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Abstract

Traditional methods use either a deterministic or a probabilistic approach, based on

empirically derived laws for ground motion attenuation. The realistic definition of seismic input

can be performed by means of advanced modelling codes based on the modal summation

technique. These codes and their extension to laterally heterogeneous structures allow us to

accurately calculate synthetic signals, complete of body waves and of surface waves,

corresponding to different source and anelastic structural models, taking into account the effect

of local geological conditions. This deterministic approach is capable to address some aspects

largely overlooked in the probabilistic approach: (a) the effect of crustal properties on

attenuation are not neglected; (b) the ground motion parameters are derived from synthetic time

histories, and not from overly simplified attenuation functions; (c) the resulting maps are in

terms of design parameters directly, and do not require the adaptation of probabilistic maps to

design ground motions; and (d) such maps address the issue of the deterministic definition of

ground motion in a way which permits the generalization of design parameters to locations

where there is little seismic history.

The methodology has been applied to a large part of south-eastern Europe, in the

framework of the EU-COPERNICUS project "Quantitative Seismic Zoning of the Circum

Pannonian Region". Maps of various seismic hazard parameters numerically modelled, and

whenever possible tested against observations, such as peak ground displacement, velocity and

acceleration, of practical use for the design of earthquake-safe structures, have been produced.

The results of a standard probabilistic approach are compared with the findings based on the

deterministic approach. A good agreement is obtained except for the Vrancea (Romania) zone,

where the attenuation relations used in the probabilistic approach seem to underestimate, mainly

at large distances, the seismic hazard due to the intermediate-depth earthquakes, whereas the

deterministic results seem representative of the most conservative scenario.

The peak values of D, V and DGA, and pertinent periods T(D) and T(V), at the sites where

nuclear power plants are located are summarized in the following table:



Site Name

Cernavoda

Kozloduy

Krsko

Paks

DMAX

cm

35

9

1

6

T(DMAX)

s

11.0

12.0

4.5

3.5

VMAX

cm/s

75

10

3

8

T(VMAX)

s

2.4

3.0

4.5

3.5

DGA

g

0.30

0.08

0.04

0.07

Given the number of Nuclear Power Plants (NPP) located in the studied region, the

obtained results should be refined by successive more detailed investigations aimed at the

retrofitting of the existing NPP. This may be a necessary action in order to reduce the

environmental hazard associated with such NPP.

The realistic modeling of the ground motion can be used to generate a very important base

of knowledge for the preparation of ground shaking scenarios and it is at the base of the

UNESCO IGCP Project 414 "Realistic Modeling of Seismic Input for Megacities and Large

Urban Areas". The knowledge can be very fruitfully used by civil engineers in the design of new

seismo-resistant constructions and in the reinforcement of the existing built environment, and,

therefore, supply a particularly powerful tool for the prevention aspects of Civil Defence.

The results of the deterministic approach can be immediately used for the estimation of the

destructive potential from (a) the direct analysis of the calculated signals, (b) their integration in

time or in frequency domain, and (c) the calculation of the corresponding structural (elastic and

anelastic) response. Examples of application of this analysis to urban areas in eastern Sicily,

where more than 700.000 people are living, show that the use of advanced seismclogical

methods for the definition of ground shaking scenarios can play a key role in the reduction of

possible losses.



1 Introduction

The typical seismic hazard problem mainly consists in the study of the effects associated to

earthquakes, both on regional and on local scale, for a successive engineering analysis. The

result of such an analysis, that has to be used for the seismic risk definition, can be expressed in

various ways, e.g. with a description of the groundshaking intensity due to an earthquake of a

given magnitude ("groundshaking scenario"), or with probabilistic maps of relevant parameters.

Historically, the most used parameter in the engineering analysis for the characterization of

the seismic hazard is the PGA (Peak Ground Acceleration), a single-value indicator relatively

easy to determine but that often leads to wrong seismic risk estimates. Actually, the peak values

alone cannot describe adequately all the effects associated to the ground shaking, since the

frequency content and the duration of a seismic wave train play a fundamental role. A more

complete analysis includes the calculation of the response spectra: the response of a given

structure to the seismic ground motion can be studied analysing the behaviour of a simple

damped oscillator. While the Fourier spectra shows the fine tuning of the energy contained in a

wave train, the response spectra gives the maximum response of an oscillator to the whole

seismic motion.

Although it has been recognized that the characteristics of ground motion such as its

intensity, frequency content and duration are relevant to estimate its damage potential, some of

these characteristics are usually ignored for the sake of simplicity. On the other hand, the

estimation of the damage potential of ground motion, by neglecting the mechanical

characteristics of the earthquake-resisting structures will usually lead to unreliable and

inconsistent results. This is due to the fact that the damage potential is not an absolute property

of the ground motion, but it also depends on its interaction with the earthquake-resisting

structure.

Thus, a rational methodology for the assessment of the earthquake destructiveness

potential, particularly in the case of inelastic behaviour, should take into account simultaneously

the relevant characteristics of the ground motion and of the earthquake-resisting structure.

Linear Elastic Response Spectra (LERS) do not represent a complete description of the

ground motion damage potential in the case of inelastic behaviour, in which most of the energy

transmitted to the structure is dissipated through plastic deformations. The lessons learned from

recent earthquakes and associated research indicate that the elastic spectra ordinates are not

directly related to the structural damage. Extremely important factors such as the duration of the

strong ground shaking and the sequence and duration of acceleration pulses are not taken into

account adequately. The Inelastic Response Spectra (IRS), obtained directly from strong motion



records, are necessary for the design at safety level, but they are not sufficient because they do

not give a precise description of the quantity of the energy that will be dissipated through

hysteretic behaviour; they give only the value of the maximum ductility requirement. In several

cases the observed behaviour is not consistent with the usual seismic strength coefficients, but it

can be explained by making use of energy concepts.

A large number of parameters have been proposed in literature to measure the capacity of

an earthquake to damage built structures, but none seem to be completely satisfactory. The

adoption of inadequate parameters can lead to the definition of a non-realistic design earthquake

and, consequently, to the unreliable evaluation of the seismic risk.

In this context, the damage potential of earthquake ground motion perhaps may be

adequately characterized by means of energy parameters. In fact, energy-based methods could

provide more insight into the seismic performance and could be considered as effective tools for

a comprehensive interpretation of the behaviour observed during destructive events.

The main problem associated with the study of seismic hazard is to determine the seismic

ground motion at a given site, due to an earthquake, with a given intensity and epicentral

distance from the site. A solution for the study of seismic hazard and associated seismic ground

motion, at a given site and for a range of a given distance from the fault, could be to use a

complete set of recorded strong motions and to group those accelerograms that have similar

source, path and site effects. In practice however, such a database is not available, being the

number of available recorded signals still relatively low. An alternative way is based on

computer codes, developed from a detailed knowledge of the seismic source process and of the

propagation of seismic waves, that can simulate the ground motion associated with the given

earthquake scenario. In such a way, synthetic signals, to be used as seismic input in a subsequent

engineering analysis, can be produced at a very low cost/benefit ratio. Anyway, the damage

potential of such signals need to be evaluated on the basis of the parameters characterizing the

earthquake destructiveness power derived from the available strong motion records.

The realistic definition of seismic input can be performed by means of advanced modelling

codes based on the modal summation technique (e.g. Panza, 1985; Florsch et al.1991). These

codes and their extension to laterally heterogeneous anelastic structures (e.g. Vaccari et al., 1989;

Romanelli et al., 1996) allow us to accurately calculate synthetic signals, complete of body

waves and of surface waves, corresponding to different models of the source and of the medium,

taking accurately into account the effect of local site conditions.

As examples we illustrate the work done, in the framework of a large international

cooperation for the deterministic assessment of seismic hazard (at regional scale) in the

Mediterranean and Circum-Pannonian area, and for the realistic modeling of the ground motion



in eastern Sicily (where more than 700,000 people are living) following the guidelines of

UNESCO IGCP Project 414 "Realistic Modeling of Seismic Input for Megacities and Large

Urban Areas" (Panza et al., 1999b).

2. Deterministic seismic hazard assessment at regional scale

The most recent strong earthquakes (e.g. 1985 Michoacan earthquake; 1994 Los Angeles;

1995 Kobe earthquake; 1999 Izmit, Taiwan and Oaxaca earthquakes) have acted as catalysts for

the use of zoning in seismic risk management: politicians and administrators are more and more

interested in the rapid reconstruction according to criteria which reduce the probability of a

repetition of disasters.

In an anthropised area it is now technically possible to identify zones in which the heaviest

damage can be predicted. A first-order zoning can be carried out at regional scale, based on the

knowledge of the average properties of seismic sources and structural models.

A drastic change is required in the orientation of zoning, that must be a pre-disaster activity

to be performed to mitigate the effects of the next earthquake, using all available technologies.

The recent events in Los Angeles (1994), Kobe (1995), Izmit, Taiwan and Oaxaca (1999) clearly

show that we must be able to take preventive steps, extending, in a scientifically-acceptable way,

the obtained results to areas in which no direct experience has yet been gained. At present,

seismic zoning can use scientific data banks, integrated in an expert system, by means of which

it is possible not only to identify the safest and most suitable areas for urban development, but

also to define the seismic input that is going to affect a given building.

The procedure for the deterministic seismic zoning developed by Costa et al. (1992, 1993)

and subsequently widely applied (Orozova-Stanishkova et al., 1996; Alvarez et al., 1999; Aoudia

et al., 1999; Bus et al., 1999; Markusic et al., 1999; Radulian et al., 1999; Zivcic et al., 1999)

represents a very innovative approach and can be used as a starting point for the development of

an integrated procedure that will combine the advantages of the probabilistic and of the

deterministic methods, thus minimising their drawbacks. The deterministic approach defined by

Costa et al. (1992, 1993) is completely different and is complementary to the probabilistic

approach as in general proposed. It addresses some issues largely overlooked in the probabilistic

approach: (a) the effect of crustal properties on attenuation are not neglected; (b) the ground

motion parameters are derived from synthetic time histories and not from overly simplified

attenuation "functions"; (c) the resulting maps are in terms of design parameters directly, and do

not require the adaptation of probabilistic maps to design ground motions; (d) such maps address



the issue of the deterministic definition of ground motion in a way which permits the

generalization of design parameters to locations in which there is little seismic history.

Starting from the available information on the Earth's structure, seismic sources and the

level of seismicity of the investigated area, it is possible to estimate the maximum ground

acceleration, velocity and displacement (AMAX, VMAX and DMAX respectively) or any other

parameter relevant to seismic engineering, which can be extracted from the computed theoretical

signals. This procedure allows us to obtain a realistic estimate of the seismic hazard also in those

areas for which scarce (or no) historical or instrumental information is available, and to perform

the relevant parametric analyses.

