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Realistic modelling
of observed seismic motion in complex
sedimentary basins
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Y International Center for Theoretical FPhysics, Trieste. 1.4

Abstract

Three applications of a numerical technigue are ilustrated to maodel realistically the s asniic grovid motion for
complex two-dimensional structures. First we consider a sedimentary basin in the Frii region, and we node!
strong motion records from an aflershock of the 1976 carthquake. Then we simulale the ground motion caused
in Rome by the 1915, Fucino (kaly) easthquake, and we compare our modelling with the damagz distribution
observed in the town, Finally we deal with the interpretation of ground motion recorded in Mexico Cily. as &
conscquence of earthquakes in the Mexican subduction zone. The synthetic signafs cxplain the major charac-
teristics (relative amplitudes. spectral amplification. frequency conteat} af the considered seismograms, and the
space distribution of the available macroseismic data. For the sedimentary basin in tke Frinli area, parametric
studies demonstrate the relevant sensitivity of the compuied ground motion to small Jhanges in the subsurface
topography of the sedimentary basin, and ir: the velocity and quality facter of the sediments. The relative Arius
Intensity, determined from our numerical simulation in Reme, is in very good agreement with the distribution
of damage observed during the Fucino earthquake. For epicentral distances in the range 50 km-100 km, the
source location and not only the lecal soil conditiens control the local eftects. For Mrxwo Cuty, the observed
ground motion can be explained as resonance effects and as excitation of local surface auves. and the theoret

cal and the observed maximum spectral amplifications are very similar. In general. o numerical simulations
estimate the maximum and average spectral amplification for specific sites. fe. they are a very powerful toul
for accurate miceo-zonagion.

Key words wave-propagation modelling - seismic are observed, and Jocalize d amplification of the
strong ground motion —  sedimentary basins - signals are often relaled i lateral iregularilies
senric micro-zonation in the subsurtace topography (e.g. Jackson.
1971). Even smooth variztions of the near-sur-
face structure can cause ‘arge differential mo-
tion, and in relatively close points it is possibic
1 observe signals with significantly different
amplitude and duration.

It is well-known that incident plane waves
are amplified when the scismic wave travels
through an interface from a medium  with
high rigidity. into a mediaom with low rigidity.
For vertically incident waves, the frequen-

—_ cies of the mechanica! sesonance which can

(%) New e Tnstitut fiiy Geophysik, FTH Honggerbers. occur in sedimentary bsins are given by

CH-R093 Zurich. Switzeriand fo= 2+ O3 whers O is the shear wave

1. Introduction

The presence of unconsolidated sediments
with irregular  geotechnical characteristics
makes sedimentary basins the zones which are
most vulnerable to earthquakes. In fact. when
the shear-wave velocity at the surface is jow,
quite large amptifications of the ground motion
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velocity in the basin and h is its thickness
(Haskell, 1960, 1962), An irregular interface
between bedrock and sediments can cause the
focusing of waves (e.g. Aki and Larner, 1970;
Boore et al, 1971; Sanchez-Sesma e 4f .
1988). and can excite local surface waves (e.g,
Trifunac. 1971; Bard and Bouchon, 1980a.b),
These local surface waves can be excited not
only by body waves bur alsg by the incidence
of surface waves (Drake, 1980). Bard and Bou-
chon (1985) demonstrated thar the occurrence
of local surface waves is determined primarily
by the depth of the basin and by the contrast
between the shear-wave velocity of the basin
and that of the bedrock. When the wavelength
of the incident wave is comparable with the
depth of the basin, the local surface waves can
have larger amplitudes than the direct signal,
and. if the contrast in the elastic parameters
between the sediments and the underlying
bedrock is high, they can be reflected at the
edges of the basin, causing a long duration of the
ground motion in the basin. This behavior does
not change if a vertical stratification of the sedi-
ments, with a large vertical velocity gradient, is
considered (Bard and Gariel, 1086).

For preparedness purposes, it is crucial to
estimate the seismic ground motion, before an
carthquake occurs, and to include these results
in the assessment of seismic hazard or in (mi-
cro}-zenation studies, A powerful tool to estj-
mate the amplification effects i complex
structures are numerical simulations. One ma-
Jor probiem which s encountered when doing
such simulations is the targe number of param-
eters which have to be specified as input. The
choice of these parameters should be based on
all available seismological, geological and
geotechnical information for the ases under
consideration, At a specific site, the numerical
simulation can predict the seismic response
only if the properties of the seismic source and
the mechanical (density, velocity, damping. etc.)
and geometrical (such as layer thickness} param-
eters of the path from the source are ieasonably
well-known. In general this is not the case, and
parametric studies are necessary o quantify the
variability of the expected ground motion. When-
ever possible, such simulations, must be com-
pared with observed ground motion,
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The method we use for the modelling of the
wave propagation in two-dimensional complex
media, is the hybrid technique, which com-
bines medal summation (Panza, 1985; Florsch
et al., 1991) and the finite difference ehnique
{Korn and Stick], 1982; Virieux. 1986), de-
seribed by Fih (1992) Fap et al (1993a:
1993b), and Fih ¢t g/, (1994), The propagation
of waves from the Source to the sedimentary
basin is treated with the mode summation
method, applied to plane layered, anelastic
structures which represent the average crustal
properties along the source-basin path. In our
modelling, this structure is used as the refer-
cnce, bedrock model. The wavefield computed
for this bedrock model IS used as incident
wavefield for the explicit finite difference
schemes, which are used to simulate the propa-
gation of seismic waves in the two-dimen-
sional, anelastic model of the sedimentary
basin. This hybrid method allows us 10 take
into account the source and propagation ef-
fects, including local soil conditions, even
when dealing with path lengths of a few hun-
dred kilometers.

In the following, we illustrate a comparison
between numerical simulations, and observed
strong ground motion or the space distribution
of the available macroseismic data. We wil] fo-
cus on the different effects of the source, the
path and the local soil conditions. Special em-
Phasis is given 1o understanding the different
features of ground motion in sedimentary
basins, and the application of numerical simuy.
lations for seismic zonation. The three applica-
tions include sites close to the source (a sed;-
meniary basin near to the epicenter of the
September |1, 1976, Friuli aftershock at 16 h
35 min 4 s), at an intermediate distance (Rome,
about 80 km from the epicenter of the January
13,1915, Fucino earthyuake), and sites that are
far from the source (Mexico City, about 400
km from the epicenter of the September 19,
1985, Michoacan earthquake).

2. The sedimentary basins in the Friuli area

The September 11, 1976 Friuli afiershock
(16 h 35 min 4 s} was recorded by 4 few gc-

Realistic modellmg of ohseryed selsmic otion i camples sedimentary basms

celerographic stations (CNEN-ENEL, 1977).
Records from ene of the nearest stations — the
three-component records at Buia station {fig.
~ are considered and compared with the theo-
retical computations. We focus on the variabil-
ity of ground motion within the sedimentary
basin, and on the sensitivity of the computed
ground metien 1o small changes in the subsur-
face topography of the sedimentary basin, and
in the velocity and quality factor of the sedi-
ments. The interpretation of the observed data
will here be given in terms of the near-surface
geological model by keeping the source and
long-distant propagation path unchunged for all
numerical simulations.

The bedrock modet, describing the average
mechanical properties of the path from the epi-

center to the sedimentary hasin, has been pro-
posed by Fih er wf. (1993a), and its uppermost
layers are shown in fig. 2. The source-depth
used in the numerical modelling ts 7.1 km, the
angle between the strike of the fault and the
epicenter-station line 192, the dip 28°, the rake
115° and the source duration is 06 s (Florsch
et al, 1991).

The area where the station of Buja js lo-
cated is characterized by lerrigenous sediments
(Flysch), widely outcropping at Monte Buia
{fig. 1), which are covered locally by a thin
quaternary layer, forming a sedimentary basin,
and which overlap a carbonatic mesozoic se-
quence. The thickness of the quaternary sed;-
ments is well-known (Giorgetti and Stefanini,
1989} and locally can reach 100 m. The aver-
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Oy'erView of the Friuli seismic region, showing the presence of the quaternary basin, the ISC epicenter
1aton of the September 11, Friyj; 1976 aflershock (16 h 35 min 4 $). and the position of Buia station,
The solid lines indicate the position of the two cross-sections

for which 2D modelling has been per-
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Fig. 2. Surficial layers of the one-dimensional model. describing the propagation of waves from the source
position to the sedimentary basin (Fih e al.. 1993a), and of the 2D models corresponding to cross-sections B
and C in fig. 1. Only the part near to the surface is shown. where the 2D models are different from the bedrock

maodel.

age model for the sedimentary basin is repre-
sented by the cross-section B, while the part of
the basin with a thick sedimentary cover is
well represented by the cross-section C, both
shown in fig. 2.

The accelerograms obtained in correspon-
dence with the cross-section B, with the shear-
wave velocity of the unconsolidated sediments
equal to 0.6 km/s and the quality factor Qg
equal 10 20, are shown in fig. 3. At sites with a
thick layer of low-velocity material near the
surface, the peak acceleration of the radial
compenent is up to two times larger than the

vertical component, while, due to the source
radiation pattern, the transverse component is
the same size as the radial component.

The heterogeneity, with size comparable to
the wavelength of the incident waveficld,
causes significant spatial variations in the
ground motion (fig. 3). There are three major
effects which are caused by the presence of the
sedimentary cover: 1) the excitation of surface
waves at the edge of the sedimentary basin:
2) the resonance in parts of the basin due to the
subsurface topography of the bedrock. and
3) the excitation of very dispersed local surface
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Transverse Radial Vertical
component component component

e

Fig. 3. Acceleration lime series for SH und P-SV waves at an array of receivers, for cioss-section B shown m
fig. 2 (f = 0.6 km/s and Q= 2(} for the uncensolidated sediments). Al amplitudes are related w a source with
a seismic moment of 107 N m. The signals arc normalized to the peak acceleratior: gven in units of cm §
The distance o the source for each seismogram is given m units of kim. The lime scale is shifted by 2 5 from
the origin time (s in the figure is really 2 s from the origin lime).
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waves, with peak energy at about 2 Hz, within
the sedimentary basin for epicentral distances
larger than 14 km.

Multipie reflections of SH-waves can gener-
ate local surface waves (phase ) - forming
the coda of the signals (fig. 3) - which are cx.
cited as soon as the fundamental Haskell's fre-
quency of resonance (Haskell, 1964), 1962) for
the sedimentary hasin is reached. These local
surface waves can be reflected inside the basin
at places where the sediments become thin.
One example is given by the phase [, in
fig. 3, which corresponds to the reflected Jocal
surface wave L. Also for P-SV-waves, a dip-
ping layer at the edpe of a sedimentary basin
gives rise to multiple reflections of body waves
and the excitation of Jocal surface waves
(phase R, in fig. 3), which are characterized by
larger amplitudes on the radial than on the ver.
tical component of motion, and can be the
dominant part of the wavefield at the edge of
the sedimentary basin. The reflections of the
local Rayleigh waves inside the sedimentary
basin (R, in fig, 3} do not appear as clear as in
the case of Love waves, since their amplitudes
are small in comparison with the amplitudes of
the primary waves.

Resonance occurs in those parts of the
basins with smooth variations of the interface
between the bedrock and the sediments, and
originates from the superposition of forward
propagating local surface waves with their re-
flections, within sub-basins of the sedimentary
cover. Examples are scen for the (wo sub-
basins in cross-section B. especially at 9.8 km
and at 11.8 km from the source {fig. 3). The
resonance is stronger for SH- than for P.SY.
waves, and in general can give rise 10 very
large duration and amplitude. as can be seen
from the signal computed at 11.8 km: from the
source. The excitation of strongly dispersed lo-
cal surface waves by subsurface latera| hetero-
geneities can be observed in correspondence
with the cross-section B at epicentral distances
larger than 14 km, both for SH. and P-SV-
waves.

The synthetic accelerograms, obtained from
the numerical modelling, can be used to com-
pute some ground motion related quantities.
These quantities are: 1) the peak ground accel-
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eration PGA and 2} the quantity W defined
as:

W= lim j L (pPdr
1eepom v

where x(1) is the time series describing the
ground displacement. The Arias Intensity is
proportiona] to the quantity W by a factor
(2g). where g is the acceleration of gravity.
To discuss the site effects with respect to the
bedrock model it iy convenient to consider
the quantities PGA(2D), and W(2D), ie. PGA
and W obtained from the accelerograms com-
puted for the two-dimensional model, and
PGA(bedrock) and Wibedrock), i.e. PGA and
W obtained from the accelerograms computed
for the model representing the average proper-
ties of the source-basin path. The ground mo-
tion computed for the different sites in the two-
dimensional model is normalized with respect
to the ground motion obtained for the same
source-receiver distance considering the bhed-
rock model.

The spatial distribution of the values of the
relative PGA (PGA(ZD)/PGA(bedrOCk)) and
relative  Arias Intensity (W(2D)W(bedrock))
for the transverse component of motion, and
for different shear-wave velacities and quality
factors of the unconsolidated sediments are
shown in fig. 4, The relative PGA increases
only slightly when the shear-wave velocity of
the sediments is reduced, whereas the relative
Arias Intensity s Very sensitive to small
changes in the shear-wave velocity of the sedj-
ments. A low shear-wave velocity induces the
largest amplitudes and dispersion of the local
surface waves. These effects give the dominant
contribution to the relative Arias Intensity at
sites where resonance effects and excitation of
local surface waves are important (for example
at 11.8 km from the source). The relative PGA
and relative Arias Intensity have been com-
puted for three different quality factors Qg of
the sediments, by keeping the shear-wave ve-
locity fixed at 0.6 km/s {right part of fig. 4),
The attenuation of waves increases with de-
creasing quality factor. This causes the reduc-
tion of the duration of the signals at sites
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where resonance effects and excitation of local
surface waves are important phenomena. The
smaller the quality factor of the unconsolidated
sediments, the shorter is the duration of the
resonance, and the smaller the propagation dis-
ance of the local surface waves. Consequently,
low quality Factors strongly reduce the relative
Aras Intensity.

in fig. Sa-c, we compare the synthetic sig-
nals compuied for the twe cross-sections B and
(. shown in fig. L. with the accelerograms
recorded at Buia station. In correspondence
with the recording station, which is at 15 km
from the source, the thickness of the sedimen-
tary cover is the same in the two Cross-sec-
tions

For the transverse component of motion, the
local sarisce waves have amplitudes that are
tou large in comparison with the observation.
In the choice of the geometry of the bedrock-
sediment interface, we have restricted our-
selves to that given by Giorgetti and Stefanini
{1989). However. to reproduce the observed
rransverse component, the heterogeneity inside

the sedimentary basins, responsible for the ex-
citation of these local surface waves, would
have to be different. The considered hetero-
geneity is either too close to Buia station or the
bedrock-sediment interfaces are too close to
the free surface. In the radial component the
excitation of local surface waves is not very
clear. When dealing with P-SV-waves, there
are two sources of local surface waves: the
edge of the sedimentary basin and the places
where the bedrock-sediment interface ap-
proaches the free surface. From the signals
computed for the two cross-sections, it ¢an be
concluded that the closer the sediment-hedrock
interface is to the free surface. the greater are
the amplitudes of the local Rayleigh waves. On
the other hand, this lateral heterogeneity can
cause the reflection of most of the local
Rayleigh waves, generated at the sedimentary
basins edge which is closer to the seismic
source.

The comparison of the synthetic signals
with the obscrved radial component shows
good agreement between the observation and
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Fig. 5a-c. Comparison between {A) the tecorded transverse, radial and vertical components of acceleration,
and synthetic signals, computed for (B} the cross-section B and (C) the cross-section C. The time-scaie is
shifted by 2 s from the origin time. The recorded seismograms are aligned o agree with the synthetic signals.
All amplitudes of the synthetic signals correspond (e a source with a seismic moment of 10-7 N m. The syn-
thetic signals are normalized (o the same peak acceleration which is given in units of cm 87
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the signal obtained for cross-section C. Due to
the small amplitudes of the coda in the obser-
vation, it can be concluded that the local sur-
face waves have travelled through the deeper
parts of the sedimentary basin, and that the lat-
eral heterogeneity within the basin has re-
flected a relevant part of the local surface
waves, which is excited at the edge of the
basin. To reproduce the observed signal, the
lateral heterogencity within the basin cannot be
strong: a strong heterogeneity, in fact, would
excite lurge-amplitude local surface waves in-
side the basin, and these are not observed ex-
perimentally.

The vertical component of the observed
ground motion, especially at Jow-frequency
(below 4 Hz). is quite similar to the synthetic
signals. which do not change significantly from
one c¢ross-section 1o the other. The relatively
small sensitivity of the vertical component of
motion to the lateral variation of sedimentary
basins has been observed also at different sites
in Mexico City, and the results illustrated in
this paper suggest considering this fact a quite
general property of sedimentary basins. The
high-frequency component, not observed ex-
perimentally, but present in the synthetic sig-
nals for models B and C, is due to the reso-
nance effects in the shallow part of the sedi-
mentary cover. This difference between the
computed and the observed signals indicates
once again that, in the modelling, either the
shallow parts of the sedimentary cover are too
close to the observation point, or the bedrock-
sediment interfaces are too close to the free
surface.

