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Abstract

An approach, capable of synthesising strong ground motion from a basic
understanding of fault mechanism and of seismic wave propagation in the Earth,
is applied to model the seismic input at a set of 25 sites along a chosen profile at
Russe, NE Bulgaria, due to two intermediate-depth Vrancea events (August 30,
1986, Mw = 7.2, and May 30, 1990, Mw = 6.9). According to our results, once a
strong ground motion parameter has been selected to characterise the ground
motion, it is necessary to investigate the relationships between its values and the
features of the earthquake source, the path to the site and the nature of the site.
Therefore, a proper seismic hazard assessment requires an appropriate parametric
study to define the different ground shaking scenarios corresponding to the
relevant seismogenic zones affecting the given site. Site response assessment is
provided simultaneously in frequency and space domains, and thus the applied
procedure differs from the traditional engineering approach that discusses the site
as a single point. The applied procedure can be efficiently used to estimate the
ground motion for different purposes like microzonation, urban planning,
retrofitting or insurance of the built environment.



1. Introduction

It has been recently recognised that urban areas rather distant from earthquake sources may be
prone to a seismic disaster, e.g. the earthquakes in Michoacan, Mexico’85 (Mw = 8.0),
Chilly’97 Mw = 7.1), Assisi, Italy’98 (Mw = 5.2) were significantly felt within several
hundred kilometres from their hypocenter. Typical examples of long periods, i.e. far-reaching,
seismic effects are the ones connected with Vrancea intermediate-depth earthquakes. For
example, the quake of March 4, 1977 (Mw = 7.5), caused significant damage in Bulgaria and
was felt up to Central Europe (at distances of about 1000 km).

In fact, the Vrancea seismogenic zone, situated beneath the Eastern Carpathian Arc, is one of
the regional features responsible for the most destructive effects experienced in NE Bulgaria
in the last years. During the last century the Bulgarian territory suffered different strong
Vrancea events (e.g. 1908, 1940, 1977, 1986 and 1990) that caused significant damages at
epicentral distances of several hundred kilometres. The wave field radiated by the
intermediate - depth (70 to 170 km) Vrancea earthquakes, mainly at long periods (T>1s),
attenuates less with distance compared to the wave field of the earthquakes located in other
seismically active zones in Bulgaria.

Through the history, more than 100 Vrancea events have been felt in Bulgaria and for 40 of
them macroseismic maps were elaborated. Due to these events, intensities up to I = IX (MSK
- 64) were observed at Russe, about 200 — 250 km away from Vrancea seismic sources
(Rigikova, 1983) — e.g. I = VII for the Vrancea quake in 1940, and I = VII - VIII for
Vrancea’77. These values match quite nicely the values that can be deduced from the
recently constructed deterministic seismic hazard maps of the Circum-Pannonian region, (e.g.
fig. 1-3 of Panza and Vaccary, 2000, and fig. 7 of Radualian et al, 2000, respectively), when
use is made of the relation between Intensity and peak values of the seismic ground motion
(Panza et al, 1999 a). The wavefield radiated by the Vrancea intermediate - depth (70 to 170
km) earthquakes, mainly at long periods (T > 1 s), attenuates with distance less rapidly than
the wavefield of the earthquakes in other seismically active zones in Bulgaria (Todorovska et
al, 1995). Therefore the Vrancea intermediate sources should be considered as a regional
danger, since large industrial areas can be seriously affected by the strong events originating
in this seismogenic area. In fact, even if the Vrancea 1977 event motivated some changes in
the Bulgarian Code for Design and Construction in Seismic Regions’87, the seismic
excitation from 1986 and 1990 events was bigger than the prescribed seismic loading in the
BG Code’87 (Paskaleva and Kouteva, 2000). The available strong ground motion database is
too limited to accurately quantify the magnitude scaling and attenuation characteristics of
large magnitude earthquakes (e.g. Parvez et al, 2000), and therefore the use of realistic
synthetic seismograms represents a good possibility for the immediate assessment of the
seismic input.

