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Abstract

A methodology is used which combines stochastic generation of random series with a finite-difference tech-
nique to estimate the expected horizontal ground motion for the city of Rome as induced by a large earthquake
in the Central Apennines. In this approach, source properties and long-path propagation are modelled through
observed spectra of ground motion in the region, while the effects of the near-surface geology in the city are
simulated by means of a finite-difference technique applied to 2-D models including elastic and anelastic
properties of geologic materials and topographic variations. The parameters commonly used for earthquake en-
gineering purposes are estimated from the simulated time histories of horizontal ground motion. We focus our
attention on peak ground acceleration and velocity, and on the integral of the squared acceleration and velocity
(that are proportional to the Arias intensity and seismic energy flux, respectively). Response spectra are ana-
lyzed as well. Parameter variations along 2-D profiles visualize the effects of the small-scale geological het-
crogeneities and topography irregularities on ground motion in the case of a strong carthquake. Interestingly,
the largest amplification of peak ground acceleration and Arias intensity does not necessarily occur at the same
sites where peak ground velocity and flux of seismic energy reach their highest values, depending on the fre-
quency band of amplification. A magnitude 7 earthquake at a distance of 100 km results in peak ground accel-
erations ranging from 30 to 70 gals while peak ground velocities are estimated to vary from 5 to 7 cm/s; more-
over, simulated time histories of horizontal ground motion yield amplitudes of 5% damped pseudovelocity re-
sponse spectra as large as 15-20 cm/s for frequencies from 1 to 3 Hz. In this frequency band, the mean value is
7 cm/s for firm sites and ranges from 10 to 13 cm/s for soil sites. All these results are in good agreement with
predictions based on regressions of Italian and Western North American data.

Key words strong motions — stochastic simula- Unfortunately, no strong-motion recordings
l‘iOZS l}Sife effects — finite-difference method — 2-D are available for the city of Rome, which
modelling

makes it impossible to make any estimate
based on actual measurements of ground mo-
tion induced by earthquakes. The selection of a
suitable approach for estimating the seismic in-
put to the city is therefore of great importance.
We decided to follow what, at least preliminar-
The city of Rome is known for its large ily, seemed to be the most obvious approach:

1. Introduction

concentration of monuments and ancient build- to use local and regional strong-motion data to
ings, many of which have assumed political evaluate the ground motion parameters as a
and strategical relevance. Because of their ex- function of the characteristics of seismic
treme vulnerability, the evaluation of the char- source and regional propagation. In practice,

acteristics of the strongest expected ground we proceeded through the following steps:
shaking for specific areas of the city is a basic

tool for high-priority actions aimed at mitigat- 1) identification of the seismogenic areas
ing the seismic risk. that are most relevant for the city of Rome, and
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estimation of the largest expected earthquake
for each of them;

2) use of strong-motion data recorded in
these areas to construct a spectral model in
terms of source scaling and spectral attenuation
laws;

3) use of stochastic procedures to generate
a set of synthetic seismograms with the pur-
pose of characterizing the seismic input to the
rigid basement (bedrock) of the city;

4) calculation of transfer functions for dif-
ferent geological and geomorphological set-
tings, and their convolution with the synthetic
accelerograms at the bedrock;

5) using the synthetics obtained for the
city’s surface, the expected parameters of engi-
neering significance are finally estimated,
among which peak ground velocity and accel-
eration, Arias intensity, duration, flux of the
seismic energy, response spectra.

2. Seismogenic areas of interest for the city
of Rome

Molin and Guidoboni (1989) first performed
an accurate revision of the historical sources
concerning the earthquakes felt in Rome. Table 1

lists the most important earthquakes that were
felt by the city of Rome during its long history.
Epicentral intensity (/;) and intensity estimated
for the city (Iz) are given in the Mercalli-Can-
cani-Sieberg scale. This summary shows that
the destructive earthquakes that may affect
Rome occur mainly within two distinct seismo-
genic districts: the Alban Hills region, located
approximately 25 km from the centre of Rome,
and the Central Apennines, located in a dis-
tance range 80-170 km from Rome. Figure 1
shows the epicentral location of earthquakes
reported by the catalogue.

The Alban Hills were the object of several
detailed investigations, concerning both the
characteristics of the local seismicity (Amato
et al., 1994; Chiarabba et al., 1994) and its re-
currence and magnitude pattern (Basili et al.,
1987). From an analysis of more than 1100
shocks recorded in the period from April 1990
to March 1991 (Amato et al., 1994), it emerged
that the earthquakes are mostly concentrated in
an area that is also characterized by the most
recent volcanic activity (0.3 Ma or younger)
and that extends nearly up to the southeastern
suburbs of Rome. A second area that is charac-
terized by more sporadic activity was detected

Table I. Major local and regional earthquakes felt by the city of Rome (redrawn from Molin and Guidoboni,

1989).
Data Iy Iz Origin Area
83 b.C. - - Unknown
72-70 b.C. - - Unknown
51 - - Unknown
443 - - Unknown
484 or 508 - - Unknown
801 - VII-VIII Central Apennines
1349 X VII-VIII Central Apennines (L’ Aquila)
1703 X VI-VII Central Apennines (Val Nerina)
1703 X viI Central Apennines (L’ Aquila)
1812 vl viL Rome
1899 VII-VIII VI Albani Hills
1915 XI VI-VII Central Apennines (Fucino)
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Fig. 1. Earthquakes of the Italian catalogue. Two main seismotectonic districts emerge as source of the earth-
quakes felt in Rome with intensity of VI or higher: the Alban Hills, at an average distance of 25 km from
Rome, and Central Apennines, at distances ranging from 80 to 170 km.

in the northern part of the Alban Hills volcanic
complex, east of Rome and not far from its
suburbs (Amato et al., 1994). The hypocentral
depth is typically in the range 3 to 6 km. In a
study on the sequence of the events based on
the statistics of the extreme values, Basili ef al.
(1987) found that the maximum expected
magnitude for an earthquake occurring in the
Alban Hills is 5.2. The trend of the macroseis-
mic field for events of this seismogenic district
suggests a strong attenuation of the effects,
most likely explained by their shallow hypocen-
tral depth. A few available strong-motion record-
ings suggest that these earthquakes show spectra
of the seismic radiation which are compatible
with a source omega-square model with a Brune
stress drop of about 20 bar. For an extreme event

of magnitude ~ 5 occurring at a distance of
25 km, this source model yields the spectral
shape shown in fig. 2, curve (b).