3. The Rome area and the 1915 Fucino
earthquake

The area of Rome, considered here, is char-
acterized by several sedimentary basins of con-
siderable thickness, which, in some pars, are
covered by volcanic rocks. The area is very
vulnerable to earthquakes, as indicated, for ex-
ample, by the well documented damage distri-
bution caused by the January 13, 1915, Fucino
(Italy) earthquake (M, = 6.8) (fig. 6). Since no
strong motion records are available for this

Realistic modelling of obsenved sersmic motien m comples sedunen ary dasing

event, we have applied the hybnid techrique to
explain the observed dumage distnbution (Fih
et al.. 1993h). The source parameters, the
bedrock model, describing the path from the
source 1o Rome, and the two-dimensional
model for the area of Rome ars described in
Fih er al. (1993b).

To demonstrate that not only the local soil
conditions are importart to explain a local dis-
tribution of damage, bt that there are also im-
portant regional effects due 1o the source loca-
tion, we compare the results of {wo sets of
computations, made by ~hanging only the dis-
tance of the seismic source from the city of
Rome (fig. 7). The :picenter of the Fucino
event is about 85 km east of Rome, and the
other hypothetical sou-ce. seurce 2 in fig. 7, is
located al a distance o about 45 km. in the
same direction.

The synthetic accelerograms are used to
compute the quantity W(2D). and the relative
Arias Intensity, W(2D /W {bedrock), of ground
motion, The results for the transverse compo-
nent of motion, conssoonding to the twe
source positions are shown in fig. 8a,b. They
are compared with the histogram of the dam-
age distribution. which has been constructed by
projecting cach observation of damage, shown
in fig. 6, on the cross-section used in the nu-
merical modelling (Fin et ol 1993b). Oniy
those points of the distribution have been used
which are located in an arca where the geonie-
try of the structure dozs not differ too much
from the geometry of the two-dimensional
cross section. This area is delimited in [ig. 6 by
the two dotted lines. Since neither the type of
buildings nor the density of the urbanization
can be known in great detail. the histogram
shown in fig. 8a,b sheuld be interpreted only
in a qualitative manner.

The quantity W. and the relative Arias In-
tensity, computed for the numerical simulation
of the Fucino event ar: quite well correlated
with the damage distribution, as is shown in
fig. Ba,b (Fiih ef al.. 1993b). There are four rel-
ative peaks: two at the edges of the Tiber
basin, one within the alluvial valley of the
Aniene tiver, and a broad peak where the Sicil-
ian low-velocity zone gots close to the surfuce.
The largest values are observed ot the margins
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Fig. 6. Damage distribution in Rome caused by the Janvary 13, 1915 Fucino earthquake (after Ambrosini
er al., 1986), and thickness of the altuvial sediments (given in meters) (Ventriglia, 197): Funiciello ¢r al.,
1987, Feroci er ai,, 1990). Three types of damage are distinguished: slight damage {cracking of plaster, the
downfall of small pieces of mouldings). intermediate damage (between slight and heavy damage), and heavy
damage (deep and diffuse damage of indoor and outdoor walls, downfall of large parts of mouldings and of
chimneys). The dashed line indicates the position of the €ross section, for which numericaj modelling has been
performed. The distribution of damage within the area limited by the two dotted lines has been projected on
the cross section to construct the histograms, shown in fig. 8a,h.
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ry 13,1915 earthquake in the Fucino valley (1), and of a
Rome. The dashed line indicates the cross section along

which the numerical modelling hax been performed. The source depth is 8 km, the angle between the strike of
the fault and the epicenter-station ine is 38°. the fault dip 39°, and the rake with respect 1o the strike 1729, The

seismic momen is 10" N m (Fih et al 19931,

of the Tiber bed. There the signals have the
largest amplitudes angd duration, due to the low

in Fih er al | (1993b), similar conclusions can
be drawn for the radial and the transverse com-
ponents of acceleration, with the difference
that the amplitudes of the transverse compo-
nent are about half the size of those of the
radial component. This is due to the SH and
P-5V radiation patterns of the source,

The results of our modelling, obtained con-
sidering source 2, are quite different if com.-
pared with the modeiling of the Fucino event,
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Fig. 8a,b. (A) Quantity Wi2D) obtained tor the two-dimensional medel and the two source positions given in

fig. 7, and (B) corresponding relative Arius Intensity
histegram of the damage distribution caused by the Jan
Lure near to the surface. where the 21 model deviates
parts of the figure.

W(2D)/ Wibedrock). The results are compared with the
uary 13, 1915 Fucino earthguake. The part of the struc-
from the bedrock model, is given at the bottom of both
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come a part of the Lg waves and turther in-
crease PGA and

At distances of the order of 20 km (average
distance of the Pacotiber from the Fucine
event) and 60 km (average distance of the Pa-
leotiber from the hypothetical source), the W
values in our modeiling are about the same
This explains the shmlar values of W in the
area of the Paleotiber (fig. %a,b) computed
considering the two evenis. Similarly, it is pos-
sible to explain the vawes of W observed ai
distances in the range 61 km-67 km from
source 2 (fig. Ra.b), which are «maller than the
ones corresponding ta the Fuciao event n the
epicentral distance range 81 km-87 km. Finally
from fig. 9a.b. it is vvident thag, when dealing
with earthquakes occuring in the Apennines.
for epicentral distanses berween 50 and 100
km. the largest damape for a given seismic
moment fensor, can be expected from an event
as far as 90 km from Rome.

The Fourier-spectrun of the signal com-
puted at 85 km from the sovrce, corresponding
to the epicentral distance of the margin of the
Tiber basin from the Fucino event, is quite

The quantity W and the relative Arias Intensity
are similar in the area of the Paleotiber basin,
whereas in the other areas the values obtained
considering source 2 are considerably smaller,
and the two peaks at the margin of the Tiber
basin are significantly reduced. A comparison
of W, determined from the two numerical ex-
periments, shows that the total energy associ-
ated with the Fucino event is significantly
targer than the one carried by source 2, even if
the former event is 20 km farther from Rome
than the latter.

These differences can be explained by the
attenuation of PGA and W with distance. The
example concerning the transverse component
of motion, computed for the bedrock model, is
shown in fig. 9a.b. The PGA and W are not
monotonically decreasing with distance. This
behavior is due to the fact that for epicentral
distances less than 50 km, the PGA and W are
essentially controtled by the crustal Sg phase,
while at greater distances they are increasing
owing to the contribution of several S-wave
phascs reflected mostly at the Moho (Suhadale
ard Chiaruttini, 1985), which gradually be-

A B
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& 104N (é .
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& ] N ~ 10
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Distance from the source [km)

20 30 40 30 60 70 80 90 100
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Fig. 9a,b. (A) Attenuation of PGA(bedrock). and (B) altenuation of Wibedrocks wath distance Trom the seis-
mic source for the one-dimensional layered model (hedrock model).
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large for frequencies below 2.5 Hz if compared
with the spectrum of the signal obtained ar 65
km from the source, which corresponds o the
epicentral distance of the margin of the Tiber
from source 2 (fig. 10). As we will see later.
for frequencies below 2.5 Hz strong amplifica-
1tons occur at the margins of the Tiber basin,
Since the incident wavefield computed for
source 2 contains relatively small encrgy af
frequencies below 2.5 Hz. resonance effects
and excitation of Jocal surface waves are not
the dominant phenomena, and this justifies the
absence of the peak in W ar the margin of the
Tiber basin computed for source 2. Thus, for
epicentral distances in the range 50 km- 100
km, the source location and not only the local
soil conditions control the local site effects.
All the quantities used 1o measure strong
ground motion like the maximum amplitude,

4.5

4—5 ‘
3.5
3

Amplitudes [cm/s]

1.5

AR ARSE R nan
1 15 2 25 3
Frequency [Hz]

= 65 km from the source

== B5 km from the source

Fig. 10. Fourier-spectra of the signals obtained at
65 km and 85 km from the source for the one-dj.
mensional layered model. The distairces correspond
to the distance of the eastern margin of the Tiber
basin from sovrce 2 and from the Fucino earth.
quake.
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the duration and the Fourier spectrum provide
only a very limited description of the ground
motion and certainly do not quantity its dam-
age producing potential. A berer quantity s
the spectral acceleration Saq of the earthquake
ground motion. A representation of the Jocal
soil effects is given by the spectral amplifica-
tion Sa(ED)/Sa(bedmck) computed from the
spectral accelerations obtained for the two-di-
mensional and the bedrock models. This proce-
dure aliows us 10 identify the frequency bands
and sites at which amplification and attenua-
tion effects oceur. For SH-waves, the spectral
amplification for zero damping are shown in
fig. Tla,b for the two simulated events, as a
function of frequency and of the spatial loca-
tion along the section, The darker an area is,
the stronger the amplifications due to the twe.
dimensional effects. The greatest amplification
is observed for the numerical simulation of the
Fucino event at the western edge of the sedj-
mentary basin of the Tiber river {about 87 km
from the source), for frequencies around 2 Hy.
The maximum amplification is of the order of
5-6, and it is due to the combination of resq-
mance effects and the excitarion of local sur-
face waves. This amplification effect js respon-
sible for the relative peak in the quantity W a
the margin of the Tiber basin (fig. 8a,b).

The global distribution of the shaded areas
can be related 10 the geometry of the structura)
model. The results are simijar for the Fucino
event and for source 2, except at the margins
of the Tiber basin. An amplification over al-
most the entire frequency band s observed
outside the Paleotiber basin (82-87 km from
the source for the Fucino event, 62-67 km from
source 2). Some amplification oceurs in the
Aniene basin, for frequencies above 2 Hz. For
frequencies above 0.8 Hz, in the Paleotiber
basin, the volcanic layer acts as a shield re-
flecting part of the incoming energy, and the
values of the speciral amplification are smaller
than !, The underlying sedimentary complex
(Sicilian) causes spectral ampiification of the
order of 2-3, due to resonances, which are
most pronounced at frequencies around (.4 Hz,
where the fundamental resonance of this low-
velocity zome is excited. [n this part of the Py-
leotiber, in the frequency band |5.7¢9 Hz,

Realistie modelling of observed seimic motion in womplex sedimentary basin
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tion is given, while its mechanical parameters are given in fig. Ba.b.
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there is also evidence for the excitation of
some higher modes of resonance. At distances
of the order of $2-83 km from the Fucino
cvent, and 62-63 km from source 2, between
the Paleotiber and the Tiber basins, where the
wave guide and overlying volcanic cover are
thinning., focusing of seismic energy occurs
and most of the trapped energy reaches the sur-
[ace. This teads to amplifications, of the order
of 2. over almost the entire frequency band
considered. Therefore. the presence of a near-
surfa e layer of rigid matenal is not sufficient
1o clussify a site as a «hard-reck site». Reliable
determinations of local soil etfects. in addition
i0 the knowledge of the frequency content and
direction of the incoming signal, require the
knowledge of both the thickress of the surfi-
cial layer and of the decper parts of the struc-
ture. down fo the real bedrock. This s espe-
¢cizlly important in volcanic areas. where pyro-
clastic material often covers alluvial basins.

4. Mexico City

Mexico City is an arca of particular interest
since extensive damage occurred in the lake-
bed zone during the Michoacan carthquake of
September 19, 1985, This can be atiributed to
the peotechnical and geometrical characteris-
tics of the unconsolidated sediments in this
sone. From the geotechnical pomnt of view, the
vatley of Mexico City can be divided into the
hill zone. the transition zone, und the lake-bed
some (fig. 12). The hili zone is formed by allu-
vial and glacia! deposits, and by lava flows.
The transition zone is mainly composed of
sandy and silty layers of alluvial origin. The
sueficial lavers in the lake-bed zone consist
mainly of clays. These deposits are poorly con-
solidated, with a high water content and very
low rigidity. The thickness of this surficial
iayer varies between 10 m and 70 m, and in-
creases regularty towards the east (Suarez el al.,
1987). The clay layer is overlying the so-called
«deep sediments» found below 10-70 m. These
deeper deposits reach depths of the order of
700 m, with an uncertainty which may be as
large as a few hundred meters {(e.g. Bard ¢t al.,
1988). There are three outcrops of the base-
ment: at Chapultepee. Peon, and Cerro de la
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Estrella (hg. 12). In the last years, a stwong mo-
tion network has been operating in the valley of
Mexico City (e.g. Mena et al., 1986, Espinosa et
al., 1990), and the positions of the stations used
in this study are shown in fig. 12,

Today's research, to understand the exten-
sive damage caused by the 1985 earthquake
and the recorded ground motion in Mexico
City. has shown the importance of considering
source and propagation effects, including local
soil conditions. This is dealt with explicitly in
the recent work by Fiih er . {1994) in which
the hybrid technigue has been applied to study
the ground motion in Mexico City. The model
used by Fih ef al. (1994) explains the observed
difference in amplitudes for receivers located
inside and outside the lake bed zone. The ratio
between the computed. horizontal peak ground
displacements inside and outside the lake-bed
zome reaches values ranging from 5w 7. and
about the same ratio 1s obtained for the ob-
served ground motion. The validity of the
maodelling is further confirmed by the fact that
the spectral ratios obtained for the horizontal
components of the synthetic seismograms are
very similar to comparable spectral ratios ob-
tained from observations. For the 1985 M-
choacan event, the energy contributions of the
three subevents are important to explain the
observed durations in the lake-bed sone (Fah
et al, 1994),

The structural model used in the numerical
simulations Tor the 1985 Michoacan event, and
a detailed parametric study of the effects of
different soil properties in Mexico City is
given in Fih er al. (1994). The flat-layered
structure in table 1 describes the path from the
seismic source to the valley of Mexico City
(Campillo er al.. 1989), and was deduced di-
rectly from refraction measurements m  the
Oaxaca, Southern Mexico region (Valdes er. al.,
1986). The depth of the Meho is about 45 km,
and the upper five kilometers are composed of
low-velocity material. The 1wo-dimensional
structure for the Mexico City valley, modelling
the Chapultepec-Pefion cross-section {solid line
in fig. 12), is shown in fig. 13. The structure
is rather simple, in agreement with the resoly-
ing power of the available data.
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Fig. 12. Map of the area of Mexico Oy showing

stations represented by large triangles were operating during

the locations of sirong molion aceelerometric stabons. The

the 1985 Micheacan event. while the small gray

uiongles represent the stations which recorded the April 25, 1989 event. The sahid Line indicates the position of
the cross-section, for which the 2D modelling was performed.

As in Fih et al. (1994), to keep the source
model as simple as possible and to avoid any.
a priori, enhancement of resonance effects at
the longer periods {abave 2 ). we consider
first a constant, frequency independent, seismic
moment ratc spectrum. The focal mechanisim is
the ane proposed by Campillo e al. (1989}
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hased on the results of Houston and Kanamor:
(1986) and Riedesel /s af. {1586). The distance
from the source to the valley of Mexico City i-
400 k. the angle netween the strike of the
fault and the cpicenier station line s 220°. the
source depth is 10 k. ihe dip 15°, and 1he
rake is 76°.
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Table L. Numerical parameters tor the schemarje crustal model describing the pith from the source in the
Michoacan subdyction zonc. to Mexice City (Campillo er af 1989),

Layer Thickness (km) p (glemhy @ (km/s) A tkmvs) Qq B Q:, N
1 5.0 2.67 4.30 2.53 800 500
2 100 277 5.70 1.30 800 500
3 15.0 3.09 6.80 4.03 800 500 :

15.0) 309 7.00 4.10 800 500
5 so 330 8.20 4.82 800 500
Distance to the source {km]
—— - ‘ B
400 405 410
5
&
o
gem p=1.30 g cmm?
by sy kms! Q, =800 0=150kms! Q=50
B=253 ks Qp=500 P=0.08 kms  Qg=25
p=1.80 g cm-3
e=1.50kms! Q=100 :
B=0S0 kms1 iz i Receiver

i Reference site

Fig. 13. Two-dimensional maodef of the Chapultepec-Pefion cross-section. Only the part of the structure near
to the surface is shown, where the 7p model deviates from the bedrock modet (table I).