The purpose of this study is threefold:
(1) to provide realistic synthetic signals at Russe, due to the two intermediate-depth
Vrancea earthquakes of August 30, 1986 (VR86) and May 30, 1990 (VR90);
(2) to validate these results against the available observations (Nenov et al, 1990);
(3) using the validated modelling to quantify the site response along a representative
profile crossing the town.

To simulate the ground motion at Russe, the one-dimensional (1D) modal summation
technique (Panza, 1985; Panza and Suhadolc, 1987; Florsch et al, 1991; Panza et al, 2000) has
been combined with the mode coupling approach (Vaccari et al, 1989; Romanelli et al, 1996,
1997). The particle motion including the inertia, body and surface forces is described by a
linear system of three partial differential equations, with parameters that are dependent on the
space variables. It is not possible, in general, to find an exact analytical solution for the
equations describing the wave propagation in anelastic laterally heterogeneous media. In
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general there are two main classes of methods to solve the equations of motion: analytical and
numerical methods. Analytical methods should be preferred when dealing with models whose
dimensions are several orders of magnitude larger than the representative wavelengths of the
computed signal, because of the limitations in the dimensions of the model that affect the
numerical techniques. Among the methods that are suitable to solve the equations of motion
in flat laterally heterogeneous inelastic media with numerical techniques applied to analytical
solutions, two main complementary classes can be distinguished: methods based on ray
theory and methods based on mode coupling. The arrivals associated with surface waves
(fundamental and higher modes) usually represent the dominant part of the seismogram and
(Saragoni et al, 1995) they supply the data with the most favourable signal/noise ratio for
seismic hazard studies with engineering implications. Surface waves cannot be modelled
easily with methods based on ray theory, because of computational problems: it is not a
theoretical, but a practical limitation. On the other hand, the modal summation is a natural
technique for modelling the dominant part of the seismic ground motion. The key point of the
method applied is the description of the wavefield as a linear combination of given base
functions: the normal modes characteristic of the medium. The technique used shares the idea
that the unknown wavefield, generated by the lateral heterogeneities, can be written as a
linear combination of base functions representing the normal modes (Love and Rayleigh) of
the considered structure, therefore the problem reduces to the computation of the coefficients
of their expansion. The basic two-dimensional (2D) model is formed by two different
quarter-spaces in welded contact (fig.1).

Incoming wavefield The sites along the detailed :
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Fig. 1. Schematic description of the model adopted for the numerical experiments. The solid horizontal lines define the
geological strata, the dashed lines represent the fictitious interfaces introduced to line up the layers of the two quaterspaces. The
bedrock model is given in fig. 2b. The local model is given in fig. 2c. The seismic source is given in Table 1.

2. The Data

To construct the synthetic signals three groups of input parameters are required: (1) seismic
source moment tensor, (2) geotechnical characteristics of the travelled path and (3) local site
conditions. The input data used in this study consist of the seismic source moment tensor
(Table 1) and of two structural models, bedrock and local structure (fig.2b, fig.2c).



The seismic source moment tensors of the Vrancea quakes of August 30, 1986 (VR86) and
May 30, 1990 (VR90), as given in the CMT catalogue and that we used in the calculation, are
shown in Table 1. The synthetic signals corresponding to the VR90 quake have been
computed for two focal depths, 74 km and 90 km. The focal depth of 90 km corresponds to
the lower limit of the depth range given by the CMT catalogue and is in agreement with some
recent studies of this event (Bukchin, 2000, pers. com.).

A scheme of the relevant position of the seismic sources considered and the target site of
Russe is shown in fig.2.a. In the same figure an epicentral map of the earthquakes, which
occurred within the Bulgarian territory for the period 1990 - 1992, as reported in the CSEE
catalogue (Shebalin et al, 1999) superimposed to the geomorphological scheme of a recently
constructed seismotectonic model (Paskaleva et al, 2000) is shown.

