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Analysis of strong ground motions to evaluate
regional attenuation relationships
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Abstract

Italian attenuation relationships at regional scale have been refined using a data set of 322 horizontal components
of strong ground motions recorded mainly during the 1997-1998 Umbria-Marche, Central Italy, earthquake
sequence. The data set includes records generated by events with local magnitude (M,) ranging between 4.5 and
5.9, recorded at rock or soil sites and epicentral distance smaller than 100 km. Through a multiple step regression
analysis, we calculated empirical equations for the peak ground acceleration and velocity, the Arias Intensity
and for the horizontal components of the 5% damped velocity pseudo response spectra, corresponding to 14
frequencies ranging from 0.25 to 25 Hz. We compared our results with well known predictive equations, widely
used on the national territory for Probabilistic Seismic Hazard Analysis. The results obtained in this study show
smaller values for all the analyzed ground motion indicators compared to other predictive equations.

Key words ground motion indicators — attenuation
relationships — Umbria-Marche area

1. Introduction

Attenuation relations are mathematical func-
tions relating a strong motion parameter to par-
ameters characterizing: the earthquake, the
propagation medium, local site geology and
structure (Campbell, 1985). In conventional
ground motion models the earthquake source is
represented by the magnitude; the effects of wave
propagation from the earthquake source to the
site region are specified by a distance; and the
effects of the soil conditions by a site category
(So-merville, 2000). Accelerometric recordings
are used to derive scaling equations that predict
earthquake-induced ground motion in a certain
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area starting from a simplified empirical model.
Usually attenuation relationships are revised after
an earthquake as new data are made available to
the scientific community. The most recent scaling
law for Italy was published in 1996 by Sabetta
and Pugliese, just before the earthquake sequence
that hit Central Italy in 1997-1998. The purpose
of this study is to generate new attenuation rela-
tionships using the strong motion data recorded
during that sequence.

The main criticism appointed to attenuation
function is that usually regional data sets are
statistically not significant, while national or
global data sets often include records from very
different seismotectonic settings that are not
mixable (Decanini et al., 2001). Nevertheless,
the amount of records available for the Umbria-
Marche area in Central Italy is now sufficiently
large to perform statistical analysis at regional
scale. As fig. 1 shows, the data used in this study
are nearly twice the number of records used by
Sabetta and Pugliese (1996) for the whole
national territory.

Attenuation relationships are used to estimate
the pertinent characteristics of real ground motion,
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such as amplitude, frequency content and
duration. Several ground motion parameters
have been proposed to quantify these char-
acteristics, among which we used peak ground
acceleration and velocity to describe amplitude,
response spectra to account for frequency
content, while Arias Intensity (Arias, 1970)
reflects all the characteristics (Kramer, 1996).
Attenuation relations are used in the Prob-
abilistic Seismic Hazard Analysis (PSHA) to
determine the seismic hazard at a given site,
taking into account a number of factors like
seismic sources model, attenuation law and the
uncertainties in the model parameters. Usually
the results of PSHA are hazard maps showing
the ground motion level that will not be exceeded
in a given time lag, with a given probability.
Other ground motion measures of engineering
significance derived from PSHA are the Uniform
Hazard Spectra (UHS) and the ground motion
time history (Naeim and Lew, 1995; Bommer
et al., 2000). In this study, we will focus on the
derivation of the ground motion attenuation
relationships and will compare our results with
other predictive relations already used in Italy.

2. Ground-motion data

The strong ground motions available for the
Umbria-Marche area, Central Italy, include
records provided by several Italian institutions,
namely Servizio Sismico Nazionale (SSN), Ente
Nazionale per I’Energia Elettrica (ENEL, now
SOGIN) and Ente per le Nuove Tecnologie,
I’Energia e I’Ambiente (ENEA), which are all
available in digital format (SSN and ENEL,
1998; Imperial College et al., 2000). For this
study, we used data from events occurred at
different times: Norcia-Valnerina earthquake in
1979, Gubbio earthquake in 1984 and the 1997-
1998 Umbria-Marche earthquakes. All these
earthquakes were generated by normal or
oblique faults parallel to the Apennine at focal
depth ranging between 2.0 and 8.7 km (table I).
The parameters listed in table I are derived from
Deschamps et al. (1984) for Norcia-Valnerina
earthquake, Haessler ef al. (1988) for Gubbio
earthquake and Cattaneo et al. (2000) for the
1997-1998 Umbria-Marche earthquakes.