The use of an instantaneous time-function
gives rise to synthetic signals that contain too
much energy at high frequency (above 0.6 He),
and we can remave this drawback applying the
w? scaling law for the seismic moment rate
Spectrum, proposed by Kanamori er al. (1993)
for the events occuring in the Mexican subduc-
tion zone:

where M is the seismic moment rate spectrum,
My is the seismic moment, and , is the corner
angular frequency. Following Kanamaori et al,
(1993), @. = 0.196 5! and Mo =05 102 N,
With these values we obtain a good reproduc-
tion of the shape of the observed signals at sta-
tion CD (fig, l4a-c), especially for the radial
and vertical component of motion (fig. 14b).
The absclute observed accelerations are under-

M= M, (e + @y 4.1 estimated (fig. 14b). This discrepancy can be
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reconciled considering the errors affecting the
estimates of ¢ and My, and taking into ac-
count the subsequent rupture episodes of the
Michoacan even, mainly the one occurring
about 26 s after the origin time. If we assume 3
seismic source that js composed of three
subevents, s proposed by Houston and
Kanamori (1986), with the seismic moment
rate spectrum proposed by Singh er af. (1990,
the durations increase by about 45 5 (fig. 14c)
compared to those rejative to a single event
(fig. 14b). The computed radial component of
motion (in fig. 14¢) is very similar (o the ob-
served horizontal ground motion (fig. 14a).
The underestimate i amplitude of the syn-
thetic signals, ang the remaining difference be-
tween synthetics ang observations, is due 1o the
simple source model in our modelling, the ab-

sence of dynamic iregularities in the rupture
Process, and the fact that only one cross-sec-
tion of the sedimentary basin is considered,
Spectral amplification at the site of interest
computed with respect o a reference site gives
a good representation for micro-zoning pur-
poses, especially from the engineering point of
view (Fih and Suhadole, 1994). We compute
the spectral amplification, ;.. the relative spec-
tral velocities Sv(2DYSv(Ref), for zero damp-
ing and 5% damping. Sv(2D) is the spectral
velocity obtained for the receivers in the two-
dimensional structural model shown in fig. 13,
Sv(Ref) is the value ohtaineg for the reference
station shown in fig. 13. For all the receivers,
we have computed the relatjve spectral veloci-
ties for ane hundred frequencies of the oscilla-
tor in the range 0.1-1.0 Hz. From these valuey
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ferent sites within the lake-bed zone, and there-
fare each peak in the MSA (fig. 17b) is ob-
tained from a different receiver, The maximum
values obtained theoretically and from the ob-
servations are about the same, and the greater
complexity in the observed MSA for zero
damping, with respect to the theoretical one.
which has only two peaks around 0.27 Hz and
(.47 Hz (fig. 15a.b), is not surprising since our
numerical model is restricted 10 one cross-sec-
tion. In our model the maximum clay thickness
is 65 m and. therefore, the MSA shown in fig.
15a-d is valid only for sites in the lake-bed
zone that are characterized by a clay layer with
a thickness not exceeding this value.

For 5% damping, the theoretical (fig. 15¢.d)
and the observed MSA (fig. 17d) are very sim-
ilar. both 1n shape and in maximum values, and
the two-dirmmensional model under study can be
considered representative for the general geo-
logical situation in Mexico City. This is a valu-
abie contribution for micro-zoning purposes.
and it permits for each site. where the stratigra-
phy is reasonably well-known, a realistic est-
mate of the maximum and average spectral
amplification with respect to a bedrock site. An
example of the theoretical prediction, based on
our results, appropriate for a site similar to the
one of station CD (see fig. 12, is shown in fig.
18a.c: the theoretical MSA values are quite
satisfactorily compared with the observations
made at the station CD in connection with the
1989 event {fig. 18b.d).

5. Conclusions

The hybrid technigue presented in this study
makes it possible: 1) to study local effects even
at large distances (hundreds of kilometers)
from the source: 2) to include the seismic
source, and 3) the propagation path. This tech-
nique can assist in the interpretation and pre-
diction of ground motion at a given site. It can
be applied in (micro-)zonation studies, and pro-
vides realistic estimates of spectral amplifications
for detailed two-dimensional. anelastic moedels.

The synthetic signals explain the major
characteristics (relative amplitudes, spectral
amplification, frequency content) of the con-

sidered seismograms. and the space disinibu-
von of the avaiiaivs macroseismic dala, even
when quite simple -ource maodels are assumed
The theoretical computations show ihat wave
forms and frequency content of seismogram
are sensitive lo small changes 1 the subsurface
topography of the sedimentary basin, the ve
locity and quality :actor of the sediments. The
ahsence of dynamic irregularitiss in the rupturc
process in our simuiations. m general. cause:.
onty an underestimate vi the absolute acceter. -
fnons.

To achieve a reaasti <imudation of seism’
ground  motion. i1 is oscessary 1o IR
source. path and fucul soil effects. o study
both $H and P-S1 wave propagation. and -
consider anelastic apsorption. The reasons tor
the damuge caused by the Michoacan earth-
guake and the Fucino event can be found not
simply in the local site conditions, but also i
the effects of the seismic source and of the
fong-distance propagation path in the crust
The dynamic irregularities of the rupture pro
cess and the properties of wave propagation m
the crust control the frequency content of the
incident wavefield: f a relevant amount of ¢n
ergy is present in the frequency band close to
the resonance [requancy of the unconsolidated
sediments. local surface waves and resonance
eifects may dominate the horizontal compii-
nents of motion within the sedimentary basir.

One aspect whicti s not included in our dis-
cussion 1« the influence of surface topographs
on ground motion, This approximation can be
justified for sites nside sedimentary basins.
where topographic features are in generai
small. However, topography can become im-
portant at the edges of sedimentary basins and
near outcrops, cspecially in mountainous re
gions (Fih and Suhadole, 1994).
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Application of numerical simulations
for a tentative seismic microezonation
of the city of Rome

Donat Fih('){*), Claudio lodice('), Peter Suhadole () and Ginliane F. Panzai'y ()
i1y Istituto di Geodesia e Geafisica, Universiter degli St di Trieste. italy
(2) lnternational Center for Thearetical Physics. Triesie. By

Ahstract

A hybrid technique, based on mode summation and finite differences, was used to simulace the ground metica
induced in the ¢ity of Rome by possible earthquakes occurring in the muin seismoegenetic areas surrounding
the city: the Central Apennines and the Alban Hills. The results of the numerical simulations are used fov =
seismic microzonation in the city of Rome, which can be used for the retrofitiing of buildimgs of special socisd
and culural value. On the basis of our analysis Rome can be divided into six main sones: {13 the edges anc (.
the central part of the alluvial basin of the River Tiber: (31 the edges and (4) he central part of the Paleottin
basin: the areas outside the large basins of the Tiber and Paleutiber. where we distinguish between (5) un
without, and (61 areas with a laver af volcanic rocks close to the surface. The strongest amplification ef!
have 1o be expected at the edges of the Tiber bhasin. with maximum spectral emplification of the order of &«
6. and strong amplifications occur inside the entre altuvial basin of the Tiber. The presence of & near-suitere
layer of rigid material is not sutficient 10 classaly a Jocation as & «hard-rock witoe, when the rigid material con
ers 4 scdimentary complex. The ceason is that the underlying sedimentary complex causes amplhifications as tn:
surface due 10 resonance effects. This phenomenon can be observed in the Palemiber basin, where speciral oo
plifications in the freguency range 0.4-1.0 Hz reach values of the arder af * 1o 4

Key words Rome - wave-propagation modelling rofting of particularly important binlding.
sefsmic strong grennd motion - Seismic microtona- Lateral he[emgeneities and sloping lavers
fivn commonly present in nature. can cause effeciy

that dominate the ground motion: the excits-
tion of local surface-waves, focusing and defo-

1. Introduction cusing of waves. and resonance effects. [n such
circumstances. at least two-dimensional tect:
Numerical simulations play an important niques are necessary for a realistic estimaie o
role in the estimation of strong ground motion. the ground motior,
They can pr(wide SyﬂIhEIiC gignalg for areas To include both 2 realistic source model ang
where recordings are absent and are, therefore, a complex structursl model of the site of nte: -
very useful for engineering design of earth- est, a hybrid method has been developed thi
quake-resistant  structures and for the ret- combines modal summation and the finite dif

ference technigue (Fih, 1992; Fih er al., 1995,

1994). The propagation of the waves from the

e e source up (o the ipcal structure at the site
(*) Now at. Instiun fur Geophysik, ETH-Honggerberg. computed with thz made-summation method
CH-8093 Ziirich, Switzerland. for planc layered anelastic structures {Panza
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Table IL Struciural bedrock muedels representative of the path from the epicenlers to the ity of Rome ] Lithalo _“.6‘\6"‘;0(\\@
b= 2.2 O For the computationy with source 3, fucuted in the Alban Hills, the mechanical parameters of ickness of the alluvial sediments Lithology OV e W
e s p L ) A P . Thic A0 T
the first layer are given in parenthesis. The velocity gradients in the models are approximated by 4 series A=

of thin layers.
Thickness Density P-wave S-wave )
(km} tgiem’) velocity (km/s} velocity (km/s) e
0.09 2240220 2.40 (1.85) 1.29 (1.00) 30 (20
0.10 2258 2.50 1.30 30
0.10 325 280 1.50 30
.10 2.30 4.00) 231 1040
.10 240 4.10 2.37 1(H}
0.10 240 424 243 100
0.10 2.50 4.30 248 1)
0.10 2.5 4.40 254 100)
010 50 4.50 260 104 N _
0.10 250 460 2.65 100 = - S -
0.10 200 170 2.70 100 ' . ,)
0.10 260 4,80 277 10 I et
0.10 260 490 283 100 - , o v A
0.10 260 5.00 288 Lou [ ] Atuvat sediments
.10 2.60 520 KXY 1 FO0 Clays, sands and gravels
0,10 260 5.4 310 144} g
Yolcanic products
0.10 260 5601 320 160 '
70 2R 570 330 . . e et 3
é 10 245 a0 3 46 ;g‘(j) Fig, 2. Lithology and thickness uf alluvial sediments i Rnimn"-l lVLl]lﬂl_ll.l.. i‘)?lt. ial;:;.lﬁiz:l[;fcrf:fi-;} 'n‘::‘-i
. — . RS : . 1990y, The dashed lines indicate the positions of the cross sectiens, Tet Wi 0 -
10 288 5.89 340 1o Llelz::'l1[\’1\(:.‘Irinmlcd) © dohed e 1 l
0.10 188 5.80 3358 100 i ‘ _ -
0.10 285 5.71 3.30 100 . e et W SE s e ee . NW |
0.10 285 5.54 3.20 100 e L SR S S SN S - ‘,
8.60 285 5.40 312 10 e oo e — \
.10 2 RS 5.49 107 100 Bedrock, 1 o Tonman 6 1.2, 1 Bodrock Bedrock 6563 3y L Bedrock
010 245 563 305 HOK A prm e e B ) R ' L
0.10 283 5. 3.30 100 - q*-m'_'--Tl!'nﬁﬁﬁi- = g {
3 Ew I ssssnmiininng Ew R -

0.10 283 5.89 3.40 100 g s - G
0.10 245 6.06 3.50 100 N, ect : T e Sein B

2,70 285 6.20 158 300 .

170 T 6.50 175 30K i depom Auvial layer SE D‘“"’“"i‘"'“”"“’““‘m) NW

1.70 200 6.70 3.87 300 - 'I?",E'"m. s /3 ;.':“1-:,;33;"::: a3 P e e

+ me = me - : Zonatici:
2,48 .,.l.}ﬁ 700 4.04 300 gravel, sande wnd clay volcanic rockE Bedrock 75‘ o -Pﬁ—a—ﬂ . Bedrock
475 135 7.90 456 300 W et et o, C !
4.75 335 7.92 4.57 300 PenaGems | Qf=lt Bod W0 kmet  Qpe2s e
£ o LRRE
475 .33 7.94 458 300 bedrmck perdock - IR IR
475 135 7.96 4.9 300 TR g " EER g b s Seten
4.75 3.35 7.98 £.60 300 bedrock besrock
4.75 335 8.00 4.62 300 pwd 15 g -3 271 pmazsgem? ” + Receiver
475 136 8.02 .63 300 (SRR B S
4.75 137 8.04 4.64 300 _ T, o
4.75 318 2 06 4.65 00 Fig. 3. Two-dimensional models cerresponding (o lrhc dihed |!I1L’\ Jhown in hg 20 Ouly the p:kul. near tw
oo 119 208 4.66 00 the surface is shown, where the 20 model deviates from the horizontally-liyere.d structural models shown in
———— - h SOOI T table 11 The general microzenation is explained in the text.
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T Suiaal gy Gl © by Appheation of numerical simadanons for i lenlative seisimie Microsomation of the vty uf Rome
1985 Florsch ef al, 1991 The mode-summg- 2. Parametrization of the source and Table I Source mechaisms of the EVENs shown n fig. |,
tion method allows the simulation of the com- the propagation path TR sl o TV T EeEs T ez T
plete incident wavefield in given phase-veloe- Eveni Location Source Dip Rake Strakf:-recelver
ity und frequency bands. Explicit finite-differ. The most important seismogenetic zones __No e _ depth (km) - Ce L Angle o
ence schemes (Karn and Stiickl, [982: Virigux, (fig. 1) which can produce structural damage in ! Fucing valley 8.0 3 172 38°
1986) are then used (o simulate the propaga-  Rome are the Cen[rql Apennines. whose carth. ) Carseolani Mountains 800 19 172 380
on of seismic waves in 2 two-dimensional quakes can cause, in the town, n Observed - o ) ’ o N o
model of the loca) structure. The  hyhrig Taxnm_lm"mlensuy VIV on the Mercalli- 3 _ "”_hf”l__H'”” o -]'967 ) A 206 ) 133° o
method js particularly suitable 1o compute the (,.uncanerreberg Intensty scale (MCS;), and the
ground motion in two-dimensiong| models of  Alban Hills, whose earthquakes are responsible
any camplexity, and allows us (o take into xe- for an observed maximum MCS intensity n i i ) i ) )
count the source and propagation effects. . Rome equal o ‘VI-VI‘J_ (M_olm et al.,_ 1986, rameters of the focal mechanism of cach event rmpedance contrast. I fig. 3, lhe_compacl_ed
cluding 'ocal site conditions, ‘Thc source positions (fig. I)‘uxcd Ine this study dre given in table | cliay is referred 10 g bedrock, and ity materia|
The areu of Rome. considered here. is char Include (1) the epicenter of the January 13, The one-dimensional structural models for Properties are related to the values given ip
e . edimentir g eI . 1915 Fucing earthquake, (2 an epicenter close the region between (he SOUICE positions and table 1. The velocity gradient in the uppermost
acierized by several sedimentary hasins of con- he Carseolani M i here. ) gion ¢ ' p ! ! IRA _lPP ;
siderable thickness. which in some parts are o l?e r-‘”?“’)f““ “0””_'_““-‘ W“'UL- rom a }.{omlc are given in wble ). ic‘P-\‘\:a\'u ‘\-c](?ul- part of the structure for the bedrock is approgi-
cavered by voleanic racks, The area is very ;'9“‘;;3 o p‘”““]h rﬁgUg"T(“mﬂ E( dPE”(ij et “/ Hes i the crust are based on selsmric rcfrucyon mated by a series of thin luyers._ _
vulrerable to earthquakes, gy indicated, for ex. ok i strong s duake Jpected 10 ac- pleasurements made along the profite Lating- Since the smechanical properties and thick-
4q . cur. and {3) the Alban Hilly, The source mech- Pescars (Nicolich 1981). The shear-wyye veloe- ness of the different soils are no well known,
;mp_lc. by [hfi wt)e;l—(fl;)currlcllle(d dajnugF dl'\ir;‘ anisms assigned 1o these earthquakes are the Hies were choscr; by assuming that = vi/3 we have used differem material properties 1o
ngll;m Fca%{:e Ily'l I’)el:'ﬁ;ltjl-'l&ll:l.sﬂ :fl-‘l:i?l'?r/n ini 'TE““}“““'“ of the Fucino s?arth'quake '(GHSPH' The Moho depin (34 km) is in good agree- test the sluh!lil_y of the microz.onation and en-
- ueino (ftaly) ea Hu: ! > "Nl et af., f‘%SS) for events | and 2, und the ment with other published results {Nicolich, hance 15 reliubility. Our testy include: (1) (wo
e al., 1986). In the absence of Instrumenta] data mechanism of 4 recent earthquake in the Alban 1989: Suhadole and Panzu, 1989) Thee mod- differem models for which the seismic phase
in the city of R}ome. a numerical simulation of Hils (Amato ¢ af.. 1984} for event 3. The pa- els were useq a reference bedrock e velocities given in fie. 3 are defined a | Hy
[he ground motion due “\’ the Jf-muar_y 1. 1915 and. for egch seismic source, the ground me- and al 30 Hy, respectively, while the -values
Fucino carthquak_e s .L()mp;f.l.Cd with the ob. tion computed with the hybrid method wa, al- are not varted. and (2) two different medels in
sf:rved (fumage q'S'rIBUI.lon (Fih et al., 1993). - : Wways compared with that obtained for the re- which the surficial layer of man-made ground
The macrosejsmic data in Rome shows essen- 12°3¢ 13 13730 . . . - 7 )
. . — lated vne-dimensional structure. (il deposits) has a thickness of 5 m and M)} m,
tially [hgt the da’?‘age I cupccnlr?lcd M. the a ™ sz The Position of the Cross sections studied I8 respectively,
L‘hdgi-\ ot rheda!luvtal Z‘f"” “j” the “ht‘rlR"’“ﬁ 5 Rie® ‘2 T, | shown in fig. 2, ang the refated 1wo-dimen. '
the heavy and intermediate amage are locate L S i . :
i that basin. The same distribution gf damage [ %W{» ¢"¢% , »}lﬁm[, s!ru%t!.rmi ln(?dels are sAhrown " hg_ “3 . .
L ; CRY ¢y are based on all the avatlable geological 3. Properties of the ground motion caused
ngu?j[iiigcgsﬂh?? thinlzab{];&;' (“:CH?“";Z:;?;I e . 1 and geotechnica information (Ventriglia, 1971 by the Fucino even(
N g 5 2V o o . [ il 1™ . ‘o . Ty .
The highest amplifications are observed at the L ; fﬁj;f\‘\ * “ Es}er“df{ ol ]986.’ Fum_c:ello L. 1987, . : e
oo Cp on Tl e arge amnli N % 3 S oschi e al., 1989; Ferog ¢ al., 1990;: Allu- Several ground  motion refated quantities
Lde"?“ ot this alluvial basin, ‘?”d, large du?phi‘l [ i ROM ) vial sediments can be found in twe MHor ar- can be extracted from the synthetic accelero.
pations can be observed  within the Tiber' | l‘(\ # €as, the river beds of the Aniene and Tiber grams obtained from oyr numerical modelling.
River bed. The very good correlation between hY The ancient river bed of the Tiber (referred 3 The quantities thar e consider here gre:
the damage staisticy and the ground motion AN

Paleotiber) s composed of Sicilian clays, sands {1} the relative Peak  ground  acceleration
and gravel. Thjs sedimentary complex is cov. PGA(2D)/PGA(bedr0Ck). (2} the so-called
ered by voleanic rocks which have their origin  relatiye Arias  intensity WI2D)/W(bedrock)
in the Pleistocene volcanic activity (Ventrglia,  (Arian, 1970), where Wiis defined as:

Siggests using the hybrid technique for a mj. 1o
Crozonation of the entjre town, which accounts

seismogenetic areas, For this purpase, a serieg
of different humerical  simulationy of the

ground motion were performed, for different

i

W= dim [ [x(n) gz,

1239 13 13°30 ian) which, therefore, define a buried Tow-

i - J N - de : F e dy
;(2:;? al;:;m']?l?z ::silf:n(];fuiruaclhn‘]cz(:ﬁgu[(‘:fi(;i:f Fig. le Epicenter Ipcalju_n.\ of"lhc evenis used for Yelocm‘/ Zone. The surficial 'ayef COH_SI.SIS of . .

