 1930/07/23 IX-X 15 11 34 4 47 3 28 4 57 5 31 6 18 1 4
F 1968/01/15 IX-X I 37 16 50 22 16 2 2 3 2 5
E 1980/11/23 IX-X 109 32 304 35 229 10 186 22 128 53 9 6
A 1695/02/25 X 5 2 7 3 6 4 4 11 6 10 15
F 1731/03/20 IX 1 3 1 4 10 11 4 3 1 1
B 1741/04/24 IX 3 3 5 6 3 7 20 36 17 7 5 4
C 1781/04/04 IX 2 8 1 2 8 6 15 15 6 5 2
G 1818/02/20 IX 2 7 2 8 1 6 12 12
D  1846/08/14 IX 12 6 9 1 7 7 7 6 15 5 3 2 2
B 1919/06/29 IX 18 6 31 11 21 8 14 16 3 9 6
C 1933/09/26 IX 26 1 60 4 56 7 56 8 4] 9 23 3
G 1894/08/08  VII-IX 1 5 1 5 1 6 6 4
E 1894/11/16  VIII-IX 8 19 26 5 31 14 16 8
B 1904/02/24  VIII-IX 7 13 2 3 4 5 9 1 1
E 1907/10/23  VII-IX 7 5 3 3 5 15
A 1928/03/27 VII-IX 25 12 71 13 31 17 11 27 18 1 5 1 8
C 1930/10/30  VII-IX 46 5 20 4 11 5 28 13 39 11 12 1
C 1943/10/03  VIII-IX 2 1 2 4 7 41 8 16 1 1
E 1962/08/21 VII-IX 20 5 32 1 21 6 32 6 19 13 29 8 3
F 1978/04/15 VII-IX 33 6 41 9 59 20 40 13 12 10 6
C 1570/11/17 VI 1 3 6 2 7 9 7 4 1
A 1802/05/12 VIII 2 9 4 8 2 4 4 2 12
F 1808/04/02 VIII 7 2 10 2 7 2 12 9 8
B 1874/12/06 VIII 3 8§ 3 4 4 7 9
A 1891/06/07 VIII 12 13 60 28 60 20 34 3 12 4 7
C 1916/08/16 VI 16 24 11 7 2 48 18 31
F 1967/10/31 VIII 11 7 6 14 10 5 3
B 1828/10/09  VII-VIII 4 5 1 2 4 2 11 12 29 9 1
F 1875/12/06  VII-VIIL 13 2 18 4 27 7 5 3 12 1 3
B 1898/06/27 VII-VII 15 42 18 18 17 5 3 1 2
D 1909/08/25 VII-VIII 17 30 16 27 23 7 7 5 8
B 1911/02/19 VI-VIII 26 7 28 6 16 9 2 10 3
D 1927/12/26  VII-VIII 6 2 4 6 1 4 3 1
D 1971/02/06 VII-VIII 4 8 2 6 12 1
C 1971/07/15 VI-VOI 43 13 38 15 28009 28 15 26 2 2
B 1740/03/06 VII 2 7 1 2 1 10 5 2 1
B 1922/12/29 VII 9 2 26 7 9 2 13 2 20
C 1929/04/10 VII 21 7 29 5 20 3 5 4 9 1
B 1958/06/24 VII 1 1 5 5 2
E 1975/01/16 VII 46 19 9 23 21 25 11 19 1
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1971/07/15 -
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Fig. 1. Selected earthquakes, labelled by date, and source zone model used to derive the similar-attenuation

zones model.

fined as the radius of the circle with an area
equivalent to the one bounded by the i-th iso-
seismal, that is, containing the observations
Al = i. Given an earthquake of epicentral in-
tensity Iy = n, the equivalent radii D; for the
i-th isoseismal lines are obtained, with i = 0,
1, ..., n—1.

Let’s consider an earthquake with epicentral
intensity /y = VI (so as to consider 5 degrees of
intensity decay), and N recorded site observa-
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tions I;. Site-epicentre distances have been
grouped in S; sets, with respect to the decay
Al where AI =0, 1, ..., 5. For a better under-
standing, the data forming each subset S; are
the distances {d,} between the epicentre and
the sites with the same intensity decay Al = i,
where n =1, 2, ..., N; and N, is the total number
of these sites. .

Let us suppose that {d,} is a set of realisa-
tions of the distance random variable X;. Given
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each set S, with i = 0, 1, ..., 5, the correspond- given by:

ing empirical cumulative distribution for X; ) L o
was calculated. Non-parametric distributions ~ Weibull  f; (x) = ap (px)*~' e~
were avoided because, if the data allow us to .

make such a choice, then that makes the infer- Weibull-Gamma

ence process more accurate. fe @) = pa, p, (p,x)= e Py
In this work, after several tests on the pryar=1 g prx

available data, we decided to use a Weibull +(1l-p)—

or a Weibull-Gamma mixture distribution I'(a)

