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Abstract

An advanced procedure for ground motion modelling, capable of synthesizing the
seismic ground motion from basic understanding of fault mechanism and seismic wave
propagation, is applied to the case studies of Bucharest (Romania) and Russe, NE Bulgaria,
exposed to the seismic hazard from Vrancea events. Synthetic seismic signals along
representative geological cross sections in Bucharest and Russe have been computed and the
energetic input spectra have been derived both from the synthetic signals and the few existing
records. The theoretical signals are successfully compared with the available observations.
The site response has been calculated for three recent, strong and intermediate-depth,
Vrancea earthquakes: August 30, 1986 and May 30 and 31, 1990. The used 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. The obtained results show that it is very
useful to estimate the site effect via waveform modelling, considering simultaneously the
geotechnical properties of the site, the position and geometry of the seismic source and the
mechanical properties of the propagation medium.



INTRODUCTION
Strong, intermediate-depth (70 to 170 km) earthquakes in the Vrancea area (Romania) occur
irregularly, but not infrequently. They have caused a high toll of casualties and extensive
damage over the last several centuries. The four strongest earthquakes (M > 7) that occurred
in Vrancea during the last century (in 1908, 1940, 1977 and 1986) caused large damage over
a wide European territory, including distant, long period elements of the built environment [1,
2]. 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). The typical focal mechanism of the
strong, intermediate-depth, Vrancea earthquakes (Mw > 6) is the reverse faulting. According
to the solutions for the fault plane orientation two classes of earthquakes, A and B, are
distinguished [3]. In Bulgaria, the wave field radiated by the Vrancea intermediate - depth
earthquakes mainly at long periods (T > 1 s), attenuates with distance less rapidly than the
wave field of the earthquakes in other seismically active zones in the country [4]. Therefore
large industrial areas can be seriously damaged 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 the 1986 and 1990 events exceeded the seismic loading prescribed in the BG Code'87
[5]. The Vrancea intermediate depth earthquakes have been felt with macroseismic
intensities, I, up to VIII (MSK-76) at Bucharest [2], fig.l.B, and I = VIII (MSK-64) at Russe
[6], fig.l.C.

Fig. 1. A. Position of the study towns of Bucharest and Russe exposed to the Vrancea seismic
hazard; Fig. 1. B. Bucharest (Romania): observed (within the time period 1801-2001)
macroseismic intensity [MSK - 76] due to 94 Vrancea intermediate-depth earthquakes versus
magnitude and source depth [2]; Fig. 1. C. Russe (Bulgaria): observed macroseismic
intensity [MSK - 64] due to 34 Vrancea intermediate-depth versus magnitude and depth of
the seismic source [1, 5, 6].

The towns of Bucharest and Russe are the cradles of their own country cultural heritage.
Therefore, even if they differ in size, economic structure, environmental conditions,
demography and level of preparedness to seismic hazard they deserve the largest possible
attention. This study addresses the key problems of the seismic hazard and of the
preparedness to meet natural disasters at both local (national) and regional levels. Its main
purpose is to:

• review the Vrancea seismic record related to some recent deterministic seismic hazard
assessment;

• validate the computed synthetic seismic signals at Bucharest and Russe on the base of
the available instrumentally recorded accelerations due to two strong intermediate-
depth Vrancea earthquakes: August 30, 1986 (VR86) and May 30, 1990 (VR901);

• assess the site response at Bucharest and Russe due to three recent strong
intermediate-depth Vrancea earthquakes: August 30, 1986 (VR86), Mw = 7.2 (class
A); May 30, 1990 (VR901), Mw = 6.9 (class A) and May 31, 1990 (VR902), Mw =
6.4 (class B), and to supply a brief comparative analysis of the two towns case studies.