. tlts su ! the ditferent numericaf simulations. The soupce po- compacted fill, and of the foundations of map- where x s the ground displacement, and (3 the
were then used for'mlcrozonauon._ based oln”[he sitions are ¢1) the epicenter of the Janvary 13, 1915 made structyreg. The transition from the afjy. relative spectral accelerations or spectral am-
spectral amplifications expected in the differ Fucino earthquake, (2) an epicentze ¢lose to the vial sedimenis iy the Tiber River bed to the plification Sa(ZD)/Sa(bedrock), where Sa |5
ent zones of the city, Carseolani Mountains, and (3) the Alban Hills. “ompacted clay i characterized by a very high the spectral acceleration, PGA(2D), W(2D),
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amplification  with respect 1o the bedrock
model varies between 5 und b, and it s due o
the combination of resonance effects with the
excitation of local surfacs waves (Fih er al.,
1993). The general shape of the maximum and
average speciral amplifications are similar for
sones 1 and 2. o the frequency range from
1.0 Hz to 3.0 Hz, the maxunum spectral ampli-
fication is of the order of 4 and the average
spectral amplification is of the order of 2.

Similar observations can he made for the
Paleotiber hasin (zones 3 and 4). but in a dit-
ferent frequency band ((v.4-1.0 Hz). The buried
sedimentary complex (Siwcilian) causes maxi-
mum spectral amplification between 3 and 4.
due to resonance cffects. These are must pro-
nounced at frequencies around .6 Hz. There-
fore, the presence of a near-surflace layer of
rigid material in the Palcotiber basin is not suf-
ficient to classify that areca as a «hard-rock
sites. A correct zonation requires the knowl-
edge of both the thickness of the surficial layer
and of the deeper parts of the structure, down
to the real bedrock. This is especially impor-
tant in volcanic arcas, where pyroclastic mate-
rial often covers alluvial basins. The maximum
spectral amplification is larger at the edges of
the Paleotiber basin (zone 3). For frequencies
above 1.0 Hz, in the Paicotiber basin {zone 4).
the volcanic layer acts as o shield reflecting part
of the incoming energy. and the values of the av-
erage spectral amplification are smaller than 1.

For the sites in zones 5 and 6, the maximum
and the average spectral amphifications are
small for freguencies below | Hy. Since the
sedimentary cover in these zones is thin, the
amptification takes place at frequencies above
1.5 Hz, and changes rapidly from site to site.
This rapid variation lcads to average values of
the order of 1.0-1.5.

5. Summary and conclusions

In the absence of instrumental data, realistic
numerical simulations of the ground motion.
successfully tested against macroseismic data,
are used for the microzonation of Rome. The
zonation is based on the numerical simulation
of wave propagation along different profiles,
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by iaking into  account  realistic  seismic
sources, the propagation paths of the seismic
waves, and the uncertainty of material proper-
ties. The results of such computations are used
to define the spectral amplifications expected
in different zones of the city. Using as refer-
ence a bedrock model, six main zones can be
distinguished, each one characterized by spe-
cific geological conditions. This characteriza-
tion allows us to exiend the results to sites in
the Rome area which are not located on the
cross-sections studied. but which have similar
geological conditions as those defined in our
modelling.

In generai. for sites close to lateral hetero-
geneities, the amplification cffects are maxi-
mum, The highest values of the spectral ampli-
fication (between 5 and 6). are observed at the
edges of the sedimentary basin of the Tiber,
and strong amplifications are observed in the
Tiber's River bed. This is caused by the lurge
amplitudes and long duration of the ground
motion due to (1) the low impedance of the al-
luvial sediments, (2) resonance effects, and (3)
the excitation of local surface waves. Similar
observations can be made for the Paleotiber
basin, where the buried sedimentary complex
causes the maximum spectral amplification be-
tween 3 and 4, which can be explained by res-
onance effects.

Our technique can be applied routinely in
microzenation studies. and it provides realistic
estimates of amplificaton and attenuation ef-
fects for two-dimenstonal, anelastic models.
Since geotechnical data are available for many
arcas. the proposed technique provides a scien-
tifically and economucally valid procedure for
the immediate (no need to wait for a strong
earthquake to occur) seismic microzonation of
any urban area, and it can be very useful for
the engineering design of carthquake-resistant
structures and for the retrofitting of particutarly
important buildings.
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Application of numerical simufations f;
T ————— 7 Mimuianoms

Bedrock, 3 4 Zoznanons 1.2, 1 Bedrock order [0_ femove the effacty of the regional of the alluvia] basin of the Tibel_', (3) zone 3 in- spectral a_mpiiﬁca!iun curves obtained for the
M Propagation, PGA(2D), W(2D), and Sa(2D) cludes the edges of the Paleotiber basin, and recelvers in this zone, Moreover, we have de-
a are always pgnnalizcd with respect to the (4) zone 4 extends over the central part of the termined (he muxim_um spec[r_al amplification
l * - Radial component related quaniities PGA(bedrock), W(bedrock), Paleotiber basin. Zones 5 and 6 tnclude areas observed for 4 fecelvers in this zone. The re.
16 1 — P-SV waves " Sa(bedrock), computed in the reference bed- which are located outstde the large basins of sults obtained for zero damping and 5% dam_p—
-E [l — $H waves 4 rock model for the same seismic source and the Tiber and Paleotiber where we distinguish ing of the ascillator are shqwn in fig. 5. With
z 2 the same Source-receiver distance, between areag (3) without and (6) with a layer respect to bedrock, the maximum spectral am-
g 12 3 For the Fucino event (event 1), relative of voleanic rocks close to the surface. Due 1o plification defines the maximum amplification
£ /4. 2 PGA and rejative Arias intensity, defined analegous geological conditions, these zones effects o he expected in a cerlain zone. The
2 os = by the ratios PGA(ZD)/PGA(bedrock) and can be recognized in the sections considered i average spectral a::_nplmp‘anon dgf:nes an_lpl}!r
E m.g w2Dy/ Wibedrock), computed for the (rany. relation with the events located ip the Carscg- cation and altenuation ctfects which are simifar
H verse component of motion {SH-waves), 1he ra- lani Mountains and the Albhap Hills, as iy for all receivers in a certam zone, and the dijf.
04 dial component of motion, and the (o1a) P-Sv shown in fig, 3, ference between the: maximum and average
wavefield (radia and vertica] componen; of For all the receivers of ali two-dimensional spectral amplificarion iy & measure for the varj-
motion), are shown in fig, 4. High relative models and studif:_q events, we have computed uhrh‘ly of the groand motion In 4 zone. '
PGA values are observed for locations sitting I‘hc Spectral amph.ncanon'5a(3_l))/.5'c1rbe.droclxJ The greatest spectral ampljﬁcalion is uh—k
on unconsolidated sediments (fig. 4a), while tor one hundred frequencies of the oscitlator, wrvc.(_} al [h(j cdyes of the sedimentary b‘uxm of
b relative PGA values are low where the yoi. I the frequency range 0.2 10 4 My For 4 cer- o the Tiber River (zone f. for frequencies be-
canic layer s thick, Relative peaks can be seen tain zone, we haye computed the average of 41 ween 2.0 and 2.5 Hz. The maximum specteal
at the beginning of the ajluvial valley of the
I~ Tiber and within the alluvial valley of the
g Aniene. The peaks ang troughs are more ovj. 0% avers
3 dent in the curve representing the relative W Zone 1 Zone 2 Zone 3 —' Avarage
s values (fig. 4b). There are five relative peaks 6 6 e & 2 T 0% maximum
$ wo at the edges of the Tiber basin, gne within 5. s . —- 5% average
the alluvial valley of the Aniene, a broad peak = = o I N 5% maximum |
where the Sicilian low-velocity zone js close B4 - Sa
o the surface, and one at the margin of the 2 3 k]
Paleotiber basin, a° g? g°
€ macroseismic daa shoyw essentially &, g, 9,
that, in Rome, the damage is concentrated in k1 K1 K]
the basin of the Tiber with clegr peaks at the ! ! !
edges of the allyvial basin, To quantify this gh- 0 o 0.
servation, the damage distribution has been 0051 15 2 35 3 a8 4 0 05 1 15 2 25 3 30 4 0051 15 2 25 3 g8 4
. projcct]cd on ;he cro;shsectio;l used in the ny- Frequency (Hz] Frequency [Hz) Frequancy [Hzj
g : on, merical modeliin (Féh et af 1993). The re- Zone &
ﬁ%‘gﬁgﬁgﬁ;&? 3 S sulting hismgramg is shown in fig, 4, which o-p—Zoned 5 —-Lone s &
ulation of the Fucino earthquake (event | jy fig. 1) sho»\-vs that ? s:mll‘:ir dlsmbuupn Of. damage s - = = °
They are compared with the damage distribution predicted by our direct numerical simulation, gd 54_ g,
caused by the January 13, 1915 Fucino canthquake 3 E z
(Fih er gl 1993}, The general microzonatjon js ex- g, Fa Za
plained in the text, 4. Seismie microzonation 2 2 2
8 2 g 2. g 2] oMl
The resujts obtained from (he modelling of & ; a 1 & 1
Sa(2D) indicate, respectively, PGA, w and Sq the Fucino event (fig. 4) can be used directly
computed for the two-dimensiona) models for general microzonation Purposes. Using as @ 0 0- :
shown in fig. 3. PGA (bedrock), W(bedrock), reference the bedrock models given in (aple i1, 0051 15 2253 55 4 005115 2 25 335 4 605 1F"5 2 2: 3354
and Sa(bedrock) indicate, respectively, PGA,  six zones can be distinguished (see figs. 3 and Frequency [Hej Frequency (Hz) requency Hz}
Wand §g obtained for the pne-d_lmenSIonal ref- 4)‘-' (1) zone 1 mcludes the edges of the Tiber Fig, s, Maximum ang average speciral amplifications for 1. sones detined in figs 3 gng 4. tor zere damping
erence bedrock models given in table If. Ip River, (2) zone 2 extends over the ceniraj part and $% damping.
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Fig. 1. Map showing the disinibution of damage in Naples due to the 1980, krpinia earthquake (modified from

Lsposito ef al., 1992).

Naples, lower peak ground accelerations might
he expected on rock sites in the town. In addi-
tron, even if the epicentral distance is about
) km, and therefore an increase in the peak
ground acceleration with distance cannot he
excluded (e.g. Suhadole and Chiaruttini, 1985
Fih et al., 1993b), this increment should not
exceed 30-40% of the maximum recorded at
Torre del Greco. Hence. if for the historical
buildings, the damage ts easily explained by
their degraded conditions, for the most dam-
aged buildings in the eastern district, which are
tall and made of reinforced concrete, it 1s nec-
essary to consider the combined eftfects of the

incident wavetfield, the Jocal soil conditions
and the properties of the buildings.

The analysis of the strongest historical
earthquakes, X and X1 degrees on the Mercatli
Cancani Sieberg (MCS) scale in the epicentral
area, indicates that the maximum intensity ob-
served in Naples is about VIHI on the MCS
scale for the most disastrous seismic event
which occurred in ltalian territory in December
1456. Intensity VIl on the MCS scale was felt
in Naples for the 1688, 1694 and 1805 histori-
cal earthquakes, as well as for the 1980 earth-
quake (Esposito et af, 1992). The distribution
of the damage caused by the historical earth-

650)

quakes is obviously concentrated in the histori-
cal centre, but in 1805, the buildings present in
the eastern part of Naples were completely de-
stroyed.

Historical and archaeological data can be
merged with geological information if syn-
thetic isoseismals are computed considering
the complete wavefield radiated from a point-
source (Suhadoilc er al., 1988). This method,
successfully applied to the modelling of the
observed isoseismals of instrumentally rec-
orded earthquakes (e.g. see Panza er al.,
1988: Panza, 1991}, can easily be extended (0
historical earthquakes to infer their source
mechanism (Panza ef al., 1991). For instance,
it has been noted that. even if the observed iso-
seismals of the 1962 and the 1980 Irpinia
earthquakes are differently elongated, the first
being elongated perpendicularly to the axis of
the Apennines and the second along the axis of
the mountain chain. the source mechanism can
be the same when the focal depths of the two
events are assumed to be different. In accor-
dance witn the results of Panza er al. (1991},
the focal depth of the 1962 event is greater
than 12 km. i.e. the seismic source is close to
the bottom of the thick, superficial sedimentary
low velocity layers, while the focal depth of
the 1980 carthquake is around 6 km. As a mat-
ter of fact, this is the method to assign a coni-
pletely realistic seismogram to historical earth-
quakes. and hence to evaluate hazard in more
rigorous terms.

The 1980 earthquake is the first strong
event that occurred in the Southern Apennines,
recorded by many instruments at different epi-
central distances and in a wide range of fre-
quencies. Several seismological studies consid-
ered the source geometry, the rupturing pro-
cess, and the site effects (for a recent complete
compilation of these studies see «Annali di Geo-
fisica», 1993). The source process is complex,
consisting of a main rupture episode (0s
subevent) followed by two smaller ones at
about 18 s and 40 s from the origin time of the
main episode. A general agreement exists
about the geometry of the main rupture con-
sisting of a fault dipping 60° toward NE and
having a strike of about 313° From levelling
data {(Pingue er af., 1993}, a fault dipping 20°

Mitigation of seismic hazard of o omegavity: the vase of Napie

651

toward NE is consistent with the second
subevent (18 s}, and arocther almost parallel to
the main fault, but antithetic, dipping SW, is
consistent with the third subevent (40 s). The
largest moment release took place at a depth
not exceeding 10 km. urderneath the eastern
flank of the Mt Marzano ridge, near to the
town of Laviano. This instrumental depth de-
termination agrees quite well with the macro-
seismic depth estimate made by Panza et al
(1991).

The aim of this paper was (1) to perform the
numerical modelling of the propagation of the
wavefield, generated by the main rupture event
of the 1980 earthquake, up to a profile trending
N86°W ., and Jocated in a test area in the east-
ern district of Napies. and /2) 10 make an accu-
rate and realistic evaluation of the seismic
ground motion, laking into account the signifi-
cant lateral variations which are present in the
subsoil of this urban ares,

For the computation of the local seismic re-
sponse, we used (F} the standard one-dimen-
stonal method (compute: program Shake), de-
veloped by Schnabel e 2 (19723 that uses
vertically incident $H-waves im a sfructure
composed of plane parailel tayers, here indi-
cated as method 1. and (2! the hybrid method
developed by Fidh (1992 and Fih er al
(1993u.b). that accounts for the source and the
propagation path, inctuding anelasticity and lo-
cal soil effects, here indicated as method 2.
The results obained with the two methods
were compared in order (o evaluate the possi-
bilities of the commonly used 1-D computa-
tional technigues for reliable microzonation.