Table 1. Seismic source parameters, CMT catalogue (Dziewonski et al, 1991)

Earthquake Latitude Longitude Magnitude Depth Strike  Dip  Rake angle [°}
identification, [t 1 Mw [km] angle angle
No/Mo/Da/Yr 1 l

32/08/30/86 - (VR86) 45.76 26.53 7.2 ~133 240 72 97
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Fig. 2. THE DATA: 2.a. A scheme of the relevant position of the seismic sources considered and the target site of Russe;
Epicentral map of the earthquakes, which occurred within the Bulgarian territory for the period 1990 - 1992, as reported in the
CSEE catalogue (Shebalin et al. 1999), superimposed to the geomorphological scheme (poligons) of a recent seismotectonic
model (Paskaleva et al, 2000); 2.b. Reference bedrock structure; 2.c. Uppermost part of the local model, below 300 m both
structures have the same mechanical properties; 2.d. Corrected recorded signals (CRS) at Russe, due to Vrancea 8/30/1986 and
5/30/1990 events: NS (North - East), EW (East - West) and UP {vertical) components.

The structural information represents the average structure (bedrock) from the Vrancea
seismic region to the site of Russe, and the local sedimentary layered structure of Russe site.
The profile Vrancea-Russe passes through the Carpathians and the Moesian Platform, where
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Pliocene and significant Quaternary deposits are present. Moving away from the Vrancea
zone a gradual transition from hard rocks to unconsolidated rocks and progressively softer
soils is observed. From a comparative analysis of the available structures (Paskaleva et al,
1996; Radulian et al, 1998), the structure Roma06.str (Radulian et al, 1998), shown in figure
2b, has been chosen as reference bedrock structure. The available detailed geological and
geotechnical data in Russe (Evlogiev, 1993; Paskaleva et al, 1996) are used to define the
uppermost part (160 m) of the local model along a cross section oriented NE 42° SW (fig. 2c).
Thus, the adopted model (fig. 1) formed by two 1D models (fig. 2b and 2¢) in welded contact
is used in the numerical experiments.

3. Numerical Experiments . Discussion of the Results.

Two distinct groups of theoretical experiments have been performed. (A) Synthetic signals
have been constructed and compared with the available observations, and an analysis of the
influence of some reasonable variations of the seismic source moment tensor on the ground
motion at the site has been done. (B) The site response along the chosen profile has been
estimated and the site amplification has been mapped versus epicentral distance and
frequency. All the calculations have been performed for both Vrancea earthquakes VR86 and
VR90. The seismic source has been modelled with a buried double - couple. To include the
free vibration periods of different types of long period construction a frequency range up to 1
Hz is considered in our computations, that are carried out independently for the P-SV and SH
waves, from which transversal (TRA), radial (RAD) and vertical (VRT) components are
computed. The results obtained are discussed considering acceleration time-histories a(t),
peak ground accelerations (PGA), Fourier amplitude spectra (FS) and response spectra (SA).
The peak ground acceleration (PGA) is still the most common parameter, used in strong
ground motion studies. In the seismic design, most frequently the acceleration response
spectra, SA, are used, although there is an increasing tendency towards the use of
displacements and energy spectra (e.g. Decanini and Mollaioli, 1998; Decanini et al, 1999),
and for some particular analyses, the Building Codes prescribe to use the acceleration time
histories, a(t), as input for the design.

3.1. Synthetics against observations.

The available observations in Russe are the recorded accelerograms due to the VR86 and
VRI0 quakes (Nenov et al, 1990). The corrected recorded signals (CRS) are shown in figure
2.d. All the records have been filtered by a low pass filter with cut-off frequency at 1 Hz, and
then Fourier (FS) and response spectra, for 5% of the critical damping (SA), have been
computed. Filtered corrected recorded signals (FCRS) for VR86 are shown in figure 3.1.a.
Rotated non filtered CRS (RCRS) for the VR90 and rotated FCRS (RFCRS) for VR90 are
shown in figures 3.2.a and 3.2.b, respectively. All the comparisons between the synthetic and
the observed signals refer to the FCRS for the quake VR86 and to the RFCRS for the VR90
event.