Synthetic seismograms are constructed to model ground motion at the sites of interest,

using the knowledge of the physical process of earthquake generation and wave propagation in

realistic media. The signals are efficiently generated by the modal summation technique (e.g.

Panza, 1985; Florsch et al., 1991), so it becomes possible to perform detailed parametric

analyses at reasonable costs. For instance, different source and structural models can be taken

into account in order to create a wide range of possible scenarios from which essential

information for decision making can be exctracted.

In our zoning, average structural models are defined, representing the lithospheric

properties at a regional scale. Synthetic seismograms are computed, taking into account the

effects of lateral heterogeneities in a rough way. Namely, if the source-receiver path crosses one

or more boundaries between adjacent structural models, the signal is computed assuming the

model of the receiver as representative of the whole path. This is justified by the results of

numerical experiments (e.g. Vaccari et al., 1989).

The flow-chart of the procedure is shown in Figure 1. The first problem to tackle in the

definition of seismic sources is the handling of seismicity data. Basically, what is needed is a

distribution of the maximum magnitude over the territory, but the data available from earthquake

catalogues are, on the contrary, discrete and punctual. Furthermore, earthquake catalogues are

both incomplete and affected by errors, so a smoothed distribution is preferable (Panza et al.,

1990).

The smoothing procedure is shown in Figure 2. The punctual distribution of epicentres

given in Figure 2a is discretized into cells (Figure 2b) and the maximum magnitude of the events

pertinent to each cell is retained. In case the earthquake catalogue contains different estimates of

the magnitude (e.g. magnitude computed from body waves, surface waves, and from

macroseismic intensity), the maximum between them is considered. It is then convenient to

represent the data graphically, and symbols are associated with magnitude ranges (Figure 2c).
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Figure 1. Flow-chart of the deterministic procedure for seismic hazard assessment at regional
scale.

In most cases, the smoothing obtained by just considering the discretized cells is not

enough, and a centred smoothing window is considered, so that earthquake magnitudes are

analysed not only in the central cell, but also in the neighbouring ones. The idea of a constant

magnitude within each seismogenic area (choosing the maximum available value) has been

discarded because, for the larger seismogenic areas, it leads to an over-estimation of the

seismicity. Three possible smoothing windows are shown in Figure 2d. Their "radius" is

expressed in terms of number of cells, n. In the example, the values n=l, n=2 and n=3 are

considered. By applying those windows to the distribution of Figure 2c, the results of Figure 2e

are obtained. At a first glance, it appears that the distribution of the maximum magnitude given

by the window with n=3 is quite exaggerated with respect to the starting data of Figure 2c, but its

intersection with a hypothetic seismogenic area (shown in Figure 3a) gives quite a reasonable

distribution (Figure 3b), that allows us to account, even if in a rough way, for errors in the



location of the source and for its extension in space. The smoothing corresponding to the radius

n=3 (smoothing 1) is chosen to produce deterministic maps of hazard, while the smoothing n=l,

applied only to the strongest shocks (smoothing 2), is employed to derive empirical relations

between ground motion parameters and observed intensities.

In Figures 2 and 3, symbols are used only to improve readability. In the actual smoothing

procedure magnitudes are not divided into classes.

For the definition of the seismic sources that generate the synthetic seismograms, only the

cells located within a seismogenic area are retained. The map shown in Figure 4 is the result of

the application of smoothing 1 to the available earthquake catalogues (Camassi and Stucchi,

1996, Orozova-Stanishkova et al., 1996; Aoudia et al., 1999; Bus et al., 1999; Markusic et al.,

1999; Radulian et al., 1999; Zivcic et al., 1999).
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Figure 2. Discretization and smoothing of seismicity. a) distribution of epicenters; b) definition
of cells and choice of the maximum magnitude; c) graphic representation; d) smoothing windows
of radius n=l, n=2, n=3; e) smoothed distribution of magnitude.
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Figure3. a) Seismogenic zone and b) its intersection with the smoothed data shown in Figure 2e.

The focal mechanisms of the seismic source placed at the centre of each cell are defined as

the best double-couple, corresponding to the arithmetic average of the tensor elements of the

available mechanisms in the relevant seismogenic zone. This simple procedure appears to be

reasonable when the mechanisms to average are not too different, and this condition should be

always checked for each seismogenic area. The fault plane solutions used by Costa et al. (1993),

Orozova-Stanishkova et al. (1996), Aoudia et al. (1999), Bus et al. (1999), Markusic et al.

(1999), Radulian et al. (1999), Zivcic et al. (1999) all satisfy the above condition.

Once the structures and the sources have been defined, sites are considered on a grid

(0.2° X 0.2°) that covers the whole territory. The synthetic signals are computed for an upper

frequency content of 1 Hz, and the scaled point-source approximation (Gusev, 1983) is still

acceptable. This is fully justified by practical considerations, since, for instance, several-story

buildings have a peak response in the frequency range below 1 Hz (e.g. Manos and

Demosthenous, 1992), and by the fact that modern seismic design approaches and technologies,

like seismic isolation, tend to lower the free oscillation frequencies of buildings. As a rule of



thumb (used by the Italian legislation) the resonance period (in seconds) of a building can be

expressed as 0.1H/B05, where H is the height and B is the maximum lateral extension, in meters.

When periods shorter than 1 s are considered, it is no longer possible to neglect the finite

dimensions of the faults and the rupturing process at the source.

To reduce the number of the computed seismograms, the epicentral distance is kept below

an upper threshold, which is taken to be a function of the magnitude associated with the source.

When considering crustal seismicity, the maximum source-receiver distance has been set equal

to 25 km, 50km and 90 km, respectively for M < 6, 6 < M < 7 and M > 7, and all seismograms

are computed for a hypocentral depth which depends on magnitude (10 km for M< 7, 15 km for

M > 7). It is obviously possible to assign to each source any depth value determined from the

analysis of the available catalogues. The reason to keep the hypocentral depth fixed (for classes

of magnitude) and shallow is to be found (a) in the large errors generally affecting the

hypocentral depth reported in the earthquake catalogues, (b) in the fact that strong ground motion

is mainly controlled by shallow sources (e.g. Vaccari et al., 1990), with the spectacular exception

of the Vrancea intermediate depth events (Radulian et al., 1999), and (c) by the generalized

identification of a crustal brittle layer in the depth range 0-15 km (Riva et al., 1999).

The radial, vertical and transverse components of the synthetic seismograms are computed

accounting for the source finiteness by scaling the shallow point-source spectrum with the

scaling law proposed by Gusev (1983) as reported in Aki (1987), and its modification, proposed

by Radulian et al. (1999), for the Vrancea intermediate-depth hypocenters. In this scaling, for the

moment-magnitude relation, we have chosen the one given by Kanamori (1977). At each site, the

horizontal components are first rotated to a reference system common to the whole territory

(North-South and East-West directions) and then the vector sum is computed.

Among the parameters representative of the strong ground motion we have, for the

moment, focused our attention on the maximum ground acceleration, velocity and displacement

(AMAX, VMAX and DMAX). Since we compute the complete time series we are not limited to

this choice, and it is possible to consider integral quantities that can be of interest in earthquake

engineering or engineering seismology (e.g. Uang and Bertero, 1990; Decanini and Mollaioli,

1998a).

The Fourier spectra of displacements and velocities show that an upper frequency limit of

1 Hz is sufficient to take into account the dominant part of the seismic waves, while this is

definitely not true for accelerations (Figure 4). On the other hand, the required knowledge about

seismic sources and lateral heterogeneities, that might justify the use of a higher frequency limit

in the computations, is not usually available at the scale of the areas generally considered in the

zoning.

10
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displacements (top), velocities (middle) and accelerations bottom).

For accelerations, the deterministic results may be extended to frequencies higher than 1

Hz by using design response spectra. For the shallow sources we have used, for instance,

Eurocode 8 (EC8, 1993), which defines the normalized elastic acceleration response spectrum of

the ground motion, for 5% critical damping. In general this operation should be made taking into

account the soil type. If in the zoning, the used regional structural models are all of the same

type, as defined in EC8, we can immediately estimate the Design Ground Acceleration (DGA)

(Panzaetal., 1996).

11



The smoothed magnitude distribution for the cells belonging to the seismogenic zones

defined at national level (Costa et al., 1993; Orozova-Stanishkova et al., 1996; Aoudia et al.,

1999; Bus et al., 1999; Markusic et al., 1999; Radulian et al., 1999; Zivcic et al., 1999) is given

in Figure 5. The focal mechanisms associated with each seismogenic zone are obtained from a

collection of data gathered by the same authors. DGA, VMAX and DMAX maps are shown in

Figure 6, Figure 7 and Figure 8 respectively. In Figure 9 and Figure 10 the periods associated

with VMAX and DMAX are shown.
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Figure 8. Horizontal DMAX distribution, obtained as a result of the deterministic zonation.
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Figure 10. Period in seconds of the maximum of DMAX at each site.
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Figure 11. Maximum displacements. For the shallow hypocentres the computations have been
made considering epicentral distances shorter than 90 km. In the case of Vrancea intermediate-
depth events the computations have been performed over the Romanian, North-Eastern Croatian
and Hungarian territory and elsewhere within a circle with 350 km of radius, centered on
Vrancea epicenter cell. The hypocentral depth considered is 90 km for magnitude less than 7.4,
and 150 km for larger events. The solid lines define the polygons where the computations have
been performed.
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Figure 12. Same as in Figure 11, but for maximum velocities.
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Figure 13. DGA based on the European Building Code EC8 for shallow events, and on response
spectra especially determined for the Romanian intermediate-depth earthquakes in the case of
Vrancea intermediate-depth events (Lungu et al., 1996).
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To handle the unique case of strong events occurring at intermediate-depth in Vrancea

(Romania) region, response spectra especially determined for Romanian intermediate-depth

earthquakes (Lungu et al., 1996) have been considered instead of EC8, and the computations

have been performed over the Romanian, North-Eastern Croatian and Hungarian territory, and

elsewhere within a circle with 350 km of radius, centred on Vrancea epicenters cell. The

hypocentral depth of the considered intermediate-depth events is 90 km for magnitudes less than

7.4, and 150 km for the larger ones. In Figure 11, Figure 12 and Figure 13 we show maps of the

peak values of the horizontal motion (DMAX, VMAX and DGA).

The peak values for DGA, VMAX and DMAX, and pertinent periods associated with

displacements, T(D), and velocities, T(V), obtained with the deterministic approach at the sites

where nuclear power plants are located (Figure 14) are summarized in Table 1. The values

obtained at Cernavoda, Kozloduy and Paks are due to the intermediate-depth Vrancea events.

Table 1. Modeled ground shaking for the nuclear powerplants of Figure 14

Site Name

Cernavoda

Kozloduy

Krsko

Paks

DMAX

cm

35

9

1

6

T(DMAX)

s

11.0

12.0

4.5

3.5

VMAX

cm/s

75

10

3

8

T(VMAX)

s

2.4

3.0

4.5

3.5

DGA

g

0.30

0.08

0.04

0.07

Krsko
Paks

©
Cernavoda

©
Kozloduy

Figure 14. Nuclear power plants location and modelled ground shaking.