2. Numerical modelting of seismic ground
motion for 2-I structures

Many computational techniques exist to es-
timate the ground motion at a site. The stan-
dard one-dimensional methods like Shake esti-
mate the amplification of 5H waves, verucally
propagating through plare parallel layers of
unconsolidated  soils overiving the  bedrock.
Such techntques are very !ssi, but. are uncer-
tatn for structures whichk are characterized by
stromg laterad heterogeneities or sloping layers.
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Abstract

The seismic ground metion of a test area in the eastern district of Naples was computed with a hybrid tech-
nigue based on the mode summation and the finite difference methods. This technigue allowed the realistic
modelling of source and propagation effects, including local soil conditions. Iy the modelling, as seismic
Source we considered the 1980 brpinia carthquake, a good example of strong shaking for the area of Naples,
located about Y0 km from the source. Along a profile through Naples, trending NRO“W. the subsoil is Mmataly
formed by alfuvial (ash, stratified sand and peat) and pyroclastic materials overlying a pyroclastic rock (yellow
Neapolitan tuff) representing the Neapolitan bedrock. The detailed information avaifable on the subsoil me-
chanical properties ang its geometry warrants the application of the sophisticaled hybrid technique. For SH-
WAVeS. 4 comparison was made between a realistic 2.D SEIsmic response and 4 standard 1-I response, based
on the vertical propagation of waves in a plane layered struciure. As expected the sedimentary cover caused an
increase in the signal’s amplitedes and duration. If a thin uniform preat layer is present, the amplification ef-
fects are reduced, and the peak ground aceelerations are similar (o thase observed for the bedrock model. This
can be explained by the backscancring of wave energy at such a layer. The drscrepancies cvidenced between
the I-D and the 2-D S€ISMiC response suggest that serious caution must be 1aken in the formulation of seismic
regulations. This is Particularly true in the presence of the thin pea layer where the mismaich between the |-D
and the 2-D amplification functions i< particularly evident in correspondence of the dominant peak and of the
second significant peak.

Key words seismic  hazard microzoning - earthquakes. The jast strong event, the Novem-
numerical modelling - Nypleg ber 23 1980 M =69 M =6 5}, Irpinia
earthquake, produced  serious damage in

. Naples (fig. 1), mostly in the historical centre

L. Introduction and in the eastern grea {(Rippa and Vinale,
) ) i _ 1983), despite the expected moderate ground

The main seismogenic areas of Southern shaking. In fact, peak ground accelerations of
lialy are located in the Southem Apennines, o g and 0.04 g, with dominant frequencies
Naples is not within a seismogenic area, buy it at 2.5 and 3 Hz, were recorded along the N-§
has often been severely damaged by Apennine and E-W directions at the seismic station Torre
del Greco. This station is located on a lava de-

—_— Posit on the Vesuvius flanks, about 20 km from

) Now ar: Institur fir Geophysik. ETH-Honggerherg, Naples, on a simitar azimuth from the epicen-

CH-8093 Ziitich, Switzerlang. ter. Due to the larger epicentral distance of
649
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B A Distance from the epicenter (km) A W ; layer is not laterally homogeneous, and the dis-  consider the spectral amplificaion for zero
7 e t + - ; cussion of the effects of such fine details will damping, which iz defined as the responsc
Receivers gfl R‘i? Puazza Nazionale R‘jol : be the subject of a future investigalion. spectrum at a receiver in the 2-D structural
The amplification and attenuation effects as model normalized to the respense spectrum
— 0 ke T P e e ey e a function of frequency can be identified computed for the refzrence 1-D medel. The
E ] through the analysis of the spectral ratios, that spectral ratios and the spectral amplifications
v | is the Fourier spectrum of the signals com- are comp}jted n corrcspon_denc: qf the position
~— AN 22— g puted at the receivers in the 2-D structural of 5 receivers, representative of different strati-
£ F0.0s0 vevvvvvvvvvvv vy vy vy model, normalized to the Fourier spectrum of  graphies in the 2-I section. Twoking at the
E. R Rt V" — the signals computed for the 1-D reference spectral ratios at the chosen receivers R7, R17.
O model (table D). R23, R26, R33, the w:de vainability of ground
a \A\A \ The maximum response spectrum of a sim- motion is quite evidert within & few hundred
- 0,100 N ple oscillator is commonly used to quantify the meters (fig. 5). The doininan: peak moves from
“ g s oade groun rahes irmaticd st layere ground motion for engineering purposes. We frequencies lower tharr 1 Hz {receiver R7), t
| I E:é?ggfr;':? -1700.;..m|1 =1 850 g cm
I — Q- ' ot &032'?1““ 1 D bedrock 2D with peat 2D without peat
: ;‘1 2 poat loose pozzalanas pozzotanas
- 7.000 g =1.230 g cm-3 1.700 g em 3 w1 630 g cm ) T 5@-10_22 41
e - =0.100 km 5 1 - [;-umzmsz - ﬁ-omﬁmn
Ty Qp =10 =50 e —
T N 39
v wiffs bedrock I. 37
v 1
source s B g N g | —
Qp =50 Qp =100 L 33
i . 31
Fig. 3. Geological cross-secton along the profite AA” shown in fig. 2 i 1 29
. 27
Y
" 25
that we have taken as representative for the model for the region between the source posi- 'L 23
eastern part of Naples (fig. 3). The choice of uon and Naples (table 13, (2) the anelastic two- o 21
the mechanism of the seismic source was made dimensional model with the peat layer, and (3) ¥
according to the mechanism of the main shock the same two-dimensional model without the "“****‘”1““**""-'——19
(0 s subevent) of the 1980 Irpima earthquake: peat layer. All scaling values were related to a _e.ﬁ_.h..,-._._.,._v_” e LS __*_A;,\.,TAM
dip 635°, rake 270°, strike 315° and depth source seismic moment of 107 Nm, and all 15 15 15
7.0 km. The angle between the strike of the signals normalized to the same value. The time Mﬁwd_u W: —“_"‘"‘“]W"“_‘ ,
fault and the epicenter-cross section line is 36°. scale is shifted by 22 s with respect to the ori- T 11 ¥ ‘Wl “j"w‘-ww
The source is located in lhc_ Ealerf}lly homao- gin time, and the distance between two re- — e e Rat w%«-«mﬁ——n
geneous part, and the propagation of the waves ceivers is 100 m. g 8 o 8 St §
from the source up to the 2-D anelastic struc- The presence of unconsolidated sediments j__ 7 ! ?
ture (fig. 3} was computed with the mode sum- increased the signal’s amplitudes and duration, o 5 T 5 IR A 5
mation technique for the layered one-dimen-  which is more pronounced for the model with- 1 . BRI b 5 R e 5
sional anelastic mode! representative of the out the peat layer. For the model with the peat p i " W d_w«-wuwm—— h
path to the town of Naples (Vaccani et al., layer, between receivers 1 and 15, the maxi- 1 " : Jrrtp L dm A :
1990). Acceleration time series for SH-waves mum amplitudes are similar to the maximum i ‘l-a T T s de 22 v 12 7 L ——————sy "
(fig. 4) were computed at an array of receivers amplitudes observed for the one-dimensional ; TIME (89 B b 18 28 3T 18 LR L4 ub GRoTR R

over several different cross-sections: (}) the
one-dimensional reference anelastic model for
the bedrock, which represents the structural

bedrock model. This can be explained by the
backscattering of wave energy at such a layer.
These effects could be different if the peat

TIME (5?2

TIME (82

Fig. 4. Acceleration {ime scries for SH-waves computed over the reference model (1D bedrock), the 2-D
structural model with the peat layer. and the 2-D structural model without the pest fayer.
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In these cases, ar least two-dimensional tech. the mugma was richer in 8as, the products :
niques may be necessary for a useful ang real- Were magma fragmens, As a consequence of ‘
istic estimate of the ground motion. sudden cooling, the magma was solidified ina ‘

The numerical hybrid approgen recently glassy state ang with a Spongy structure. These
proposed by Fih (1992) and Fap el al products are the pumiceous Tapilli that have 4 i
(1993a,b) can account for the source and the coarse grain size. Wher, the magma wag poorer : - X - N
Propagation effects, including anelasticity apg in gas, or the cooling rate was stowey, scoria- " g D it LR Aplad
tocal soi] effects. The propagation of the waves ceous lapilli were crupted, having a crystalline ' : ;
from the source up to the complex two-dimen- cenire and a glassy gyrep part. Lava fragments |
stonal structure s computed with the mode were often thrown oy and lithic lapiil; were
Summation technique (Panzy. 1985 Florsch formed. Generally thege three differens types of

!
et al, 1991), and in the complex, laterally het- volcanic activity occurred simultaneously. but j
CIOgeneous structure iy jg computed with the f. with varying intensity. Therefore the differen !
nite difference method. Thig hybrid approach volcanic productg were generally present in g |

combines the advantages of both mode sum- variable Composition, and led to the formation )
mation and fipjte difference technigue. Wiy of four differen volcaniclastic  gojjs: poz-
the mode summation method it i possible 1o zolana, pumice, tapilius and scoria. The pogz-
simulate a realistic rupture process o the ex- zolana s the most widespread $0il in the
tended fault, as a sum of point Sources, prop- Campi Flegrei and Surrounding areas ang s
erly distributed ip space and time. The path mainly formed by ash with a minor percentage
from the source up to the region containing the of pumicegus lapilli. Pumiceous lapitli prevaj)

2-D heterogeneities represented by a 1.y n the pumices, ag do lithic 1apiili jn the lapilg

layered anelastic siructure. The resulting wave. and scoriaceous in the scorise. The lapilli are

fietd is then used 1o define the boundary condi- mostly present along the coasy of the gulf of

fions to be applied 1o the 2-D anelastic region Naples, The Pozzolana has offen undergone g

where the finite difference technique s used. weathering and rill-wash Processes, and has T VA GULF OF  NAPLES

The hybrid approach has been developed for been carried away, far from the original depo-
both SH- and P-SV-waves (Fih, 1992. pxp sition site. Depending upon the Iniensity of

el al, 1993a b). Here only SH-waves are con- such a process, the 8rain size becomes finer
sidered since the program Shake handley only with respect to that remaining in the original
this kind of waves, condition.
Croce and Peliegrino (1967) distinguisheq
$iX homogeneous Beotechnical zones in Naples Fig, 2, Geotechnical map of Naples (modified tfrom Croce angd Pellegrino, 1967), Legend: ) Pozzolana,
3. Geological setting of the stydied area (fig. 2), characterized by a tuff formation deep- 2) sea-shore sand; 3) alternations of voleanic soifs, alluvial sojly and organic materialy; 4) cavities.

Naples is located on volcaniclastic sojls and The pozzolana Is almost everywhere, but ;o]
rocks (various types of 1uffy) erupted by the covering can include sands along the coast
Campi Flegrei volcanoes (fig. 2). The original (zone 3), ang alternations of volcanic sojls,
matertal that forms the wffs and the volcanic alluvial sojls apg Organic materigls {zones

physical (density, porosity, grain size, water were later filled with , variety of matertals;

clastic rocks being the resulr of the hardening The test area, chosen 1o estimate the seismic content, etc.) and dynamic (S-wave velocities bricks and waste materials. The alluvial cover
of the volcaniclagtic soils by post depositional Bround responge, is 5 flat area in the eastern and ping ratios) properties of the materials. is formed by volcanic soils, moved away by
hydrothermaj alteration. The Wi formation js district of Naples (zone 6), delimited to the The reconstruction of the main geological streams and redeposited with different (ex.-
either QUICropping or is located Some tens of  Souh by the guif of Naples, to the Eag by the Pattern is shown along a Ngeow profile  qure.
metres below the groyng surface. Its thickness flanks of Vesyyiyg and to the North by the hills (fig. 3). The subsoi i mainly formed by map,.
ranges from TWenty metres in the eastern dis of Capodimonte and Capodichine The water made groupd alluvial soi]s (ashes, stratified
HICt to two hundred metres under the Posillipo  fable i at a depth of a few meters. Several jap. sands, peat), loose and slightly cemented Poz- 4, Seismic response
il ) oratory and field measurements haye been con- zolanas, yellow wWif and maripe sands. The

The volcamclast_ic soils derive from differ- ducted on Pyrociastic materials of the Campj f castern area of Naples wag a marsh, supplied The causative faujt of the 1980 earthquake
ent types of expiosive volcanic activity. Whep Flegrei (Guadagno ¢; al., 1992) and in particy- by the Sebeto tiver and small streams, recently is located about 90 km from the CTOSs-section,
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Fig. 7a-e. Spectral amplification for zero damping and spectral ratios computed witn method | and method 2
at site R7 (a), at site R17 (b), at site R23 (c}. at site R26 (d), at site R33 (e} (see fig. 3 for location). As in
figs. 5 and 6, spectral ratios are smoothed: this is not the case for spectral amplifications, therefore spectral
amplifications represent a quite reliable parameter, much mose stable than spectral ratios.

seismogenic areas to suffer serious damage
both because of the degraded conditions of the
historical built-up environment and because se-
vere local site amplification occurs. On the
other hand, the high density of population and
the kind of built-up environment to be pro-
tected increase the vulnerability of some areas
of Naples, and consequently the seismic risk.
Vulnerability may be reduced through the
retrofitting of ancient buildings and monu-
ments and through the design of reinforced
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concrete structures able to resist seismic shak-
ing. Serious regulations are required since
monuments must not he damaged by random
injections of concrete. Sound anti-seismic cri-
ferta can be reliably baszd only on the knowl]-
edge of site seismic resconse, both in terms of
peak ground accelerati»n and frequency con-
tent.

Ground motion maoddeliing made with com-
plete SH-wave seismogra»ms shows that the su-
perficial soil deposits composed of pyroclastic



Table L. The 1-D 1y

e e e

(from Vaccari er al.. 1990y,

—_—— —
Thickness Density

{km) {g/em’)

-50000E--01 21200E+01
20000E+00 Z1200E+01
25000E+00 Z1400E+(}]
-25000E+00 21600E+0]
.25000E+00 Z1800E+0|
.25000E+00 -2Z000E+0 |
25000E+00 22200E+01
-25000E+00 22400E+01
-25000E+00 22600E+01
25000E+00 22800E+0)
-25000E+00 -23000E+401
-Z5000E-+00 23200E+01
-25000E+00) 23400E+01
25000E+00 23600E+01
25000E+00 23800E+01
-25000E+00 24000E+01
-25000E+00 -24200E+0)1
-25000E+00 Z2U00E+01
-25000E+00 .24600E+0 |
-25000E+00 24800E+01
-25000E+00 25000E+)1
25000E+00 25200E+01
-25000E+00 -25400E+01
-25000E+00 23600E+H)1
.25000E+00 I5800E+01
-25800E+00 26000E+01
-25000E+00 20200E+01
25000E+00 26400E-+H) |
-25000E+00 -26600E+0]

frequencies slightly higher than | Hz (receivers

and to frequencies around 2 Hz

R17 and R33),
(receivers R23

Concetting Nunyigga, Donat Fah and Giuliano

F. Panza

Pwave P-wave S-wave S-“Ta:e
velocity {(kmy/s) attenuation velocity (km/s) attenuation
A3500E+01 645 16E-02 -90000E+00 27778E-01
- I9000E+01 S32632E-02 1 1000E-+01 22727E~01
-22500E+0] -29630E-02 1 3000E+01 J12821E-01
-26000E+01 25641E-02 -15000E+0] JdHT1E-01
2T000E+01 F4014E03 A7000E+0] 29412602
-28000E+01 T1429E-03 17500E+0t 28571E-02
-29000E+01 B68I66E—03 1 8000E+01 27778E-02
30000E+01 BO66TE-03 -18500E+0| 27027E-(2
31000E+01 64516E-03 - 19000E+01 26316E-?
32000E+01 B2500E—03 A9500E+01 25641E-02
-33000E+01 60606E-03 20000E+01 -25000E—02
34000E+01 .58824E-03 -20500E+01 24390E-(2
35000E+0] S7143E-03 21000E+01 .23810E-02
36000E+0 | -35556E-03 21500E+0] -23256F—02
37000401 54054E-03 22000E+01 22727602
-3B000E+01 -52632E~03 -22500E+01 22222E-02
S9000E+01 S1282E-03 23000E+0| 21739E-2
A0000E+H) | -S0000E-03 -23500E+01 21277E-02
A1000E+01 48780E-03 -24000E+1 20833E-02
A2000E+01 A47619E-03 24500E+0 | 20408E-02
43000E+0] A46512E-03 -25000E+01 20000E-02
A4000E+0] A45455E-03 -25500E+01 19608E—02
A5000E-+}1 A4444E-03 .26000E+0| A9231E-02
A6000E+0) 43478E-03 26500E+01 -18868E-072
47000E+01 42553E3 27000E+0] JA8519E-02
AB000E+01 A41667E-03 -27500E+01 18182E-02
A9000E+(11 A0816E-03 -28000E+01 7857602
-S0000E+01 A0000E-03 -28500E+01 AT7544E02

-S1000E+01 39216E-03 -29000B+01 J7241E-02
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peak is present
2 Hz and 3 Hz

at higher frequencies, between
at receiver R7, between 3 Hz

and 4 Hz at recejvers R26 and R33, and aronnd
5 Hz for receiver R]7. The damping effect of

the peat layer is

clearly shown by the compari-

son of the spectral ratios computed at the same

4.3

Spectral Ratios

Frequency | Hz}

Fig. 5. Spectral ratiog computed with the hybhrid
methed at sites R7, R17, R23, R26, R33.