RECENT VRANCEA SEISMIC RECORD
Accelerograms due to the Vrancea intermediate-depth earthquakes have been recorded by
three seismic networks of Romania, as well as by the seismic networks of the Academy of
Science from Moldova, and of Bulgaria. Detailed characteristics of the Romanian strong
ground motion accelerograms database is provided in [7]. Recent detailed analysis of the
Bulgarian data applying the moving windows technique, a new data processing technique in
the frequency - time domain, and tables with the main characteristics of the recorded
accelerograms was provided by Paskaleva [5]. The control periods, Tc, of the response
spectra extracted from the available records at Bucharest vary between 0.6 and 1.5 s; for the
Bulgarian records these values are Tc = 0.4 - 1.6 s. In the last 10 years, funding for the
maintenance or upgrading of the existing strong ground motion network in Bulgaria has not
been available, in spite of the Code prescription to re-evaluate the seismic input [5]. In a
situation of lack of instrumental data, the use of advanced techniques for modelling the
seismic waves propagation in anelastic, laterally heterogeneous media combined with the few
pertinent records available gives a good possibility for providing reliable seismic input for
earthquake engineering purposes.

Recently, applying an advanced deterministic procedure [9, 10, 11], maps of practical use, as
design ground accelerations, maximum velocities and displacements have been produced for
different Vrancea earthquakes scenarios [12, 13]. This numerical modelling for Romania [12]
has reproduced quite well the reported macroseismic field of the Vrancea events 1940
(VR40) and 1977 (VR77). Regarding VR77 the distribution of the computed peak values
(displacement, velocity and DGA) correlates well with the recorded ones in the area eastward
and southward of the Carpathians. The results of the modelling of VR77 in Russe [13] are in
agreement with the reported macroseismic intensities (MSK-64, fig. 1 .C). The deterministic
modelling of an event with M = 7.7 and focal depth H = 150 km (which indeed occurred in
1940) [13] gives for both Bucharest and Russe DGA in the range 0.3- 0.6 [cm/s2]. These
values, which exceed the ones given by the Romanian standard SRI 1100/1, 1993, correspond
to a macroseismic intensity I = IX (MSK-76) [14] at Bucharest, a macroseismic intensity
value that has been observed for periods larger than 0.7 s. [15]. The computed DGA values
for Russe also significantly exceed the prescribed seismic loading in the BG Code'87
(seismic coefficient, JQ = 0.15g) and the recorded PGA for VR86 and VR901 [8], which
caused significant damage to the town. From the deterministic modelling it can be concluded
that the Vrancea earthquakes can produce ground displacements up to 30 - 60 cm and peak
accelerations over 50 % of g.

NUMERICAL EXPERIMENTS
In general there are two main classes of methods used to generate synthetic ground motion:
numerical and analytical methods. To investigate in detail the seismic response of a
sedimentary basin it can be worth to use a numerical approach. 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. To make use of the advantages
of each method, analytical and numerical approaches can be combined in the so-called hybrid
techniques. The seismic input at Bucharest has been computed applying a hybrid procedure,
that combines the modal summation technique [16,17, 18], used to describe the seismic wave
propagation in the anelastic bedrock structures, with the finite differences method [19, 20,
21], used for the computations in the anelastic, laterally inhomogeneous, sedimentary media.
To simulate the ground motion at Russe, the modal summation technique for the bedrock [16,
17, 18] has been combined with the mode coupling approach [22, 23, 24] for the anelastic,
laterally inhomogeneous, sedimentary media. In both case studies, the seismic signal has



been obtained considering simultaneously (1) the seismic source moment tensor, (2) the
average mechanical characteristics of the travelled path, and (3) the detailed local site
conditions. The computations for the SH and P-SV waves have been performed separately.
The engineering aspect of the study has been focused on the built environment characterized
by long free periods. Therefore a frequency range up to 1 Hz is considered in all the
computations discussed in this paper and all the recorded signals used in the analysis are low-
pass filtered with a cut-off frequency lHz. The seismic source moment tensors used in the
computations for VR86, VR901 [25] and VR902 [26] are shown in Table 1.