Using the same input data as the one used in our deterministic approach, Musson (1999)

performed a probabilistic assessment of the hazard. The results for a return period of 475 years

are shown in Figure 15.
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Figure 15. Horizontal peak ground acceleration (PGA) values with a return period of 475 years
for the locations corresponding to the sites of Figure 13 in the region 43°N-49°N, 14°E-28°E
(data from Musson, 1999).
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Figure 16. PGA (probabilistic analysis) vs DGA (deterministic analysis). Black squares represent
locations with longitude less or equal to 20°E, crosses are for sites with longitude greater than
20°E.
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Looking at the black squares in Figure 16, we can see that the results by Musson (1999),

based on the probabilistic approach, give more conservative acceleration estimates than the

deterministic approach in the eastern area (longitude < 20°E). Very likely this has to be related

with a cumulative effect due to the rate of occurrence of medium-size events (M<6.5) in the time

interval considered. In the deterministic approach, cumulative effects are neglected, and the

scenario is driven by the spatial distribution of the strongest events. This explains the opposite

trend visible for sites located to the east of 20°E, where the most conservative results are

obtained with the deterministic approach. Furthermore, since the scenario in the eastern part of

the region is dominated by the Vrancea intermediate-depth events, it seems that the attenuation

relations used in the probabilistic approach tend to underestimate the seismic hazard at large

distances.

Another concern about the application of the traditional probabilistic approach derives

from the multiscale seismicity model formulated by Molchan et al. (1997). Accordingly to this

model only the ensemble of events that are geometrically small, compared with the elements of

the seismotectonic regionalization, can be described by a log-linear frequency-magnitude (FM)

relation. This condition, largely fulfilled by the early global investigation by Gutenberg and

Richter (e.g. see Figure 49 of Bath, 1973) has been subsequently violated, and has given rise to

the concept of characteristic earthquake (Schwartz and Coppersmith, 1984) in opposition to the

Self Organized Criticality (SOC) paradigm (Bak and Tang, 1989). The results of Molchan et al.

(1997) imply that with the probabilistic approach the seismic zonation must be performed at

several scales, depending upon the self-similarity conditions of the seismic events and the

linearity of the log FM relation, in the magnitude range of interest.

The results summarized in this section have been obtained in the framework of the

international projects EC-COPERNICUS "Quantitative seismic zoning of the Circum Pannonian

region (QSEZ-CIPAR)", and NATO Linkage grant "Earthquake hazard associated to the

Vrancea region seismicity" and are described in the special issue of Pure and Applied

Geophysics: Seismic Hazard in the Circum Pannonian Region (A.A.V.V., 1999). The main effort

has been to harmonise Eastern and Western Europe in terms of seismic safety compliance.

The deterministic procedure is particularly suitable for civil engineers as seismic input for

the design of special buildings. In fact, the relevance of the displacements at periods of the order

of 10s or so is a key issue for seismic isolation and in general for lifelines with large linear

dimensions, like bridges and pipelines, where differential motion plays a relevant role on their

stability (e.g. Monti et al., 1996).
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3. Validation of the hazard modelling against independent observations

A quantitative validation of the deterministic results has been made using some of the

accelerograms recorded during the most recent and strong earthquakes in the area, namely the

Friuli earthquake (6 May 1976), the Irpinia earthquake (23 November 1980), the Vrancea

intermediate-depth earthquake (30 May 1990) and the Assisi earthquakes (26 September 1997).

With the cut-off frequency at 1 Hz, the horizontal NS component of acceleration recorded

at Tolmezzo during the Friuli earthquake (Figure 17b, upper trace) has been low-pass filtered to

be compared with two synthetic signals obtained for that area (middle and lower traces). In the

case considered the point-source approximation seems to be satisfactory even for an event with

Ms=6.1. The source rupturing process of the Irpinia event is very complex (e.g., Bernard and

Zollo, 1989) and the dimension of the source has been estimated to be of the order of several tens

of km. Nevertheless, it seems that the signal recorded at the station of Sturno is mostly due to a

single main sub-event that occurred rather close to the station itself, while the energy

contributions coming from other parts of the fault seem unimportant (Vaccari et al., 1990). With

the cut-off frequency at 1 Hz, the horizontal accelerations recorded at Sturno have been low-pass

filtered to be compared with the computed signals for the Irpinia region. The example shown in

Figure 17b refers to the NS component but the same considerations can be applied to the EW

component of motion. The early phases and the AMAX of the recorded signal (upper trace) and

the synthetic one computed in the point-source approximation (middle trace) are in good

agreement. The later part of the observed recording is more complicated and this is mostly

related to the complexity of the source, which is deliberately neglected in the computation of the

synthetic signal, to be used in the zoning. The lower trace is shown as an example of modelling

of the source complexity. It is the result of a superposition of four sub-events, each one modelled

with the middle trace, properly weighted and shifted in time accordingly with the model by

Vaccari et al. (1990). A quite good agreement, at least from the seismic engineering point of

view, has been obtained with a similar procedure by Moldoveanu and Panza (1999) for the

Vrancea event. Very recently, the zonation map of Italy proved his prediction capabilities of

peak values in the Umbria-Marche region (Central Italy), where a long sequence of events

occurred, starting from September 26, 1997 (Assisi events), the largest shock being of magnitude

6.1 (NEIC). The peak of the horizontal acceleration, filtered at lHz, predicted with the modelling

is 70 cm/s2 and the observed one is 44 cm/s2. The agreement is even nicer for peak velocities:

about 20 cm/s both for synthetic and observed (obtained by integration of the recorded

acceleration) time series.
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Figure 17. a) Comparison of NS component of acceleration recorded at Tolmezzo, filtered with a
cut-off frequency of lHz (top trace) and two synthetic signals computed at the grid point closest
to the station (middle and bottom trace), b) Comparison of NS component of acceleration
recorded at Sturno, filtered with a cut-off frequency of lHz (top trace), and two synthetic
seismograms computed at the closest grid point, in the point-source approximation (middle trace)
and for a complex source (bottom trace).

4. Maximum felt intensity (I) and ground motion parameters (DMAX, VMAX, DGA)

The deterministic modeling can be used to derive correlation relations between the

maximum felt macroseismic intensity, I (MCS), and DMAX, VMAX, and DGA, where DGA

can be interpreted in terms of "effective acceleration". This possibility is particularly relevant for

countries, like Italy, with a long seismological history since it facilitates the engineering use of

historical events, that are quantified only in terms of macroseismic intensity. For this purpose

smoothing 2 is applied to the procedure described in Figures 2 and 3, assuming n=l for events

with magnitude larger than 6.75 (Panza et al., 1997; 1999a). In this way only the source

dimension is accounted for, and the mislocation errors that possibly affect the historical
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catalogues are neglected, since historical epicentres are strongly correlated with intensity

distribution.

Table 2. Conversion table between macroseismic intensity and ground motion parameters,
DMAX, VMAX, DGA, using ING intensity data, for the Italian territory.

Intensity

V

VI

VII

VIII

IX

X

XI

DMAX (cm)

0.1-0.5

0.5-1.0

1.0-2.0

2.0-3.5

3.5-7.0

7.0-15.0

15.0-30.0

VMAX (cm/s)

0.5-1.0

1.0-2.0

2.0-4.0

4.0-8.0

8.0- 15.0

15.0-30.0

30.0 - 60.0

DGA (g)

0.005-0.01

0.01-0.02

0.02 - 0.04

0.04-0.08

0.08-0.15

0.15-0.30

0.30-0.60

Table 3: Conversion table between macroseismic intensity and ground motion parameters,
DMAX, VMAX, DGA, using ISG intensity data, for the Italian territory.

Intensity

VI

VII

VIII

IX

X

DMAX (cm)

1.0-1.5

1.5-3.0

3.0-6.0

6.0-13.0

13.0-26.0

VMAX (cm/s)

1.0-2.0

2.0-5.0

5.0-11.0

11.0-25.0

25.0-56.0

DGA (g)

0.01-0.025

0.025-0.05

0.05-0.1

0.1 -0.2

0.2-0.4

Using (1) the map of maximum macroseismic intensity felt in Italy, made by Istituto

Nazionale di Geofisica (ING intensity) (Boschi et al., 1995), and (2) the set of maximum

intensity felt in every municipal land, compiled jointly by ING, SSN and GNDT (ISG intensity)

(Molin et al.,1996), Panza et al. (1997, 1999a) obtained two sets of regressions from which the

intervals shown in Table 2 and Table 3 can be defined.

The comparison between Tables 2 and 3 shows significant differences, especially for

intensity values VIII (MCS) and above. Obviously, the discrepancies can be explained with the

different values of the maximum felt intensity reported in the two datasets. Nevertheless, other

independent analyses on destructiveness of ground motion, based on strong ground motion

records and the corresponding macroseismic intensities, seem to indicate that the results of Table

3 (ISG) correlate best with the effects on structures (damages) due to earthquakes occurred in
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Italy and worldwide. Furthermore, for intensities VIII (MCS) and above, the reported ground

motion values, corresponding to the upper limit of the interval indicated in Table 3 (ISG),

correlate best with the results of the destructiveness analysis. In any case to take into account

only DMAX, VMAX and DGA may not be sufficient to correctly characterize the ground

shaking capability to damage buildings.

5. Deterministic seismic zoning and hazard assessment at sub-regional and urban scale

One of the basic problems associated with the study of seismic hazard is to determine the

seismic ground motion, at a given site, due to an earthquake with a given magnitude or moment

and epicentral distance from the site. The ideal solution for such a problem could be to use a

wide database of recorded strong motions and to group those accelerograms that have similar

source, path and site effects. In practice however, such a database is not available. Actually, the

number of recorded signals is relatively low and the installation of local arrays in each zone with

a high level of seismicity is too expensive an operation that requires a long time interval to

gather statistically significant data sets. An alternative way is based on computer codes,

developed from the knowledge of the seismic source process and of the propagation of seismic

waves, that can simulate the ground motion associated with the given earthquake scenario. In

such a way, synthetic signals, to be used as seismic input in a subsequent engineering analysis,

can be produced immediately at a very low cost/benefit ratio.

Once the gross features of the seismic hazard are defined, and the eventually required

parametric analyses have been performed, a more detailed modelling of the ground motion can

be carried out for sites of specific interest. Such a detailed analysis should take into account the

source characteristics, the path and the local geological and geotechnical conditions. This

deterministic modelling goes well 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.