The synthetic and observed time histories, FS and SA are compared in figures 3.1 - 3.3. In
spite of the relatively simple models used for the source and for the medium, the synthetic
ground motion reproduces most of the main features of the observed data. For the quake
VRE86, the PGA of the FCRS, (fig. 3.1.a) is larger than the synthetic one (fig. 3.1.b), but the
observed and synthetic FS (fig. 3.1.c) and SA - 5 (fig. 3.1.d) are in good agreement.
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Fig. 3.1. Russe site, NE Bulgaria, Vrancea event of August 30, 1986 (VR86). Comparison between the synthetic and the
observed signals. 3.1.a. The corrected recorded signal (CRS), low-pass filtered with cut-off frequency at 1 Hz; 3.1.b. Synthetic
accelerogram with cut-off frequency at 1 Hz; 3.1.c. Synthetic (solid line) and observed (dashed line) Fourter spectra; 3.1.d.
Synthetic (solid line) and observed (dashed line) response spectra computed for 5% critical damping (SA). East-West oriented
(EW) and vertical (UP) components are shown.

The same analysis is carried out for the event VR0 (fig. 3.2). RFCRS and synthetic signals
are shown in figures 3.2.b and 3.2.c, respectively. The PGA of the VRT component are
practically identical, the synthetic PGA of the TRA component is about 40 % less than the
observation, and the RAD component is significantly underestimated. The synthetic FS of the
TRA component follows the trend of the observation, but it has lower amplitudes within the
whole frequency interval considered (fig. 3.2.d). In the FS of the RAD component two
distinct frequency intervals can be seen — one where the model underestimates the observation
(0.2 - 0.5 Hz), and the other where there is a good agreement between the model and the
observation (0.5 - 0.9 Hz), (fig. 3.2.d). The comparison between the synthetic and the
observed SA is shown in figure 3.2.e, where one can see that the synthetic follow the
observed spectra within the whole frequency range considered.

The comparison between the synthetic signals and the observations for the VR90,
corresponding to the focal depth H = 90 km used in the modelling is shown in figure 3.3. The
RFCRS are shown in figure 3.3.a and the synthetic signals are shown in figure 3.3.b. A good
agreement between the modelled and recorded time histories for the three ground motion
components is observed (fig. 3.3.a, 3.3.b). The increment of the focal depth from 74 km (fig
3.2.¢) to 90 km (fig. 3.3.c), causes an increment of ~ 30 % of the PGA of TRA, of ~ 50 % of
the PGA of VRT, and finally of ~ 70 % of the PGA of RAD. The SA amplitudes for all the
three components, TRA, RAD and VRT, increase over the whole frequency range considered.
The frequency content of the RAD is strongly influenced by the change of the seismic source
depth (fig. 3.2.d, 3.3.d).

A comparison between VR86 (fig. 3.1) and VR0 (figs. 3.2, 3.3) shows that the PGA and SA
(TRA, RAD, VRT) due to VR86 are larger than the corresponding quantities due to the
VRI0, both for the computed and the observed values. The same observation can be made
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comparing the SA distribution versus frequency and distance for both events VR86 and VR90
—fig. 5.1.a, b and fig.5.3.a, b, respectively. This matches well with the reported macroseismic
intensity, I (MSK - 64), at Russe, due to both earthquakes investigated, I = VI(VR86) and I =
V (VR90) (Paskaleva et al, 2001). A further check, based on the ground velocities, obtained
by integration of the seismic signals, shows a good agreement between the synthetics and
observation as well. All the modelling has been made without any data fitting, but simply
using the information available in the literature regarding the source, the path and the local
properties. For the same events, a similar approach has led to a good agreement between the
synthetics and the observed signal at Magurele, Bucharest (Moldoveanu and Panza, 1999).
This is a particularly important result since the existing strong motion database is very
limited, mainly for intermediate - depth strong events.
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Fig. 3.2. Russe site, NE Bulgaria, Vrancea event of May 30, 1990, (VR90), focal depth H = 74 km, used in the modelling.
Comparison between the synthetic and the observed signals. 3.2.a. The rotated corrected recorded signal (RCRS); 3.2.b. RCRS
low-pass filtered with cut-off frequency at 1 Hz; 3.2.c. Synthetic accelerogram with cut-off frequency at 1 Hz; 3.2.d. Synthetic
(solid line) and observed (dashed line) Fourier spectra; 3.2.e. Synthetic (solid line) and observed (dashed line) response spectra
computed for 5% critical damping (SA). Transversal (TRA), radial (RAD) and vertical (VRT) components are shown.