TABLE 1
SEISMIC SOURCE MOMENT TENSORS USED IN THE NUMERICAL EXPERIMENTS

EARTHQUAKE
IDENTIFICATION,

Mo/Day/Yr

VR86, 08/30/86

VR901, 05/30/90

VR902, 05/31/90

Latitude
[°]

45.76

45.92

45.83

Longitude
n

26.53

26.81

26.89

Magnitude
Mw

7.2

6.9

6.4

Depth
[km]

-133

74+16

87

Strike
angle
ft

240

236

308

Dip
angle
ft
72

63

71

Rake
angle
ft
97

101

97

Class

A

A

B

The bedrock structure contains the source and the path from the Vrancea seismic sources to
the target sites. For the Bucharest case study it represents an averaged regional model,
compiled by Radulian et al. [3] taking into account the crust velocity model used for the
event location, a low velocity channel from 90 -190 km and an average continental model for
the depth interval 250 -1000 km. Bucharest is located in the central part of the Moesian Sub-
plate, in the alluvial Romanian plain, halfway between the Danube River and the South
Carpathian Mountains. The surface geology consists mainly of Quaternary alluvial deposits,
later covered by loess, and rivers carved the present landscape. The local structure used for
the computations is compiled after Mandrescu (1986) [27]. Synthetic seismograms along 3
profiles crossing Bucharest have been computed applying the hybrid procedure [29, 30, 31]
and the results of the modelling have been successfully compared with the distribution of the
observed macroseismic intensity [28].

The town of Russe is situated on the Moesian Sub-plate too. Recent deterministic hazard
assessment and the seismicity record show that, as in the case of Bucharest, the earthquake
danger in Russe is controlled mainly by the intermediate-depth Vrancea sources, even if they
are located about 220 km far from the city. The profile Vrancea-Russe passes through the
Carpathians and the Moesian Platform, where Pliocene and significant Quaternary deposits
are present. The regional structural model (bedrock model) representative of the path
Vrancea-Russe is given by [3]. The detailed geological and geotechnical data available for
the uppermost 100 m in Russe [32, 33] are used to define the uppermost part of the local
model along a cross section oriented NE 42° SW [6]. The overview of the engineering
geological conditions at Russe shows a rock basement covered by incoherent sediments,
where complicated ground conditions are combined with a shallow water table [33, 6]. The
analytically modelled synthetic ground motions at Russe have been successfully compared
with the available recorded accelerograms [6, 34].

DISCUSSION OF THE RESULTS
The need to improve the reliability of the current seismic resistant design procedures has led
to the recognition that methodologies based on energy criteria are effective tools for a
comprehensive interpretation of the built environment behaviour, observed during recent



destructive events. Energy based design involves considering two essential aspects: the first
is related to the definition of Design Earthquakes, while the second concerns the evaluation
of the actual energy absorption and dissipation capacities of structures [37]. In this study we
provide a further validation of our theoretical results against the observed signals in terms of
energy input (Ei) [35] both for Bucharest (VR86, VR901), fig.2 and Russe (VR86 and
VR901), fig. 3.
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Fig. 2. Energy input (Ei) versus frequency from the synthetic (solid line) and observed signals
(dashed line) at Bucharest. Different ductility factors m=l (blue), m=2 (red) and m=4 (green)
are shown. Transverse (TRA), Radial (RAD) and Vertical (VRT) components for VR86 and
VR901 are shown.
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Fig. 3. Energy input (Ei) versus frequency derived from the synthetic and observed signals at
Russe. VR86: East-west (EW) and vertical (UP) components are shown. VR901: Transverse
(TRA), Radial (RAD) and Vertical (VRT) components are shown.