It is not possible to refine the results obtained with a first-order zoning by simply assuming

a higher cut-off 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 model wave propagation in greater detail the structural model used in the

computation 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 areas where recordings are absent.
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Numerical simulations are, therefore, useful for the design of earthquake-resistant structures, in

particular when seismic isolation 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 macroseismic observations made in correspondence of the destructive events of the

last century have clearly evidenced the strong influence of the near-surface geological and

topographical conditions on the damage distribution; since most of the antrophysed areas (e.g.

megacities) are settled in correspondence of sedimentary basins (e.g. river valleys), a realistic

definition of the seismic input that takes into account the site response has become one of the

most relevant tasks in the seismic engineering analysis.

The topographical site effects have not been studied extensively yet but their importance is

confirmed both by instrumental evidences (e.g. Geli et al., 1988; Bard, 1997) and by numerical

simulations (e.g. Pedersen et al., 1988, Sand and Pugliese, 1999). Although there is not a general

quantitative agreement between theory and observations, a valid qualitative conclusion is that the

seismic ground motion is amplified on mountain tops, i.e. over "convex" topographies, with

respect to the valley bottoms (Bard, 1997). Numerical simulations have shown (Geli et al., 1988)

that the amplification patterns are strongly dependent on the incidence angle, the incoming

wavefield type and the sharpness of the topography. The focusing of the diffracted seismic

energy may explain the fact that the greatest amplifications occur at those wavelengths that are

comparable with the horizontal dimension of the topographical feature (e.g. Bard, 1997).

The simpler physical explanation for the local amplification of the ground motion due to

the soft surface layering is the trapping of the seismic energy, due to the impedance contrast

between the soft surface soils and the underlying bedrock. Moreover, the relatively simple onset

of vertical resonances can be transformed into a complex pattern of resonances, strongly

dependent on the characteristics of the sub-surface topography of the sedimentary deposits.

The experimental approach to the estimation of the site response is based on the measure

of ground motion at different sites. This implies the recording, with a network of instruments, of

multiple seismic sources. If a network of I sites has recorded J events, the amplitude spectrum,

O, of the j-th event recorded at the i-th site is usually represented as (e.g. Field and Jacob, 1995):

= Ej(co)-Pij(co)-Si(co) (1)

where E is the source term, P is the path term and S is the site-effect term. The most traditional

techniques for the estimation of the S term are based on the computation of the ratio between the
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spectrum of the signal (or a portion of it) at the sedimentary site and the spectrum of a reference

signal, preferably recorded at a nearby bedrock site (Borcherdt, 1970). However, quite often a

signal recorded on bedrock is not available close to the investigated sites, so that directional

effects due to the source could become relevant. Some techniques have been proposed that are

non-reference-site dependent (e.g. Boatwright et al. (1991). An alternative approach is based on

the spectral ratio between the horizontal and vertical components of motion. This method was

originally applied by Langston (1979) for crustal and upper mantle studies and it is based on the

assumption that the propagation of the vertical component of motion (in general only S-waves

are considered) is not perturbed by the surficial layers, and therefore, it can be used to remove

source and path effects from the horizontal components. Lermo and Chavez-Garcia (1993)

applied the same technique at higher frequencies for the site response estimation in Mexico

cities. Similarly, the Nakamura (1989) method is based on the computation of the spectral ratio

between horizontal (usually the square root of the product between the spectra of the NS and EW

components is used) and vertical components obtained from seismic noise (microtremors).

Theoretical investigations (e.g. Lachet and Bard, 1994; Dravinski et al., 1996) and experimental

studies (e.g. Field and Jacob, 1995; Field, 1996) have shown that Nakamura's method can reveal

the fundamental resonant frequency of a site but it is usually not able to give the correct

amplification level. Furthermore, Nakamura's (1989) assumptions seem questionable since

recent studies (e.g. Lachet and Bard, 1994; Konno and Ohmachi, 1998) demonstrated that the

horizontal to vertical ratio is strictly correlated with the polarization of Rayleigh waves (Panza,

1985). The most frequently used techniques supply reliable information about the site response

to non-interfering seismic phases; they are not always adequate in most real cases when the

seismic sequel is formed by several interfering waves. For a more comprehensive comparison of

the various empirical techniques the reader is referred to Bard (1997).

An alternative way to the experimental approach of the site response estimation is based on

computer codes, developed from a detailed knowledge of the seismic source process and of the

propagation of seismic waves, that can simulate the ground motion associated with the given

earthquake scenario. In such a way, using the available geological and geotechnical information,

a low-cost parametric analysis can be performed since the installation of site arrays in each zone

with a high level of seismicity is too expensive an operation.

Therefore, in the following, we concentrate just on the approaches, valid for anelastic

media, based on the modal summation technique (Panza, 1985; Florsch et al., 1991) and finite

differences, considering the hybrid technique, that combines the advantages of the analytical and

numerical approach developed by Fah et al. (1993), and the mode coupling analytical technique

(e.g. Vaccari et al., 1989; Romanelli et al., 1996).
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With these innovative methods, that avoid or at least minimize most of the shortcomings of

the methods currently used to define local soil conditions, source, path and site effects are all

taken into account, and it is therefore possible to perform a detailed study of the wavefield that

propagates at large distances from the epicentre. The methods have been successfully applied,

for the purpose of seismic microzoning, to several urban areas like Mexico City, Rome (e.g. Fan

and Panza, 1994), Benevento (Fah and Suhadolc, 1995; Marrara and Suhadolc, 1998), Naples

(Nunziata et al., 1995), Catania (Romanelli et al., 1998a;b; Romanelli and Vaccari, 1999) and

Beijing (Sun et al., 1998) in the framework of the UNESCO-IGCP project 414 "Realistic

Modeling of Seismic Input for Megacities and Large Urban Areas" (Panza et al., 1999b).

5.1 Examples of ground motion scenarios

In the following we consider three examples of the application of the deterministic

techniques for the seismic hazard assessment at a sub-regional and urban scale, showing the

results for the city of Rome, where the modal summation-finite difference hybrid method is

used, and for Eastern Sicily area (Catania and Augusta) where the hybrid and the analytical

mode coupling techniques are used (e.g. Romanelli and Vaccari, 1999).

5.1.1 Microzoning of Rome

A large quantity of descriptions of earthquakes that have been felt in Rome is available

(Ambrosini et al., 1986; Molin et al., 1986; Basili et al., 1987). The use of the hybrid method

allows us to give a simple and natural explanation of the damage distribution observed as a

consequence of the the January 13, 1915 Fucino earthquake - one of the strongest events that

have occurred in Italy during this century (epicentral Intensity XI on the Mercalli-Cancani-

Sieberg, MCS, scale). The well-documented distribution of damage in Rome, caused by the

Fucino earthquake, is successfully compared by Fah et al. (1993; 1995) with the results of a

series of different numerical simulations, using AMAX and the so-called total energy of

acceleration, W (Jennings, 1983), which is proportional to the Arias Intensity (Arias, 1970).

High relative AMAXs are obtained where the impedance of the surficial sediments is

small, whereas relative AMAXs are low where the volcanic rocks are thick, and this is in good

agreement with the observed damage distribution. An even better correlation with the observed

damage is obtained considering the relative W. An additional important result of Fah et al.

(1993) is the demonstration that sharp variations in the spatial distribution of the spectral ratios

can be due to the polarization of P-SV waves in the sediments, even when the geometry of the
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different sedimentary layers is relatively regular. This is a quite logical explanation of the often

observed concentration of damage in very small, scattered zones, and it is easier to accept than

the often invoked presence of unlikely abrupt variations in the geotechnical properties of the

subsoil. Similar results have been obtained by Marrara and Suhadolc (1998) in a study case at

Thessaloniki.

The good correlation between AMAX, W and the damage statistics makes it possible to

extend the zoning to the entire city of Rome, thus providing a basis for the prediction of the

expected damage from future strong events.

In addition to the Central Apennines, whose earthquakes caused in the town maximum

intensity VII-VIII (MCS) and may generate significant perturbations at long periods (Figures 6

to 10), the most important seismogenetic zone (Figure 18) whose earthquakes can cause

structural damage in Rome are the Alban Hills (observed maximum MCS in Rome VI-VII)

(Molin et al., 1986). Therefore, Fah et al. (1995) used the sources shown in Figure 18: (1) the

epicenter of the January 13, 1915 Fucino earthquake, (2) the Carseolani Mountains where, from

the study of pattern recognition (Caputo et al., 1980), a strong earthquake is expected to occur,

and (3) the Alban Hills. The source mechanisms assigned to these earthquakes are the

mechanism of the Fucino earthquake (Gasparini 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.
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Figure 18. Epicenter locations of the events considered in the numerical simulations used for the
microzoning. The source positions are (1) the epicenter of the January 13, 1915 Fucino
earthquake, (2) the Carseolani Mountains, and (3) the Alban Hills (after Fah et al., 1995).

Fah et al. (1995) considered the Response Spectra Ratio (RSR) computed along the

profiles of Figure 19, and using the results obtained from the modelling of the Fucino event, they
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defined the six zones shown in Figure 20: zone 1 includes the edges of the Tiber river, zone 2

extends over the central part of the alluvial basin of the Tiber, zone 3 includes the edges of the

Paleotiber basin, and zone 4 extends over the central 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 without, zone 5, and with, zone 6, a layer of volcanic rocks close to

the surface. Some of these zones can be recognised also in the sections considered in relation

with the events located in the Carseolani Mountains and the Alban Hills (Figure 20). For all the

sites located in each of the six zones, for the cross-sections shown in Figure 20, and for the three

sources located in Figure 18, the RSR have been computed. From these values the average and

the maximum RSR, which are shown in Figure 21, for zero and 5% damping of the oscillator,

are determined for each given zone.

Thickness
of the alluvial sediments

Alluvial sediments

Clays, sands and gravels

Volcanic products

Figure 21. Lithology and thickness of the alluvial sediments in Rome (Ventriglia, 1971;
Funiciello et al., 1987; Feroci et al., 1990). The dashed lines indicate the positions of the cross
sections, for which numerical modeling is performed (after Fah et al., 1995).
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Figure 20. Two-dimensional models corresponding to the dashed lines shown in Figure 19. Only
the part near to the surface is shown, where the laterally varying model deviates from the
horizontally-layered bedrock reference models. The microzonation, identified by numbers from
1 to 6, is described in the text (after Fah et al., 1995).
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Figure 21. Maximum and average RSR for the zones defined in Figure 20, for zero damping and
5% damping (after Fah et al, 1995).

The zoning performed along the three sections can be extended, with caution, to a larger

area using the information available on geological and geotechnical conditions. The result of

such tentative extrapolation is shown in Figure 22.