Among all the data available for this area,
we selected only the records produced by events

Table I. List of the Umbria-Marche, Central Italy, earthquakes used in this study.

Earthquake name Date Time Latitude Longitude M,  Depth N. records
Norcia-Valnerina 19.09.79 21:35 42N43.80 12E57.60 5.9 6.0 7
Gubbio 29.04.84 05:02 43N15.00 12E31.20 5.2 7.0 7

Umbria-Marche 03.09.97 22:07 43N00.92 12E52.77 4.5 8.7 1
Umbria-Marche 26.09.97 00:33 43N01.24 12E50.83 5.6 3.8 15
Umbria-Marche 26.09.97 09:40 43N01.41 12E50.83 5.9 6.5 21
Umbria-Marche 03.10.97 08:55 43N02.05 12E50.52 54 5.7 11
Umbria-Marche 04.10.97 16:13 42N55.96 12E56.14 4.8 2.1 5
Umbria-Marche 06.10.97 23:24 43N00.91 12E50.58 55 7.0 20
Umbria-Marche 12.10.97 11:08 42N54.64 12E56.99 53 2.2 10
Umbria-Marche 14.10.97 15:23 42N54.91 12E55.77 5.6 4.9 28
Umbria-Marche 16.10.97 12:00 43N02.06 12E53.42 4.6 2.0 7
Umbria-Marche 09.11.97 19:07 42N51.26 12E59.99 4.9 2.0 8
Umbria-Marche 21.03.98 16:45 42N57.09 12E54.86 4.6 4.1 6
Umbria-Marche 03.04.98 07:26 43N11.05 12E45.54 5.0 2.6 9
Umbria-Marche 05.04.98 15:52 43N11.41 12E46.35 4.7 54 6
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Fig. 1. The histogram shows the number of data used in this study (ZM02) and in SP96 for each magnitude
level. Data for SP96 are obtained from Sabetta and Pugliese (1987).

with local magnitude M, bigger than 4.5, recorded
at less than 100 km of distance from the epicenter
(fig. 2 and table I). The records of March 26th
1998, M, 5.6 earthquake were not considered in
the analysis because this event occurred at 47 km
depth; moreover, we did not use the records from
the station of Nocera Umbra because it shows a
strong amplification effect due to the presence of
a sub-vertical fault and to highly fractured rocks
(Marra et al., 2000).

The data set used for this study was therefore
reduced to 161 records (see table I and fig.1) whose
horizontal components have been uniformly
corrected using the software BAP (Basic strong
motion Accelerogram Processing software;
Converse and Brady, 1992). All the records,
sampled with a 0.005 s interval (200 samples/s),
were baseline and instrument corrected and then
band-pass filtered applying a high-cut filter
between 23 and 28 Hz and a low-cut filter
represented by a bi-directional Butterworth filter
with corner frequency of 0.4 Hz and rolloff
parameter equal to 2.

Since the largest earthquake in the data set
turned out to be 26th September, 1997 M, 5.9
earthquake (see table I), in this study we are
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allowed to use local magnitude because this scale
is known to saturate at about magnitude 6.5 (Lay
and Wallace, 1995). Sabetta and Pugliese (1996)
used M, for small magnitudes, and M, when both
M, and M, were larger than 5.5. According to the
relation derived by Rebez and Stucchi (1996) for
Italy, the difference between M, and M, , in the range
of magnitude considered in this study, is sufficiently
small to allow the comparison of the two analysed
attenuation relationships. Also, Bolt (1989) sug-
gests that for shallow earthquakes, as in our case
study, M, scale should be used for magnitudes
from 3 to 7.

In this study, all the stations are classified as
either rock or soil (as in Spudich et al., 1999),
according to the superficial geology. The criterion
used to define rock sites is the same as adopted in
Ambraseys et al. (1996) and in Imperial College
et al. (2000), and follows the scheme proposed by
Boore et al. (1993) based on the measured or
estimated average shear-wave travel-time velocity
to a depth of 30 m. According to this classification
rock sites are characterized by shear-wave velocity
larger than 750 m/s. The sites classified as stiff or
soft soils (having respectively velocity between 360
and 750 m/s and smaller than 360 m/s) are put
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Fig. 2. Distribution of the records used in this study with respect to local magnitude M,, epicentral distance R

(km) and site geology.

together in a single class generically defined as
«soil» (see table II). Sabetta and Pugliese (1996)
used a different classification based on geological
and geotechnical information including the
depth of the sediments, so for these authors rock
sites are located on outcrops, stiff shallow soils
have average shear-wave velocity greater than
800 m/s and are less than 20 m thick, while deep
alluvium soils have thickness of more than
20 m and shear-wave velocity ranging between
400 and 800 m/s (see table II).