The seismogenic structures of the Apen-
nines are characterized by fault length usually
in the range of 10-20 km and exhibit prevalent
normal faulting focal mechanisms (see for ex-
ample Valensise et al., 1993 and 1994). The
hypocentral depth is generally in the range of
10-15 km. The historical record and the avail-
able instrumental data suggest that the maxi-
mum expected magnitude for earthquakes gen-
erated within this seismogenic area is about 7
(see fig. 1). The occurrence of earthquakes of
this size at a distance of about 100 km from
Rome is now testified also by the results of
paleoseismological investigations (e.g. Serva
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Fig. 2. Spectra of horizontal ground acceleration
based on theoretical models fitting strong-motion
data recorded in Central Italy. The three curves rep-
resent: spectral amplitudes predicted for Rome as
effect of (a) a magnitude 7 earthquake in Central
Apennines at a distance of 100 km (omega squared
model with a Brune stress drop of 100 bars), (b) a
magnitude 5 earthquake in the Alban Hills at a dis-
tance of 25 km (omega squared model with a Brune
stress drop of 20 bars), and (c) a magnitude 5 earth-
quake in the Alban Hills at a distance of 12.5 km

(omega squared model with a Brune stress drop of
100 bars).

et al., 1986; Brunamonte et al., 1991; Pantosti
et al., 1992). These investigators stress the ex-
istence of geological evidence for many large
surface-faulting events in the Central Apen-
nines, which in itself testifies the large magni-
tude of earthquakes in this region.

The definition of the spectral model for the
largest earthquakes of Central Apennines was
the object of various investigations (Rovelli et
al., 1988; Cocco and Rovelli, 1989). Based on
strong-motion recordings written by stations of
the national accelerometric network run by the
Italian Electric Power Agency (ENEL), these
authors estimated a spectral model for the most
recent large earthquakes of the Central and
Central-Southern Apennines as the combina-
tion of two different contributions: a source
term (characterized by an omega-square spec-
trum whose scaling law as a function of mo-
ment-magnitude is controlled by the regional

value of the stress drop), and a propagation
term, which includes both geometrical spread-
ing and scattering and anelastic attenuation.
With the exception of a few stations clearly in-
fluenced by local site conditions, this model
appeared well suited for describing the average
trend of the ground motion spectra as a func-
tion of the moment-magnitude (within the
range 4 < M < 7) and of the epicentral distance
(for R < 120 km).

Figure 2, curve (a) shows the expected
spectrum for «firm sites» for a magnitude 7
earthquake at a distance of 100 km, based on
the spectral model proposed by Rovelli ez al.
(1988). The comparison of the two spectra (a)
and (b) in fig. 2 shows that the spectral ampli-
tudes of the largest expected earthquake gener-
ated in the Alban Hills at a distance of 25 km
are always lower than the expected spectrum
for the Central Apennines throughout all the
considered range of frequencies. The stress
drop of Alban Hills earthquakes must be in-
creased from 20 to 100 bar and the epicentral
distance reduced from 25 to 12.5 km (curve (c)
in fig. 2) to generate high frequency motions
(f > 5 Hz) with amplitudes comparable to
those produced by magnitude 7 earthquakes at
100 km distance. Nevertheless the spectrum of
earthquakes in the Apennines is always sub-
stantially more energetic in the frequency band
of engineering significance (0.5 < f < 5 Hz).

Based on this reasoning, we assume in this
paper that the event that could have the largest
destructive potential is a magnitude 7 earth-
quake located in the Apennines, at a distance
of 100 km from Rome. This paper aims to nu-
merically simulate ground motion produced in
the city by such an earthquake.

3. Evaluating the seismic input in the urban
area of Rome: an approach for the com-
putation of the parameters of engineering
significance

Following the largest earthquakes of the
past few years in the world, strong-motion data
have been collected in densely urbanized areas
which showed extreme diversification of the
damage within short distances. The analysis of
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these data showed that variations in the near-
surface geology had produced phenomena of
amplification of the ground motion which were
locally responsible for the most severe damage
(for example in Mexico City, see Singh et al.,
1988, or in Santa Cruz, California, see Cran-
swick et al., 1990). Similar effects might occur
also in the city of Rome, where shallow geo-
logic heterogeneities and the existence of large
deposits of recent unconsolidated sediments
overlying a bedrock of Pliocene consolidated
clays may create favourable conditions for am-
plification effects (see Salvi et al., 1991). A di-
rect confirmation of the above is offered by the
analysis of the damage produced by the Jan-
uary 13, 1915, Fucino earthquake (Ambrosini
et al., 1987). This earthquake was felt in Rome
with macroseismic intensity up to VII MCS
(Mercalli-Cancani-Sieberg) and was indeed the
last of the large events to have struck the city
in its history. Traces of the earthquake damage
can only be found in what is now Rome’s His-
torical Centre, but only because in 1915 the ur-
banized area did not extend much further than
that. To what is left of the old city we should
now add a much larger and just as vulnerable
urbanized area.

The near-surface geology of Rome is char-
acterized by the existence of an intricate hy-
drographic network that incised very deeply
the underlying rocks during the last glacial
phase (Wiirm). During the subsequent rise of
sea level these deeper valleys were backfilled
with alluvial Holocene deposits essentially
consisting of unconsolidated clayey-sandy sed-
iments (Feroci et al., 1990). This was but the
last of a series of sedimentary cycles associ-
ated with the glacio-eustatic changes that char-
acterized the continental sedimentation in the
area of Rome starting in the Middle Pleis-
tocene (0.88 Ma). The normal sedimentary
processes were followed by the emplacement
of a large volume of pyroclastic deposits pro-
duced during the activity of the Sabatino and
Albano volcanic districts that started around
0.6 Ma (Cioni et al., 1993). The paleogeo-
graphic evolution of the Roman area was fi-
nally influenced by intense tectonic activity
due to concurrent structural elements that make
this area rather unique within the geodynamic
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context of the Italian peninsula. The combina-
tion of these elements has created an extremely
diverse geological setting (see fig. 3). In addi-
tion, traditional geologic investigations are
hampered by the intense urbanization of the
area. A more detailed reconstruction of the geo-
logic setting of this area has only recently
been achieved thanks to the creation of a data
bank that includes over 3000 stratigraphies
from wells drilled for various purposes over
the past decades. The analysis and comparison
of these data has led to a substantial revision of
the stratigraphy of the area as it was known in
literature and has improved the knowledge of
the near-surface characteristics of the Roman
area (Carboni ez al., 1991; Feroci et al., 1990,
Funiciello er al., 1992; Marra, 1994; Marra
et al., 1994a,b).