Given that in Rome the DGA calculated for a bedrock model is about O.lg (see Figure 6)

the absolute response spectra that one should expect in the six zones of Figure 20 is shown in

Figure 23. We may assume that the DGA expected in each zone can be obtained dividing by 2.5

the largest spectral value (as is the case for EC8 design spectrum). Therefore in Rome the largest

estimated DGA is about 0.2g. Using the correlation relations between DGA and intensity given

by Panza et al. (1999a) the intensity is either X or IX, respectively. The intensity due to the 1915

Fucino earthquake (90 km from Rome, M=7.3 in catalogue NT4.1) is VIII. The conservative

values we obtain are due to the smoothing of magnitude (smoothing 1) and to the geometry of

the seismogenic zones, that permit to account for possible stronger events that might occur closer

to the city. Actually, after the smoothing procedure, a magnitude as large as the one of the

Fucino event is associated with a source 45 km from Rome. On the other side if we want to

compare our modelling with the observations and therefore we apply smoothing, the DGA

reduces to 0.1 g., and the corresponding intensity is either IX or VIII, respectively, well

compatible with observations (Molin et al., 1986).
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Figure 22. Microzoning for the city of Rome.
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Figure 23. Spectral accelerations (5% damping) in units of g for the 6 zones shown in Figure 20.

Thus, in the absence of the instrumental data, and without having to await for a strong

earthquake to occur, a realistic numerical simulation of the ground motion has been used for the

microzonation of the city of Rome. The highest values of the spectral amplification are observed

at the edges of the sedimentary basin of the Tiber, strong amplification are observed in the
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Tiber's river bed. This is caused by the large amplitudes and long duration of the ground motion

due to (1) low impedance of the alluvial sediments, (2) resonance effects, and (3) excitation of

local surface waves. The presence, near to the surface, of rigid volcanic rocks is therefore not

sufficient to classify a location as a "hard-rock site", since the existence of an underlying

sedimentary complex can cause amplifications due to resonance effects. A reliable zonation

requires the knowledge of both the thickness of the surface layer and of the deeper parts of the

structure, down to the real bedrock. This is especially important in volcanic areas, where

volcanic flows often cover alluvial basins.

5.1.2 Detailed seismic scenarios in Eastern Sicily

5.1.2.1 Catania

From the analysis of the felt intensities (up to XI), for the event of January 11, 1693, the

strongest known earthquake in the area, it has been possible to estimate a magnitude ranging

from 7.0 to 7.8 (e.g. Boschi et al., 1995; Decanini et al., 1993), while it is very difficult to

determine the source mechanism for such a historical event, since the macroseismic data are the

only available information. The poor control over the hypocentral coordinates does not permit to

use the macroseismic data for the inversion of the source mechanism (Panza et al., 1991), but

with these data it is possible to perform an analysis to test the validity of the source mechanism

models that can be formulated on the base of seismotectonics. The observed intensities can be

converted into accelerations, velocities or displacements (e.g. Decanini et al., 1995; Panza et al.,

1999a) and they can be compared with the synthetic data. Applying such a procedure to the 1693

event (Romanelli et al., 1998a), a good agreement with the macroseismic data is obtained for a

seismic source located on the Northern Segment of the off-shore Hyblean fault, which is

considered the most important seismogenic structure of the zone.

To minimize the number of free parameters Romanelli and Vaccari (1999) decided to

account for source finiteness by properly weighting the point source spectrum using the scaling

laws of Gusev (1983), as reported in Aki (1987). The used focal mechanism parameters of the

source (latitude: 37.44°; longitude: 15.23°), are: strike = 352°, dip = 80°, rake = 270°, focal
19

depth = 10 km and seismic moment = 3.5-10 Nm.

For the definition of the structural model, Romanelli and Vaccari (1999) used the

geotechnical information collected within GNDT (GNDT, 1997), that is, a simplified

geotechnical zonation map and a set of five detailed geotechnical cross sections. Since the

method of the modal summation technique can be applied both to rough and detailed laterally
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heterogeneous models, they first employed the simplified map, to analyze the effects of the gross

features of the geotechnical zonation on the ground motion. As a second step, in order to test the

usefulness of the simplified models, they considered a detailed version of one of the simplified

cross sections.

In Figure 24 the simplified geotechnical zonation map for the Catania area, together with

the 13 cross sections considered in the analysis, are shown. Along each section, a set of sites is

considered and the site locations are chosen both in the proximity of the boreholes, and at the

edges of the section. The laterally varying models associated with each cross section are built up

putting in welded contact (from 2 to 4) different 1-D local models: the regional model, assigned

to Eastern Sicily (Costa et al., 1993), is chosen as the bedrock model and the geotechnical

information related to the selected boreholes are used for the definition of the local models. The

map shown in Figure 6 defines the borders between the local models, i.e. the distances between

the vertical interfaces separating the different 1-D models.

in the first 30 m)

• Thin lavas (< 10m
in the first 30 m)

• Clays

| | Alluvial materials

S13

Figure 24. Simplified geotechnical zonation map of the Catania area and the laterally
heterogeneous cross-sections considered by Romanelli and Vaccari (1999).
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Figure 25. Simplified geotechnical zonation map for the Catania area and the first 20 s of the
velocities time series, calculated at the sites. Each signal is scaled to the maximum value of
VMAX (63 cm/s) over the entire area (black triangle) (modified from Romanelli and Vaccari,
1999).

In Figure 25 the simplified geotechnical zonation map for the Catania area is shown

together with the (SH motion) synthetic velocity time series calculated at the considered sites,

whose locations are chosen both in the proximity of the boreholes, and at the edges of the

section. The cut-off frequency of the signals is 10 Hz, but their spectra show that most of the

energy is concentrated at frequencies below 4 Hz. Each record is 20 s long and is normalized to

the peak velocity value, VMAX, for the entire region.
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Since for section S10 detailed geotechnical information is available (GNDT, 1997), we can

compare the results obtained using the simplified laterally heterogeneous model with those

obtained for a realistic model of a geological cross-section.

The detailed laterally heterogeneous model, used for the calculation of the synthetic

seismograms along S10, is built up using forty-eight local models in welded contact, for a total

extension of approximately 13 km. The geological cross section and its detailed model are shown

in Figure 26, together with the elastic parameters of each geotechnical unit. The Q values vary in

the range from 40 to 300, depending upon the unit considered. The source is buried in the

regional bedrock model. The results shown by Somerville (1996), who supplied the ground

motions for the scenario due to a magnitude 7.0 earthquake on the northern Hay ward fault

(California region), and the spectral analysis of the signals shown in Figure 25 indicate that a

reasonable upper frequency limit for the detailed calculations can be 4 Hz.
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Figure 26. Cross-section (bottom) and corresponding model for section S10. The distance along
the section is measured in km from the source, while the vertical scale is in m. a) RSR at four
selected frequencies (0.2 Hz, 0.5 Hz, 1.0 Hz, 2.5 Hz) versus epicentral distance, for the
transverse component of motion; strike-section angle equal to 80°. b) Same as a) but the strike-
section angle is equal to 180°.
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The signals are calculated for a set of sites, one for each local model, along the section. We

give an estimation of the local response at each site, evaluating the Response Spectra Ratio,

RSR, corresponding to the laterally varying model and to the bedrock model. Figure 26 (a,b)

shows the variation of the RSR (SH motion) along the profile: part a) shows the RSR at four

selected frequencies (0.2, 0.5, 1.0, 2.5 Hz) and it is obtained using the signals calculated with a

strike-section angle equal to 80°; part b) is obtained for a value of the strike-section angle equal

to 180°, that corresponds to a maximum of the SH radiation pattern in the direction of the cross-

section. As expected, at low frequencies (0.2 - 0.5 Hz) the ratios are approximately 1 all along

the section, but at higher frequencies the wavelengths are comparable with the dimensions of the

lateral heterogeneities, and the local effects become important. The shape of the curves

corresponding to 2.5 Hz seems to resemble the sub-surface topography of the Alf and Aa layers

respectively.
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Figure 27. a) RSR versus epicentral distance and versus frequency; strike-section angle equal to
80°. b) Same as a) but the strike-section angle is equal to 180° (from Romanelli and Vaccari,
1999). c) Model for SI0.
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In Figure 27 the RSR versus the epicentral distance and frequency are shown for strike-

section angles equal to 80° and 180°, respectively. Along the first part of the section the

amplification pattern is quite simple, but for distances larger than 20 km the amplification level

changes significantly with distance and frequency. This example shows that the interference

between seismic waves and the lateral heterogeneities is azimuthally dependent and may

therefore be responsible for different responses at the same site (e.g. Field, 1996; Riepl et al.,

1998). Such theoretical result, recently confirmed by the experimental evidence reported by

Wang and Nisimura (1999), should cast some doubts both on the convolutional representation,

equation (1), and on the validity of local soil effects determinations made with very popular

methods that do not consider the realistic propagation and interference of seismic waves.
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Figure 28. a) Simplified model of SIO constructed from the geotechnical map shown in Figure
25; b) RSR obtained for the simplified laterally heterogeneous models of section SIO. The RSR
are plotted versus the epicentral distance and versus frequency for the strike-section angle equal
to 80°.
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The results obtained for the detailed model of section S10 can easily be compared with

those coming from the simplified model at the corresponding sites. A set of 48 synthetic signals,

filtered with a cut-off frequency of 4 Hz, is calculated along S10, using the simplified laterally

heterogeneous model shown in Figure 28a. In Figure 28b the RSR are shown, versus epicentral

distance and frequency, for the strike-section angle equal to 80° using the simplified model.

The RSR corresponding to the simplified model have a very sharp discontinuity close to

the beginning of the local model at an epicentral distance of 13 km. This discontinuity is

responsible for the excitation of high frequency diffracted waves that are rapidly decaying with

increasing distance from the boundary. Away from the boundary, the pattern becomes relatively

simple: the greatest amplifications are obtained around the frequency of 1.5 Hz, that is the value

of the fundamental resonant frequency for the stack of local layers shown in the left part of

Figure 28a. The results summarized in Figures 27 and 28 show that the extension of punctual

information to long sections, i.e. the adoption of simplified models, could lead to misleading

conclusions concerning the seismic response of sedimentary basins.

The RSR obtained using the synthetic signals calculated for the P-SV motion along the

detailed section S10, are shown versus epicentral distance and frequency in Figure 29. The

strike-section angle is 80°, a value that, for the given focal mechanism, corresponds

approximately to a maximum in the radiation pattern for the P-SV waves. For epicentral

distances less than about 20 km the pattern of the resonance frequencies shown in Figure 29

(radial component) resembles the pattern visible in Figure 27a and b. Figure 29b shows that, in

this case, the vertical component of motion is not much affected by the local geological

conditions.

The fact that the vertical component of motion is free from near surface influences is one

of the original assumptions (e.g. Nakamura, 1989) of the horizontal-to-vertical spectral ratio

technique (H/V RSR) for the site response estimation. The main advantage of this technique is

its independence from a reference-site. If earthquake recordings are used, the H/V technique is

usually named the receiver function technique (Lermo and Chavez-Garcia, 1993) while if

ambient noise recordings are considered it is known as Nakamura's technique (Nakamura,

1989).