To test how the recorded signals are exhaustive of the possible ground amplification in Russe,
some numerical experiments have been carried out varying the seismic source moment tensor
and the velocity model of the uppermost 300 m of the local model, (Kouteva, 1999; Kouteva
et al, 2000). Among the selected seismic source parameters, the focal depth is strongly
controlling the shape and amplitude of all the components of the ground motion. Varying,
within values typical for the Vrancea intermediate - depth events, the fault geometry and slip,
expressed by rake, dip and strike, influences much more the RAD and VRT components than
the TRA one. A change of the depth of the seismic source by 20 km (namely from 60 km to
80 km) causes changes of the PGA as large as ~ 50 % for the TRA and VRT components, and
~ 32 % for the RAD.
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Fig. 3.3. Russe site, NE Bulgaria, Vrancea event of May 30, 1990, (VR90), focal depth H = 90 km, used in the modelling.
Comparison between the synthetic and the observed signals. 3.3.a. The rotated cormrected recorded signal (RCRS); 3.3.b. RCRS
low-pass filtered with cut-off frequency at 1 Hz; 3.3.c. Synthetic accelerogram with cut-off frequency at 1 Hz; 3.3.d. Synthetic
(solid tine) and observed (dashed line) Fourier spectra; 3.2.e. Synthetic (solid line) and observed (dashed line) response spectra
computed for 5% critical damping (SA). Transversal (TRA), radial (RAD) and vertical (VRT) components are shown.

3.2. Parametric analysis of the ground motion: estimates of the influence of seismic source
moment tensor variation on the ground motion at the site.

Varying the rake and strike angles, the TRA PGA changes within ~ 25 %, and it is practically
not affected by the dip angle variation considered (~ 5 %). On the contrary, the RAD and
VRT components are very sensitive to dip angle variations. If the dip angle changes by 20°,
namely from 53° to 73°, the PGA increases by ~ 30 % for RAD and by ~50 % for VRT
(Kouteva, 1999). Similar conclusions were reached for Magurele site, Bucharest
(Moldoveanu and Panza, 1999, 2001).

Varying the geotechnical properties of the uppermost part of the local model causes obvious
changes in the shape of the signals and their peak amplitudes for all of the three components
(Kouteva et al, 2000). In fact, increasing the thickness of the uppermost part of the local
modet and the ratio Vp / Vs up to 6 for the uppermost 160 m of the 300 m (keeping Vs fixed),
the PGA for all the three components increases as follows: TRA ~ 70 %, RAD ~ 107 %, VRT
~ 109 %. These results show that to obtain realistic seismic input for relatively long periods,
as discussed in this study, it is necessary to consider the mechanical properties of the entire
sedimentary basin characteristics. It is not enough to take into account only the uppermost 30
m or 50 m Vs, as it is assumed by the advanced today’s earthquake engineering practice. The
relevance of the basin depth has been recently discussed for other, more complicated, case -
studies (e.g. Olsen, 2000; Joyner, 2000; Field, 2000). In agreement with our results it has been



shown that the influence of the basin depth on PGA is greater than that of detailed geology or
site category (Field, 2000).