The seismic response of the urban area of
Rome is influenced by the alternation of recent
unconsolidated deposits with more rigid
lithologies. To calculate the ground motion to
be produced by an earthquake we, therefore,
found it necessary to develop a method which
would take into consideration the details of the
geologic setting of the area.

Our first step was to make a statistical de-
termination of the seismic input at the bedrock
for the largest possible event. Using a 2-D
modelling we then calculated the transfer func-
tion of some different stratigraphic configura-
tions that characterize the surface geology of
the city. This was done by calculating the SH-
response to a delta-like input along 2-D sec-
tions selected as the most representative of the
various structural settings of Rome. Finally,
through a convolution we could simulate the
transverse component of the horizontal ground
motion expected at the surface for the given
event.

The following sections 3.1,

3.2. and 3.3.
describe the procedure in detail. :

3.1. Characterization of the seismic input to the
bedrock by generation of random series

Two different approaches may be followed
to synthetize a seismic input: deterministic or
stochastic. In the deterministic approach the
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Fig. 3. On the top: geological scheme of the area of Rome. 1) Recent alluvium; 2) volcanics; 3) Plio-Pleis-
tocene sedimentary deposits; 4) Meso-Cenozoic carbonate units; 5) craters; 6) caldera ryms. G.R.A. is the free-
way belt surrounding Rome. At the bottom: details relative to the historical centre. 1) Recent alluvium; 2) vol-
canics; 3) Middle Pleistocene continental deposits; 4) Pliocene clays (bedrock); 5 (a and b) tracks of the pro-
files shown in fig. 5.
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most common procedure consists in represent-
ing the source by means of a double couple
mechanism and propagating the seismic waves
through a model of the lithosphere which is
usually schematized as a series of parallel flat
layers. These models can be extremely useful
to understand peculiar aspects of the phe-
nomenon that is to be numerically simulated
when the long-path propagation medium is
regularly layered and source mechanisms are
well known.

A similar method has recently been applied
to the city of Rome by Fih er al. (1993), who
used the mode summation technique with a
2-D scheme of layered lithosphere to simulate
the incoming wavefield to the bedrock of
Rome generated by a M, = 6.8 earthquake,
roughly 85 km east of the city. It should be
noted, however, that due to the large number
of parameters that need to be set g priori (the
three angles that define the fault geometry, the
hypocentral depth, and the velocity, density,
and quality factor of tens of layers through
which the seismic radiation is propagated in
the upper crust), the deterministic method is
rather unsuitable for engineering purposes. In-
deed, many of the model parameters are poorly
constrained. Others are highly undependable:
for example the excitation of the highest fre-
quency waves varies significantly as a function
of the hypocentral depth when using point-
source models. Furthermore, the assumption of
wave propagation through flat parallel layers
and the lack of small-scale heterogeneities in
modelling both the point source and the propa-
gation produce very peculiar results that may
not agree with the trend of the observed data.
For instance, the postcritical reflection at 60
km postulated by the approach followed by
Féh et al. (1993) neither emerges from the ob-
served instrumental data (see Sabetta and
Pugliese, 1987) nor affects macroseismic inten-
sities, at least up to 150 km (Diego Molin, pri-
vate communication). In that modelling, such
postcritical reflection was emphasized by a re-
gional propagation through flat parallel layers
in the crust that is hardly suitable in the case of
a highly heterogeneous region. Indeed, the city
of Rome is located close to a NS-trending
lithospheric discontinuity marked at the surface

by a well known series of transtensional-right
lateral lineaments following an en echelon ge-
ometry. These lineaments identify a shear-zone
extending from the Sabina region of the Cen-
tral Apennines (Faglia di Cottanello, see Al-
fonsi et al., 1991), to the city of Rome, along
the NS section of the Tiber River valley (Fac-
cenna and Funiciello, 1994; Marra et al.,
1994a). Another series of similar structures is
located further to the east between the area of
Bagni Albule (Tivoli) and the Alban Hills
(Faccenna and Funiciello, 1993). In addition,
this discontinuity marks the boundary between
areas that are characterized by highly different
values of the thermal flow. This implies that
the elastic and anelastic parameters should be
allowed to vary significantly along the path
from the source to the bedrock of Rome when
performing deterministic modelling. Finally
this discontinuity also marks the boundary be-
tween two sectors of the crust having substan-
tially different thickness. Available reconstruc-
tions of the Moho trend (Wigger, 1984) show a
difference in thickness of approximately ten
kilometers between the Fucino area and the
area of Rome, a fact that directly rules out the
use of models that describe the regional propa-
gation with simple geometries.

We therefore believe that a stochastic ap-

* proach is by far to be preferred for engineering
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purposes. It does not require the knowledge of
the details of source geometry and lithosphere
structure, and is well suited to reproduce the
stochastic nature of the high-frequency ground
motion. The main advantages in modelling the
seismic radiation are:

1) it needs a very low number (three to
four) of parameters, a fundamental requirement
of any prediction method. The use of models
based on hundreds of parameters not con-
strained by direct measurements can thus be
avoided;

2) it allows one to produce a large number
of realizations of synthetic seismograms in
short computation times, subsequently calculat-
ing averages that drastically reduce the statisti-
cal uncertainties on those parameters that are
most significant from an engineering point of
view (peak values of the ground motion, dura-
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tion, Arias intensity, seismic energy, response
spectra). Furthermore, limited variations of the
few parameters of the stochastic model allow
us to evaluate how sensitive the results are to
variations in these parameters, and the statistic
fluctuations of the results can then be inter-
preted and evaluated on a physical basis de-
pending on the uncertainty associated with the
model parameters;

3) it makes it easy to model the amplitude
of high frequencies of ground motion (up to
20 Hz, and even more), something which can
not be done with deterministic models both be-
cause of physical limitations (for frequencies
of over f = 1 Hz the seismic radiation is con-
trolled by the irregularities of the rupture pro-
cess and by the heterogeneities along the prop-
agation path, two factors that are missing alto-
gether in deterministic models) and because
they require too long computing times. On the
contrary, a stochastic modelling is well suited
to reproduce an incoherent sequence of random
phases.