The energy input Ei [35] corresponding to different responses of the system, described by the
ductility factor m (m = 1, m = 2 and m = 4), has been computed using the theoretical seismic
signals computed at the sites in Bucharest and Russe, where registered accelerograms are
available. The same quantity is computed from the available records. In fig. 2 and fig. 3 a
comparison between the Ei values derived from both synthetic and registered seismic signals
is shown. A satisfactory good fit between the computed and the recorded quantities is
observed for all cases investigated. At Bucharest (fig.2), for both quakes VR86 and VR901,



in the TRA component, the synthetic Ei overestimates the recorded one, while for the RAD
component the synthetic values are lower than the observed quantities. The VRT component
for the VR86 event shows synthetic Ei higher than the observed one, while for the VR901
event the synthetic Ei is practically matching the observation. At Russe (fig.3), all horizontal
ground motion components (TRA, RAD, EW) for both quakes VR86 and VR901 show
synthetic Ei values smaller than the observed ones. For VR86 the theoretically obtained Ei
overestimates the recorded one. The best fit between the theoretical result and the recorded
signal is obtained with the VRT for VR901. Some additional parametric analysis on Ei (e.g.
Russe), made varying the seismic source location, the parameters describing the movement in
the source, and the Vp/Vs ratio of the superficial layer at the local site have been carried out.
The results show that all ground motion components can be influenced in a similar degree by
the uncertainties investigated. Although the innovative "energetic" trend is becoming more
and more popular in the seismic design, the response spectra (SA) is still the most frequently
used quantity to define the seismic input in the earthquake engineering practice. Therefore the
site responses have been analysed in terms of SA.

The site response is the result of the whole process of seismic waves propagation from the
source to the target site, including the local soil conditions [36], and it is really difficult to
identify the different 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 [11, 37 and references therein]
is now quite widely accepted [38]. The site response along the investigated profiles at
Bucharest and Russe, figs. 4 and 5, is defined as Response Spectra Ratios (RSR). The RSR
are the ratios between the amplitudes of the response spectra, for 5% damping, obtained
considering only the bedrock structure and the corresponding values, computed taking into
account the local heterogeneous media. RSR for the TRA, RAD and VRT components are
shown in figs. 4 and 5. The distribution of RSR versus frequency and epicentral distance for
Bucharest is shown in figs. 4. A (VR86), 4. B (VR901) and 4. C (VR902), and for Russe in
figs. 5. A (VR86), 5. B (VR901) and 5. C (VR902). In all cases (VR86, VR901 and VR902)
the transversal (TRA), radial (RAD) and vertical (VRT) components of the ground motion
are shown. The results for both sites show a rather irregular trend of RSR distribution for all
ground motion components for all earthquakes investigated. All signals have in common the
structural model and differ only in the seismic source moment tensor used in the
computations. The RSR for all components (TRA, RAD and VRT) are visibly influenced by
the tensorial properties of the earthquake sources. Fig.4 shows that, for all the earthquakes
considered, the RAD and VRT components significantly contribute to the seismic input in
Bucharest. For VR86, the highest amplification of the TRA component (about 2) (fig. 4. A) is
observed in the frequency interval 0.3 - 0.6 Hz; the RAD is relatively stable (RSR = 1.5 -
2.0) over the whole frequency interval considered, and the VRT peaks at 0.3 Hz (RSR = 4.0),
0.6 Hz (RSR = 6.5) and 1.0 Hz (RSR = 5.8), but it decreases rather fast, within the whole
frequency interval considered, with increasing epicentral distance. For VR901 (fig. 4. B), the
TRA component is amplified within a larger frequency interval (0.15 - 0.70 Hz) compared to
VR86 and VR902; the RAD is clearly amplified in the frequency intervals 0. 3 - 0.6 Hz and
0.7 - 1.0 Hz, the VRT keeps RSR higher than 1.5 over the whole frequency range considered,
slowly decreasing with increasing epicentral distance. For VR902 (fig. 4. C), the maximum
TRA amplification is observed within the frequency interval 0.1 - 0.3 Hz, the RAD is
amplified within 0.1 - 0.6 Hz and 0.7 - 1.0 Hz, with clear peaks at 0.2 Hz (RSR = 1.5), 0.6
(RSR = 2) and l.OHz (RSR = 1.7), and the RSR for the VRT component is higher than 1.5 at
0.3 Hz (RSR ~ 2), 0.7 Hz (RSR = 3) and 0.9 Hz (RSR = 3.5). At Russe, for VR86, 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. A). For VR901 (fig. 5. B), the RSR for both
horizontal components is rather irregular, and the maxima occur in the frequency ranges 0.2 -
0.3 Hz and 0.8 - 0.9 Hz, for the TRA, and in the ranges 0.16 - 0.22 Hz and 0.7 - 1.0 Hz for
the RAD. For VR902 (fig. 5. C), the trend of TRA is rather smooth, the highest amplification
is observed at frequencies 0.8 -1.0 Hz. The RAD is peaking at frequencies 0.75 - 0.9 Hz. For
the three events (VR86, VR901 and VR902) the contribution of the horizontal components to
the total amplification of the ground motion is comparable, and RAD has always the largest
size. 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 variations of the local
amplifications (local soil effects) observed in figs. 4 and 5 are chiefly due to the varying
distance of each site from the lateral boundary between the local basin model and the bedrock
structure. If standard methods are applied to the considered models, all the sites would be, by
definition, characterised by the same RSR, and the resulting hazard description would be
really oversimplified. Thus, the approach to apply site corrections to the ground motion
directly within the hazard calculations is the only sound way, as recently confirmed by other
independent studies [38]. 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.
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Fig. 4. Site response at Bucharest: Response
Spectra Ratio, RSR, versus frequency, FRQ
[Hz], and epicentral distance, DST [km].