Zona A

> Zona B
Zona C
1] ZonaD
Zona E
Zona F

By Zona G
== Zona H

,, ZonaL

Fig. 2. Similar-attenuation zones model (GNDT, 1994, personal communication). This model is based on a
modified source zones definition (Scandone et al., 1992). Tt is assumed that each source zone is a similar-at-
tenuation zone too. The similar-attenuation zones model was obtained grouping source zones that have similar
characteristics by Gruppo di Lavoro Sismicita GNDT.
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At first, we thought of using an exponential
form to describe the trend of X, because the
probability of X, decreases as the value of X
increases. Going from X, to X;, with i > 0, it is
necessary to add flexibility to the exponential
distribution. The Weibull and mostly the
Weibull-Gamma distribution provide just such
an extra flexibility needed to make the model
accurate. Moreover, the explicit form of their
cumulative distribution functions makes them
especially suitable if one wishes to evaluate the
quantiles (Johnson and Kotz, 1970). The mode
value X; was chosen as estimate of the distance
X;, because it is representative of the greatest
concentration of observations and is less af-
fected by the outlier observations than the
mean or the quantiles are. Unfortunately, to ap-
proximate the parameters of the Weibull-
Gamma distribution a large number of obser-
vations is necessary, so it was decided to adopt
the Weibull distribution for X, because of the
generally small set of data in Sy, and the Weibull-
Gamma mixture for the other distances X;.

Now, let us define the equivalent radius D
of i-th isoseismal as:

A A
-X))* PK+X,;

Dz=()?i+l i=0,1,...,4

3.1)

where PK is a constant. We note that setting
PK = 0.5 corresponds to define the equivalent
radiug as the arithmetic mean between the val-
ues X; and X;, ;. In fact D; should be the dis-
tance where the probability of having Al =i is
the same as that having AI =i+ 1. As we will
explain in the following, we adopted the mean
to treat the uncertainty of data more easily.

Some assumptions should be stated on the
proposed procedure and for this purpose it is
necessary to refer to table I.

First consideration: a doubtful intensity value
is assigned to several earthquakes among those
listed in table I (ie., I, = IX-X). In these
cases the minimum value of epicentral intensity
was used in the subsequent elaboration.

Second consideration: as shown in table I,
also for the site intensity observations several
cases of uncertain assignment are present. In
those situations we decided to adopt an opera-
tive procedure which considers the two values

as equiprobable. Based on the difficulty of
considering all the possible combinations of
such values, the procedure for equivalent ra-
dius estimation was modified: for the defini-
tion of the five data sets {d’}, the uncertain
data (i.e., I, = VIII-IX) were considered twice,
first considering smaller degree (I, = VIII,
below procedure), and then larger degree
(I; = IX above procedure). So two different
data sets are produced {d!V, {d, " and, for
them, the corresponding modes (X )" and (X )’
are evaluated. .
Now the mode X; is redefined as follows:

)?l. = _(X’);i (3.2)

The last assumption concerns the observed
intensities larger than the epicentral intensity [,
(see table I): we always substituted such inten-
sities with the epicentral intensity because it is
not possible to take into account the local ef-
fects.

3.1. Case study: equivalent radii evaluation

The described procedure was applied to
evaluate the equivalent radii of isoseismal lines
for each earthquake of the case study. As an
example, for a better explanation of the proce-
dure, the application to the 27 March 1928
earthquake will be analysed in detail. This
earthquake has an epicentral intensity I, equal
to VIII-IX (MCS) but in the analysis it will be
considered as I, = VIII. The observed intensi-
ties equal to IX and to VIII-IX (9 sites, table I)
are greater than the assumed epicentral inten-
sity (I, = VIII) and they will be considered as
VIII. The existence of many observed intensi-
ties that are classified with two degrees of scale
MCS, i.e. 27 sites with I, = VI-VIII, shows the
necessity to consider the uncertain data
through the relation (3.2). It means that two
empirical data sets {d/}’ and {d/}” have to be
formed considering all the doubtful observed
intensity I; respectively as either the below or
the above degree. The two empirical data sets
and their cumulative distributions F(X;),
F(X;)” versus the distance are shown (fig. 3)
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Fig. 3. Empirical data (dots) and cumulative distributions (solid line) versus distance of all the intensity decay
analysed (X;, i = AI =0, 1, ..., 5) for the 27 March 1928 earthquake are shown. On the left of the figure, the
cumulative distributions (single apex) are obtained with the below procedure, on the right (double apex) with
the above procedure. The Weibull function is used to estimate X, and Weibull-Gamma mixture to estimate the
other X,.