We therefore adopted a stochastic approach
that was restricted to use and to reproduce the
only data that were really available from obser-
vations: the trends of the spectra of the re-
gional ground motion. The starting point of our
approach is to determine the spectra of the ex-
pected motion at the city’s bedrock for the
largest possible earthquake. Since the estima-
tion of the above-mentioned engineering pa-
rameters requires a reconstruction of the time
history of ground motion, we used a method
that supplies a series of synthetic accelero-
grams, all of which are consistent with the ex-
pected spectrum which is estimated using the
available strong-motion data.

In our approach the spectrum Ag (@, R) of
the horizontal acceleration at the bedrock is
calculated as:

Aps (@, R) _ Sy(@)- D(@, R)- P(w)

A R)=
B(a)7 ) ) )

3.1

where Agg (@, R) is the spectrum of the motion
expected at distance R for a firm site without

topographic irregularities. The factor 2 com-
pensates for the free surface effect since
Agp (w, R) refers to the input at the bedrock.
So (w) is the source spectrum, expressed using
an omega-square model with a constant Brune
stress drop (Rovelli et al., 1988). The term de-
scribing the propagation, D (@, R), can be ex-
pressed as follows

ex (_ﬂf) __7R
P2 )P\ B0,
R

D(w, R) =

where [ is the mean value of the shear-wave
velocity in the lithosphere (fBs = 3.2 km/s), and
Kk and Q, are two attenuation parameters esti-
mated from the accelerometric data available
for the Central and Central-Southern Apen-
nines (equal to 0.064 s and 100 s, respectively,
see Rovelli et al., 1988). The value k= 0.064 s
has been adopted being the average value re-
sulting from data of the Apennine region. No-
tice that this value is suitable to an intermedi-
ate-velocity bedrock (8 = 600 m/s), at an epi-
central distance R = 100 km (see also Ander-
son and Hough, 1984). Based on Cocco and
Rovelli (1989), the Brune stress drop (Ao) was
set equal to 100 bars. In (3.1), P (w) describes
the amplification effect for different wave-
lengths resulting from the variation of the seis-
mic impedance in the propagation from the
crystalline basement to the top of the bedrock.
Following Joyner and Fumal (1984) and Boore
(1986), P (w) was represented by a frequency
function (table II). The high-frequency asymp-
totic value of P (w) is controlled by the im-
pedance contrast

Py= \/ PsPBs ,
Pz Bs

where pg and s indicate the density of the
medium (2.7 g/cm®) and the velocity of the
shear waves in the focal region (3.2 km/s), re-
spectively, and pp and S the same quantities at
the top of the bedrock (2.1 g/cm® and 0.6 km/s,
respectively). The trend of P (w) at low fre-
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Table IL Crustal amplification from the crystalline
basement to the top of bedrock beneath Rome.

Log frequency Log amplification factor

-1 0.01
-0.7 0.15
-03 0.38
0.0 0.42
1 0.42

quency is controlled by the fact that longer
wavelengths are less sensitive to impedance
changes in the upper crust. For @ approaching
Zero

PO)=1.

In the case of the city of Rome, P (w) has
been modelled assuming a total thickness of
about 8 km (Cosentino and Parotto, 1992) be-
tween the top of the crystalline basement and
the top of the Pliocene complex. Under these
conditions we obtain P, = 2.6 with a cutoff fre-
quency of 0.3 Hz, roughly. Values of P (@) for
several frequencies are listed in table II: for the
other frequencies a linear interpolation was
used.

Once the spectrum of the expected horizon-
tal acceleration at the bedrock has been deter-
mined using (3.1), it is necessary to apply a
procedure for the generation of a sequence of
time series, which statistically represent differ-
ent realizations of the same spectral process.
Among several others, the technique proposed
by Boore (1983) is the most used in seismolog-
ical modelling for engineering purposes. This
technique is based on the generation of limited
bandwidth Gaussian white noise which is con-
strained to have a finite duration by means of a
suitable time window, the envelope of which
controls the trend of the amplitudes as a func-
tion of time. The mean value of the windowed
time series is zero, and the variance is chosen
to give an average spectral amplitude equal
to 1. The spectrum of the windowed time se-
ries is multiplied by the expected acceleration
spectrum (3.1), and Fourier back transforma-
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tion to the time domain provides an accelera-
tion time history depending on the seed used
for generating the random series (details can be
found in Boore, 1983). To obtain more realiza-
tions of the same process, new random series
must be generated each time changing the se-
quence’s seed. This procedure allows an un-
limited number of synthetic accelerograms to
be obtained, the spectral content of which will
be as similar as possible to that imposed a pri-
ori based on the data contained in the records
available at regional scale. For the algorithm
used see Di Bona and Rovelli (1990).

If multiplied by a factor of 2 to account for
the free surface effects, these accelerograms
become representative of the ground motion
for outcrops of the Pliocene bedrock within the
urban area, and as these are the firmest sites of
the city they also represent the lowest ex-
pectable level of ground shaking. Figure 4a
shows an example of individual expected
ground acceleration and velocity obtained ap-
plying this approach for a moment-magnitude
of 7 and a distance from the fault equal to
100 km. By averaging over the ensemble of
several realizations the differences will soon
disappear: 25 simulations are enough to con-
tain the standard deviation of the average peak
value within 16% for acceleration and within
25% for velocity.