In Figure 29c the H/V RSR are shown versus epicentral distance and frequency. The

calculations confirm the empirical conclusions that the resonance patterns are very well

correlated with surface geology, but the absolute level of amplification cannot be

straightforwardly determined (Theodulidis et al., 1996; Lachet and Bard, 1994). The H/V RSR

obtained for the bedrock model (not shown), has a simple pattern, with a practically constant
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value of the resonance frequency along the path. This is in agreement with the recent theoretical

explanation concerning the physical meaning of the H/V ratio: the vertical component of

Rayleigh wave motion has a minimum or vanishes, according to the vertical velocity contrast,

around the S-wave resonance frequency, and the H/V ratio is a sort of mapping of the ellipticity

curve of Rayleigh wave modes (e.g. Panza, 1985; Lachet and Bard, 1994; Konno and Ohmachi,

1998).
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Figure 29. a) RSR for the radial component of motion versus epicentral distance and frequency;
b) RSRs for the vertical component of motion versus epicentral distance and frequency; c) H/V
RSR versus epicentral distance and frequency. Strike-section angle equal to 80° (from Romanelli
and Vaccari, 1999). d) model of S10. The gray scale in part c) is different from the ones in parts
a) and b).
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5.1.2.2 Augusta

We consider the earthquake scenario already selected for Catania (see section 5.1.2.1). The

wave propagation is modelled with the hybrid approach (Fah et al., 1993), based on the modal

summation and finite differences techniques. The synthetic signals have been computed with a

cut-off frequency of 5 Hz. A preliminary study carried out with the modal summation technique

for the reference bedrock model, has shown that the radiation pattern associated with the source,

located in the northern segment of the Iblean fault, leads to a very small amplitude recorded in

Augusta for both P-SV and SH waves. This is due to the particular combination of double-couple

orientation and source-receiver distance. To be conservative, we decided to perform the

microzonation with the hybrid approach rotating the fault strike by 30° counterclockwise,

keeping dip (80°), rake (270°), depth (10 km) and seismic moment (3.5 1019 Nm) unchanged.
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Figure 30. Map of the area of Augusta, with the epicentre located in the northern segment of the
Iblean Fault (above), and a blow-up of the city area (below) with the profiles for which detailed
geotechnical information is available (Tortorici, personal communication). The bold numbers
identify the profiles considered for the modelling (thick lines), shown in Figure 31.
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Analysing the detailed geotechnical information available for Augusta (Tortorici, personal

communication) along several profiles (Figure 30), we decided to model the cross-sections 1,2

and 7, shown in Figure 31, that are representative of the local lithology and stratigraphy. In order

to focus better on the effects due to the local soil conditions, we also assume the same relative

position of the source (distance and azimuth) with respect to the three profiles. The RSR for P-

SV waves (radial and vertical components) and SH waves (transverse component) are shown in

Figure 32.
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We generated synthetic seismograms, three components, at about 90 sites evenly

distributed along the topographic surface of each profile. At the same sites, computations have

been repeated using the reference bedrock model. The acceleration response spectrum of each

seismogram and the RSR have been calculated. The amplification patterns are shown in Figure

32a,b,c for profiles 1,2 and 7 respectively.
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Figure 32a. Amplification patterns for profile 1. From top to bottom: transverse (SH waves),
radial (P-SV waves) and vertical components. The cross-section is given to allow for an easier
interpretation of the results.
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Figure 32b. Same as in Figure 32a but for profile 2.

We can notice that the largest amplifications occur for frequencies larger than 2 Hz, in

correspondence of the thin and soft sedimentary layers with Vs = 150 m/s. Here, the horizontal

components are more amplified than the vertical ones, and we can notice that the amplifications

observed for the vertical components generally occur at lower frequencies than for the horizontal

ones. The carbonatic sediments that characterize the beginning of profiles 1 and 2 (sites from 1

to 31) and the end of profile 7 (sites from 85 to 97) lead to less pronounced amplifications. For

frequencies higher than 1.5 Hz (transversal component) or 2 Hz (radial component), we may

obtain de-amplifications that are not observed in the vertical component. Such a discrepancy can

be explained with a different sensitivity of the vertical component to topography.
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The amplifications obtained along profile 7 are, on the average, larger than those observed

for profiles 1 and 2. A possible explanation can be given considering that (a) for profile 7 the

incoming wavefield is not perturbed and reflected by the thick layer of carbonatic sediments

which is present in profiles 1 and 2, and (b) the continuity of the uppermost sedimentary layer

(150-250 m/s) along the central part of profile 7.
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6. Evaluation of the damage potential of the synthetic signals

When a sufficiently representative set of seismic events is examined, there is not a good

correlation between the different parameters describing seismic ground motion, like PGA, PGV,

etc., and the damage caused by earthquakes (Uang and Bertero, 1988; Bertero, 1989; Decanini

and Mollaioli, 1998a).

By considering peak instrumental values or parameters derived from elastic and inelastic

responses in terms of acceleration it is not possible to obtain an adequate description of the

destructive power of earthquakes. Probably, this problem may be solved by means of the

introduction of parameters based on energy concepts, since the concept of energy provides tools

which allow us to account more rationally for the mechanisms of generation, transmission and

destructiveness of seismic actions. The formulation of a methodology in terms of energy is based

on the premise that the energy transmitted by the (design) earthquake should be less than or

equal to the energy absorption and dissipation capacities possessed by the structural system, in

order to avoid collapse for a safety limit state or to diminish the damage level for a service limit

state.

An attempt to define an energy-based design procedure was made by Housner (1956).

However, this proposal remained an isolated episode until the last decade, when the availability

of a great quantity of records from severe earthquakes determined a decisive impulse to

researches on energetic criteria. Zahrah and Hall (1984) and Akiyama (1985) gave an important

contribution to the renewal of the interest in the design based on energy concepts. An

improvement to the delineation of a methodology is owed to Uang and Bertero (1990), who

derived the fundamental energy balance equations, and went on to examine and compare the

features of the seismic energy input spectra obtained from different records.

Even though a number of parameters have been proposed in the literature for measuring

the capacity of earthquake ground motion to damage structures, most of them are not consistent

with building damage observed during earthquakes (Uang and Bertero, 1990).

Among all the different parameters proposed for defining the damage potential, perhaps

one of the most promising is the Earthquake Input Energy (E[) and associate parameters (the

damping energy E, and the plastic hysteretic energy EH) that has been studied by Uang and

Bertero (1990). This parameter considers the actual behaviour of a structural system and depends

on the dynamic characteristics of both the ground motion and the structure. The input energy is a

reliable parameter in selecting the most demanding earthquake and in the evaluation of the

destructiveness of synthetic signals. Therefore, at a given site the input energy permits the

selection of the possible critical motions for the response of the structure.
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The fundamental concept in applying energy methods is the transformation of the equation

of motion of a viscous damped single-degree-of-freedom (SDOF) system into an energy balance

equation in which the input energy to the structure, due to the seismic shaking at the base is

balanced by the energy absorbed and by the energy dissipated by the structure. Then, according

to the procedures described by Uang and Bertero (1990), the energy balance equation is given

by,

E, = Ek + E§ + Ea = Ek + E4 + Es + EH (2)

where Ek represents the absolute kinetic energy, E^ is the damping energy, and Ea is the absorbed

energy, that is, the sum of the recoverable elastic strain energy, Es, and of the irrecoverable

plastic hysteretic energy EH-

Decanini and Mollaioli (1998b) use the absolute energy equation, since this approach has

the advantage that the physical input energy is accounted for, in that E[ represents the work done

by the total base shear at the foundation displacement, and it is suitable for the estimation of the

energy terms in the range of periods of interest for the majority of the structures. E[ can be

expressed by:

m

where m is the mass, ut = u + ug is the absolute displacement of the mass, and ug is the

earthquake ground displacement. In the following the input energy per unit mass, i.e. Ei/m, will

be denoted as E[.

The synthetic signals database that has been assembled for the Eastern Sicily area, can be

easily expanded to other earthquake scenarios, and can be used as seismic input in a subsequent

engineering analysis, at a very low cost/benefit ratio. For the estimation of the destructive

potential of some of the signals calculated for the simplified models (Figure 33), some

parameters, obtained from their (a) direct analysis, (b) integration in the time or in the frequency

domain, and (c) the structural (elastic and anelastic) response, have been investigated by

Decanini et al. (1999).

Using the section model of Figure 33, corresponding to the simplified model of S4 (see

Figure 24) in Catania, the synthetic signals, for the transverse component of motion have been

calculated at a series of equally spaced sites. The distance between each site is 200 m and the
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total number of computed signals is 20: 15 are calculated on the local model Ml (lavas) and 5 on

M2 (sands and clays).

20

o f

9 0
z '

M2 Ml

18.0 km 17.0 km 14.0 km

x epicentral distance

M0

Lavas
Si E p= 2.24 g/cm3

oc=1700m/s P = 350 m/s

Clays
Si Aa p= 1.06 g/cm3

a= 1700 m/s p" = 650m/s

Sands
H Sg p=2.02g/cm3

a= 1300 m/s P= 350 m/s

Model MO

Figure 33. Simplified model adopted for the first 18 km of section S4 (see Figure 24); the source
is buried in the bedrock.

On the basis of the parameters characterizing the earthquake destructive power, derived

from the available strong motion records, the results show that the synthetic signals provide an

energy response which is typical of accelerograms recorded on intermediate-firm soil, at a

distance from the causative fault between 12 km and 30 km, and a magnitude between 6.5 and

7.1. Figure 34 shows a comparison between the elastic input energy of three synthetic signals

(synth_l, synth_3 and synth_5), evaluated for a damping ratio equal to 5%, and two

accelerograms (Santa Cruz UCSC/Lick Obs. Elect. Lab., UcscO; and Gilroy # 1. Gavilan

College, Water Tower, Gav. Tower 90) recorded during the Loma Prieta earthquake (1989,

M"=7.1) on firm soil (SI) and at distances from the surface projection of the causative fault (Df)

equal to 15 and 16 km, respectively. It can be observed that the frequency content is almost the

same in both cases, and the maximum values of Ei are concentrated within the range of periods

0.3 < T < 0.5 s. Therefore, distances from the causative fault being equal, the synthetic signals

provide an elastic energy comparable to that obtained from records taken on firm soil for a

magnitude approximately equal to 7.1.

A nice confirmation of the agreement between synthetic and observed spectra is shown in

Figure 35, where the response spectra of the first signal is plotted, together with the mean and the

mean plus one standard deviation (SD) of the response spectra of all the signals, and the design

input energy spectrum proposed by Decanini and Mollaioli (1998b) for a soil SI, for a distance

12 < Df< 30 km, and a magnitude 6.5 < M < 7.1. Both the spectral shapes and the maximum

values of the input energy of the synthetic signals are consistent with the design spectrum, even
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though the spectra of the synthetic signals appear to be more peaked around their maximum

values.
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Figure 34. Elastic Ei (cm2/s2) spectra. Comparison between synthetic signals and strong motion
records of Loma Prieta earthquake (1989), Soil SI (from Decanini et al., 1999).
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Figure 35. Elastic E[ (cm2/s2) spectra. Comparison between synthetic signals and design input
energy spectrum (firm soil SI, 12 < Df < 30 km, 6.5 < M < 7.1) (from Decanini et al., 1999).