The parametric analysis (figs. 4.1 and 4.2) points out that P-SV waves (RAD) contribute
significantly to the ground motion at the site, therefore all ground motion components have to
be considered into the seismic input definition and not only SH waves, as it is done in
common practice. The ground motion is strongly influenced by the earthquake source
characteristics and, to be conservative, the hazard should be defined as the envelope of a set
of different unfavourable, but credible ground motion scenarios, or as any percentage of it,
depending upon the purposes. In this respect, for a single site at Russe, synthetic SA have
been generated varying the seismic source moment tensor (Table 2).

In figure 4.1 (VR86). 4.2 (VR90) and Table 2 one can see the visible change of SA and its
maximum value SA max, respectively, with the variation of the seismic source moment tensor
for all the components, TRA, RAD and VRT. For both VR86 (fig. 4.1) and VR90 (fig.4.2)
changing the strike angle, the most significant change of SA max is observed in the RAD and
VRT components (VR86 ~ 26 %, VR0 ~ 28 %), while TRA changes by ~ 18 % (VR86) and
~16 % (VR90). The depth seems to influence both components TRA (VR86 ~ 40 %, VR90
~38 %) and VRT ~30 %, since the RAD can differ twice for VR86 (~ 94 %) and it is
practically not changed for VR90 (~ 1 %). The dip angle for both VR86 and VR90 influences
mainly the RAD (VR86 ~ 125 %, VR90 ~ 47 %) and the VRT (VR86 ~ 240 %, VR90 ~ 48
%) components. The same conclusion is valid for the, RAD (VR86 ~ 240 %, VR90 ~ 68 %)
and VRT (VR86 ~ 88, VR90 ~ 70 %), and TRA (VR86 ~ 4 %, VRI0 ~ 8 %). The synthetic
signals used to obtain the response spectra shown in figure 4.2 have been subsequently
normalised to their peak values and the response spectra obtained from these normalised
signals are shown in figure 4.3. To broaden the credible scenarios for the site discussed, the
graphs shown in figures 4.1 and 4.2 can be expanded varying some structural parameters (e.g.
Vp / Vs ratio, basin depth. Q) and an envelope curve, applicable in the engineering structural
analysis. can be built up.
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Fig. 4.1. Russe site, NE Bulgaria, Vrancea, August 30, 1986 earthquake (VR86). Variation of SA due to
reasonable variation of the VR86 seismic source moment tensor, with respect to the CMT

values.
4.1.a. Strike angle variation (str);
4.1.b. Focal depth variation (dpt);
4.1.c. Dip angle vaniation (dip);
4.1.d. Rake angle vanation (rak).

Transversal (TRA), radial (RAD) and vertical (VRT) components are shown. The solid line in

each graph corresponds to the CMT seismic source moment ten:
63° and rak=101°.
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Fig. 4.2. Russe site, NE Bulgaria, Vrancea, May 30, 1990 earthquake (VR90). Variation of SA due to
reasonable variation of the VR86 seismic source moment tensor, with respect to the CMT

values.

4.2.a. Strike angle variation (str);
4.2.b. Focal depth variation (dpt);
4.2.c. Dip angle variation (dip):
4.2.d. Rake angle variation (rak).
Transversal (TRA), radial (RAD) and vertical (VRT) components are shown. The solid line in
each graph corresponds to the CMT seismic source moment tensor, str=41°, H=133 km, dip =

63° and rak=101°.
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Table 2. Estimates of the influence of the seismic source moment tensor variation on the ground motion at a site, expressed in SA
max values, calculated for different seismic source moment tensors [Strike (str), Depth (H), Dip (dip) and Rake (rak)], as shown
in the table below. Comparison of the both SA computed and observed (OBS). Transverse (TRA), radial (RAD), vertical (VRT),
and the horizontal East-west VR86 (EW) ground motion components are discussed.

