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Abstract

A hybrid technique, based on mode summation and finite differences, was used to simulate the ground motion
induced in the city of Rome by possible earthquakes occurring in the main seismogenetic areas surrounding
the city: the Central Apennines and the Alban Hills. The results of the numerical simulations are used for a
seismic microzonation in the city of Rome, which can be used for the retrofitting of buildings of special social
and cultural value. On the basis of our analysis 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 cov-
ers 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 am-
plifications in the frequency range 0.4-1.0 Hz reach values of the order of 3 to 4.

Key words Rome — wave-propagation modelling — rofitting of particularly important buildings.
seismic strong ground motion — seismic microzona- Lateral heterogeneities and sloping layers,
tion

commonly present in nature, can cause effects
that dominate the ground motion: the excita-
tion of local surface-waves, focusing and defo-
1. Introduction cusing of waves, and resonance effects. In such
circumstances, at least two-dimensional tech-

Numerical simulations play an important niques are necessary for a realistic estimate of

role in the estimation of strong ground motion.  the ground motion.

They can provide synthetic signals for areas To include both a realistic source model and
where recordings are absent and are, therefore, a complex structural model of the site of inter-
very useful for engineering design of earth- est, a hybrid method has been developed that
quake-resistant structures and for the ret- combines modal summation and the finite dif-

ference technique (Fih, 1992; Fih et al., 1993,

1994). The propagation of the waves from the

source up to the local structure at the site is

(*) Now at: Institut fiir Geophysik, ETH-Honggerberg, computed with the mode-summation method
CH-8093 Ziirich, Switzerland. for plane layered anelastic structures (Panza,
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1985; Florsch et al., 1991). The mode-summa-
tion method allows the simulation of the com-
plete incident wavefield in given phase-veloc-
ity and frequency bands. Explicit finite-differ-
ence schemes (Korn and Stockl, 1982; Virieux,
1986) are then used to simulate the propaga-
tion of seismic waves in a two-dimensional
model of the local structure. The hybrid
method is particularly suitable to compute the
ground motion in two-dimensional models of
any complexity, and allows us to take into ac-
count the source and propagation effects, in-
cluding local site conditions.

The area of Rome, considered here, is char-
acterized by several sedimentary basins of con-
siderable thickness, which in some parts 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 M; =6.8 January 13,
1915, Fucino (Italy) earthquake (Ambrosini
et al., 1986). In the absence of instrumental data
in the city of Rome, a numerical simulation of
the ground motion due to the January 13, 1915
Fucino earthquake was compared with the ob-
served damage distribution (Fih et al., 1993).
The macroseismic data in Rome shows essen-
tially that the damage is concentrated at the
edges of the alluvial basin of the Tiber River;
the heavy and intermediate damage are located
in that basin. The same distribution of damage
can be expected on the basis of the numerical
simulations of this event (Fih er al., 1993).
The highest amplifications are observed at the
edges of this alluvial basin, and large amplifi-
cations can be observed within the Tiber’s
River bed. The very good correlation between
the damage statistics and the ground motion
suggests using the hybrid technique for a mi-
crozonation of the entire town, which accounts
also for events expected in other important
seismogenetic areas. For this purpose, a series
of different numerical simulations of the
ground motion were performed, for different
source positions and structural models of the
Rome area. The results of such computations
were then used for microzonation, based on the
spectral amplifications expected in the differ-
ent zones of the city.
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2. Parametrization of the source and
the propagation path

The most important seismogenetic zones
(fig. 1) which can produce structural damage in
Rome are the Central Apennines, whose earth-
quakes can cause, in the town, an observed
maximum intensity VII-VIII on the Mercalli-
Cancani-Sieberg intensity scale (MCS), and the
Alban Hills, whose earthquakes are responsible
for an observed maximum MCS intensity in
Rome equal to VI-VII (Molin et al., 1986).
The source positions (fig. 1) used in this study
include (1) the epicenter of the January 13,
1915 Fucino earthquake, (2) an epicenter close
to the Carseolani Mountains where, from a
study of pattern recognition (Caputo et al.,
1980), a strong earthquake is expected to oc-
cur, and (3) the Alban Hills. The source mech-
anisms assigned to these earthquakes are the
mechanism of the Fucino earthquake (Gaspa-
rini et al., 1985) for events 1 and 2, and the
mechanism of a recent earthquake in the Alban
Hills (Amato et al., 1984) for event 3. The pa-
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Fig. 1. Epicenter locations of the events used for
the different numerical simulations. The source po-
sitions are (1) the epicenter of the January 13, 1915
Fucino earthquake, (2) an epicentre close to the

Carseolani Mountains, and (3) the Alban Hills.
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Table I. Source mechanisms of the events shown in fig. 1.