The same analysis, in terms of input energy, has been made for the case of Augusta (profile

2 in Figure 31, sites 9, 36 and 57). The synthetic signals are compared with two records of the

Irpinia 1980 earthquake (Calitri station, comp. NS and EW), Ms=6.8, and three records of the

Loma Prieta 1989 earthquake (Ysidro station, comp. N90; Gav. Tower station, comp. N90; Ucsc

station, comp. NO), Ms=7.1. All the signals (synthetic and natural) are located at similar

distances from the source, in the range between 15 and 25 km. The results are shown in Figure

36.

First, it is possible to note that exists quite a good agreement in terms of maximum values

of the input energy. Moreover, the envelope of the synthetic results fits quite well with

observations, showing in this sense that the synthetic signals can reproduce a wide distribution of

energy in the range of periods between 0.3 s and 2.5 s, that is the most relevant range from the

engineering point of view.
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Figure 36. Elastic Ei (cm2/s2) spectra. Comparison between Augusta synthetic signals (profile 2
of Figure 31, sites 9, 36 and 57, radial components) and strong motion records of Irpinia 1980
(Calitri station) and Loma Prieta 1989 (Gav. Tower, Ucsc and Ysidro stations) earthquakes.

IU
UNES

uvo
Seismic safety of urban areas:
ground motion modelling and
intermediate-term earthquake
prediction

Realistic Modelling of Seismic
Input for Megacities and Large
Urban Areas (project 414)

References

A.A.V.V., 1999, "Seismic hazard of the Circum-Pannonian region". G.F. Panza, M.
Radulian and C.-Y. Trifu (Editors). PAGEOPH special issue, in press.

Aki, K, 1987, "Strong motion seismology". In: "Strong ground motion seismology", M.
Erdik and M. Toksoz (Editors), NATO ASI Series, Series C: Mathematical and Physical
Sciences, D. Reidel Publishing Company, Dordrecht, 204, 3-39.

53



Akiyama, H., 1985. "Earthquake resistant limit-state design for buildings". University of
Tokyo Press. Japan.

Alvarez, L., Vaccari, F., Panza, G. F., 1999, "Deterministic seismic zoning of eastern
Cuba". PAGEOPH , in press.

Amato, A., De Simoni, B., Gasparini, C, 1984, "Considerazioni sulla sismicita dei Colli
Albani". Atti del 3° Convegno del Gruppo Nazionale di Geofisica della Terra Solida, CNR,
Roma, 2, 965-976.

Ambrosini, S., Castenetto, S., Cevolani, F., Di Loreto, E., Funiciello, R., Liperi, L., Molin,
D., 1986, "Risposta sismica dell'area urbana di Roma in occasione del terremoto del Fucino del
13 gennaio 1915". Risultati preliminari, Mem. Soc. Geol. It, 35, 445-452.

Aoudia, A., Vaccari, F., Suhadolc, P., Meghraoui, M., 1999, "Seismogenic potential and
earthquake hazard assessment in the Tell Atlas of Algeria". J. of Seismology., in press.

Arias, A., 1970, "A measure of earthquake intensity". In: "Seismic design for nuclear
power plants", R. Hansen (Editor), Cambridge, Massachussets.

Bak, P., Tang, C , 1989, "Earthquake as a self-organized critical phenomenon".
J. Geophys. Res., 94, 15635-15637.

Bard, P.-Y., 1997, "Local effects on strong ground motion: basic physical phenomena and
estimation methods for microzoning studies". In: "SERINA - Seimic Risk: An Integrated
Seismological, Geotechnical and Structural Approach", ITSAK, Thessaloniki.

Basili, A., Favali, P., Scalera, G., Smriglio, G., 1987, "Valutazione della pericolosita
sismica in Italia centrale con particolare riguardo alia citta di Roma". Atti del 6° Convegno del
Gruppo Nazionale di Geofisica della Terra Solida, CNR, Roma, 379-393.

Bath M, 1973, "Introduction to Seismology". Birkhauser Verlag, Basel, 395 pp.

Bernard, P., Zollo, A., 1989, "The Irpinia (Italy) 1980 earthquake: detailed analys;s of a
complex normal faulting". J. Geophys. Res., 94, 1631-1647.

Bertero, V.V., 1989. "Lesson learned from recent catastrophic earthquake and associated
research". First Torroja International Lecture, 1989 ICCET, Madrid.

Boatwright, J., Fletcher, J. B., Fumal, T., 1991, "A general inversion scheme for source,
site and propagation characteristics using multiply recorded sets of moderate size earthquakes".
Bull. Seism. Soc. Am. , 81, 1754-1782.

Borcherdt, R. D., 1970, "Effects of local geology on ground motion near San Francisco
Bay". Bull. Seism. Soc. Am. , 60, 29-61.

Boschi, E., Ferrari, G., Gasperini, P., Guidoboni, E., Smriglio, G., Valensise, G., 1995,
"Catalogo dei forti terremoti in Italia dal 461 a.C. al 1980". ING-SGA, Roma, CD-ROM.

Bus, Z., Szeidovitz, G., Vaccari, F., 1999, "Synthetic seismogram based deterministic
seismic zoning for the Hungarian part of the Pannonian Basin". In: "Seismic hazard of the

54



Circum-Pannonian region", G.F. Panza, M. Radulian and C.-Y. Trifu (Editors), PAGEOPH
special issue, in press.

Camassi, R., Stucchi, M, 1996, "NT4.1: un catalogo parametrico di terremoti di area
italiana al di sopra della soglia del danno". Internet, http://emidius.itim.mi.cnr.it/NT/home.html.

Caputo, M, Keilis-Borok, V., Oficerova, E., Ranzman, E., Rotwain, I., Solovjeff, A.,
1980, "Pattern recognition of earthquake-prone areas in Italy". Phys. Earth. Planet. Int., 21, 305-
320.

Costa, G., Panza, G.F., Suhadolc, P., Vaccari, F., 1992 "Zoning of the Italian region with
synthetic seismograms computed with known structural and source information". Proc. 10th
WCEE, July 1992, Madrid, Balkema, 435-438.

Costa, G., Panza, G.F., Suhadolc, P., Vaccari, F., 1993, "Zoning of the Italian territory in
terms of expected peak ground acceleration derived from complete synthetic seismograms". J.
Appl. Geophys., 30, 149-160.

Decanini, L., Gavarini, C , Oliveto, G., 1993, "Rivalutazione dei terremoti storici della
Sicilia Sud-Orientale". Atti del 6° Convegno Anidis, Perugia, Italy 13-15 October 1993: 3, 1101-
1110.

Decanini, L., Gavarini, C, Mollaioli, F., 1995, "Proposta di definizione delle relazioni tra
intensita' macrosismica e parametri del moto del suolo". Atti del 7° Convegno "L'ingegneria
sismica in Italia", 1, 63-72.

Decanini, L., Mollaioli. F., 1998a, "Parameters to be considered in the establishment of the
design earthquake based on energy concept". Proceedings of the Structural Engineers World
Congress (SEWC). San Francisco, USA, 18-23 July 1998.

Decanini. L., Mollaioli, F.. 1998b. "Formulation of Elastic Earthquake Input Energy
Spectra". Earthquake Engineering and Structural Dynamics, 27, 1503-1522.

Decanini. L.. Mollaioli, F.. panza, G. F,. Romanelli, F.. 1999, "The realistic definition of
the seismic input: an application to the Catania area". Proc. of Eres 1999, Catania (Italy). 425-
434, WIT Press, Boston.

Dravinski, M., G. Ding, Wen, K-L, 1996, "Analysis of spectral ratios for estimating
ground motion in deep basins". Bull. Seism. Soc. of Am., 86, 646-654.

EC 8, 1993, "Eurocode 8 structures in seismic regions - design - part 1 general and
building", Doc TC250/SC8/N57A.

Fah. D., Iodice, C , Suhadolc, P., Panza, G.F, 1993, "A new method for the realistic
estimation of seismic ground motion in megacities: the case of Rome". Earthquake Spectra, 9,
643-668.

Fah, D.. Panza. G.F. 1994, "Realistic modelling of observed seismic motion in complex
sedimentary basins". Annali di Geofisica, 37, 6, 1771-1797.

Fah, D., Suhadolc, P., 1995, "Application of numerical wave-propagation techniques to
study local soil effects: the case of Benevento (Italy)". PAGEOPH, 143, 513-536.

55



Fah, D., Iodice, C, Suhadolc, P., Panza, G.F., 1995, "Application of numerical simulations
for a tentative seismic microzonation of the city of Rome". Ann. Geofis. 38, 607-616.

Feroci, M., Funiciello, R., Marra, F., Salvi, S., 1990, "Evoluzione tettonica e
paleogeografica plio-pleistocenica dell'area di Roma". II Quaternario, 3, 141-158.

Field, E. H., 1996, "Spectral amplification in a sediment-filled valley exhibiting clear
basin-edge-induced wave". Bull. Seism. Soc. of Am., 86, 991-1005.

Field, E. H., Jacob, K. H., 1995, "A comparison and test of various site-response
estimation techniques, including three that are not reference-site dependen". Bull. Seism. Soc.
Am., 85, 1127-1143.

Florsch, N., Fah, D., Suhadolc, P., Panza, G.F., 1991, "Complete Synthetic Seismograms
for High-Frequency Multimode SH-Waves". PAGEOPH , 136 , 529-560.

Funiciello, R., Lori, G., Salvi, S., 1987, "Ricostruzione delle superfici strutturali del
sottosuolo della citta di Rom". Atti del 6° Convegno del Gruppo Nazionale Geofisica della Terra
Solida, CNR, Roma, 395-415.

Gasparini, C , Iannaccone, G., Scarpa, R., 1985, "Fault-plane solutions and seismicity of
the Italian peninsula". Tectonophysics, 117, 59-78.

Geli, L., Bard, P.-Y., Jullien, B., 1988, "The effect of topography on earthquake ground
motion: a review and new results". Bull. Seism. Soc. Am., 78, 42-63.

GNDT, 1997, "Progetto Catania - Caratterizzazione geotecnica del territorio comunale di
Catania a fini sismici". GNDT, Milano.

Gusev, A. A., 1983, "Descriptive statistical model of earthquake source radiation and its
application to an estimation of short period strong motion". Geophys. J. R. Astron. Soc. 74, 787-
800.

Housner, G. W., 1956, "Limit design of structures to resist earthquakes". Proc. 1st WCEE,
Berkeley, California, 5.1-5.13.