1101




Francesca Cella, Gaetano Zonno and Fabrizio Meroni

for all the analysed intensity decays X;, i = Al =
0, 1, ..., 5. The parameters of the Weibull and
Weibull-Gamma distributions were evaluated
through maximum likelihood technique. After
several tests on the available data, we adopted,
as general rule, the Weibull function to esti-
mate X, and Weibull-Gamma mixture to esti-
mate the other X;. In fact, even if this is not the
case, analysing other earthquakes we often

found that there were a very few data to esti-
mate X, and it was very difficult to estimate
the parameters for a Weibull-Gamma mixture,
so it was decided that the use of the Weibull
distribution was more appropriate. We note
that the large number of uncertain observations
change the cumulative distribution. A good ev-
idence of this behaviour is shown in fig. 4,
where in each frame the two densities of prob-

fXo) e fiX1) e
02 f(Xo)" fX1)"
0.1
0.0 : : : : . :
0 20 4 6 %  100Km o & 80  100Km
0a 1 {0 CY) |—— fiX3) e
f(X>)" 0.04 L X))
0.02 '\.
] 0.0+ e
0 20 40 60 80 100Km 0 20 40 60 8  100Km
f(X4) e f(Xs) e
0.02 f(X 4)" 0.0 f(Xs )"
0.01 ‘ \ 0.1 o
R T ¢ 80 100Km “CTTH d b f 1hokm

Fig. 4. Probability densities versus distance of all the intensity decay analysed (X;, i = Al =0, 1, ..., 5) for the
27 March 1928 earthquake are shown. The graphs with dashed line and solid line represent the below and
above procedure respectively. The mode value about below and above procedure disagrees when there are a
large number of uncertain observations.
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Table II. Mode values X, X;, X,, X; and X, (relation (3.2)), calculated for 51 earthquakes listed by similar-
attenuation zone, and by decreasing degree of epicentral intensity /y. Earthquakes are also labelled by numbers.

Zone No. Date ]0 )/(\0 ‘)?l )/(\2 )?3 )?4 )/(\5
A 1 1873/06/29 10 0.1 4.9 7.2 16.0 62.7 61.3
A 2 1695/02/25 9 4.0 8.3 17.7 88.1 110.1 98.4
A 3 1928/03/27 8-9 3.0 8.1 15.7 33.1 54.9 67.8
A 4 1802/05/12 8 4.6 13.4 20.3 454 107.8
A 5 1891/06/07 8 2.0 8.0 15.1 29.8 84.6 158.4
B 6 1703/01/14 10 11.8 13.9 33.9 41.8 78.7 155.5
B 7 1781/06/03 9-10 5.0 10.0 15.9 50.6 54.3 91.5
B 8 1920/09/07 9-10 4.1 15.2 26.2 49.2 93.2 167.7
B 9 1741/04/24 9 8.4 18.5 28.9 37.8 559 121.2
B 10 1919/06/29 9 1.9 7.8 14.2 28.0 44.0 68.6
B 11 1904/02/24 8-9 34 7.7 19.5 19.0 45.0 60.3
B 12 1874/12/06 8 7.5 194 28.1 62.1 92.4 75.3
B 13 1828/10/09 7-8 15.3 21.8 94.0 112.9 150.2 159.6
B 14 1898/06/27 7-8 4.1 15.4 25.1 73.3 56.3 132.8
B 15 1911/02/19 7-8 7.3 232 35.2 54.5 72.8 104.6
B 16 1740/03/06 7 7.5 18.4 18.2 41.1 110.6
B 17 1922/12/29 7 11.8 223 434 444 88.0 88.8
C 18 1781/04/04 9 4.1 5.6 10.2 13.7 40.9 70.5
C 19 1933/09/26 9 10.2 16.5 23.9 39.2 57.8 99.6
C 20 1930/10/30 8-9 13.9 11.9 35.6 72.3 124.4 178.5
C 21 1943/10/03 8-9 7.1 18.8 32.6 534 94.9 141.2
C 22 1570/11/17 8 6.1 8.9 10.4 45.6 68.7
C 23 1916/08/16 8 4.3 6.1 23.6 108.2 88.2 157.6
C 24 1971/07/15 7-8 11.3 20.9 55.2 92.6 115.0
C 25 1929/04/10 7 4.7 9.8 28.5 834 107.3 151.0
D 26 1846/08/14 9 0.4 6.2 9.4 11.3 20.4 332
D 27 1909/08/25 7-8 10.0 21.6 35.7 63.6 79.3 81.1
D 28 1927/12/26 7-8 2.5 4.5 154 26.9 40.9 45.1
D 29 1971/02/06 7-8 0.1 15.2 25.9 34.8 35.6 57.8
E 30 1638/03/27 11 39 11.7 24.1 33.6 67.8 92.9
E 31 1857/12/16 11 19.8 16.9 244 453 55.7 75.1
E 32 1783/03/28 10 7.3 15.3 32.1 544 89.0 95.5
E 33 1805/07/26 10 8.7 12.7 28.4 45.5 86.2 116.9
E 34 1832/03/08 9-10 10.7 20.3 30.0 47.3 91.3
E 35 1836/04/25 9-10 7.1 11.8 26.6 47.7 60.1
E 36 1930/07/23 9-10 11.7 30.7 50.9 75.5 102.1 172.3
E 37 1980/11/23 9-10 5.6 274 52.2 752 140.8 236.5
E 38 1894/11/16 8-9 34 17.9 44.0 95.2 132.6 171.6
E 39 1907/10/23 8-9 10.2 25.0 51.5 50.9 88.8 129.2
E 40 1962/08/21 8-9 15.9 35.1 58.0 81.9 109.6 133.6
E 41 1975/01/16 7 6.2 14.2 31.3 49.5 59.9 72.9
F 43 1693/01/11 11 19.3 31.7 48.2 59.6 93.6 107.2
F 42 1627/07/30 10-11 10.4 23.1 34.7 60.4 120.8
F 44 1968/01/15 9-10 6.9 19.2 36.3 54.3 94.8
F 45 1731/03/20 9 15.1 34.6 56.3 109.3 168.5
F 46 1978/04/15 8-9 12.2 18.7 36.3 69.5 100.1 110.4
F 47 1808/04/02 8 4.0 8.2 19.5 55.5 82.9 165.2
F 48 1967/10/31 8 11.2 15.9 27.5 48.1 72.3 92.2
G 49 1818/02/20 9 0.3 5.9 15.6 15.2 46.6 73.0
G 50 1894/08/08 8-9 0.6 4.4 6.2 17.8
L 51 1887/02/23 9-10 7.5 13.6 21.0 48.5 98.7
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Table IIL. Final results of single ecarthquake analysis. Data sets are identified by event number (see table II).
Equivalent radii Dy, Dy, D,, D; and Dy, Grandori’s attenuation law parameters ¥, ¥, and D, and results of
categories percentage (E, O, U, O+, U+) of the validation procedure are listed.