Some problems may arise when comparing
our results with SP96’s because we did not
consider the thickness of the soil. As shown in
table II, according only to shear-wave velocity
our «soil» class corresponds to SP96’s «deep
soil» class (see also fig. 6a,b), while the «shal-
low soil» class used by SP96 should correspond
to «rock» for ZMO02. This is proved not to be
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true by fig. 6a,b, showing that SP96’s «shallow
soil» pseudo-velocity response spectrum has a
peak at high frequencies. Therefore we com-
pared our «rock» curves with SP96 «rock»
curves, when sites are defined as rock accor-
ding to the classification by Ambraseys et al.
(1996) and in Imperial College et al. (2000),
while we suggest comparing SP96 «deep soil»
curve with our «soil» curve for all the other
cases.

For each horizontal acceleration recording
we calculated peak ground acceleration (in g),
peak ground velocity (in cm/s), Arias Intensity
(cm?/s’) and the pseudo-spectra of velocity (in
cm/s) using a 5% damping and then regression
analysis was performed to evaluate the atten-
uation function for each of these indicators.
The next paragraph discusses the methodology
adopted for the regression analysis.
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Table II. Correlation between different soil classifications used for attenuation relationships.

ZMO02 Rock Soil
Vo > 750 m/s Vo = 750 m/s
AMB96 Rock Stiff soil Soft soil
Vi > 750 m/s 360 = V,, = 750 m/s Vi < 360 m/s
SP96 Rock Shallow soil (H < 20 mm) Deep soil (H > 20 m)
Outcrop Vs> 800 m/s 400 = V, = 800 m/s

3. Predictive equation

Many predictive relationships derived from
regression analysis of strong motion data are
available in literature for horizontal peak
acceleration, velocity and response spectral
values. Several papers (for example, Campbell,
1985; Joyner and Boore, 1988) offer a review
of the most commonly used equations and
regression techniques: the general form chosen
by most investigators to model attenuation is
given by the following expression:

f(X)=a+fi(M)+ £(R)+ £(S) =0 3.1)

where Y is the strong motion parameter to be
predicted, a is a coefficient that depends on
frequency, f,(M) is a function of magnitude, f,(R)
is a function of distance, f,(S) accounts for soil
conditions and ois the standard deviation of Y.

As said in Section 1, the most recent atten-
uation relationships for Italy were calculated by
Sabetta and Pugliese (1996), from a data set of
95 three components accelerometric recordings,
generated by 17 Italian earthquakes of magni-
tude ranging from 4.6 to 6.8 and distances up to
100 km.

This relation is generally used for the whole
national territory, and its final form is the
following equation:

log,,(Y) =

=a+bM +clog (R* +h*)? +¢S +e,5, x0
(3.2)

where a is the offset term, b is the magnitude
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term, and c is the distance term, M is the
magnitude (M, or M, as described previously),
R is the distance (fault or epicentral) in
kilometers and 4 is the pseudo-depth determined
by regression that accounts for all the factors
that tend to limit or reduce the motion near the
source and also includes any factors that tend
to enhance the motion near the source, like
directivity (Joyner and Boore, 1981).

The terms e S, and ¢, S, are related to the site
classification (e,S, is for shallow soils, while ¢, S,
is for deep soils), and ois the standard deviation
of the logarithm of Y. The values of the co-
efficients in eq. (3.2) were estimated through
nonlinear multiple regression analysis, although
it is worth noting that coefficient c is set equal
to —1 and does not vary because it represents
the energy decay due to geometric spreading.