Event

Source

Strike-receiver

No. Location depth (km) Dip Rake angle
1 Fucino valley 8.00 39° 172° 38°
2 Carseolani Mountains 8.00 39° 172° 38°
3 Alban Hills 3.06 74° 266° 133¢

rameters of the focal mechanism of each event
are given in table I.

The one-dimensional structural models for
the region between the source positions and
Rome are given in table II. The P-wave veloci-
ties in the crust are based on seismic refraction
measurements made along the profile Latina-
Pescara (Nicolich, 1981). The shear-wave veloc-
ities were chosen by assuming that vZ = v2/3.
The Moho depth (28 km) is in good agree-
ment with other published results (Nicolich,
1989; Suhadolc and Panza, 1989). These mod-
els were used as reference bedrock structures,
and, for each seismic source, the ground mo-
tion computed with the hybrid method was al-
ways compared with that obtained for the re-
lated one-dimensional structure.

The position of the cross sections studied is
shown in fig. 2, and the related two-dimen-
sional structural models are shown in fig. 3.
They are based on all the available geological
and geotechnical information (Ventriglia, 1971;
Serva et al., 1986; Funiciello et al., 1987;
Boschi et al., 1989; Feroci et al., 1990). Allu-
vial sediments can be found in two major ar-
eas, the river beds of the Aniene and Tiber.
The ancient river bed of the Tiber (referred as
Paleotiber) is composed of Sicilian clays, sands
and gravel. This sedimentary complex is cov-
ered by volcanic rocks which have their origin
in the Pleistocene volcanic activity (Ventriglia,
1971). The volcanic rocks have greater wave
velocities than the underlying sediments (Sicil-
ian) which, therefore, define a buried low-
velocity zone. The surficial layer consists of
compacted fill, and of the foundations of man-
made structures. The transition from the allu-
vial sediments in the Tiber River bed to the
compacted clay is characterized by a very high
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impedance contrast. In fig. 3, the compacted
clay is referred to as bedrock, and its material
properties are related to the values given in
table II. The velocity gradient in the uppermost
part of the structure for the bedrock is approxi-
mated by a series of thin layers.

Since the mechanical properties and thick-
ness of the different soils are not well known,
we have used different material properties to
test the stability of the microzonation and en-
hance its reliability. Our tests include: (1) two
different models for which the seismic phase
velocities given in fig. 3 are defined at 1 Hz
and at 30 Hz, respectively, while the Q-values
are not varied, and (2) two different models in
which the surficial layer of man-made ground
(fill deposits) has a thickness of 5 m and 10 m,
respectively.

3. Properties of the ground motion caused
by the Fucino event

Several ground motion related quantities
can be extracted from the synthetic accelero-
grams obtained from our numerical modelling.
The quantities that we consider here are:
(1) the relative peak ground acceleration
PGA(2D)/PGA(bedrock), (2) the so-called
relative Arias intensity W(2D)/W(bedrock)
(Arias, 1970), where W is defined as:

=T
W= 5

1
tim [ pe(op ar,
t—o JQ
where x is the ground displacement, and (3) the
relative spectral accelerations or spectral am-
plification Sa(2D)/Sa(bedrock), where Sa is
the spectral acceleration. PGA(2D), W(2D),
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Table II. Structural bedrock models representative of the path from the epicenters to the city of Rome
(Qn = 2.2 Qp). For the computations with source 3, located in the Alban Hills, the mechanical parameters of
the first layer are given in parenthesis. The velocity gradients in the models are approximated by a series
of thin layers.