Zone No. [ D, D, D, D, D, b Y% Dy E% O% U% O+% U+%

A 1 10 2.5 6.1 116 894 861 28 1.4 25 570 128 22.1 4.1 35
A 2 9 6.2 13.0 529 99.1 121.1 25 1.1 6.2 50.0 37.5 125
A 3 89 5.5 11.9 244 440 613 15 1.1 55 746 28 211 1.4
A 4 8 9.0 16.8 328 76.6 139.0 2.1 0.9 9.0 958 42

A 5 8 5.0 1.5 224 572 1215 22 1.3 50 783 8.3 8.3 1.7 33
B 6 10 129 239 378 602 117.1 1.8 09 129 500 201 19.1 2.5 8.3
B 7 9-10 15 13.0 332 524 729 19 0.7 75 580 5.1 304 6.5
B 8 9-10 9.6 207 377 712 1304 1.8 1.1 9.6 622 133 187 4.3 1.4
B 9 9 134 237 334 469 836 1.8 08 134 583 188 115 8.3 3.1
B 10 9 4.8 1.0 21.1 360 563 15 1.3 48 563 63 229 2.1 125
B 11 8-9 5.6 136 252 320 526 1.7 1.5 56 750 150 100

B 12 8 135 238 451 773 1076 1.5 08 134 650 50 200 5.0 5.0
B 13 7-8 185 579 1035 1316 1549 09 2.1 185 694 1.6 29.0

B 14 7-8 97 202 492 889 946 14 1.1 9.7 679 3.6 286

B 15 78 152 292 448 636 837 1.2 09 152 750 42 167 4.2
B 16 7 13.0 237 296 759 1454 33 08 129 61.1 11.1 2738

B 17 7 170 328 439 662 884 12 09 170 657 86 229 2.9
C 18 9 4.8 79 119 273 557 23 0.6 48 649 175 8.8 53 3.5
C 19 9 133 202 315 485 787 1.6 05 133 607 264 114 1.4

C 20 89 129 237 540 983 1514 1.8 0.8 129 462 144 298 1.9 77"
C 21 89 132 257 430 742 1180 15 09 132 579 184 21.1 2.6
C 22 8 7.5 9.6 280 571 80.2 3.7 0.3 75 357 107 429 3.6 7.1
C 23 8 52 149 659 1405 1229 46 1.9 52 557 3.8 368 3.8
C 24 7-8 16.1 38.1 739 103.8 1262 1.1 1.4 161 575 9.6 288 4.1
C 25 7 72 19.1 559 953 129.1 1.7 1.6 72 737 105 158

D 26 9 33 78 103 158 268 1.6 1.4 33 625 150 125 2.5 75
D 27 78 158 286 496 714 802 1 0.8 158 60.0 5.0 300 5.0
D 28 7-8 35 99 21.1 339 430 12 1.9 35 625 125 250

D 29 78 7.7 205 303 352 467 1.2 1.7 77 769 77 154

E 30 11 7.8 179 289 507 804 15 1.3 78 584 230 148 1.9 1.9
E 31 11 184 207 349 505 654 27 0.1 184 560 172 9.9 9.1 7.8
E 32 10 1.3 237 433 717 923 13 .1 113 519 143 269 0.6 6.2
E 33 10 107 206 369 658 1015 1.5 0.9 107 480 167 283 4.0 3.0
E 34 910 155 251 337 693 1133 1.7 06 154 681 106 128 2.1 6.4
E 35 9-10 9.5 192 371 539 663 1.2 1 9.4 586 103 24.1 6.9
E 36 9-10 212 408 632 888 1372 14 09 212 571 201 188 32 0.6
E 37 9-10 165 398 63.7 108.0 1887 1.6 1.4 165 552 292 9.7 59

