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Abstract

A hybrid technique consisting of modal summation and subsequent finite differences
modelling is applied for the computation of synthetic accelerograms along a profile crossing
the city of Zagreb, the capital of Croatia. Assuming known source geometry, the amplification
properties of underlying soil may be determined by comparison of synthetics and then-
response spectra computed for a simple bedrock model with the ones obtained under the
assumption of a realistic laterally varying local model. The peak ground acceleration is larger
by a factor of up to 3.5 than when compared with the value obtained for the bedrock model.
The amplification of the response spectra is most prominent for frequencies below 2 Hz, and
increases sharply to the SW from the mapped fault running through the centre of the city.
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Introduction

Zagreb, the capital and the largest city in Croatia has over 1 million inhabitants,

which is about 1/5 of the country's population. According to Markusic and Herak

(1999) the Zagreb epicentral area is the most active one in the continental part of

Croatia. They estimate the return period of ML = 6 earthquake to be 150 years, with M

= 6.9 being the maximum magnitude possible on the nearby system of faults. The

largest known earthquake in the area occurred in 1880 in Kasina, about 12 km to the

NE from the centre of the city. It was felt with the maximum intensity of VIII °MCS,

and its magnitude is estimated to M ~ 6.0. After rather intense seismic activity around

the turn of the centuries (1879-1933), earthquakes became less frequent, the strongest

one being the ML = 4.9 event of 1990. Without direct strong motion observations,

seismic zoning of the city area can only be accomplished by way of deterministic

modelling of seismic input. Detailed modelling of ground motion, which can take the

local geological and geotechnical conditions at a site of interest into account, is

possible by using the hybrid method that combines the analytical technique of modal

summation (Panza, 1985; Panza and Suhadolc, 1987; Florsch et al., 1991) with the

numerical finite differences algorithm (Fah et al., 1990; Fan et al., 1994). This paper

presents the first results obtained by applying the above-mentioned method to one

profile in the city of Zagreb. The study is done within the framework of the UNESCO-

IUGS-IGCP project "Realistic Modelling of Seismic Input for Megacities and Large

Urban Areas".

Input data - the source and structural model

Assumed source parameters are chosen to approximate the Kasina earthquake of

1880 {h = 5-10 km; ML ~ 6.0), the strongest earthquake in the main seismic zone

affecting the city. The adopted parameters of the source mechanism are: strike = 60°,

dip = 80° and rake = 120°. They are determined mostly on the basis of geological

studies within the epicentral area (E. Prelogovic, personal communication). For this

pilot study a scaled point source is assumed. This is a limiting factor for events of large

magnitude because synthetic seismograms will not reflect the source duration and its

complexity, but only average amplitude spectral properties, as empirically determined

globally {e.g. Gusev, 1983). The adoption of a spectral scaling law corresponds to

averaging on the directivity function and on the regional variations due to different

tectonic regimes, but ensures to obtain reliable spectral scenarios. This limitation is

therefore much less severe if spectral or PGA amplification is the main topic of interest

instead of actual time-histories, and small- to medium-magnitude events are

considered, as it is the case here.



The structural models that we have considered are defined within regional

polygons separating areas characterised by specific geological properties and the

different depth of the Moho discontinuity. Croatian territory has been divided into eight

regional polygons by Markusic et al. (2000) as shown in Figure 1. The city of Zagreb

and the epicentral area considered are located in the polygon No. 2. The vertical

velocity distribution within the crust, estimated with the method developed by Herak

(1990) and Herak and Herak (1995), is given in Markusic and Herak (1999). The

velocities in the deeper layers are adopted from the IASP91 global model (Kennett and

Engdahl, 1991) and the density and quality factors are taken from the PREM model

(Dziewonski and Anderson, 1981). The model consists of a number of flat layers, each

of them described by its thickness, density, P- and S-wave velocities and frequency

independent intrinsic attenuation, as presented in Figure 2. This regional structural

model represents the properties of the path between the source and the laterally

heterogeneous area. The length of this part of the model is 6.5 km.