Another attenuation relationship often used
in Italy is the one proposed by Ambraseys et al.
(1996) that was calculated over a data set
representative of European strong motions
composed by 422 triaxial records generated by
157 earthquakes having magnitude M, between
4.0 and 7.9 and focal depth less than 30 km. The
equation adopted by these Authors has the
following form:

logw(Y) =C +CM+ C3log10(r) +

+ CASA + CsSS +0P
3.3)

where C, is the offset term, C, is the magnitude
term, C, is the distance term, M is the magnitude
M, and r is the distance calculated as in eq. (3.2).
The coefficient C,S, accounts for stiff soils, while
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C,S, is for soft soils, ois the standard deviation
of the logarithm of Y, and P is a coefficient that
can take only the values O or 1. Note that in the
following paragraphs we will indicate the two
cited papers and the relative attenuation
relationships as SP96 and AMB96.

The attenuation relationship proposed in this
paper is given by

log (Y)=a+bM +

+clog,,(R? +h?)? +elz0 (3.4)
where M is local magnitude (M,), R is epicentral
distance in kilometers, % is the pseudo-depth
determined by regression, the coefficient e
accounts for soil condition, I' is a dummy
variable that can take only the value O (for rock
sites) or 1 (for soil sites) as in SEA99 (Spudich
et al., 1999), and ois the standard deviation of
the logarithm of Y.

The coefficients were calculated using a
multiple step regression analysis, similar to the
two-step procedure described by Joyner and
Boore (1981), in which a and b are derived by
linear regression for a given value of &, which
is then determined, along with ¢, minimizing
the sum of the squared residuals. After the two-
stage regression, the site coefficient was deter-
mined minimizing the residuals (see Ambraseys
et al.,1996).

4. Predicted horizontal response spectra

We solved eq. (3.4) for Y corresponding to
the average of the horizontal Pseudo-Spectra of
Velocity (PSV) calculated with 5% damping (in
cm/s), and the regression analysis described in
the previous paragraph was performed on the
data frequency-by-frequency for a total of 14
frequencies in the range between 0.25 and 25 Hz.

Table III. Regression coefficients for eq. (3.2) for Y equal to PSV, PGA, PGV or Arias Intensity. Coefficients
are to be used for 4.5 = M, = 5.9 and epicentral distance R < 100 km.

Frequency (Hz) a b c h e o

0.25 -3.002 0.773 -1 2.1 0.157 0.329
0.33 -3.012 0.809 -1 3.5 0.171 0.331
0.50 -3.169 0.890 -1 55 0.243 0.348
0.67 -2.900 0.852 -1 4.6 0.336 0.350
1.00 -2.280 0.745 -1 49 0.292 0.319
1.33 -2.067 0.715 -1 4.6 0.230 0.308
2.00 -1.608 0.635 -1 3.1 0.101 0.295
2.50 -1.373 0.595 -1 2.0 0.065 0.297
3.33 -0.878 0.505 -1 2.1 0 0.288
5.00 -0.391 0411 -1 33 0 0.270
6.67 0.038 0.310 -1 3.2 0 0.269
10.00 0.194 0.225 -1 3.6 0 0.269
15.00 -0.036 0.225 -1 3.1 0 0.274
25.00 -0.737 0.292 -1 2.8 0 0.274
PGA (g) -1.632 0.304 -1 2.7 0 0.275
PGV (cm/s) -1.275 0.458 -1 1.9 0.051 0.289
I, (cm’/s’) 0.713 0.664 -1.046 0 0.075 0.335
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Fig. 3a-c. Comparison between PSV calculated from
the data set (a) and two different attenuation
functions: SP96 (b) and this study (ZMO02 (c)).

The coefficients evaluated with our regression
analysis are shown in table III, along with the
corresponding frequencies.

Figure 3a-c compares the spectral values
(PSV) of the data (fig. 3a) and the results of
different attenuation functions: SP96 (fig. 3b)
and this study (indicated by ZMO02, fig. 3c). In
each plot, the horizontal axes are frequency (in
Hz) and epicentral distance (in km), while colors
indicate different values of the logarithm of PSV.
These figures show that our attenuation function
reproduces the same upper values of SP96 but
it decays faster as distance increases. This result
is due to the small amplitudes shown by our data
at large distances (see fig. 2): in fact we have
records from small, shallow events which have
very small amplitude at large distance, while
SP96 data are generated by strong events
(magnitude larger than 5.5 and up to 6.8) and
therefore they have larger amplitudes at the same
distances.