COMPUTED VALUES 0OBS
SA max, fcm/s?)

stredl,
VRN H=90,
dip=63,
rak=101

Strike, str, [*] Depth, H, (km] Dip, dip, M| Rake, rak, [°]

H=90, dip=63, rak=101  str=41, dip=63, rak=101  str=41, H=90, rak=101 str=41, H=90, dip=63

31°  41° 5P 60 70 90 53° 63 73*  91° 101I° 1I°
TRA 350 397 408 344 473 397 43.8 397 344 368 397 376 38.8
RAD 263 292 336 288 314 292 380 292 200 474 292 155 451
VRT 19.1 212 243 19.6 122 212 275 212 142 316 9.1 21.2 114
str=50,
VRE6 H=133,
dip=T72,
rak=97

Strike, str, [°) Depth, H, (km]) Dip, dip, [] Rake, rak, [*]

H=133, dip=72, rak=97  str=50, dip=72, rak=97  str=50, H=133, rak=97  str=50, H=133, dip=97

40°  50°  60° 123 133 143 62" 72° 82" 87 977 107°

TRA 1744 1673 1476 139.1 1673 195.7 168.5 1673 1469 167.7 167.3 161.8

RAD 489 535 62.1 40.1 533 77.6 1622 533 724 91.7 533 27.2
VRT 335 379 432 327 379 10.8 679 379 205 489 379 26.0 17.2
EW 275 337 626 304 337 439 1315 337 95 63.7 33.7 24.0 48.5

3.3. Site response.

Relying on the good agreement between the synthetics and the observations (fig.3 and Table
2), we have investigated the site response due to both earthquakes studied, VR86 and VR90,
even if the laterally heterogeneous model is rather simple. The site response reflects the whole
process of seismic waves propagation from the source to the target site including the local soil
conditions (e.g. Panza et al, 1999 b) and it is really difficult to identify the different
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ingredients that are controlling the resulting ground motion. The idea to reduce the
uncertainties affecting the site effect determinations via waveform modelling, based on the
first principals of physics, already often applied (Faeh et al, 1993; Panza et al, 2000 and
references therein) is now quite widely accepted (Field, 2000).

In figures 5.1, 5.2 and 5.3 the site response due to both events VR86 (fig. 5.1) and VR90 (fig.
5.2 and 5.3) along one chosen profile at Russe is shown. The SA are obtained both for the
bedrock model (fig. 5.1.a, 5.2.a, 5.3.a) and for the laterally varying one (fig. 5.1.b, 5.2.b,
5.3.b). The Response Spectra Ratios (RSR) for the TRA, RAD and VRT components are
shown, as well.

From figures 5.1, 5.2 and 5.3 it is evident that both the SA and the RSR are strong functions
of the source properties. Furthermore, even if the considered model is rather simple, it is
possible to quantify relevant variations of the site amplification along the given local (one-
dimensional) profile. These variations of the local amplifications (local soil effects) are
chiefly due to the varying distance of each site from the lateral boundary. If standard methods
(e.g. Lysmer et al, 1975) are applied to the considered model, all the sites would be, by
definition, characterised either by the same RSR, and the resulting hazard description would
be really oversimplified, if not meaningless. Thus, the approach to apply site corrections to
the ground motion directly within the hazard calculations is the only sound approach as
recently confirmed by other independent studies (Field, 2000). Such an approach differs
significantly from the today’s engineering design practice that relays upon rock - site hazard
maps and applies the site correction at a later stage.