To the best of our knowledge there have been no reported systematic

investigations dealing with the structure of the soil layers beneath the city of Zagreb.

For the purpose of this study, Prelogovic (personal communication) proposed the

laterally varying part of the model on the basis of local geology and available

geotechnical measurements, as shown in Figure 3. Due to lack of adequate data, this

model does not include the top-most weathered layers, the thickness of which varies

but is mostly smaller than the foundation depth of large structures. The model is 12 km

long, 1.75 km deep, and consists of layers of silts, conglomerates, clays, sandstones

and limestones in the NE part, while marls, sands, clays and recent alluvial deposits

predominate in the SW part. The thickness of the thinnest alluvial layer considered is

10 meters. The active, steeply dipping fault which passes through the centre of the city

(along the main street, Uica) is found at the epicentral distance of about 15 km. The

profile striking in the NE-SW direction is superimposed to the satellite image of the

city in Figure 4. The whole model is schematically represented in Figure 5.

Method and computations

The computation of complete synthetic seismograms has been carried out by the

hybrid method. The procedure consists of two parts: modal summation and finite

differences modelling. The flow chart of the algorithm is given in Figure 5b.

Modal summation technique is applied along the 6.5 km long 1-D part of the

model (bedrock model) that represents the path between the source and the local

laterally heterogeneous structure beneath the city. The hypocentral depth has been

fixed to 5 km - this is shallower than most of the events recorded there and thus



represents a conservative assumption because strong ground motion is mainly

controlled by shallow sources (e.g. Vaccari et al., 1990). The seismograms, initially

computed for frequencies up to 10 Hz, were afterwards filtered with a 6 Hz Gaussian

roll-off LP filter.

These signals are numerically propagated through the laterally varying structure

by the finite differences method. The finite-differences grid is formed by 2500 x 544

points approximating the laterally varying model. A grid-step of 5 m has been chosen,

obeying the empirical condition that at least 10 points per minimum wavelength (about

50 m in our case, corresponding to 6 Hz waves with a velocity of 300 m/s) are

required. In the vertical direction, after the first 360 points (1.8 km), the grid-step is

increased to 45 m, so that the laterally varying model extends to depths exceeding

twice the hypocentral depth, which is enough for the procedure to yield reliable results.

This increase in the grid step is justified by the fact that the wavelengths that reach

these depths (>1.8 km) are much longer and thus even a reduced grid resolution is still

satisfactory for our modelling. In this way we constructed a local model extending to a

depth of 13 km.

P-SV (radial and vertical components) and SH (transverse component) synthetic

accelerograms are computed at 96 sites on the Earth's surface along the 12 km long,

laterally heterogeneous cross-section beneath the city. The reference seismic signals

are calculated at the same positions, but using only the bedrock model. The signals'

spectra are scaled to the assumed seismic moment by using the curves proposed by

Gusev (1983), and ratios of peak ground acceleration and response spectra for 2-D and

1-D models are extracted from the computed signals.

Results and conclusions

The transversal, radial and vertical components of the synthetic accelerograms

for the laterally varying (2-D) model are shown in Figure 6. In order to assess the site-

effects within the laterally varying part, the computed peak ground acceleration (PGA)

and response spectra (or spectral amplification, Sa) are compared to the corresponding

ones computed using the bedrock model.

The amplification of PGA is shown in Figure 7 as the ratio of

PGA(2D)/PGA(1D). All 3 components of motion exhibit peaks at the position

corresponding to the fault (epicentral distance of about 15 km). The largest

amplification for the vertical component is found at the beginning of the laterally

variable part of the model, about 8 km away from the source (Figure 7). The

amplification of PGA is consistent with the distribution of intensities for the 1880

earthquake (Figure 8) which exhibits a uniform band of intensity I = VIII °MSK



stretching from the epicentre southwestwards along the investigated profile. Figure 8

also shows intensity residuals along the profile trace, estimated relative to the isotropic

macroseismic field assuming valid the Sponheuer (1969) intensity attenuation law

discretized at ± 0.5 °MSK. Despite the low resolution, which is inherent to all analyses

dealing with intensities, the residuals are seen to increase with increasing horizontal

PGA amplification.