Kanamori, H., 1977, "The energy release in great earthquakes". J. Geophys. Res. 82, 2981 -
2987.

Konno, K., Ohmachi, T., 1998, "Ground-motion characteristics estimated from spectral
ratio between horizontal and vertical components of microtremor". Bull. Seism. Soc. Am., 88,
228-241.

Jennings, P.C., 1983, "Engineering seismology". Terremoti: osservazione, teoria ed
interpretazione. Rendiconti della Scuola Intemazionale di Fisica 'Enrico Fermi', LXXXV Corso.
Societa Italiana di Fisica (Editor), 138-173.

Lachet, C , Bard, P.-Y., 1994, "Numerical and theoretical investigations on the possibilities
and limitations of Nakamura's technique". J. Phys. Earth, 42, 377-397.

56



Langston, C. A., 1979, "Structure under Mount Rainier, Washington, inferred from
teleseismic body waves". J. Geophys. Res., 84, 4749-4762.

Lermo, J., Chavez-Garcia, F. J., 1993, "Site effect evaluation using spectral ratios with
only one station". Bull. Seism. Soc. Am., 83, 574-1594.

Lungu, D., Cornea, T., Craifaleanu, I., Aldea, A., 1996, "Seismic zonation of Romania
based on uniform hazard response". Proc. Fifth Int. Conference on Seismic Zonation, Oct. 17-19,
1995, Nice, France.

Manos, G.C., Demosthenous, ML, 1992, "Design of R.C. structures according to the Greek
Seismic Code Provisions". Bull, of IISEE, 26, 559-578.

Markusic. S., Suhadolc, P., Herak, M., Vaccari, F., 1999, "A contribution to seismic hazard
assessment in Croatia from deterministic modelling". In: "Seismic hazard of the Circum-
Pannonian region". G.F. Panza, M. Radulian and C.-Y. Trifu (Editors), PAGEOPH special issue,
in press.

Marrara, F., Suhadolc, P., 1998, "Observation and modeling of site effects in the Volvi
basin, Greece". In: "The effects of surface geology on Seismic Motion", K. Irikura, K. Kudo, H.
Okada and T. Sasatani (Editors), Balkema, Rotterdam, The Netherlands, pp. 973-980.

Molchan, G., Kronrod, T., Panza, G.F., 1997, "Multi-scale seismicity model for seismic
risk". Bull. Seism. Soc. Am., 87, 1220-1229.

Moldoveanu, C.L., Panza, G.F., 1999, "Modelling for micronization purposes, of the
seismic ground motion in Bucharest, due to the Vrancea earthquake of May 30. 1990". In:
"Vrancea earthquakes: Tectonics. Hazard and Risk Mitigation". F. Wenzel et al. (Editors). 85-
97.

Molin D., Ambrosini S., Castenetto S., Di Loreto E., Liperi L.. Paciello A., 1986. "Aspetti
della sismicita storica di Roma:. Mem. Soc. Geol. It. 35:439-444.

Molin. D.. Stucchi, M., Valensise, G., 1996. "Massime intensita macrosismiche o-'servate
nei comuni italiani". Dipartimento della Protezione Civile. GNDT, ING, SSN, Roma.

Monti, G., Nuti, C. and Pinto, P. E., 1996, "Non-linear response of bridges under multi-
support excitation". J. of Structural Engineering. ASCE, 122. 10.

Musson, R., 1999, "Generalised seismic hazard maps for the Pannonian Basin using
probabilistic methods". In: "Seismic hazard of the Circum-Pannonian region", G.F. Panza, M.
Radulian and C.-Y. Trifu (Editors), PAGEOPH special issue, in press.

Nakamura, Y., 1989, "A method for dynamic characteristics estimation of subsurface using
microtremor on the ground surface". Q. Rept. Railway Tech. Res. Inst., 30. 1, 25-33.

Nunziata, C. Fah, D.. Panza. G. F., 1995, "Mitigation of seismic hazard of a megacity: the
case of Naples". Annali di Geofisica, 38, 649-661.

Orozova-Stanishkova, I.M., Costa, G., Vaccari, F., Suhadolc, P., 1996, "Estimates of 1 Hz
maximum acceleration in Bulgaria for seismic risk reduction purposes". Tectonophysics, 258,
263-274.

57



Panza, G. F., 1985, "Synthetic Seismograms: the Rayleigh Waves Modal Summation". J.
Geophys. 58, 125-145.

Panza, G.F., Prozorov, A., Suhadolc, P., 1990, "Is there a correlation between lithosphere
structure and statistical properties of seismicity?". In: "The structure of the Alpine -
Mediterranean area: contribution of geophysical methods", R. Cassinis and G.F. Panza
(Editors),. Terra nova, 2, 585-595.

Panza, G.F., Craglietto, A., Suhadolc, P., 1991, "Source geometry of historical events
retrieved by synthetical isoseismals". Tectonophysics, 193, 173-184.

Panza, G.F., Vaccari, F., Costa, G., Suhadolc, P., Fah, D., 1996, "Seismic input modelling
for zoning and microzoning", Earthquake Spectra 12, 529-566.

Panza, G.F, Cazzaro, R., Vaccari, F., 1997, "Correlation between macroseismic intensities
and seismic ground motion parameters". Annali di Geofisica 15, 1371-1382.

Panza, G.F., Vaccari, F., Cazzaro, R., 1999a, "Deterministic seismic hazard assessment".
In: "Vrancea Earthquakes: Tectonics, Hazard and Risk Mitigation", F. Wenzel et al. (Editors),
269-286. Kluwer Academic Publishers, The Netherlands.

Panza, G.F., Vaccari, F., Romanelli, F., 1999b, "The IUGS-UNESCO IGCP Project 414 :
Realistic modeling of Seismic Input for Megacities and Large Urban Areas", Episodes, 22, 26-
32.

Pedersen, H., LeBrun, B., Hatzfeld, D., Campillo, M., Bard, P.-Y., 1988, "Ground motion
amplitude across ridges". Bull. Seism. Soc. Am., 84, 1786-1800.

Radulian, M., Vaccari, F., Mandrescu, N., Panza, G.F., Moldoveanu, C.L., 1999, "Seismic
hazard of Romania: deterministic approach". In: "Seismic hazard of the Circum-Pannonian
region". G.F. Panza, M. Radulian and C.-Y. Trifu (Editors), PAGEOPH special issue, in press.

Riepl, J., Bard, P.-Y., Hatzfeld, D., Papaioannou, C, Nechtshein, S., 1998, "Detailed
evaluation of site-response estimation methods across and along the sedimentary valley of Volvi
(EURO-SEISTEST)", Bull. Sesim. Soc. Am., 88, 488-502.

Riva, R., Aoudia, A., Vermeersen, L.L.A., Sabadini, R, Panza, G.F., 1999, "Transition
crustal zone vs mantle relaxation: postseismic deformations for shallow normal faulting
earthquakes", IC/99/80, International Centre for Theoretical Physics, Trieste, pp. 1-14.

Romanelli, F. Bing, Z., Vaccari, F., Panza, G.F., 1996, "Analytical computation of
reflection and transmission coupling coefficients for Love waves", Geophys. J. Int., 125, 132-
138.

Romanelli, F., Vaccari, F., Panza, G. F., 1998a, "Realistic Modelling of ground motion:
techniques for site response" estimation. In: Proceedings of 6th U.S. National Conference on
Earthquake Engineering, Seattle, U.S.A. 31 May - 4 June 1998, CD-ROM: paper 433.

Romanelli, F., Nunziata, C , Natale, M., Panza, G. F., 1998b, "Site response estimation in
the Catania area". In: "The effects of surface geology on Seismic Motion", K. Irikura, K. Kudo,
H. Okada and T. Sasatani (Editors), Balkema, Rotterdam, The Netherlands, pp. 1093-1100.

58



Romanelli, F., Vaccari, F., 1999, "Site response estimation and ground motion spectral
scenario in the Catania Area", JOSE, in press.

Sano, T., Pugliese, A., 1999, "Parametric study on topographic effects in seismic soil
amplification". In: "Earthquake Resistant Engineering Structures II", G.Oliveto and C.A.
Brebbia (Editors), pp. 321-330, WIT Press, Southampton.

Schwartz, D.P., Coppersmith, K.J., 1984, "Fault behaviour and characteristic earthquakes:
examples from the Wasatch and San Andreas fault zones", J. Geophys. Res. 89, 5681-5698.

Somerville, P., 1996, "Ground Motions". In: "Scenario for a magnitude 7.0 earthquake on
the Hayward fault". EERI, Oakland, pp. 35-42.

Sun, R., Vaccari, F., Marrara, F., Panza, G.F., 1998, "The main features of the local
geological conditions can explain the macroseismic intensity caused in Xiji-Langfu (Beijing) by
the Ms=7.7 Tangshan 1976 earthquake". PAGEOPH, 152, 507-521.

Theodulidis, N., Bard, P. Y., Archuleta, R., Bouchon, M., 1996, "Horizontal-to-vertical
spectral ratio and geological conditions: the case of Garner Valley downhole array in Southern
California". Bull. Seism. Soc. of Am., 86, No. 2. 306-319.

Uang, CM., Bertero, V.V., 1988, "Implications of Recorded Earthquake Ground Motions
on Seismic Design of Buildings Structures". Report No. UCB/EERC-88/13, Earthquake
Engineering Research Center, University of California, Berkeley.

Uang, CM.. Bertero, V.V.. 1990. "Evaluation of seismic energy in structures". Earthquake
Engineering and Structural Dynamics, 19. 77-90.

Vaccari, F., Gregersen S., Furlan M., Panza G. F.. 1989. "Synthetic seismograms in
laterally heterogeneous, anelastic media by modal summation of P-SV waves". Geophys. J. Int.,
99,285-295.

Vaccari. F., Suhadolc, P.. Panza, G.F., 1990, "Irpinia, Italy, 1980 earthquake: waveform
modelling of strong motion data". Geophys. J. Int. 101, 631-647.

Ventriglia, U., 1971, "La geologia della citta di Roma". Amm. Prov. di Roma. Roma.

Wang , H., Nisimura, A., 1999, "On the behaviour of near-source strong ground motion
from the seismic records in dowrn-hole array at Hyogoken-Nanbu earthquake". In: "Earthquake
Resistant Engineering Structures II", G.Oliveto and C.A. Brebbia (Editors), pp. 363-372, WIT
Press, Southampton.

Zahrah, T., Hall, J., 1984. "Earthquake energy absorption in SDOF structures". Journal of
the Structural Division. ASCE, 8.

Zivcic, M., Suhadolc. P., Vaccari, F.. 1999, "Seismic zoning of Slovenia based on
deterministic hazard computations". In: "Seismic hazard of the Circum-Pannonian region". G.F.
Panza, M. Radulian and C.-Y. Trifu (Editors), PAGEOPH special issue, in press.

59