E 38 89 106 309 69.6 1139 1521 1.3 1.9 106 739 1.4 188 5.8
E 39 89 176 382 644 699 1090 29 1.2 17.6 100.0

E 40 89 255 465 699 957 1216 1.1 0.8 255 664 82 218 1.8 1.8
E 41 7 102 228 404 547 66.4 1 12 102 786 3.6 16.1

F 42 11 255 399 539 766 1004 1.2 06 255 544 222 156 22 5.6
F 43 10-11 168 289 475 430 604 15 0.7 168 640 140 200 2.0
F 44 9-10 13.0 277 453 745 1150 1.4 1.1 130 686 275 2.0 2.0

F 45 9 248 455 828 1389 198.1 1.5 0.8 248 600 17.1 17.1 5.7
F 46 89 154 275 529 848 1052 1.3 08 154 605 185 185 2.5
F 47 8 6.1 138 375 692 124.1 2 1.3 6.1 655 207 138

F 48 8 13.5 217 378 602 822 1.5 0.6 135 100.0

G 49 9 3.1 107 202 309 598 1.7 2.5 31 462 154 282 5.1 5.1
G 50 89 2.5 4.1 31 120 236 1.3 0.6 25 529 59 353 59
L 51 9-10 106 173 348 736 241 064 106 433 149 254 34 131
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ability f(X;)’, f(X;)” vs. the distance are shown.
The mode value X, chosen as an estimator of
distance X;, and representative of the highest
concentration of observations, shows for the
intensity decay Al = 2, a mode value
X)) = 10 km (below procedure) and a mode
value (X;)” = 21.3 km (above procedure). The
final mode value is obtained as the mean (rela-
tion (3.2)) of two values and is X, = 15.7 km
(earthquake No. 3, table II).

The Weibull-Gamma mixture distribution
has a bimodal trend (fig. 4), and between two
local maxima as automatic procedure we always
select the greater one. Using the same procedure
all the values X;, i =0, 1, ..., 5 are evaluated. At
least it is possible to evaluate the equivalent radii
Dy, Dy, D,, D3 and D, through the relation (3.1),
assuming PK = 0.5 (table III). .

It becomes clear that the estimation of X; is
the critical point of the analysis. The 27 March
1928 earthquake, chosen as an example to il-
lustrate the procedure, has a large amount of
data for each intensity degree and did not raise
problems. Other earthquakes, with a poor set
of data, furnished not reasonable estimates, and
in such cases it was necessary to leave the au-
tomatic procedure and to activate further anal-
ysis. In the following we present some cases
where it was not possible to reach a good eval-
uation of the equivalent radii:

— 1743/02/20 with I, = X, located in the
Otranto channel (H Zone). It presents many
problems, such as the two highest observations
located much more distant from the epicentre
than the lower ones and it caused the definition
of incongruent equivalent radii. This intensity
data set was not considered in any situation
during the analysis.

— 1875/12/06 with I, = VII-VIII, located in
the Foggia neighbourhood, at S. Marco in
Lamis (F Zone). The analysis of this earth-
quake leads to the definition of very large
equivalent radii, probably due to an underesti-
mated epicentral intensity. This event was
analysed only alone, it was not included in
the subsequent analysis of similar-attenuation
zones.

- 1911/10/15 with I, = IX-X, located in
Etna zone (G Zone). This earthquake shows
very small equivalent radii D;, D, and D5 and

it caused problems in the analysis with other
events of the zone. This intensity data set was
excluded in all situations.

- 1958/06/24 with I, = VII, located in
Aquilano, in B Zone, that has too few data
(table I, one before the last). Also this intensity
data set was not used for the analysis. =~
. Tﬁble II reports the mode values X, X, X5,
X3, X, and X5 (relation (3.2)) calculated for 51
earthquakes while the equivalent radii D,, D,,
D,, D5 and D, are shown in table III.

4. Adopted attenuation law

Starting from the equivalent radii of the iso-
seismal lines evaluated in the previous section,
we chose between different attenuation laws
(i.e., Blake, Sponheuer, Exponential, Grandori)
for parameters estimation of intensity decay re-
lationships. Grandori’s attenuation law in this
study was adopted a priori because it has inter-
esting properties: a good description of inten-
sity decay for sites near the earthquake source,
usually underestimated; a unique attenuation
law with few coefficients, that makes the inten-
sity decay dependent on the epicentral intensity
Iy, when the historical data show this kind of
behaviour, instead of a relation with different
coefficients for each intensity I,

This law was chosen in previous papers
(Grandori er al., 1987, 1991; Petrini, 1995;
Teramo, 1995), as flexible and efficacious for a
good description of the intensity decay rela-
tionship and more suitable for seismic hazard
assessment.