Thickness Density P-wave S-wave
(km) ‘ (g/cm?) velocity (km/s) velocity (km/s) Op
0.09 2.24 (2.21) 2.40 (1.85) 1.29 (1.00) 30 (20)
0.10 2.25 2.50 1.30 30
0.10 2.25 2.80 1.50 30
0.10 2.30 4.00 2.31 100
0.10 2.40 4.10 2.37 100
0.10 2.40 4.20 243 100
0.10 2.50 4.30 2.48 100
0.10 2.50 4.40 2.54 100
0.10 2.50 4.50 2.60 100
0.10 2.50 4.60 2.65 100
0.10 2.60 4.70 2.70 100
0.10 2.60 4.80 2.77 100
0.10 2.60 4.90 2.83 100
0.10 2.60 5.00 2.88 100
0.10 2.60 5.20 3.00 100
0.10 2.60 5.40 3.10 100
0.10 2.60 5.60 3.20 100
1.70 2.80 5.70 3.30 100
6.10 2.85 6.00 3.46 100
0.10 2.85 5.89 3.40 100
0.10 2.85 5.80 3.35 100
0.10 2.85 5.71 3.30 100
0.10 2.85 5.54 3.20 100
8.60 2.85 5.40 3.12 100
0.10 2.85 5.49 3.17 100
0.10 2.85 5.63 3.25 100
0.10 2.85 5.71 3.30 100
0.10 2.85 5.89 3.40 100
0.10 2.85 6.06 3.50 100
2.70 2.85 6.20 3.58 300
1.70 2.88 6.50 3.75 300
1.70 2.90 6.70 3.87 300
2.40 2.95 7.00 4.04 300
4.75 3.35 7.90 4.56 300
4.75 3.35 7.92 4.57 300
4.75 3.35 7.94 4.58 © 300
4.75 ' 3.35 7.96 4.59 300
4.75 3.35 7.98 4.60 300
4.75 3.35 8.00 4.62 300
4.75 3.36 8.02 4.63 300
4.75 3.37 8.04 4.64 300
4.75 3.38 8.06 4.65 300
oo 3.39 _ 8.08 4.66 300
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Fig. 2. Lithology and thickness of alluvial sediments in Rome (Ventriglia, 1971; Funiciello er al., 1987;

Feroci et al., 1990). The dashed lines indicate the positions of the cross sections, for which numerical mod-
elling is performed.
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Fig. 3. Two-dimensional models corresponding to the dashed lines shown in fig. 2. Only the part near to
the surface is shown, where the 2D model deviates from the horizontally-layered structural models shown in

table II. The general microzonation is explained in the text.
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Fig. 4. Ratios of the peak ground acceleration,
PGA(2D)/PGA (bedrock), and of the Arias Intensity,
W(2D)/W (bedrock), obtained for the numerical sim-
ulation of the Fucino earthquake (event 1 in fig. 1).
They are compared with the damage distribution
caused by the January 13, 1915 Fucino earthquake
(Féh et al., 1993). The general microzonation is ex-
plained in the text.

Sa(2D) indicate, respectively, PGA, W and Sa
computed for the two-dimensional models
shown in fig. 3. PGA(bedrock), W(bedrock),
and Sa(bedrock) indicate, respectively, PGA,
W and Sa obtained for the one-dimensional ref-
erence bedrock models given in table II. In

612

order to remove the effects of the regional
propagation, PGA(2D), W(2D), and Sa(2D)
are always normalized with respect to the
related quantities PGA (bedrock), W(bedrock),
Sa(bedrock), computed in the reference bed-
rock model for the same seismic source and
the same source-receiver distance.

For the Fucino event (event 1), relative
PGA and relative Arias intensity, defined
by the ratios PGA(2D)/PGA(bedrock) and
W(2D)/W(bedrock), computed for the trans-
verse component of motion (SH-waves), the ra-
dial component of motion, and the total P-SV
wavefield (radial and vertical component of
motion), are shown in fig. 4. High relative
PGA values are observed for locations sitting
on unconsolidated sediments (fig. 4a), while
relative PGA values are low where the vol-
canic layer is thick. Relative peaks can be seen
at the beginning of the alluvial valley of the
Tiber and within the alluvial valley of the
Aniene. The peaks and troughs are more evi-
dent in the curve representing the relative W
values (fig. 4b). There are five relative peaks:
two at the edges of the Tiber basin, one within
the alluvial valley of the Aniene, a broad peak
where the Sicilian low-velocity zone is close
to the surface, and one at the margin of the
Paleotiber basin.