“=—— 2D without peat s 10 bedrock
— 20 with peat / 10 bedrock

8
k5]
x
g
B
0 T ———— T
2 3 4 5
Frequancy [H2}

Fig. 6, Example of the effect due o
of the peat layer ar sie R9.

the presence

receiver R9 when (he Peat layer is removed
(fig. 6). The maximum peak increases in am.

plitude and is

layer, even though with a thickness of only
3 m, significantly reduces the amplification

Mitigation of seismic hazard of 4 mepacity: the case of Naples

657

effects induced by the unconsolidated sedj-
MeEnts.

The discrepancies between the amplifica-
tions computed with method | and method 2
are illustrated in fig. 7a-e. At receiver R7, the
dominant peak is estimated at the same fre-
quency by both methods, but the amplitude ob-
tained with method 1 is 30% smaller than that
obtained with method 2. Moreover, other
peaks, at frequencies which are very important
for engineering purposes, and clearly visible in
the results obtained with the hybrid method,
are absent in the modelling made with method 1.
The spectral ratios and the spectral amplifi-
cations for zero damping, obtained with
method 1 and methed 2, have similar peaks at
receiver R17, but the amplification computed
with the I-D method is underestimated with re-
spect to that determined with the 2-D method.
Al receiver R23 4 frequency shift of the main
peak is observed, The picture changes for re-
ceivers R26 and R33, as the spectral amplifica-
tions computed with method 1 overestimate
those obtained with method 2, even if they
have a similar shape,

5. Discussion

The main effont that is necessary 1o mitigate
the seismic hazard is the definition of a correct
seismic response. both it terms of peak ground
acceleration and spectral amplifications. It s
well known that these factors depend upon the
mechanical characteristics of the local soil con-
ditions, and the characteristics of the expected
earthquake, like foca) mechanism, h pocentral
depth, epicentral distance, and magnitude or
scalar seismic moment. The formulation of
good building codes for engineers, shouid rely
on the information which js supplied by many
different disciplines, such as seismology, his-
tory, archeology, geology and geophysics. If
properiy used, synthetic seismograms may rep-
resent a fundamental tool to take into consider-
ation most of thjs information simu]taneousfy,
with the important practical result of effec.
tively reducing seismic vulnerability,

Napies represents a typical example of g
non-seismogenic area, but close enough to
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over the ceniral part of the Paleotiber basin. The zones 5 and 6 include areas which are
located outside the large basins of the Tiber and Paleotiber where we distinguish between
areas (3} without and {6} with a layer of volcanic rocks close to the surface. These zones
can bz recognized also in the sections considered in relation with the events located in the
arseolani Mountains and the Alban Hills (Fig.1).

For all the receivers located in each of the six zones defined above, and for ali the two-
dimensional models, shown in Fig.1, and the studied events, the spectral amplification
Sa(2D)/Sa(bedrock) has been computed. From these values the average and the maximum
spectral amplification, which are shown in Fig.2, for zero and 5% damping of the
oscillator, are determined for each given zone.

The greatest spectral amplification is observed at the edges of the sedimentary basin of
the Tiber river (zone 1), for frequencies between 2.0 and 2.5 Hz. The maximum spectral
amplification with respect to the bedrock model varies between 5 and 6, and it is due to
the combination of resonance effects with the excitation of local surface waves. The
general shape of the maximum and average spectral amplifications are similar for zone 1
and 2. In the frequency range from 1.0 Hz to 3.0 Hz, the maximum spectral amplification
is of the order of 4 and the average spectral amplification is of the order of 2.

[LLEGEND

4 E Tiber edges
Central Tiber
2[5 Diovial basin

Paleotiber basin
3 m cdges

No near-surface
5

volcanic rocks

Near-surface
volcanic rocks

6 Near-surface

velcanic rocks?

8

Fig.3: Microzoning for the city of Rome.

2
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Similar observations can be done for the Paleatiber besin {zones 3 and 4), hut in
different frequency band (0.4-1.0 Hz). The buried sedimentary compiex (Sicilian? canse
maximum spectral amplification between 3 and 4, due to resonance eftects. These or
most pronounced at frequencies around 0.6 Hz. Therefore, ihe presence of a near-surfa:
layer of rigid material in the Paleotiber basin is not sufficient to classify that area a«
“hard-rock site”, A correct zonation requires the knowledge of both the thickness of i
surficial layer and of the deeper parts of the structure, down ta the real bedrock. This
especially important in volcanic areas, where pyroclastic materizl often covers alluv
basins. The maximum spectral amplification is larger at the edges of the Paleotiber hi
(zone 3). For frequencies above 1.0 He, in the Paleotiber basin (zone 4), the voleur
layer acts as a shield reflecting part of the incoming energy, and the values of the aver. ¢
spectral amplification are smaller than 1.

For the sites in the zones 5 and 6, the maximurn and the average spect:
amplifications are small for frequencies below 1 Hz. Since the sedimentary cover in thes
zones is thin, the amplification takes place at frequencies above 1.5 Hz, and changs
rapidly from site to site. This rapid variation leads to average values of the order of 14
I.5. The zoning performed along the three sections can be extrapolated, with cautions, -
a larger area using the information available on geological and geotechnical conditior
The result of such tentative extrapolation is shown in Fig 3.

Thus, in absence of instrumentat data, and without having to await for a streo;
earthquake to occur, a realistic numerical simulation of the ground motion, can be uss
for the first order microzonation of Rome. The highest values of the specire
amplification are observed at the edges of the sedimentary basm of the Tiber, strc:
amplification are observed in the Tiber's river bed. This is cnused by the large amplitude
and long duration of the ground motion due to (1) the low umpedance of the allun sz
sediments, {2) resonance effects, and (3) the excitation of local surface waves. 1r
presence of a near-surface volcanic layer of rigid matertal is not sufficient to classity
location as a “hard-rock site”, since the existence of an undertying sedimentary compi’
can cause amplifications due to resonance effects A eccirect zonation requires '
knowledge of both the thickness of the surficial layer and of the deeper parts of iy
structure, down to real bedrock. This is especially imporfant in voleanic areas, where ia«.
flows often cover alluvial basins.

Modelling of ground motion in Naples

Naples is not within a seismogenetic area of the Southern Apennines, but it has ofie:
been severely damaged by Apennines earthquakes. The last strong event, November 2.
1980 (M5=6.9), produced serious damage in Naples, and mostly in the historical centr
and in the eastern area (Rippa and Vinale, 1983), where a ten-storied building wa
completely destroyed causing tens of human deaths. For e historical buildings, ti
damage distribution is easily explained by their degraded . inditions, but for the mc.;
damaged buildings of the eastern district, which are talt anc made in reinforced concrewe
it is necessary to consider the combined effects of the incident wavefield, the local s
conditions and the properties of the buildings. The nearest available accelerogram wa
recorded at a seismic station set on a lava deposit at Torre del Greco, on the flanks o
Vesuvius, about 20 km far from Naples and closer to the epicentral zone. Thus, =
present, the only possibility for a detailed zoning for the towr of Naples, that according!s
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REDUCTION oy SEISMIC VULNERABILITY OF MEGACITIES: THE
CASES OF ROME AND NAPLES

Franco Vaccari®.**"**, Concettina Nunziata**** Donat Fip "*** Giuliano Francesco Panz,*.***

Microzoning in Rome

In addition to the Central Apennines, whose earthquakes caused in the town maximum
intensity Vv (MCS) and May generate significant perturbations at long period, the
most important seismogenetic zone which can cayse structural damage i Rome are the
Alban Hills (observed maximum MCS in Rome VI-VII) (Molin et al, 1986), Therefore,
the source positions used in this study inciude (1) the epicenter of the January 13, 19;5
Fucing earthquake, (2) the Carseolanj Mountains where, from the study of pattern
recognition (Caputo et al., 1980), a strong earthquake is €xpected to occur, and (3) the
Alban Hills. The source mechanisms assigned to these earthquakes are che mechanism of
the Fucing earthquake {Gasparin; et al., 1985) for event | and 2, and the mechanism of 4
recent earthquake in the Alban Hijlis (Amato et al., 1984) for event 3. Synthetic

also given for each section,
For a first order microzoning of the town We consider the relatiye spectraj

o Dip: di Geofisica e Vulcanoiogia, Universita dj Napoli "Federico IT", Napoli, Jtaljg
Institut Rir Geophysik, ETH-Hﬁnggcrberg, Ziirich, Switzerland
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The presence of unconsolidated sediments causes an increase of the signal's
ampiitudes and duration, more pronounced for the model without the peat layer. For the
model with the peat layer, between receivers | and 15, the maximum amplitudes are
similar to the maximum amplitudes observed for the one-dimensional bedrock model,

The amplification effects as function of frequency can be identified through the
analysis of the spectral ratios and of the spectral amplification for zero damping, therefore
these quantities have been computed in correspondence of the position of § receivers,
representative of different stratigraphies in the 2-D section. Looking at the spectral ratios
at the chosen receivers (R7, R17, R23, R26, R33) it is quite evident the large variability
of ground motion within a few hundred meters (Fig.5). The main peak moves from
frequencies less than | Hz, receiver R7, where the peat layer reaches the maximum
thickness, to frequencies slightly higher than | Hz, receivers R17 and R33, and to
frequencies around 2 Hz, receivers R23 and R26. The amplification factor of the ground
motion is in general around five, and this value is exceeded only at receiver R17. A
secondary significant peak is present at higher frequencies, between 2Hz and 3Hz at
receiver R7, between 3Hz and 4Hz at receivers R26 and R33, and around 5Hz for
receiver R17.

The damping effect of peat is clearly shown by the comparison of the spectral ratios
computed at the same receiver R9 when the peat layer is removed (Fig.6). The maximum
peak increases in amplitude and is shifted towards higher frequencies, when the peat layer
is removed. The peat layer, even though with a thickness of only 3m, reduces
significantly the amplification effects induced by the unconsolidated sediments.

Conclusions

The seismic vulnerability of a megacities like Rome and Naples, with a large cultural
heritage and a very high number of people to safeguard, can be drastically reduced,
without having to await for a strong earthquake to occur. The method used is, in fact, the
only existing gquantitative procedure that permits to compute reliable complete
seismograms, that takes into account the propagation effects, including detailed local
conditions and anelastic behaviour of soils, from which to obtain realistic seismic
response, to be used for engineering purposes.

The results of the numerical simulations are used for a first order seismic
microzonation in the city of Rome, which can be used for the retrofitting of buildings of
special social and cultural value. Rome can be divided into six main zones: (1) the edges
and (2) the central part of the alluvial basin of the river Tiber; (3} the edges and (4) the
central part of the Paleotiber basin; the areas outside the large basins of the Tiber and
Paleotiber, where we distinguish between (5) areas without, and (6) areas with a layer of
volcanic rocks close to the surface. The strongest amplification effects have to be
expected at the edges of the Tiber basin, with maximum spectral amplification of the
order of 5 to 6, and strong amplifications occur inside the entire alluvial basin of the
Tiber. The presence of a near-surface layer of rigid material is not sufficient to classify a
location as a “hard-rock site”, when the rigid material covers a sedimentary complex. The
reason is that the underlying sedimentary complex causes amplifications at the surface
due to resonance effects. This phenomenon can be observed in the Paleotiber basin,
where spectral amplifications in the frequency range 0.3-1.0 Hz reach values of the order
of3to 4

7a
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In the eastern district of Naples, where the sub-soil is mainly formed by alluvial an.
pyroclastic materials overlying a pyroclastic rock represerting the bedrock, the loce
seismic response is given in the form of spectral ratios and spectral amplifications fc.
undamped oscillators. The comparison performed between the fwo-dimensional seisw i
response and a standard one-dimensional response, based cn the vertical propagation
SH waves in a plane layered structure, suggests to take serious caution i the formulatis
of the appropriate seismic regulations to be adopted to reduce the seismic vuinerability o
Naples, since commonly used methods, like for instance ine vertical incidence of
wavefield, can lead to very erroneous conclusions.
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with historical records may expericnce g shaking of ntensity VI on the MCS scale, is
given by the use of realistic synthetic seismograms,

Our aim here is (1) to perform the numerical modelling of the propagation of the
wavelteld, generated by the main rupture event of the 198 earthquake, up to a profile
trending N86°W, angd located in a tes area in the eastern distriot of Naples, and Do
make an accurate and realistic evaluation of the seismic ground motion, taking into
account the significant lateral variations, which are present in the subsoil of this urban
area.

Naples is located on voleaniclastic soils and rocks (various types of tuffs) erupted by
the Campj Flegret volcano. The original material, forming the tuffs and the volcanic sotls,
i$ in general the same, with the volcaniclastic rocks being the result of the hardening of
the volcaniclastic sojls b i

has a thickness that ranges from twenty metres, in the eastern district, to two hundred
metres under the Posillipo hill. The different voleanic products are always present in a
variable composition, and led to the formation of four different volcaniclastic soils:

Campi Flegrej (Guadagno et al, 1992) and, in particular in the test area (Vinale, 1988), 1o
define the geometry of the sub-sej] structures, the physical (density, porasity, grain size,
walter content, etc.) and dynamic (S-wave velocities and damping ratios) properties of the
materials. The reconstruction of the main geological paitern is shown along a Ngg°w
proﬁle {Fig.4). The sub-soil js mainly formed by man-made ground, alluvial soils {ashes.
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ABSTRACT

The strong influence of lateral heterogeneities and of source properties on the spatial
distribution of ground metion indicates that the traditional methods require 4n
alternative when earthquake records are not available. The computasior of hrozd-
band synthetic seismograms makes it possible, as required by a realistic modelling,
to take source and propagation effects into account, fully wtilizing the large amount
of geological, geophysical and geotechnical data, atready available. For recent
earthquakes, where strong motion observations are available, it is possivle to validate
the modelling by comparing the synthetic seismograms with the experimental
records. The realistic modelling of the seismic input has been applied 1o a first-order
seismic zoning of the whole territory of several countries. Even thougir it fails in the
domain of the deterministic appreaches, the methed is suitable 0 be used in new
integrated procedures which combine probabilistic and deterministic approaches and
allow us to minimize the present drawbacks which characterise them wher they are
considered separately. Delailed modelling of the ground motion for realistic
heterogeneous media (up to 10 Hz) can be immediately used in the design of new
seismo-Tesistant constructions and in the reinforcement of existing builcings, without
having to wait for a strong earthquake to occur. The discrepancies between the ground
responses computed with standard methods and the results of our detailed modelling
cannot be ignored when formulating building codes and retrofiting the built
environment.

I. INTRODUCTION

The guidelines of the United Nations sponsored International Decade for Natural Disaster
Reduction {IDNDR), for the drawing up of pre-catastrophe plans of action, have led to the
consolidation of the idea that zoning can and must be used as a means of prevention in areas that
have not yet been hit by disaster but are potentially prone to it. The optimisacien of techniques

(GFP.FVY,GC,PS) Univ, di Trieste - Dip. di Scienze della Terra, via Weiss 1, 1-24127 Trieste, Italy
(GFP,FV,GC,PS) ICTP, SAND Group, P.O.Box 586, 1-34100 Trieste, Italy

(FV) CNR - Gruppo Nazionale per la Difesa dai Terremoti, via Nizza 128, 110198 Roma, Italy
(DF) Institut fiir Geophysik - ETH Honggerberg Ziirich - CH-8093 Switzeriond
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2.1.1. Synthetic models

The detailed description of the input data used in the procedure shown in Figure 2.1 is given by
Costaetal. (1993) and Panza and Vaccari (1994). The NT file prepared by GNDT (Stucchiet al.,
1993) and the ING (1980-1991) seismological reports are used for the definition of seismicity.
The smoothed magnitude distribution for the celts belonging to the seismogenic zones defined by
GNDT (1992) is given in Figure 2.2.

The symhetic signals are computed for an upper frequency limit of | Hz, and the point-
source approximanon is still acceptable. This is justified by practical considerations, since, for
instance, several-story buildings might have a peak response in the frequency range around 1 Hz
(e .g. Manos and Demosthenous, 1992} and by the fact that modem seismic design approaches and
technologies, like seismic isolation, tend to lower the free oscillation frequencics of buildings.

4
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aimed at prevention will be one of the basic themes of the development of seismic zoning in the
21st century.