We chose a unique attenuation model, suit-
able to estimate the attenuation parameters of
intensity decay relationships analysing either
each single earthquake or simultaneously more
earthquakes. The structure of the attenuation
law proposed by Grandori is given by the fol-

lowing relations:
Y-1 (D
— =1 4.1
¥ (DO )] @D

_ Dyh=J)
" Dy(Iy=J—1)

Ip—i=— ln[1+
¥

In

4.2)
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(DI_DO) (Dn+1_Dn)
H=—p— "=7D,-b,,
W= mean (¥, ¥, ..., V)  (43)

where D, is the equivalent radius of the iso-
seismal line of the maximum intensity /y; D; is
the equivalent radius of the isoseismal line of
intensity I = Iy—i; ¥ and ¥, are parameters.

As mentioned, the characteristics of the re-
lation (4.1) is that the intensity decay depends
on the epicentral intensity /, by means of D,
and of the relation (4.2). Let us observe that
the attenuation is faster for weak earthquakes
when @ > 1 and faster for strong earthquakes
when @ < 1, whereas it is constant for all the
intensities if @ = 1. The parameter @ can be
evaluated if there is a monotonic relation be-
tween the values of D, and the epicentral in-
tensities I, when more earthquakes of the same
similar-attenuation zone and with different epi-
central intensity [, are simultaneously anal-
ysed. The functional structure (4.1) is used as
an isotropic model but an azimuth factor could
be introduced through the equivalent radius D,.
In this paper we neglect the possible direc-
tional effect of intensity decay.

5. Validation procedure

To yield a measure of the capability of in-
tensity decay relationship in reproducing the
observed intensities, some criteria for a valida-
tion procedure were developed. The attenua-
tion law furnishes, through the estimated pa-
rameters, and for a site at a certain distance, a
value of intensity that has to be compared with
the real observed intensity. For this purpose it
is necessary to define some ranges that classify
the match between the observed and the calcu-
lated intensity:

E = Equal: match between observed and
calculated intensity;

O = Overestimation of one degree of ob-
served intensity;

U = Underestimation of one degree of ob-
served intensity;

O+ = Overestimation of more than one de-
gree of observed intensity;

U+ = Underestimation of more than one de-
gree of observed intensity.

Some assumptions were established:

— the calculated intensity could never match
the uncertain observations (i.e., I, = VI-VII)
but if the attenuation law furnishes either I, = VI
or I, = VII we assume it in category E;

— the observed intensities greater than epi-
central intensity are counted in category E or U
depending on whether they are uncertain ob-
servations or not;

— the validation is done only for the ob-
served intensities /; > VI, considering that in
MCS scale VI is the minimum degree indicat-
ing a damage to buildings.

A percentage of each class on the number of
the analysed data points gives a measure of the
goodness of the estimated intensity decay rela-
tionship (table III and table V).

6. Analysis of single earthquakes

The first result of this work was a detailed
analysis of the 55 considered earthquakes and
the definition of an attenuation law for 51 of
them (section 3.1). So the calculated attenua-
tion law is here described for every single
earthquake.

A summary of the gained results is shown
in table III, in which data sets have been
grouped for every zone and sorted on epicen-
tral intensity. The data set was named only
with the label number, the same as in table II,
to save space. It is stressed that the results
were obtained using PK = 0.5 in (3.1). The
table contains the D, sets, with i = 0, 1, ..., 4,
the ¥, ¥, and D, parameters from Grandori’s
attenuation function, and the validation of re-
sults for every set of parameters, expressed
through the percentage of the classes described
in section 5.

In general the results gave a weighted aver-
age of 58.2% of exact observations (E) on the
number of observations of each event. There
was a maximum of more than 90% for the ex-
treme regular earthquakes (well fitted by an
isotropic model), and results lower than 40%
for the situations most critical to model. The
average of the underestimated observations of
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Table IV. The 10 sets of equivalent radii, Grandori’s attenuation law parameters and percentage of validation

procedure obtained for B zone. The best results are obtained

with a PK value of 0.8.

Zone PK Dy Dy D, Dy D, ¥ W Dy E% 0% U% O+% U+%
0.1 82 177 338 540 825 145 116 82 457 100 304 22 117
02 91 193 357 569 854 142 112 91 495 118 266 23 98
03 100 208 377 597 884 139 1.09 100 503 139 253 26 79
0.4 108 224 396 625 914 136 107 108 521 152 233 3.1 63
B 05 117 240 415 654 943 133 105 117 528 170 212 36 54
0.6 126 256 435 682 973 131 103 126 537 182 184 48 48
0.7 135 271 454 710 1002 129 101 135 544 196 160 60 41
0.8 144 287 473 738 1032 128 1.00 144 547 210 138 68 37
0.9 152 303 493 767 1062 126 099 152 531 232 128 178 31
1O 161 319 512 795 109.1 125 098 161 527 244 117 90 22

Table V. Final results of similar-attenuation zones analysis. Equivalent radii, Grandori’s attenuation law pa-
rameters and percentage of validation procedure obtained for all the analysed zones. The PK value identifies

the set of attenuation parameters

that best reproduce the observations for each zone.