If we assume a log-normal distribution of
the peak values, the average operation over the
ensemble of 25 realizations yields for firm
sites in the city

<log ap > = 1.48+0.06
' (3.2)
< log vp > =0.68%0.11

where ap and vp are peak ground acceleration
and velocity, respectively. After calculating the
antilogarithm of (3.2) we obtain ap = 30 gal
and vp = 5 cm/s. These mean values agree sat-
isfactorily with peak ground acceleration and
velocity (37 gals and 3 cm, respectively) ob-
tained for firm sites from the fit of Italian
strong-motion data, with M = 7 and R = 100
km (Sabetta and Pugliese, 1987). Figure 4b
also shows the 5% damped pseudovelocity re-
sponse spectrum for firm sites as obtained by
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Fig. 4a,b. a) An example of time histories of hori-
zontal ground acceleration and velocity simulated
for firm sites in Rome, as induced by a magnitude 7
earthquake at a distance of 100 km; b) 5% damped
pseudovelocity response spectra expected for firm
sites, averaged over an ensemble of 25 simulations.
The overimposed solid line represents the prediction
by Pugliese and Sabetta (1989) using the Italian
strong-motion data set.

averaging the response spectra of the 25 simu-
lations. Again, the comparison with the Pu-
gliese and Sabetta (1989) regression based on
observed data shows a satisfactory agreement.

Notice that the interval of 1 s.d. in (3.2)
refers to the average of the 25 simulations.
This statistical uncertainty is merely mathemat-
ical and has no physical bearing as it descends
from the use of a stochastic method. To evalu-
ate to what extent the simulation results are

sensitive to variations of the model’s physical
parameters (Ao, k and @), we determined
the extreme variation corresponding to a 10%,
20% and 30% concomitant fluctuation of these
parameters. Table III shows the values of ap
and vp corresponding to these percentage varia-
tions of the model parameters. It can be noted
that ap and vp can vary up to a factor of 2 in
the most unfavourable case of the parameter
variation shown in table III.

3.2. 2-D modelling of the seismic response to
a delta-like input incident to the bedrock

The geological setting of the subsurface is
fairly complex in the area of Rome. In particu-
lar, the surfaces that mark the boundaries be-
tween the different lithological units are ex-
tremely irregular since they almost always co-
incide with topographic paleosurfaces that un-
derwent intense erosion and often also tectonic
dislocation. In some instances the lithological
composition of the different units varies con-
siderably giving rise to significant lateral and
vertical variations. Having to deal with such
heterogeneities, and in order to account for as
many as possible different structural settings
and sizes of sedimentary bodies, we were
forced to select some characteristic profiles
mostly representative of the geology and geo-
morphology of the city. The main element is
represented by the Holocene deposits filling
the Tiber river valley, a 1 to 2 km-wide and
70 m-deep geologic feature NS crossing fairly
regularly the city of Rome. A large part of the
Historical Centre can be satisfactorily de-
scribed by such a 2-D model (see fig. 5, on the
left). It has been already object of previous in-
vestigations (Boschi et al., 1994), where the ef-
fects of the near-surface geology on ground
motion were evaluated by means of a 2-D nu-
merical modelling. Compared with that paper,
in this modelling some values of elastic and
anelastic parameters have been revisited (see
table IV). Preliminary results of recent cross-
and down-hole measurements in downtown
Rome (a cooperation between Istituto Nazio-
nale di Geofisica and the University of Rome
«La Sapienza») suggest values of shear-wave

1754



Assessment of potential strong ground motions in the city of Rome

Table III. Variations of ap and vp as a function of
percent fluctuations of the model parameters.

ap Vp

K = 0.058

+10% Ao =110 37 5
QO = 110
xk = 0.070

-10% Ao = 90 23 4
Oy =90
K =0.051

+20% Ao =120 47 6
Oy =120
Kk =0.077

-20% Ao = 80 17 3
Qo =80
K =0.045

+30% Ao = 130 58 7
Qy =130
Kk = 0.083

- 30% Ao =170 12 2
Qo =70

velocity which are significantly lower than
those used so far to model the seismic response
in the city of Rome (Féh et al., 1993; Boschi
et al., 1994). This is particularly true for the
bedrock Pliocene clays, whose shear-velocity
ranges from 450 to 550 m/s in ten metres be-
low the bedrock-alluvium interface. In our
modelling, a value as low as 600 m/s has been
used for the stiff basement against the values
of 1.3-1.5 km/s used by Fih er al. (1993) and 1
km/s used by Boschi et al. (1994). Moreover,
recent estimates of the quality factor in upper
sediment layers both in Italy (Malagnini et al.,
1994) and worldwide (Jongmans and Campillo,
1993; Gibbs er al., 1994) suggest that a Q
value of 10 is extremely realistic for the Qua-
ternary alluvium, and even lower values for
soft unconsolidated deposits. Table IV lists the
values of elastic and anelastic parameters used
for the different types of geologic materials.
A second structural situation recurrent in
Rome has been object of investigation in this
paper (fig. 5, on the right): close smaller-size
incisions (width and depth in the order of hun-
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dred metres and some tens of metres, respec-
tively) as a part of complex profiles in which
the close incisions are filled up by unconsoli-
dated sediments that result in an extended ele-
ment of surface continuity. As a consequence,
these surficial soft-sediment bodies assume ex-
tremely variable thickness. The curvature vari-
ations of their upper and lower surface create a
situation extremely favourable to significant
focusing and defocusing effects, and closely
neighboring sites can be characterized by large
differences in ground motion.

To simulate the propagation in the upper
layers, we computed the seismic response to a
transient delta-like input supplied as a polar-
ized plane SH-wave vertically or obliquely in-
cident to the bedrock of the selected profiles.
We used a finite-difference numerical tech-
nique (Mitchell and Griffith, 1980). Dissipa-
tion was introduced in the calculations follow-
ing the technique proposed by Emmerich and
Korn (1987), which is based on the rheological
properties of the generalized Maxwell body.
The velocity and Q models were constructed
by digitizing the boundaries between the dif-
ferent units on the 2-D geological profiles.