Generally, the results of regression analysis
are of good quality, as proved by relatively small
standard deviations. Figure 4a,b shows two
examples of good quality of fit between recorded
and simulated spectra. The first (in fig. 4a) was
recorded during 26th September 1997, M, =5.6
earthquake at Cascia, which is a rock site
(Imperial College et al., 2000) located at about
35 km from the epicenter on calcareous marl
aged Paleogene (SSN and ENEL, 1998). The
second example (fig. 4b) is a record of October
14th 1997, M,= 5.6 earthquake at the site of
Spoleto Monteluco. This station is located at
about 30 km from the epicenter on massif
Jurassic limestone (SSN and ENEL, 1998),
therefore is classified as rock (Imperial College
et al., 2000). In each plot, the black solid curve
is the average horizontal component of the
spectrum, our results are in red, while SP96 is in
blue. The figure shows that SP96 curves fit the
higher values of the spectra calculated from the
data, while ZM02 seems to be smoothing the data.

Figure 5a shows the spectra calculated at
different epicentral distances (5, 10, 30, 50, 100
and 200 km) for a fixed value of local magnitude
(M, = 6) and fixed site geology (rock). All the
curves have the same shape, characterized by a
plateau between 0.50 and 5.0 Hz, and amplitudes
decrease with increasing distance. Figure 5b
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Fig. 4a,b. Comparison between PSV derived from processed records (black curves) and PSV calculated using
ZMO2 (red curve) and SP96 (blue curve). Figure 4a shows the case of RA01188 recorded at the site of Cascia
during 26th September 1997, M, = 5.6 earthquake; in fig. 4b the case of RA01316, recorded of Spoleto Monteluco

during 14th October 1997, M, = 5.6 earthquake.
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Fig. 5a,b. Figure 5a shows the predicted (5% damping) PSV curves versus the frequency for different values of
the epicentral distance (i.e. R=15, 10, 30, 50, 100 and 200 km) calculated with the attenuation relations proposed
by this study (see table III) for a rock site and local magnitude M, = 6. Figure 5b shows a comparison of the
predicted (5% damping) PSV versus the frequency for a fixed epicentral distance (R = 30 km) and at different
levels of local magnitude (i.e. M, ranging between 4 and 7.5, each step is equal to 0.5). The red lines are relative
to the results of this study (ZM02) while the blue dashed curves are SP96 (raw curves).
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shows the comparison between the pseudo-
spectra of velocity calculated at a fixed epi-
central distance (R = 30 km) for eight values of
local magnitude (from M,=4 to M,="7.5 with a
0.5 step) at rock sites. The results deduced by
this study are in red, while the spectra by SP96
are represented by blue dashed lines. It is
interesting that the two attenuation relationships
give very different results both at small and large
frequencies. In fact up to M, = 5.5 SP96 is sys-
tematically higher than our results at the small
frequencies; while for higher magnitudes the
opposite situation occurs. For large frequencies
(above 5 Hz), SP96 is always larger than our
curves. Figure 5a,b (for rock sites) shows the
predictive values of the two attenuation re-
lationships computed outside their theoretical
limits of magnitude and distance, although it is
common practice in PSHA to perform the
analysis for magnitudes ranging between 4 and
7 and for distances up to 200 km.

To explain these discrepancies on the results
one might claim different facts: first of all, and
most important, the different data set used. It
is clear from fig. 1 that more than 50% of our
records are from events with local magnitude
M, smaller or equal to 5.5, while most of Sabetta
and Pugliese (1996) data (nearly two thirds) are
larger than that. As a consequence, small or
intermediate magnitudes have more weight in
our attenuation functions compared to SP96,
thus providing smaller values of the ground
motion. As a general statement, the attenuation
function proposed in this study should not be
used for M, greater than 6 since such magnitudes
are not present in our data set, while SP96 can
be extended more confidently toward large
events because some records of magnitude 6.8
are included in their analysis.

We can also attribute some differences to
the fact that we used the average of the two
horizontal components instead of the larger of
the two (as SP96) and thus we have introduced
some sort of smoothing in the data, eventually
lowering high values.

Finally we recall the slightly different band-
pass filtering frequencies used in our study (see
Section 2) compared to SP96. These authors used
cutoff frequencies for the high-cut filter ranging
between 0.2 and 0.7 Hz, with typical values of
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0.3, and ranging between 23 and 35 Hz for the
low-cut filter, with typical values of 25 Hz.