Zone PK Dy Dy D, Dy Dy ¥ W Dy E% 0% Ub O+% U+%
A 09 80 145 397 798 952 20 08 80 556 199 114 64 67
B 08 144 287 473 738 1032 13 1.0 144 547 210 138 68 37
C 06 105 214 491 785 1152 1.6 1.0 105 509 202 181 33 75
D10 119 216 341 440 543 1.0 08 119 370 235 99 247 49
E 06 156 306 505 778 1150 14 10 156 473 214 188 80 45
F 09 206 354 593 926 1168 12 07 206 526 291 104 44 35
G 10 41 93 143 231 424 16 12 41 521 155 141 99 85
L 09 130 203 458 937 27 06 130 489 164 198 7.1 78

one degree (U), equal to 19.4%, was greater
than the overestimated ones of one degree (0),
15.57%.

Reproduction of the worst events concerned
earthquakes with very close observations of
different intensity (i.e., 1887/02/23 No. 51 of
L zone) or with a very small set of observations
for certain D; (i.e., 1570/11/17 No. 22 of
C zone) and, as stressed in paragraph 3.1, in
such cases it should be better to activate fur-
ther analysis and a manual controlled proce-
dure. Otherwise the best reproduced events had

a low [, about VIII or VIII-IX, so not a large
number of observations (/; = VI or I, = VII)
were considered.

6.1. Discussion on the intensity decay shapes

Some considerations on the intensity decay
relation used are required. An important fea-
ture of the Grandori relationship is the possi-
bility to model the intensity decay according to
the epicentral intensity. This feature is repre-
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sented by @ parameter and it is defined by the
ratio between D, of different epicentral inten-
sity (relation (3.2)) but, considering all the
earthquakes of the same similar-attenuation
zones, no monotonic relations were detected

28 -
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Int:nsﬁy Io (MC')\S)
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24
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Inte: nsity [
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between the epicentral intensities [, and the
value of equivalent radii D,. This can be seen
in table IIl analysing the D, and [, columns
and also, with a graphic representation, in fig. 5.
In this figure D, stands for the analysed

241 Zone B

© 0 o o ©~

10
10
9-10
9

9

Intensity Io (MCE)

24| Zone D

Do (Km)

Intensity Io MCS)

Intensity Jo MCS)

Fig. 5. Equivalent radius, Dy, and epicentral intensity, I, represented to evaluate their possible correlation.
Only zones containing more than two earthquakes are represented.
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events, grouped by zones (each column is an
earthquake labelled by the identificative num-
ber) versus the epicentral intensity sorted in
decreasing order. Three zones are not present
in this representation, G and L zones because
they have two and one earthquakes respec-
tively, too few to find a relation between Iy and
Dy, and obviously H zone since its unique
earthquake did not furnish useful radii.

A glance at this figure shows that there is
no monotonic relation between /I, and D, and
the Dy, of events with the same 1, are very dif-
ferent from each other. Thus, it was not possi-
ble to evaluate an average value of ¥ main-
taining the decay dependence on the epicentral
intensity /, through the ratio @ of Grandori’s
attenuation law. At this point, for seismic haz-
ard purposes, the choice was to use either the
intensity decay relationship of the most repre-
sentative earthquake or to estimate an average
intensity decay considering all the earthquakes.
The choice did not concern the attenuation law
used, so for this reason we estimated an aver-
age intensity decay but still using Grandori’s
attenuation law and we used the described em-
pirical validation procedure to examine the re-
sults as illustrated below.

7. Analysis of similar-attenuation zones

The process of analysis of the similar-atten-
uation zone starts again from the equivalent
radii of the isoseismal lines. As seen in section
6 the underestimated observations on the aver-
age are greater than the overestimated ones.
This fact suggested that the choice of PK = 0.5
(relation (3.1)) was not always optimal: it is
reasonable to think that in many situations it
proposes D; much too small. As a conse-
quence, different PK variables were adopted
for the calculation of the parameters of similar-
attenuation zones.

The procedure is the following: the mode
values X;, previously estimated, are selected
among the earthquakes belonging to the same
similar—attenuaAtionA zone and the mean of all
mode values X, X;, X,, X3, X, and X; is cho-
sen as estimate of the zone. For instance, if we

consider zone B, with 12 earthquakes, the cor-
responding Adistances (Ain km) of the mode
\ialue are XAo =73, X, =A16.1, X, = 31.9,
X3 =512, X, =784, and X5 = 111.44. Then
the equivalent radii are calculated using the re-
lation (3.1) varying PK value, from 0.1 to 1
with a step of 0.1. Table IV shows the 10 sets
of equivalent radii obtained varying PK and
the corresponding parameters of the attenua-
tion law evaluated. It can be noticed that the
value D; increases to reach a maximum of Xivi
(when PK = 1). As a consequence the values of
¥, ¥,, and D, parameters characterising the at-
tenuation law and its validation, obviously
change. The criteria to choose the best set of
parameters for seismic hazard evaluation are
the following:

1) largest amount of intensity observations
in E class;

2) minimum number of intensity observa-
tions in U and U+ classes;

3) minimum number of intensity observa-
tions in O and O+ classes;

4) it is better a higher percentage in class O
rather than in class U.