The macroseismic data show essentially
that, in Rome, the damage is concentrated in
the basin of the Tiber with clear peaks at the
edges of the alluvial basin. To quantify this ob-
servation, the damage distribution has been
projected on the cross section used in the nu-
merical modelling (Féh et al., 1993). The re-
sulting histogram is shown in fig. 4, which
shows that a similar distribution of damage is
predicted by our direct numerical simulation.

4. Seismic microzonation

The results obtained from the modelling of
the Fucino event (fig. 4) can be used directly
for general microzonation purposes. Using as
reference the bedrock models given in table II,
six zones can be distinguished (see figs. 3 and
4): (1) zonme I includes the edges of the Tiber
River, (2) zone 2 extends over the central part
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of the alluvial basin of the Tiber, (3) zone 3 in-
cludes the edges of the Paleotiber basin, and
(4) zone 4 extends over the central part of the
Paleotiber basin. Zones 5 and 6 include areas
which are located outside the large basins of
the Tiber and Paleotiber where we distinguish
between areas (5) without and (6) with a layer
of volcanic rocks close to the surface. Due to
analogous geological conditions, these zones
can be recognized in the sections considered in
relation with the events located in the Carseo-
lani Mountains and the Alban Hills, as is
shown in fig. 3.

For all the receivers of all two-dimensional
models and studied events, we have computed
the spectral amplification Sa(2D)/Sa(bedrock)
for one hundred frequencies of the oscillator,
in the frequency range 0.2 to 4 Hz. For a cer-
tain zone, we have computed the average of all

spectral amplification curves obtained for the
receivers in this zone. Moreover, we have de-
termined the maximum spectral amplification
observed for all receivers in this zone. The re-
sults obtained for zero damping and 5% damp-
ing of the oscillator are shown in fig. 5. With
respect to bedrock, the maximum spectral am-
plification defines the maximum amplification
effects to be expected in a certain zone. The
average spectral amplification defines amplifi-
cation and attenuation effects which are similar
for all receivers in a certain zone, and the dif-
ference between the maximum and average
spectral amplification is a measure for the vari-
ability of the ground motion in a zone.

The greatest spectral amplification is ob-
served at the edges of the sedimentary basin of
the Tiber River (zone 1), for frequencies be-
tween 2.0 and 2.5 Hz. The maximum spectral
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Fig. 5. Maximum and average spectral amplifications for the zones defined in figs. 3 and 4, for zero damping

and 5% damping.
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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 (Fih et al.,
1993). The general shape of the maximum and
average spectral amplifications are similar for
zones 1 and 2. In the frequency range from
1.0 Hz to 3.0 Hz, the maximum spectral ampli-
fication is of the order of 4 and the average
spectral amplification is of the order of 2.

Similar observations can be made for the
Paleotiber basin (zones 3 and 4), but in a dif-
ferent frequency band (0.4-1.0 Hz). The buried
sedimentary complex (Sicilian) causes maxi-
mum spectral amplification between 3 and 4,
due to resonance effects. These are most pro-
nounced at frequencies around 0.6 Hz. There-
fore, the presence of a near-surface layer of
rigid material in the Paleotiber basin is not suf-
ficient to classify that area as a «hard-rock
site». 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 areas, 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 Paleotiber basin (zone 4),
the volcanic layer acts as a 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 amplifications are
small for frequencies below 1 Hz. Since the
sedimentary cover in these zones is thin, the
amplification takes place at frequencies above
1.5 Hz, and changes rapidly from site to site.
This rapid variation leads 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 taking 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 extend 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 general, for sites close to lateral hetero-
geneities, the amplification effects 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 large
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
microzonation studies, and it provides realistic
estimates of amplification and attenuation ef-
fects for two-dimensional, anelastic models.
Since geotechnical data are available for many
areas, the proposed technique provides a scien-
tifically and economically 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 earthquake-resistant
structures and for the retrofitting of particularly
important buildings.
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