For VR8&6 a significant amplification of the TRA component is observed over two frequency
intervals, 0.3 - 0.4 Hz and 0.7 - 0.9 Hz. The RSR for the RAD component is the most
irregular in comparison with the other components, and the maximum amplification is
observed at about 0.2 Hz and in the range 0.8 - 1.0 Hz (fig. 5.1.c). For VR90 (H = 74 km),
(fig. 5.2.3) the RSR for both horizontal components is rather irregular, and the maxima for the
TRA component occur in the frequency ranges 0.2 - 0.3 Hz and 0.8 - 0.9 Hz, and for the RAD
in the ranges 0.16 - 0.22 Hz and 0.7 - 1.0 Hz. For VR90 (H = 90 km) (fig. 5.3) significant
changes for all the three components are observed. For the TRA component (fig. 5.3.c) there
are two clear peaks of the RSR, with maximum amplification in the range 0.5 - 0.8 Hz, and
for the RAD component there are two frequency intervals with relatively similar
amplification 0.16 - 0.20 Hz and 0.5 - 0.7 Hz. The contribution of both horizontal components
to the total amplification of the ground motion in this case is not drastically different as in the
previous two cases, VR86 and VR90 (H = 74 km), and the RAD component is still the
largest. The VRT component is characterised by visible changes in the RSR as well, but its
contribution to the ground motion, in general, is very small. The results reported in figures 5.1
— 5.3 show that the RSR is quite irregular in the frequency and space domains considered.
The frequency content of the synthetic signals is influenced by the focal depth and the RSR
shape visibly changes going from the TRA to the RAD and VRT components (fig. 5.2.c,
5.3.¢). In general, RAD is the component affected by the largest amplification, while VRT is
the least affected. In common practice the contribution to seismic hazard of the RAD
component, is ignored, and all the attention is routinely focused on the TRA component of
motion. The result just described (fig. 5.1 - 5.3) clearly indicates how the straightforward
application of common practice procedure is misleading and can lead to a severe
underestimation of the hazard. Therefore, the test of the sensitivity of the site effects to the
earthquake source characteristics is very important. To estimate properly the site effects, it is
necessary to incorporate in the direct modelling of the wavefield all the factors controlling the
ground motion at the site (Panza et al, 2000).
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4. Conclusions

Urban areas located at rather large distances from earthquake sources may be prone to severe
earthquake hazard as well as the near field sites. The available strong ground motion database
is too limited to reliably quantify the magnitude scaling and the attenuation characteristics of
large magnitude earthquakes. Therefore, the use of synthetic time histories, based on a
realistic modelling of the seismic source and wave propagation properties. combined with the
few available pertinent records, represent a good possibility for an immediate assessment of
the seismic input.

Synthetic strong ground motion records have been constructed making use of the basic
principles of seismic waves propagation, considering the fault mechanism and the structural
parameters of the propagation media. The direct modelling compares well with the available
observations. Due to the rather simple structural lateral variations which characterise the case
study, we do not think relevant the unaccounted 3D effects, for the computation of which the
quantity and quality of available structural data are totally inadequate.

The results obtained show that, once a parameter has been selected to characterise the seismic
ground motion, it is necessary to investigate the relationships between the values of this
parameter and the properties of the earthquake source, the travelled path to the site and the
geotechnical properties at the site.

This study confirms the complicated nature of the so-called “site effect”. Even in a situation
with rather simple geological settings, like the one discussed in this paper, the site
amplification in the frequency and space domain shows a quite irregular pattern, due to the
complex interaction between the wavefield and the lateral heterogeneity. Therefore the
definition of the “pure site effect” caused only by the local geological conditions, which is
relying upon the convolution concept. is an oversimplification of the reality and should be
replaced routinely by the estimation of the site effects via waveform modelling, based on the
first principals of physics.

To obtain reliable seismic hazard assessment it is necessary an appropriate parametric study
to define the different credible ground shaking scenarios, corresponding to the relevant
seismogenic zones impending on a given site. To be conservative, the hazard should be
defined as the envelope of these scenarios, or as a percentage of it, depending upon the
purposes.

The applied procedure provides site response assessment simultaneously in the frequency and
in the space domains and goes well beyond the traditional engineering approach, that
discusses the site as a single point. It may be efficiently used to estimate the ground motion
for the purposes of microzonation, urban planning, retrofitting or insurance of the built
environment, etc.
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(2Dy;
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(2Dy;

5.3.c. Site effect: Distribution of the Response Spectra Ratio, RSR = SA (2D) /SA (1D),

versus frequency and distance.

Transversal (TRA), radial (RAD) and vertical (VRT) components are shown.
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