The parameters set, selected among the pro-
posed ones and corresponding to PK = 0.8, sat-
isfy the assumed criteria.

To estimate the average parameters by the
analysis of the grouped earthquakes of similar-
attenuation zones, it is necessary to point out
some considerations comparing all the inten-
sity data sets together: we can analyse the re-
sults beginning from fig. 6. In this figure the
equivalent radii D; (i = 0, 1, ..., 4) are shown
by histograms drawn for every earthquake:
each bar is labelled on the X-axes by the num-
ber in table IT and table III. On the Y-axes the
values of the radii Dy, Dy, ..., D, are repre-
sented in kilometres. On the background, in
grey, the global value obtained for each zone is
shown. With the aid of these graphs, for every
D; it is possible to have an overview of the
earthquake equivalent radii dimension in com-
parison with the radii computed for the zones.
It is supposed that these events are characteris-
tics for the zones and they describe the zone
average trend. In the present situation it seems
that some earthquakes of the same zone have
different attenuation characteristics. Using this
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Fig. 6. Diagrams of equivalent radii Dy, Dy, D,, D3, D, of all analysed earthquakes (black histograms). In
X-axis, earthquakes are labelled with identification short numbers (table IIT), in Y-axis the equivalent radii
D; (km) are represented. These earthquakes are grouped for similar-attenuation zones (A, B, C, D, E, F, G, L).
Grey histograms indicate the equivalent radii D; evaluated for the zones by the validation procedure.
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representation it is possible to fully appreciate
the quality and the heterogeneity that can be
reached grouping such earthquakes, and the
consequent representativeness of the average
parameters set for the similar-attenuation
zones. This result suggests that such analyses
should be performed a priori, at the same time
as the definition of similar-attenuation zones. It
is therefore evident that it is always possible to
find an average of the intensity decay but gain-
ing validation percentages clearly smaller than
those obtained before.

The radii for single earthquake were calcu-
lated with PK = 0.5, while the radii for the
zones were computed with PK value chosen by
the validation procedure. A draft average was
not made (this is strongly evident for the L
zone); in fact fig. 7 shows, as an example, the

attenuation curve for the D zone (bold line)
and for each single earthquake of that zone.
The curve for the zone tries to take in account
the biggest single event establishing quite big
D;, causing a large number of overestimated
observations, as observed in table V: here the
final results are shown. The values of the
elected D; sets are represented, together with
the corresponding parameters of attenuation
law in the validation categories. Beside the L
zone, for which only one earthquake was avail-
able and not suitable for isotropic attenuation
law, the validation results show that the worst
result is for D zone. For the other zones, values
greater than 50% were obtained. In our opinion
this is caused by the very different attenuation
trend of the grouped earthquakes, as seen in
fig. 7 for the D zone.

Zone D

1846/08/14
1909/08/25
1927/12/26
1971/02/06

T T | T | —
100 120 140

Fig. 7. Chart of intensity decay versus distance (km) in D zone. The bold line represents the average intensity
decay evaluated for D zone. The other lines indicate the attenuation of the single analysed earthquakes

(1846/08/14, I, = IX; 1909/08/25, I, = VII-VIII; 1927/12/26, I, =
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VII-VIIL; 1971/02/06, I, = VII-VIII).
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Fig. 8. Chart of intensity decay versus distance for similar-attenuation zones (A, B, C, D, E, F, G, L). The pa-
rameters of attenuation laws were selected by the validation procedure, analysing all the earthquakes belong-

ing to the same zone simultaneously.

Figure 8 shows the attenuation laws selected
for every similar-attenuazion zone in table V.
From this graph it is evident that the laws are
distinct. The G zone, where the Etna and Vesu-
vio volcanoes are located, shows a decay
greater than other zones, as expected for a vol-
canic earthquake zone.

8. Conclusions

Using observed intensity data sets directly,
an objective and reproducible procedure was
defined to estimate the equivalent radius D,.
With these values, the parameters set of an at-
tenuation law was defined for single earth-

quakes and for joined earthquakes of similar-
attenuation zones. The proposed method was
tested on the case study and it demonstrated, in
general, a fairly good behaviour.

The parameters estimated using single
earthquakes showed a good percentage of vali-
dation, whereas the average parameters ob-
tained by analysing a set of earthquakes be-
longing to the same similar-attenuation zone
gave a lower percentage. This is an important
result since the outcome mainly required is the
capability to estimate on average the intensity
decay for a large zone.

Finally through the validation procedure a
criterion to define the accuracy of an attenua-
tion law is proposed: grouping data into five
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classes with respect to the attenuation law ca-
pability to match the observed intensity at site,
a measure of attenuation law goodness is de-
fined.

Furthermore, the procedure proposed in this
paper, applied to a larger set of earthquakes,
can be combined with usual seismotectonic
analysis for the definition of similar-attenua-
tion zones with a greater number of ele-
ments.
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