The restriction to 2-D modelling and pure
SH waves significantly simplifies the reality. It
should be noted, however, that profiles (a) and
(b) (see fig. 3) are oriented EW and NW-SE,
respectively. Using the 1915, Fucino earth-
quake (generated by a 70° dipping, NW-SE
trending fault located 90 km east of Rome) as
a reference strong event affecting Rome, we
find a different SH theoretical polarization de-
pending on the source mechanism. In particu-
lar, it varies from NS for a pure normal fault-
ing (as suggested by Ward and Valensise,
1989) to NE-SW for normal faulting with left-
lateral strike component (Galadini et al., 1991).
This means that, in practice, both the profiles
are illuminated by S waves characterized by a
significant out-of-plane component.

The input at the bedrock was described ana-
lytically by means of a Gabor function g
such as

8(1) = exp [~(wp (1~15)/7)*] cos [@p (1 15) + y]
(3.3)
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Fig. 5. Two geological profiles peculiar to Rome. The Tiber river valley is the main element of the city: a
large, quite regular NS structure which represents a large part of Rome’s historical centre. The second one
crosses the Palatino area which is characterized by the presence of close smaller-size incisions filled with un-
consolidated sediments that create a single element of surface continuity with an extended soft-sediment body
having extremely variable thickness. Symbols (a), (b), (c) and (d) are the same used in table IV to characterize
the subsurface materials. Based on the 2-D models including topographic variations and heterogeneities of
elastic and anelastic parameters, the transient response has been numerically computed using a finite-differ-
ence technique. Synthetic seismograms are the pseudoimpulse responses to a vertically incident plane SH-
wave given by a Gabor function (see eq. 3.3). In spite of the relatively low impedance contrast and low values
of Q, the presence of both diffracted waves at the topographic irregularities and locally generated surface
waves in the soft upper layers is quite evident. Synthetic seismograms from receivers R11, R38, R73 of the
Tiber valley profile, and R17, R45, R76 of the Palatino profile show the largest complexity of motion.

0.45y
o
, and fp = 0.45 Hz

where wp = 27 fp and 5=

r
2
were used in our modelling. The grid size was
chosen for each profile to allow a frequency
range of validity up to 8 Hz. Given the epicen-

tral distance of 100 km, in our simulations we

The values y=0.24, y=

assumed a vertical incidence. Figure 5 shows
the results obtained for the selected profiles. In
the first profile, which is relatively simple, the
topographic irregularities at the left hand side
produce significant diffraction effects and an
extremely complex pattern of motion, with a
significant degree of asymmetry of waves at
the two edges of the valley. In addition to the
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Table IV. Elastic and anelastic parameters used for the near-surface propagation modelling.

. . Density Shear-velocity .
Geological unit (g/cm’) (m/s) Quality factor
Fill deposits 1.95 150 5
b Holocene alluvium 1.95 300 10
Volcanic deposits
¢ and Pleistocene sediments 20 400 20
d Pliocene clays 2.1 600 50

topographic effect of the hill on the left, the
other important feature emerging from the nu-
merical modelling is, within the valley, the
propagation of the surface waves generated
through mode conversion at the Pliocene-
Holocene discontinuity.

The modelling of the second profile
(Palatino) was more interesting. As we ex-
pected, larger horizontal motions were ob-
served in correspondence with the two inci-
sions, but we also notice a significant level of
motion in the central part of the profile. Fur-
thermore, we observed an energy flow between
the central area and the deep sediment-filled
incision located on the right hand side, presum-
ably along the man-made shallow landfill. The
details of the transient-response along the
Palatino profile show that the property of fo-
cusing energy on some specific sites is due to
the concomitant curvature variation of the air-
soil and landfill-alluvium discontinuities (the
latter is concave, the former is convex). Look-
ing at the synthetic seismograms of both the
profiles of fig. 5, we notice that the response of
Holocene sediments and man-made landfills is
characterized by a significant magnification of
both amplitudes and durations: the higher the
degree of the structure irregularities, the larger
the complexity of motion at the surface.

In order to quantify the largest spectral am-
plifications, we computed the spectral ratios at
those receivers where the complexity of syn-
thetic seismograms was higher. In fig. 6a,b the
spectral amplification at three receivers of each
profile is shown. Spectral ratios were com-
puted from the Fourier amplitude spectrum of

synthetic seismograms divided by the ampli-
tude spectrum of the wavelet used as the
bedrock input in the numerical modelling.
These spectral ratios are divided by 2 to ac-
count for the free surface effect. They provide
an estimate of the near-surface amplification in
situations characteristic of the city of Rome.
Figure 6a quantifies the topographic amplifica-
tion of the hill (receiver R11), the 2-D reso-
nance in the middle of a 2-km large valley
(R38), and the effect of the sharp Holocene-
Pliocene discontinuity at the right edge of the
same valley (R73). Figure 6b shows the 2-D
resonances of two smaller valleys (receivers
R17 and R76), and quantifies the focusing ef-
fect produced by the upper-layer curvature
variation near to R45. We note that the maxi-
mum ground motion amplification can be as
large as a factor of 4 or more in particular fre-
quency bands: e.g. from 6 to 7 Hz for the topo-
graphic effect (R11), and around 2 Hz for the
2-D resonances of a small valley (R76). An
amplification by a factor of 3 is characteristic
of the central part of the Tiber river valley,
with a narrow-band spectral peak around 1 Hz;
while the edge of this valley shows a slightly
lower amplification involving a broader fre-
quency band (R73).

3.3. Computation of the expected horizontal
ground motion along 2-D profiles in the
urban area

Starting from the bedrock accelerograms
ag (), we can now compute the horizontal
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Fig. 6a,b. Amplification of ground motion as estimated by means of the spectral ratios between synthetic
seismograms at the surface and the wavelet incident to the top of the bedrock. Seismograms were selected as
those characterized by the largest complexity on the two profiles of fig. 5.
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ground accelerations « (1) along the profiles by
means of the convolution

a@®) =ag@) xh@ 3.4

where £ (f) is defined as the transfer function
describing the propagation of SH waves from
the top of the bedrock to the surface, at the re-
ceiver location where the synthetic seismogram
s () was computed as the output to the bedrock
input given by the Gabor function g®

s@W=g@xh(. 3.5)

Based on (3.4) and (3.5), the operation of con-
volution can be therefore written in the fre-
quency domain as

_ ' S(w)
A(w) = Ap () G (3.6)

where the capital symbols denote the Fourier
transform of a (¢), az(¥), s (r) and g (9), respec-
tively. The inverse Fourier transform of A (w)
yields the time histories of the ground acceler-
ation along the selected profiles.