Spectral amplification Sa(2D)/Sa(lD) represents the influence that local soil

conditions introduce into the response spectra with respect to the bedrock model. It has

been estimated from synthetic accelerograms assuming a 5% damping (Figure 9). The

frequencies at which maximal amplification is observed decrease as the surficial layers

thicken from the left side of the model to the right, until the fault is reached at the

epicentral distance of about 15 km. As the profile crosses into different geological units

on the other side of the fault, all components exhibit increase in amplification. Higher

frequencies observed there, especially for SH and Love waves, correspond to

resonance within the layers (a) and (b) (see Fig. 3). For the radial component of

Rayleigh and P-SV waves, main amplification occurs at frequencies around 1 Hz. A

somewhat unexpected situation is observed for the vertical component where the

largest amplification is found in the frequency band 2.5-6.0 Hz, 8-9 km from the

epicentre. The results presented by Ambraseys and Simpson (1996) and Ambraseys

and Douglas (2000) indeed indicate that, at high frequencies and small distances,

vertical component response spectra may be larger and may exhibit stronger soil

dependence than the horizontal ones. High amplification values for the vertical

component at short periods also point to the importance of considering vertical as well

as horizontal components for engineering purposes.

The different radiation patterns for the three wave types, which are characteristic

of the particular source mechanism chosen here, together with different ray geometries

in laterally heterogenous and bedrock models, are responsible for the different

amplification properties noticed for the three components The fact that amplification

may significantly depend on the source geometry has also been recently reported by

Panza et al. (2000) and Romanelli and Vaccari (1999) in the case of site response

estimation in Catania (Italy) area. This observation implies that source-independent

characterization of site response by amplification spectra may be inappropriate in the

case of complex soil stratification.

The results obtained so far suggest that the largest amplification of ground

motion (exceeding a factor of 3) is expected beneath the very centre of the city, which

fact needs to be considered when seismic zonation of Zagreb will be revised in the

future. Our findings justify further studies and modelling along other and more detailed



profiles using realistic source models as well as all possible earthquake scenarios in the

area.
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Figure captions

Figure 1. Regional polygons in Croatia and neighbouring regions (after Markusic et al.,

2000).

Figure 2. Vertical distribution of the density, P- and S-wave velocity and intrinsic

attenuation coefficient in the average model (Markusic et al., 2000) for the regional

polygon No. 2 from Figure 1, taken as bedrock model here.

Figure 3. Laterally varying part (2-D) of the model along the profile as shown in Figure

4.

Figure 4. Satellite image of the Zagreb area, with the profile superimposed.

Figure 5. Schematic presentation of the hybrid technique. Modal summation is used

considering the bedrock model (a) to compute the input signals into the laterally

varying part (b) where signals are propagated to a set of equally spaced sites on the

surface by finite differences numerical modelling, (c) Flow chart of the algorithm.

Figure 6. Synthetic accelerograms at selected receivers. Peak accelerations in cm/s2 are

given above each subplot in italics. The laterally varying part of the model is shown at

the bottom (see Figure 3).

Figure 7. Amplification of peak ground acceleration (PGA) along the profile.

Figure 8. Top: A part of the intensity map of the 1880 Zagreb earthquake (Archives of

the Department of Geophysics, Zagreb). The profile from Figure 4 is shown by dashed

(1-D part) and solid line (2-D part). Bottom: Horizontal PGA amplification from Figure

7 (left scale) and intensity residuals (right scale) relative to the expected intensities

along the profile, computed using the intensity attenuation relation / = /o - 3 log (R/h) -

3n a (R - h) (Sponheuer, 1960). Here IQ,R, h and a are epicentral intensity, hipocentral

distance, source depth, and coefficient of macroseismic attenuation (a = 0.0025 I/km),

respectively, and \i = log e.

Figure 9. Spectral amplification (ratio of response spectra, with 5 % damping,

corresponding to the accelerograms obtained using bedrock and laterally varying

models) along the laterally heterogeneous part of the profile.
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