The first scientific and technical methods developed for zoning were deterministic and
based on the observation that damage distribution is often correlated to the spatial distribution and

aver deterministic cartography.

The most controversial question in the definition of standards (o be used in the evaluation
of seismic hazard may be formulated as follows: should probabilistic or deterministic criteria and

seismic wave propagation the best policy for the future is to combine the advantages offered by
both methods, using integrated approaches (e.g. Reiter, 19903, Inthis way, among others, we have

Studies carried out following the most recent strong earthquakes (e.g. the 1985 Michoacun
earthquake) have proved 1o be important sources of basic knowledge and have acted as catalysts
for the use of zoning in seismic risk management. The impetus for this has come essentially from

earthquake.

The most recent results have shownthatinan anthropised area it is now technically possibie
to identify zones in which, by virtue of physical parameters of source, propagation and local
conditions, the most serigus damage can be predicted. Actual examples of this capability, closely
linked to the ability 10 calculate realistic synthetic seismograms, are tllustrated in Section 2 4.

53

gained. An opportunity is offered in this direction by the scientific commuiiity s ability to make
realistic simulations of the behaviour of the solid earth system through the computation of
increasingly realistic synthetic seismograms, with 2 broad frequency content. Thus seismic
Zoning cat use scientific data banks, integrated in an expert system, by means of which ir is

models, made necessary by the acquisition of new data and the development of new model-
building methods.

2. DETERMINISTIC ZONING USING SYNTHETIC SEISMOGRAMS

The precedure for the deterministic seismic zoning developed by Costaet ul. (997, 1993}
represents one of the new and mosi advanced approaches and can, at the same time, be used as
a starting point for the development of an integrated approach that wil| combine the advantages
of the probabilistic and of the deterministic methods, thus minimising their drawbacks,

Synthetic SeIsmograms are constructed to mode] ground motion at the sites of interest, using
the knowledge of the physical process of earthquake generation and wave propagation in realistic
media. in first-order Zoning a database of seismograms covering the area of interest (ataregional
scale} is computed, taking into account the effects of lateral heterogeneities in a rough way.
Synthetic seismograms are efficiently generated by the modal summarion technique (Panza,
1985; Florsch et al 1991}, s0 it becames possible to perform detailed parametric analyses at

Once the parametric analysis is performed and the gross features of the seismic hazard are
defined, a more detailed modelling of ground motion, which can take into account the local
geological and geotechnical conditions at g specific site of interesl, is possible using the hybrid
approach which combines, for the description of wave Propagation in anelastic heterogeneous
media, the modal summation with finite differenccstechniques(Fﬁh etal, 1990; Fih, 1992), This
deterministic modelling goes welt beyond the conventional deterministic approach taken in
hazard analyses - in which only a simple wave attenuation relation is invoked - in that it includes
full waveform modelling.

2.1 FIRST-ORDER ZONING OF THE ITALIAN TERRITORY
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cource, which is deliberately neglected in the computation of the synthetic s:gnal, to be used in the
first-order zoning. The lower trace is shown as an example of modelling of the syurce complexity
It 15 the result of a superposition of four sub-events, cach one maodeiled with the middle irace
property weighted and shifted in time accordingly with the model by Vaccan e 3l (1990).

The same approach has been used in the comparison between the NS co:iponent recorded
at Tolmezzo during the Friuli (1976} earthquake (Figure 2.4b, upper trace) and two synthetic
signals obtained for that area (middle and lower traces). In the case of the Friuti 2vent, the point-
source approximation seerns to be a sufficient approximation even for an event with Mg=6.1.

2.2. FIRST ORDER ZONING OF ETHIOPIA

Gouin {]976) produced the first seismic hazard map of Ethiopia usivng = probabiiistic
approach. Since the production of that map, quite a iarge number of destructive carthquakes have
occurred in the country causing damages both to property and human life. Furtherinore,
destructive earthquakes that occurred in the neighbouring countries are not included in the
production of the first map. Following the procedure described in section 2. 1. K bede and Vaccari
{1996), produced a new seismic hazard map of Ethiopia and northern neighbouving countries.

The smoothed magnitude distribution for the seismogenic zones is given :4 Figure 2.5, The
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Figure 2.5 Smocthed magritude (M, ) distribution for the cells belonging to the seven

seismogenic zones, defined for Ethiopia after Kebede and Vaccari {1996).
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P-SV (radial and vertical components)and SH {transverse component) synthetic seismagrams
are computed for a point-source with seismic moment of 107 Nm. The amphtudes are then
properly scaled to a finjte dimension source according to the (smoothed) magnitude {to be
conservative we have assumed that all magnitude valyes given in the NT file are M,) associated
with the ceil of the source, using the Homent-magnitude relation given by Kanamori (1977) and
the spectral scaling law proposed by Gusev (1983).

Among the parameters Tepresentative of the strong ground motion we have, for the moment,
focused our attention on the maximum ground acceleration and displacement (AMAX and
DMAX) in the considered range of frequencies (i e, for frequenciesupto | Hz). Since we compute
the complete time series we are not limited to this choice, and it is also posstble 1o consider other
parameters, like Arias intensity (Arfas, 1970y or other integral quantitics that can be of interest in
carthquake engineering or engineertng seismology. Since recordings of many different sources
are associated to cach site, differen; maps can be produced. if one stngle value is to be pletted on
amap(e.g. Figure 2.3), then only the maximum value ofthe analysed parameteris constdered (eg.
maximum accelerations and displacements respectively in Figures 2.3a and b). In Figure 2 3¢ the
pertods associated with the displacements shown in Figure 2.3b are shown. It can be seen that in
~ome regions, like for instance Ceneral Haly around latitude 42°, long periods in the range between

The results of the deterministic procedure are particularly suitable for civi! engineers as
SEISIC input for the design of special buildings In fact, the relevance of the dis
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Smoothed M, magnitude distribution for the cells belonging to the seismogenic
zones, defmed for Bulgaria after Orozova-Stanishkova et al. (1996).

24 DETAILED ZONING COMBINING OBSERVATION AND MODELLING OF GROUND
MOTION

Itis not posstble to refine the resuits obtained with a first-order zoning by simply assuming
a higher cut-oft frequency (> 1 Hz) in the computation of the synthetic seismograms. A more
detailed zoning requires a better knowledge of the seismogenic process in the region. Furthermore,
to mode! wave propagation in greater detait the structural model used in the compntation of
synthetic seismograms must take into account lateral heterogeneities.

Detailed numerical simulations play an important role in the estimation of ground motion
in regions of complex geology. They can provide synthetic signals for ureas where recordings are
absent. Numerical simuiations are, therefore. useful for the design of earthquake-resistant
structures, in particular when seismic isofation techniques are applied. In fact the number of
available strong motion recordings containing reliable information at periods of a few seconds is
very small, and will not increase very rapidly, since strong earthquakes in densely instrumented
areas are rare events.

The computations that are at the base of the maps shown in Figures 2.3, 2.6 and 2.8 allow
us to determine immediately the ground acceleration response spectra for periods. T, Jarger than
1 s, that are of special interest for seismically isolated buildings. For practical purposes. these
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focal mechanisms and other related source parameers for the representative carthquakes that
occurred in the seven seismogenic zones and the three main lithospheric structures (one for the
rift and two for the eastern and western plateaux) used in this study. arc based on the existing
Iterature. The different magnitudes present in the earthquake catalogue have been converted to
M., therefore, the magnitude-moment relation proposed by Boore (1987) has been used instcad
of the relation by Kanamori {1977).

Figure 2.6a shows the zoning map obtained for the region under study from the calculated
AMAX, as afraction of g (acceleration due 1o gravity). A glance at the figure shows that the higher
values of AMAX (0.1 - 0.2g) are obtained for the main Ethiopian rift around latitude 8°N and in
Eritrea around latitude 15°N, and are compatible with the values estimated by Gouin {1976) using
a probabilistic approach. The corresponding displacements DMAX can be found in Figure 2.6b.

Given that the main Ethiopian rift is a region where various economic development
activities are currently undertaken, and knowing that in this region the seismic hazard is high,
necessary precautions shoutd be taken both in the developiment of the new built environment and
in the reinforcement of the existing one,

The seismic region of central and eastern Afar betongs Lo a different scenario. This area is
characterised by the occurrence of intermediate-size earthquakes with M never exceeding 6.2
Even though the seismic activity rate is high (about 4 earthquakes per year with my, > 4.6), a
relatively low (as compared to that of the main Ethiopian rift) AMAX value is obtained for the
region. The probabilistic approuch used by Gouin (1976) leads to more conservative results than
the deterministic one.

2.3. FIRST ORDER ZONING OF THE BULGARIAN TERRITORY

The same methodology (Section 2.1) has been applied to the Bulgarian territory by
Orozova-Stanishkova et al. (1996), who discuss extensively the necessay input data. The map
showing the smoothed distribution of seismicity within the seismogenic zomes is given in
Figure2.7.

As shown in Figure 2.8a, the highest values of AMAX are obtained in southwestern
Bulgaria (0.3-0.4g), Struma zone, where the strongest earthguake in Bulgaria (Mg=7.8) occurred.
Values between 0.2g and 0.2g have been estimated also in Southern Bulgaria and in the north-
castern part of the country. Near Trun, Sofia, and the western and central part of Maritza zone,
as well as in Gorna Oryakhovitza zone AMAX varies in the range 0.1-0.2g. The northwestern and
southeastern parts of Bulgaria are the less dangerous zones: AMAX is below 0.05g.

The fargest Bulgarian cities, with relevant economical and cultural importance, such as
Sofia, Plovdiv and Varma are situated in the zones with high seismic hazard. The values of AMAX
calculated there are about 0.1-0.3 g, The corresponding displacements are shown in Figure 2.8b.



1985 (Mg=8.1). together with 1ts aflershocks, produced the worst earthquake damage in the
history of Mexico. More than 10,000 people died in Mexico City, 300,000 people were rendered
homeless, and about 1,000 buildings were destroyed (Beck and Hall, 1986). Although the
epicentre of the earthquake is close 1o the Pacific coastline, damage at coastal sites was relatively
small. The reason for this is that most of the populated areas near the coast are sited on hard
bedrock. In contrast, Mexico City, which is about 400 km from the epicentre, suffered extensive
damage. This ¢an be attributed to the geotechnical charactesistics of the sediments in the valley
of Mexico City. As the Michoacan earthquake was one of the most precisely-monitored events
affecting a large metropolitan area, it is of particular interest to compare observed (Figure 2.10a)
and computed (Figure 2.t0b) strong ground motion, containing reliable information also at long
periods.

The area of severe damage in Mexico City is characterized by the increasing thicknesses of
the deep sediments and of the clay layer. The large impedance contrast between these two units
causes strong resonance ¢ffects in the clay layer, as it is shown by the computed seismograms
(Figure 2.10b) which are charactenized by almost monochromatic wavetrains of long duration
and large amplitude in the horizontal components, but absent in the vertical. The small influence
of sedimentary basins on the verticat component of motion is frequently observed, and the
computations (Fih et al, 1994a) give a solid theoretical explanation of this fact,

The model used by Fih et al. {1994a), directly obtained from the exisiting litlerature,
explains the observed difference in amplitudes for receivers located inside and ouiside the lake-
bed zone in Mexico City, the ratio being in the range from 5 to 7 between the computed and the
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observed time series. The use of an instantaneous source time-funchion grves ise o synthetic
signals that contain too much energy at high frequency {above 0.6 Hz). This drawback czn be
removed by applying the @? scaling law for the seismic moment rate spectru.n, proposed by
Kanamori et al. {1993} for the events occurring in the Mexican subduction zone:

M = Mo (0? + w?)”

Mg is the seismic moment and . is the comer angular frequency. Following Manamori et al.
(1993), 0=0.196 51 and M=0.5-102! Nm. These values permit to obtain a goed epreduction of
the shape of the observed signals over the entire frequency spectrum, but the abssiute observed
accelerations are underestimated by a factor ranging from 6 to 3. This last discrepancy can be
reconciled considering the errors affecting the estimates of e, and My, and taking into account the
subsequent rupture episodes of the Michoacan earthquake, mainly the one occurring about 26 s
after the origin time, as shown in Figure 2.11 {Fih and Panza, 1994). This data fitting is, however,
unrelevant for the computation of spectral amplifications and for the more gen-ral purpose of
defining the seismic input for engineering purposes.

Atthe site of interest, spectral amplification, computed with respect to a referenc e site, gives
a good represeniation for micro-zoning purposes, especially from the engineering point of viaw.
Fah and Panza (1994) computed the spectral amplification, i e. the relative spectrui accelerations
and velocities for ane hundred frequencies of the oscillator in the frequency rarge ¢.1-1.0 Hz.
From these values the maximum spectral amplification (MSA) for the entire basin has been
computed and is shown in Figure 2.12. The results for the relative spectral accelerations and
velocities are similar, due to the approximate relation existing between them: Saiw) = @ Sv(},
where @ is the angular frequency of the oscillator. In the following we will iherefore limit
ourselves to the relative spectral velocities, which we will call spectral amplification.

In two-dimensional modelling, the SH-waves (transverse component of motion) and the P-
S$V-waves (radial component of motion) are two independent wave fields. The direction of
propagation of the local surface waves in the sedimentary basin is therefore well correlated with
the source-receiver direction. In Mexico City, the local surface-waves are excited at different
locations of the interface between the bedrock and the sediments, and the direction of propagation
of the local surface-waves in the lake-bed zone may not correspond anymore ¢ the sovrce-
receiver direction. Therefore, to Justify the comparison between the observed ground motion and
the synthetic signals, the spectral amplification for the complete horizontal ground motion must
be computed. This has been done by Fih and Panza (1994), who applied the horizontal ground
motionto anoscillator with two degrees of freedom. The results for the synthetic signals are shown
in Figure 2.12. Due to the large amplitudes of SH-waves. the MSA obtained for the horizontal
ground motion are simiiar to the result obtained for the transverse component. The maximum
peaks in the MSA in Figure 2.12 can be attributed to sites where a strong interaction between the
deep sediments and the surficial clay layer occurs. At such sites, the resonance frequencies of the
two layers are almost the same. The MSA obtained from the numerical simulation is rather
independent from the shape of the seismic moment rate spectrurm, as can be seen in Figure 2.13,
where the results obtained with the seismic moment rate spectrurn proposed by Kenamori et al.
(1993) are compared with the results obtained for a frequency-independent spectram.



results can be generalized to higher frequencies by the use of the existing standard codes. For
instance, Eurocode 8 (1993) det ney the normalized elastic acceleration Tresponse spectrum, B,
of the ground motion, for 5% critical damping, Therefore, the matching of the long-period portion
of the normalized Spectra with the ones computed from synthetic accelerograms, allows us 1o
obtain, for any portion of the considered territory, an absolute spectrum, provided a satisfactory
classtfication of sojls ig avajlable. An example is given in Figure 2.9. The preliminary soil
classification of Eurocode 8 (1993) considers three ciasses, A,B,and C, ranging from hard rock
to [oose uncementad sands. Accordingly with Eurocode 8 (1993) for sites with soil conditions not
matching the three classes A. B and C. special studies for the definition of the ground acceleration
response spectrum are necessary (examples of such special studies are given in section 2.4, | ).

S0IL A
ACCELERATION RESPONSE SPECTARA
(5% damping)

——  synthalic

=— design 4

Stumo NS

Tis)
DESIGN GROUND ACCELERATION: 0.44 ¢

Figure 2.9 Elastic acceleration Tesponse spectra. Absolute values (thick line)have beep
obtained scaling the normalized Eurocodeg response spectrum for subsoi]
A with the long period response spectrum (thin line}, determined from the
synthetic signaj obtained i section 2.1 for the Irpinia (Southemn haly) area.
The spectrum of the NS componen; observed at Sturno during the 1980
Irpinta earthquake is shown by the dotted line.

When detailcd special studies are required by Enrocode 8 or by the presence, in the buift
environment, of special objects, the standard seismic Draspecting techniques, used for the detailed
definition of the el.sijc properties of sub-surface geology, do not give satisfactory results since
they trear wave Promagation in laterally heterogeneous structures with asymptotic forms for high
frequencies. These methods, called “ray methods”, caq only be applied 1o smoothly varying
media, where the characteristic dimensions of the inhomogeneities are considerably larger than
the prevailing wavelength. They fail o predict ground motion at siges close tolateral heterogeneities
such as edges of sedimentary basins and a sites above irregular bedrock-sediment interfaces,
where excitation of Jocy) surface waves and fesonance effects can become important,
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Far away from lateral heterogeneities, a local Structure can sometimes be approximated by
i horizontally-layered structural maodel, and the mode summation method is the most powerful
tool for computing broadband synthetic seismograms, This method is st suitable when lateral
variations can be schematized with vertical discontinuities {Vaccarietal., 1989), but jt is presently
not applicable to jocal irregular structures, which cannot he teduced to plane-layered models,
When dealing with special detailed investigations the influence of these local and irregular
heterogeneities must be included in the numericat modelling. This can be done combiring the
modal summation and the finite difference techniques (Fih et al., 1990; Fih, 1992,

24.1, Modelling sirong ground motion cbserved in Mexico City

Mexico City has experienced exiensive damage in the recent past from strong earthquakes
with hypocentres in the Mexican subductton zone. The Michoacan earthquake of September 19,
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Figure 2.10 a) Observed horizonta) and vertical components of displacements recorded
at two stations (1 and 2) in the valley of Mexico City. N denotes the North-
South, E the East-West and Z the vertical component. b} Synthetic
displacements computed with the hybrid technique (Fih et al., 1990; Fih,
1992). Ris the radial, Tis the transverse and 7 is the vertical component. The
signals are normatised to a seismic moment of |07 Nm, and the peak
displacement js indicated in units of em (modified from Fih et al, 1994a).
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spatial distribution of the speetral ratios can be due to the polarization of P-SV waves in the
sediments, even when the geometry of the different sedimentary layers is refatively regular. This
15 a quite logical cxplanation of the often observed concentration of damage in very small,
scattered zones, and is casier to accept than the often invoked presence of unlikely abrups
vartations in the geotechnical properties of the subsoil.