Let we consider one of the individual ac-
celerograms ag(f) computed as the bedrock in-
put for a magnitude 7 earthquake at a distance
of 100 km from Rome. Applying (3.6) and the
inverse Fourier transformation we obtain one
individual simulation of ground acceleration
for each receiver along the two arrays of pro-
files (a) and (b). Some examples of time histo-
ries of ground acceleration and velocity simu-
lated with the assumption of pure SH-wave
propagation are shown in fig. 7a-d. Velocities
are obtained by integrating accelerations. Fig-
ure 7a-d stresses the occurrence of large varia-
tions between firm and soft sites, mainly for
the acceleration time histories.

To average the fluctuations of the individual
simulations, 25 sets of surface accelerograms
were computed using the different bedrock ac-
celerograms of the ensemble. In addition to
peak ground acceleration and velocity, the inte-

gral quantitites

T
I = J. a* (f) dt
0
and

T
I, = J' V() dt
0

were calculated from the convolved time histo-
ries, and averaged over the ensemble of the 25
simulations. T is the total duration of motion.
I, and Iy, are proportional to the Arias intensity
(Arias, 1970) and to the flux of seismic energy
(Boatwright, 1980), respectively. Figure 8
shows the average behaviour of ap, I, vp, and
I, along the two profiles. For all of them, the
statistical uncertainties represent the interval of
+1 standard deviation. In general, the be-
haviour of 1, and 1y follows ap and Vp, respec-
tively. But the largest amplification of ap and
I, does not necessarily occur at the same sites
where vp and Iy reach their highest values, de-
pending on the frequency band of amplifica-
tion: accelerations are more sensitive to high-
frequency amplifications, velocities to lower-
frequency ones.

The sharp variations of all the above men-
tioned parameters along the profiles testify to
a high sensitivity of ground motion to the de-
tails of soil stratigraphy and topography. As
stressed by Faccioli (1992), in the recent litera-
ture many evidences emerge concerning the
amplification of both peak ground acceleration
and velocity as a function of thickness and ve-
locity of the upper soft layers. In this work,
values as large as 67 gals and 7 cm/s are found
for ap and vp, respectively, against an estimate
of 26 gals and 4.6 cm/s, respectively, for a
bedrock having a shear-wave velocity equal to
600 m/s. Note that these two peak values at the
bedrock are different than those deriving from
relation (3.2): for sake of comparison the
bedrock time histories had to be low-pass fil-
tered at 8 Hz, that was the maximum frequency
allowed by the grid size in our computations,
and this reduced ap from 30 to 26 gals, and vp
from 4.8 to 4.6 cm/s. Consequently, along the
selected profiles peak ground acceleration
shows a maximum amplification of 2.6, while
the maximum amplification of peak ground ve-
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Fig. 7a-d. Simulation of ground motion derived from convolution (3.5) for three receivers along the Tiber
river valley (time histories in (a) are accelerations, in (b) velocities) and the Palatino profile (time histories in

(c) are accelerations, in (d) velocities). To better focus the effect of the near-surface propagation, the bedrock
input has been multiplied by 2 to account for the free surface effect.
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Fig. 8. From bottom to top: behaviour of ap, Iy, vp, and Iy, as a function of topography and near-surface geo-
logic materials along the selected profiles. The three curves represent the mean value + 1 s.d. resulting from
the operation of average over the ensemble of 25 simulations.
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locity is 1.5. These maximum amplification
factors of 2.6 and 1.5 appear to be larger than
those estimated by Sabetta and Pugliese (1987)
using the entire data set of the Italian strong
motions (1.48 and 1.36, respectively). How-
ever, it has to be noted that the level corre-
sponding to the Sabetta and Pugliese’s peak
amplification factors well fit, on the average,
the variability of ap and vp in fig. 8.

Some 2-D local effects seem to be responsi-
ble for the largest amplifications of ground
motion: the most evident are: 1) the sharp vari-
ations of the motion parameters in correspon-
dence of the hill and other topographic irregu-
larities at the left hand side of Tiber Valley
profile; 2) the edge effect at sediment sites
near to the sharp Pliocene-Holocene disconti-
nuity at the right hand side of the same profile,
and 3) the 2-D resonances of the sediment
filled valleys in the Palatino profile. All these
amplification phenomena were object of inves-
tigation in the recent literature (e.g. see
Sanchez-Sesma, 1985; Bard and Bouchon,
1985; Moczo and Bard, 1993; Moczo et al.,
1994): in this paper the size of those effects
have been quantified for a realistic ground mo-
tion produced in the city of Rome by a magni-
tude 7 earthquake at a distance of 100 km.

One more parameter relevant to the earth-
quake engineering purposes has been taken
into account: the response spectrum. Some ex-
amples are shown in fig. 9: 5% damped pseu-
dovelocity response spectra reach values as
large as 15-20 cm/s for the most amplified re-
ceivers, at frequencies varying from 1 to 3 Hz.
In order to visualize the average behaviour of
this parameter as a function of frequency and
spatial location over the profiles, in fig. 10a,b
spectral amplitudes were averaged over the en-
semble of the 25 simulations and represented
by means of a colour scale. Yellow denotes
amplitudes higher than 10 cm/s, pink ampli-
tudes ranging between 8 to 10 cm/s, roughly. It
is confirmed that the largest amplitudes are co-
incident with 2-D local effects, but also the
large flat valley of Tiber river produce a high-
amplitude narrow-band spectral peak on pseu-
dovelocity response spectra (see figs. 9 and
10a,b).