The different soil classification adopted in
this study and in SP96 has been discussed
previously (Section 2). Figure 6a represents the
predicted response spectra calculated with ZM02
attenuation relationship for the soil categories
explained in table II, while fig. 6b presents the
results for SP96. If we compare fig. 6a and b, it
is immediately noted that the soil class used in
this study (dashed line in fig. 6a) is more similar
to the deep soil class used by SP96 (dashed line
in fig. 6b). The maximum value reached by the
two curves is approximately the same (about 12
cm/s), but ZM02’s peak occurs at 0.7 Hz, while
SP96 reaches the maximum at about 1.2 Hz.

Some useful indicators of the strong motion’s
spectral energy are the Response Spectrum
Intensity (SI, Housner, 1959) and the Accel-
eration Spectrum Intensity (ASI, Von Thun ez al.,
1988), that represent the response spectrum
ordinates in period ranges of engineering
significance and are defined as follows:

sI(g)= [PSV(&T)-dT (4.1)
0.1
0.5
ASI = [5,(§=0.05T)-dT (4.2)

0.1

where &is the damping and T is the period. These
parameters were calculated from the PSV
obtained with SP96 and ZMO02 attenuation
functions for a rock site and different magnitude-
distance levels (see tables IV and V; the numbers
in italic refer to SP96). As expected from figs.
4a,b and 5b, ZMO02 outcomes are smaller than
SPI6 results because our predicted spectra have
always smaller values up to M, = 6, but if we
extend the calculation up to M, = 7, we obtain
larger values of ASI for all distances and larger
values of SI only for very small distances, and
slightly smaller values elsewhere. Therefore, if
used in PSHA, our attenuation relationship will
give smaller values of the ground motion
indicators compared to SP96 (thus decreasing
the level of hazard) in those source zones
characterized by low or moderate size earth-
quakes.
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Fig. 6a,b. Predicted velocity response spectra for different soil classes. Figure 6a represents the results of this
study for rock (thick solid line) and soil (dashed line); fig. 6b shows the results of SP96 for rock (thick solid

line), shallow soil (thin solid line) and deep soil (dashed line).
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Table IV. Values of response spectrum intensity (SI, in cm) for rock sites, using the PSV attenuation relationships
ZMO2 and SP96 (numbers in italics correspond to SP96).

SI (cm) Epicentral distance (km)
M, 5 10 30 50 100 200
4 5.66 3.21 1.12 0.67 0.34 0.17
841 5.52 2.08 1.26 0.63 0.32
5 13.89 7.84 2.73 1.65 0.82 0.41
19.43 12.68 4.76 2.89 1.45 0.73
6 38.91 22.00 7.68 4.63 2.32 1.16
46.99 30.41 11.36 6.89 3.46 1.73
7 127.64 72.84 25.55 15.40 7.71 3.86
121.01 77.52 28.79 17.44 8.76 4.38

Table V. Values of acceleration spectrum intensity (ASI, in cm/s) for rock sites, using the PSV attenuation

relationships ZMO02 and SP96 (numbers in italics correspond to SP96).

ASI (cm/s) Epicentral distance (km)

M, 5 10 30 50 100 200

4 8.48 5.09 1.83 1.10 0.55 0.28
22.47 13.71 4.95 2.99 1.50 0.75

5 46.15 27.93 10.06 6.08 3.05 1.52
86.96 52.91 19.06 11.51 5.77 2.89

6 260.98 159.09 57.45 34.71 17.41 8.71
344.57 209.02 75.18 45.41 22.77 11.39
7 1530.80 983.15 339.50 205.18 102.91 51.49
1395.90 844.30 303.22 183.12 91.81 45.94

5. Predicted peak ground acceleration,
velocity and Arias Intensity

Several indicators may be used to char-
acterize the ground motions for purposes of
seismic design: these include peak acceleration,
peak velocity, response spectral values and
Fourier spectral values. Response spectral values
were discussed in the previous paragraph, while
peak ground acceleration, peak ground velocity
and Arias Intensity will be analyzed in this
section.

Peak Ground Acceleration (PGA) is defined
as the largest absolute value of horizontal
acceleration derived from each accelerogram.
The PGA attenuation relationship proposed in
this study is calculated by regression analysis

using the approach described in Section 3. The
dependent variable Y in eq. (3.4) is the larger
horizontal component of each record, and the
coefficients a, b, ¢, h and e determined by
regression are listed in table III.