Since the correlation is good between AMAX, W and the damage slatistics, it 1s possible
tu extend the zoming io the entire city of Rome, thus providing a basis for the prediction of the
expected damage from future strong events.

In addation 1o the Central Apennines, whose carthquakes caused in the town maximum
intensity VII-VIIL (MCS) and may generate significant perturbations at leng period, the most
important seismogenetic zone (Figure 2.14) which can cause structural damage in Rome are the
Alban Hills (observed maximum MCS in Rome VI-VIL (Molin et ai., 1986). Therefore, Fih et
al. (1993) used the sources shown in Figure 2. 14:{|)the epicenter of the January 13, 1915 Fucino
earthquake, (2} the Carseolant Mountains where, from the study of pattern recognition (Caputo
et al., 1980), a strong earthquake iy expected to occur, and {3) the Alban Hills, The source
mechanisms assigned to these earthquakes are the mechanism of the Fucino earthquake (Gasparini
etal, 1985) forevent | and 2, and the mechanism of 2 recent carthquake inthe Alban Hilis { Amato
et al, 1984 for cvent 3.

For a first order microzoning, in order to minimize the effects of the radiation pattern and
of the regional propagation, Fih et at. (1994b) consider the relative spectral accelerations or
spectral amplification Sa(2D)/Sa(bedrock), computed along the profiles of Figare 2.15. Sa(2D)
indicates Sa compulted for the two-dimensional models of Figure 2,16, while Sa{bedrock) is the
Sa obtained for the one-dimensional reference bedrock models given by Fah et al. (1993),
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Figure 2.15 Lithology and thickness of alluvial sediments in Rome “Ventriglia, 1971;
Funiciello et al.. 1987; Feroci et al., 1990). The dashed iines rodicate the
positions of the cross sections. for which numerical maodelling is performed.
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microzonation is explained in the text (after Fih et al . 1594h),.
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242 Micrgzoning of Rome

A large quantity of descriptions of earthquakes that have been felt in Rome 18 availatla-ie
(Ambrosin; et al., 198¢: Molin et al, 1986; Basili et al., 1987). The use of the hyljmd _melhod (Fih
eral., 1993y aflows s logive asimple ang natural explanation of the damage disribution observed

simulatjons, using AMAX and the 5o called tota ehergy of acceleration, W (Jennings, 19833,
which is Proportional (o the Arias Intensity,

Highrelative AMAXSs are obtajneg where the impedance of the surficia) sediments is smalj,
whereas relative AMAXs are low where the volcanjc rocks are thick, and this is in: good agreement
with the observed damage distribution, An even better correlation with the observed damage js
obtained considering the relative W, There are four peaks: af the edges of the Tiber basin, within
the afluviaj valley of the Aniene, and a broad peak at the end of the Siciliang fowAvelocjty zone.
An additiona) Important resyjt of Fihet gl (1993)is the demonstration that sharp variations in the
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scetions we present cxamples of such predictions for arcas where experimental data are not

available or extremely scarce.

2.5. DETAILED ZONING FROM THE MODELLING OF GROUND MOTION, AND
COMPARISON OF 1-D VERSUS 2-D METHODS.

The standard one-dimensional method, developed by Thomson ( 1950) and Haskell (1953),
and by Schnabel el ai. {1972) (computer program Shake), that uses incident SH-waves in a
structure composed of plane parallel layers, when applied to laterally heterogeneous structures,
is often not sufficient to account for effects such as the excitation of local surface waves,
resonances, and different incidence angles relative to the geometry of the heterogeneities. This
limitation produces significant discrepancies between the ground response predicted by onc-
dimensionai modelling, and the response computed for realistic two-dimensional structural
models and incident wavefields. Therefore, for the computation of the local seismic response.
here we use ( 1 11he standard one-dimensional method {Schnabel et al., 19723, from now on method
I, and (2) the hybrid method (Fah et al.. 1990; Fih, 1992), from now on method 2. The results
abtained with the two methods are compared in order to define the limits and possibilities of the
generally used standard one-dimensional method for reliable microzoning actions.

2.5.1. Modelling of ground motion 1n Naples

Naples is not within a seismogenetic area, but it has often heen severely damaged by
earthquakes which occurred in the Southern Apennines. The last strong event, November 23,
1980 (M=6.9}, produced serious damage in Naples, and mostly in the historical centre and in the
castern area (Rippa and Vinale, 1983), where a ten-storied building was completely destroyed
causing tens of human deaths. For the historical buildings, the damage distribution is easily
explained by their degraded conditions. but for the most damaged buildings of the eastern district,
which are tall and made in reinforced concrete, it is necessary to consider the combined effects
of the incident wavefield. the local sail conditions and the properties of the buildings. The nearest
available accelerogram was recorded at a seismic station installed on a lava deposit at Torre del
Greco. on the flanks of Vesuvins, about 20 km closer to the epicentral zone than Naples. Thus.
ai present, the only possibility for 4 detatled zoning for the tawn, that accordingly with historical
records may experience a shaking of intensity VIIT on the MCS scale, is given by the use of
realistic synthetic seisiograms.

Nunziata et al. (1995) performed the numerical modelling of the propagation of the
wavefield, generated by the main rupture event of the 1980 earthquake. up to a profile trending
N86°W, and located i a test area in the eastern district of Naples, and made an accurate and
realistic evaluation of the seismic ground motion.

The causative {ault of the 1980 earthquake is located about 90 km from the cross-section,
representative of the eastern part of Naples, shown in Figure 2.19. The choice of the mechanism
of the setsmic source is made accordingly with the mechanism of the main event: a normal fault
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Figure 2.19 Geological cross-section in the eastern district of Naples, used in the

computations {after Nunziata et al., 1993).

with litt]e transcurrent component. Since there is no agreement between anthors about the amount
of the strike-slip component (¢.g. Bernard and Zollo, 1989; Vaccari et al., 1990), Nunziata et ]
(1995) adopt a pure normal fault with dip 65°, rake 270°, strike 3157 and depth 7 G km. The angle
between the strike of the fault and the epicenter-cross section line is 36°.

The prepagation of the waves from the source up to the two-dimensional structural model
has been computed with method 2. The source is located in the laterally homoyeiieous part, and
the propagation of the waves from the source up to the 2-D structure (Figure 2. 1Y) is computed with
the modal summation technique for the layered one-dimenstonal model representarive of the path
to Naples (Vaccarietal., 1990). Acceleration time series for SH-waves {Figure 2.20) are computed
in severai sites of different cross-sections: (1) a one-dimensional reference model for the bedrock,
which corresponds to the structural model for the region between the source posiion and Naples,
(2) a two-dimensional model with a peat layer, and (3) a two-dimensional model without the peai
layer. All scaling values are related to a source seismic moment Mg = 10-7 Nm, and in each column,
the signals are normalized to the same value. The time scaie is shifted by 22 s with respect to the
origin time, and the distance between two sites is 100 m. If we scale the signals of Figure 2.20
following Gusev (1983) relation using Mg =2 10'% Nm, that is for M, = 6.9 (Kanamori, 1977), we
obtain acceleration values, associated with SH waves, in the range 45cm/s2-60 ~m/sZ, in geod
agreement with the regressions of Sabetta and Pugliese (1987).
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(Figure 2 16).

For all the sites located in each of the six zones, angd for all the two-dimensiopal models,
shown in Figure 2, 16, and the studied events, located ip Figure 2.14, the Spectral amplifications
Sai2D3)/Satbedrock) have been computed. From thege values the average and the maximum
Spectralamplification, which are shown in Figure 3. | 7,forzeroand 5% damping of the oscillator,
are determined for each given zone.

The zoning performed along the three sections can be extrapolated, with cautions, toalarger
area using the information available on geological and geotechnical conditions, The result of sych
tentative extrapolation ig shown in Figure 2 18
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Figure 2.17 Maximum anqg average relative spectra accelerations for the Zones defined
in Figure 2.16, for Zero damping and 5% damping (after Fsh etal., 1994b),
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Up to now we have seen €xamples of the p
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The peat layer, even though with a thickness of anly 3 m, reduces sigmificantly the amplification
effects induced by the unconsohidated sediments.

The discrepancies between the amplifications computed with method 1 and method 2 are
clearly tllustrated in Figures 2.23. 2.24 and 2.25 for sites $7, 523 and $26. At site §7, the main
peak is reached at the sume frequency with both modellings, but the amplitude obtained with
method 1 is 30% smaller than that obtained with method 2. Moreover, other peaks, at frequencies
which are important for engineesing purposes, and characterizing the results obtained with the
finite differences method, arc absentin the results obtained with method 1. Atsite §23 afrequency
shift of the main peak is observed in addition to a disagreement for the other peaks. The picture
changes for site $26, as the spectral amplifications, computed with method |, overestimate those
obtained with method 2, even if they have a simibar shape.

5 5
= —— i D
2
- ;
3 20 k!
= 4 k]
s * T
£ -
Lo I (o]
=
5 :
. 2
Q w
[
[=8
®
o T T T o] T T T
I 2 4 s Hz o 2 " s Hz

Figure 2 23 Spectral ratios {smoothed) and spectral amplification (not smoothed) for
rerodamping computed with [-D and 2-D methods at site §7 - see Figure
2.19 for sts tocation (after Nunziata et ai., 1995).
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Figure 2.24 Spectral ratios (smoothed) and spectral amplification (not smoothed) for
zerodamping computed with 1-D and 2-Dmethods at site $23 - see Figure
2.19 for its location {after Nunziata ¢t al., 1995).
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Figure 2.25 Spectral ratios (smoothed) and spectral amplification (not smoothed) for
zero damping computed with 1-D and 2-D methods at site 826 - see
Figure 2.19 for its location (after Nunziata et af., 1995}

Therefore, the seismic vuinerability of a megacity like Naples, with a large cultural heritage
and a very high number of people to safeguard. can be drasticatly reduced, without having to await
for another strong earthquake to occur.

2.6, THESEISMIC MICROZONATION OF BENEVENTO: AN EXAMPLE OF PARAMETRIC
STUDY

The average struciural model for the region between the source position and the town of
Benevento, used as the reference structure for the bedrock, is given by Vaccari et al. {1990).
Following Fih and Suhadolc (1994), the ground motion computed with the hybrid method for the
different sites in the two-dimensional models is always discussed with respect 1o the resuits
obtained for he same seismic source and this one-dimensional structure,

Figure 2.26 Area of the city of Benevento with the location of the profile C-C’ used
for the numerical modelling {after Fah and Suhadolc. 1994,
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Frgure 2.20 Acceleration time series for SH-waves computed for the reference model

11D bedrock), the 2-D structural model with the peat layer, and the 2-D
structural model without the peat layer (after Nunziata et al, 1995).

Looking at the speciral ratjos at the sites $7, 517, 823,826,833t is quite evident the large
variability of ground motion within a few hundred meters (Figure 2.21). The main peak moves
from frequencies less than | Hz, site $7, where the peat layer reaches the maximum thickness, to
frequencies slightly higher than 1 Hz. sites S17and 533,andto frequencies around 2 Hz, sites §23
and §26. The amplification factor of the ground motion is in general around five, and this value
is exceeded only at site 517 A secondary significant peak js present at higher frequencies,

between 2Hz and 3Hz at site 87, between 3Hz and 4Hz at sites §26 and 833, and around SHz for
site 8§17.
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Figure 2.2 Smoathed spectral ratios computed with the hybrid method at the sites S7,
S17, 823, 526, 833 - see Figure 2.19 for their location (after Nunziata et
al., 1995)
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Example of the effect of the peat at site §9 (see Figure 2.19 for jis location),
withrespecttoits removal. Smoothing applied (after Nunziata et al., 1993).

The damping effect of the Peatlayerisclearly shown by the comparison of the spectral ratios
fzomputed. atthe sa te (89) when the peat layer is removed (Figure 2.22). The maximum peak
Increases in amplitude and js shifted towards higher frequencies, when the peatlayeris removed.
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The stability of the resalts obtained for the different modeis allows us to identify six zones,
each characterized by a typical siyong ground motion response, indicated in Figure 2.28. Zone |
exiends over the lower valley of the Sabato river, where pliocenic ¢lay ts overlaid by a surficial

thickness. Also present is a buried “silt lens” The hill zone of Benevento is divided into: Zone 3
that includes the transition between pliocenic clay and cemented conglomerate, with a thick silt
deposit, “made ground” within the surface layer, and in some parts a thin layer of loose

merate (bedrock ).

Ineach of the six zones. for all sites and for all 1wo-dimensiong! models, Fih and Suhadolc
(1994) have computed the relative spectral amplifications, Sa(2D¥Sa(bedrock). and the average
and maximum speciral amplifications. that are shown, both for zero damping and 5% damping
in Figure 2.29.
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Figure 2.29 Maximum and average relative spectral amplifications, for the zones
defined in Figure 2.28, for zero damping and 5% damping. The results
include all computations made for the different two-dimensional structural
modeis (after Fih and Suhadolc, 1994).
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3. CONCLUSIONS

Traditional deterministic methods for seismic zoning can onty iead te a kind of “posi-event”
zoning whose validity cannot be easily extrapolated in time and to differen; - ‘gions and which,
therefore, must be considered obsolete.

On the contrary the computation of realistic synthetic seismograms, using snethods that
make it possible to take source and propagation effects into account, utiltzing the huge amount
of geological, geophysical and geotechnical data, already available, goes well beyond the
conventional deterministic approach and gives a powerful and economically valid scientific ol
for seismic zonation and microzonation,

Because of its flexibility, the method is suitable for inclusion innew megrated procedures,
akind of compromise between probabilistic and deterministic approaches, tha: - :n be developed
in order to minimize the drawbacks of each of the two procedures,

The ability to estimate accurately seismic hazard at very low probability of =xceedance may
be important in protecting, against rare earthquakes, the existence of special objects 1n the builr
environment. The deterministic approach, based upon the assumptror. that several earthquakes
canoccur within a predefined seismic Zame, represents aconservative definition of seismic hazard
for pre-event localized planning for disaster mitigation, over a quite broad-band of periods.

The results of tests made againstinstrumentally recorded accelerograms show that, even an
approximate knowledge of the geometry and of the mechanicaj properties of the uppermost layers
and the use of commonly available data on the seismic source geometry. is suificient to make a
realistic prediction of the ground motion.

Severe discrepancies are found between the amplifications computed witk the :-D standard
method {method 1) and the 2-D hybrid method ¢method 2), and they cannot be ignored when
formulating building codes znd retrofitting the built environment. For exampie. in the area of
Naples, in presence of a peal layer, the amplifications computed with method | are smaller then
the “true” ones computed with method 2, and this 1s a clear evidence of the danger intrinsic in the
application of method | for risk assessment. If the peat layer is absent, a similarity in shape exists
between the amplifications computed with the two methods, but the amplification determined
with method | overestimates the results obtained with method 2, with consequen! implication of
not hecessary larger costs for the reduction of vulnerability.

Similar conclusion can he drawn from the computations made in Benevento. For an
extended seismic source which isnot located beneath the site ofinterest, ina lateraliy homogereous
structure, vertical incidence of waves (method 1) significantly overestimates “he local hazard,
with respect to the resuits obtained with the more realistic method 2. This is due to the different
incidence angles related to different phase velocities of a realistic wavefield. The nybrid approach
(method 2) allows us the simulation of the complete wavefield in given frequency and phase-
velocity bands, and, in these bands, it accounts automatically for all surface waves and body
waves, characterized by any incidence angle consistent with the bands considered. For a laterally
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the four geometries are observed, as expected, just above the transition bctwe‘eq pliocenic ln}ia;:;r:g
cemented conglomerate. The peaks of refutive W values, observed ar dmuncg between | .4 ;
13.9km from the source, become slightly smaljer for the two casgs‘cons:de‘rcd in fogmetr; 2;;
Geometry 5. The result obtained for different shear-wave velocities are given m Figure 2.28h.
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