4. Discussion of results and conclusions

Several methods to perform numerical sim-
ulations of the potential shaking are currently
in use, but their reliability and accuracy have
to be rigorously tested. As far as the city of
Rome is concerned, Fih er al. (1993) used the
mode summation technique with a 2-D scheme
of layered lithosphere to simulate the incoming
wavefield to the bedrock of Rome generated
by a M; = 6.8 earthquake roughly 85 km east
of the city, and a finite-difference technique to
model the local geology effects. To avoid too
simplified crustal models unsuitable for a very
heterogeneous region, in this paper we mod-
elled source properties and long-path propaga-
tion through a stochastic technique (Boore,
1983) based on the observed spectra of ground
motion in the region (Rovelli ef al., 1988), and
the effects of the near-surface geology in the
city were simulated by means of a finite-differ-
ence technique for the transverse component of
motion. The technique was applied to 2-D
models including topographic variations. Fi-
nally, we studied the variation of many of the
parameters used for earthquake engineering
purposes (ap, vp, Iy, Iy, 5% damped response
spectra) as a function of different geological
and topographic conditions.

As strong-motion data are not available for
the city of Rome, the most appropriate way to
test the reliability of the different methods is to
compare the ground motion derived from sim-
ulations with observations available in similar
conditions. Figure 11a,b is redrawn from the
paper by Sabetta and Pugliese (1987) who
computed the curves of attenuation of peak
ground acceleration and velocity for the Italian
strong-motion data set. The values of ap ob-
tained from our simulations are ranging from
30 gals (firm sites, with a shear-wave velocity
of 600 m/s) to 70 gals (soft sites showing a
significant, mainly 2-D local amplification):
this variability interval is in very good agree-
ment with the predictions based on the rela-
tionships by Sabetta and Pugliese (1987). Our
values of vp are also in substantial agreement
with the Sabetta and Pugliese’s ones, slightly
overestimating their predictions. Fih et al
(1993) did not compute time histories of
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Fig. 9. Examples of 5% damped pseudovelocity response spectra resulting for sites with large amplification.
For sake of comparison, the bedrock behaviour is also shown. All curves were obtained as the average over
the ensemble of 25 simulations.
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Tiber Vaolley
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Fig. 10a,b. Behaviour of the average 3% damped pseudovelocity response spectra as a function of frequency
and spatial location along (a) the Tiber river valley and (b) the Palatino profile. A and B are the extreme sites
of the two profiles. The colour scale visualizes the amplitude variations of response spectra: vellow means
spectral values higher than 10 emvs, pink values ranging from 8 to 10 em/s, roughly.

1764



Assessment of potential strong ground motions in the city of Rome

———— Sabetta & Pugliese, 1987 a
----- Joyner & Boore, 1981
10
8 —————
6 -
4 -
Q
CREPY S
S this work
= M=7
& 1L
3 0.8 F
[} . -
g 06 -
£ 04t
_§ - M= 7 (soil)
)
T 02 - M= 7 (stiff)
01 X M= 6 (stiff)
v M= 5 (stiff)
| | N O S N 1 | S U N SO | \l | N N T I |
1 2 4 6 8 10 20 40 60 80100 200
R (km)
b

100
80
60

40

———— Sabetta & Pugliese, 1987
Joyner & Boore, 1981

I R this work
;g 20 = - N M=7
s RN
2 10F h
s 8F
S 6r
K| B
S
N B
P
£ 2 M= 7 (soil)
M= 7 (stiff)
1.+
N M= 6 (soil)
N M= 5 (soil)
| N N I S N N | I III(IIII\\/I R N N T I |
1 2 4 6 8 10 20 40 60 80100 200
R (km)

Fig. 11a,b. Range of variabilit

predicted in this work for the ci
the regressions by Sabetta and
shown (grey rectangle in (a)).

y (vertical bar) of (a) peak ground acceleration and (b) peak ground velocity
ty of Rome in the case of a large earthquake in the Apennines, compared with
Pugliese (1987). The results of the simulations by Fih et al. (1993) are also
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ground velocity, but their predictions of ground
accelerations appear to be significantly under-
estimated suggesting that simulation methods
based on a deterministic propagation through
flat layers are not adequate for earthquake en-
gineering applications due to the oversimplifi-
cation of the mathematical model which does
not represent the reality, and for the lack of
physical information in the high-frequency
band.

Recently, Boore et al. (1993) reevaluated
the curves of attenuation for peak ground ac-
celeration and response spectra from Western
North American data. Compared with previous
evaluations (Joyner and Boore, 1981, 1988),
the addition of accelerograms from the 1989
Loma Prieta, 1992 Petrolia, and 1992 Landers
earthquakes made the data set collected by
Boore et al. (1993) extremely rich and suitable
to predict ground motion parameters at large
distances (R = 100 km) for magnitude = 7, a

1 Ll 1 Ll
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N |

this work
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Site Class = C 5.5
Fah et al., 1993
B M =6.8
frax =4 Hz
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Fig. 12. Range of variability of peak ground accel-
eration (vertical bar) predicted in this work for soft-
sites (class C of the Boore et al., 1993, classifica-
tion) in the city of Rome, as compared with the re-
gressions resulting from the Western North Ameri-
can data (redrawn from Boore et al., 1993). The re-
sults of the simulations by Fih ef al. (1993) are also
shown (grey rectangle).

situation that is not so well statistically con-
strained using the Italian data set. Moreover, in
their new site geology classification, class C
includes sites with upper-layer shear-wave ve-
locities between 180 and 360 m/s, a range of
variability extremely suitable to fit the surface
geology of Rome (see table IV). The estimates
of ap and 5% damped response spectra ob-
tained numerically for site class C on the pro-
files of fig. 5 are then compared with the val-
ues predicted by the regressions by Boore e al.
(1993). Figures 12 and 13 visualize this com-
parison. Again, the values predicted by Fih et
al. (1993) underestimate observations signifi-
cantly (fig. 12). On the contrary, following our
approach a good agreement is obtained be-
tween predictions and observed data, including
pseudovelocity response spectra (fig. 13).

In conclusion, our results confirm that
stochastic simulations can play an important
role in earthquake engineering applications.
They seem to be more adequate than the deter-
ministic modelling. Their best performance is
to provide synthetic accelerograms for sites
where instrumental data were never recorded,
but source properties and attenuation laws
were estimated from instrumental data avail-
able for the area at local and regional scale.
This is the case of the city of Rome, where
strong-motion data have not been recorded so
far but the local geology is sufficiently well
known and regional properties of ground mo-
tion were object of previous papers.
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