The attenuation relationship obtained in this
study always predicts lower PGA compared to
AMBY96, while compared to SP96 it gives higher
PGA values only for small magnitudes and small
distances. Figure 7 shows the three different
attenuation functions and the data with magni-
tude M, = 5.6, plotted with different symbols
according to the soil category (squares are for
rock, circles for stiff soils, and triangles for soft
soils). Figure 8 shows the same data, but the
curves represented are the result of this study
without standard deviation (solid red line), and
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10

PGA (g)

10

Epicentral distance (km)

Fig. 7. Different PGA attenuation functions are plotted with respect to epicentral distance for local magnitude
M, =5.6. The red line is the curve calculated in this study (ZM02), in blue is SP96 attenuation relationship
and in green is AMBO96. Solid lines are for rock sites, while dashed lines are the attenuation relationships
for soil. The black symbols represent all the data with M, = 5.6: squares are for rock sites, triangles for soils

(see table II).

introducing the standard deviation (summed or
subtracted). When the standard deviation is
considered in the analysis the majority of data
are inside the curve plus or minus one standard
deviation. Only a few data are slightly higher
than the curve plus standard deviation and a few
more data points are smaller than the curve
minus standard deviation. The latter were
recorded by digital instruments installed by
Servizio Sismico Nazionale and show very small
PGA because are located at large distance from
the fault, near L” Aquila.

Another parameter used to quantify the
amplitude of the ground motion is Peak Ground
Velocity (PGV), which gives information
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particularly at intermediate frequencies. We
derived PGV by integration of the acceler-
ograms, and as for PGA, we used the larger value
of the two horizontal components of each
record to define the coefficients in the atten-
uation function (eq. (3.4)), and the results are
listed in table III.

Finally, an attenuation function was derived
for the Arias Intensity (Arias, 1970), whose
coefficients are listed in table III (bottom line).
The pseudo-depth % calculated from regression
analysis results equal to zero. In fact the values
of Arias Intensity (in cm’/s*) are quite large and
depend only on distance because the effect of 4,
which is always very small, is almost irrelevant.
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10
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Fig. 8. Peak Ground Acceleration attenuation function is plotted with respect to epicentral distance for local
magnitude M, = 5.6 (solid line), while the dashed and the dotted lines are respectively PGA attenuation relationship
plus or minus one standard deviation. The black symbols represent the observed PGA: squares are for rock

sites, triangles for soils (see table II).

6. Conclusions

This study aimed at refining Italian atten-
uation relationships at regional scale using a data
set of 322 horizontal strong ground motions
recorded in Umbria-Marche, Central Italy. The
analysis was restricted to this area because the
amount of records is now large enough to be
statistically significant, thus overcoming one of
the most common criticisms of attenuation
relationships. The data set includes records
generated by events with local magnitude (M,)
ranging between 4.5 and 5.9, and epicentral
distance smaller than 100 km, which represent
the limits beyond which the attenuation
functions should be used. Through a multiple
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steps regression analysis, we have calculated
empirical equations for the peak ground ac-
celeration and velocity, the Arias Intensity and
for the horizontal components of the 5% damped
velocity pseudo response spectra, corresponding
to 14 frequencies ranging from 0.25 to 25 Hz.
The attenuation relationships were tested com-
paring the results to other attenuation relations
generally assumed to be valid for the whole
national territory. The comparison with Sabetta
and Pugliese (1996) results, in terms of PSV,
shows that for small frequencies our curves are
systematically smaller than SP96 up to M, =
6, while for higher magnitudes this situation is
inverted. For high frequencies our curves are
always smaller than SP96 for all magnitudes.
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The use of indicators like SI and ASI helps
understanding the response spectrum ordinates
in period ranges of engineering significance and
prove that SP96 outcomes are higher than ZM02
results for M, = 6. In terms of PGA, the attenu-
ation relationship obtained in this study gives
higher values compared to SP96 only for small
magnitudes and small distances.

These results are not surprising because we
mostly used records from events with local
magnitude M, smaller or equal to 5.5, whereas
only one third of Sabetta and Pugliese (1996)
data belong to this range of magnitude. Also in
this study the highest magnitude is equal to 5.9,
while SP96 uses data up to 6.8. As a conse-
quence, in our study small or intermediate mag-
nitudes weigh more than large magnitudes, and
this means that our attenuation functions will
provide smaller values of each ground motion
indicator.
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