Fig. 5. Site response at Russe: Response
Spectra Ratio, RSR, versus frequency, FRQ
[Hz], and epicentral distance DST [km].

In figures 2, 3, 4 and 5 it is evident that the RSR, in frequency and space domains, are strong
functions of the seismic source properties. Therefore to estimate properly the site effects, it is
necessary to incorporate in the direct modelling of the wave field all the factors controlling
the ground motion at the site [11]. Furthermore, even if the considered model is rather simple
as the one, used for Russe, it is possible to quantify relevant variations of the site
amplification along the given local (one-dimensional) profile. In both case studies (Bucharest
and Russe) the RAD contribution to the seismic input is rather significant. This result
severely questions the common practice, where the contribution to seismic hazard of the



RAD component, is
of motion.

ignored, and all the attention is routinely focused on the TRA component

The site amplification along the considered profiles in Bucharest (solid line) and Russe
(dashed line) for VR86, VR901 and VR902 are shown in fig.6. The site amplification has
been defined as the ratio between the SA values obtained for the laterally varying models
normalized to the corresponding values obtained for the bedrock model. The comparison
between the sites amplifications at Bucharest and Russe, due to the different earthquakes,
show rather different amplification patterns for the different ground motion components. All
the ground motion components (TRA, RAD and VRT) contribute significantly to the seismic
input. Fig. 6 indicates once again that the ground motion at a given site is dependent not only
on elastic and non-elastic characteristics of the medium, but also on the seismic source
moment tensor and on its location. In general the VR86 shows greater site amplification at
both Bucharest and Russe sites compared to the VR901, which matches well with the
reported damages at Bucharest [26] and Russe, I (MSK-64) = VI (VR86) and I = V (VR901)
[6].

2 4 6 8 1 0 0 2 4 < 5 S 1 0 0 2 4 6 8
Distance, considered from thebegfrining of the local heterogeneous media, [km]

-e-

• YRS6-Bucharest
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Fig. 6. Site amplification for all the three ground motion components, transversal (TRA),
radial (RAD) and vertical (VRT) along the investigated profiles in Bucharest (solid lines) and
Russe (dashed lines).

CONCLUSIONS
The recently constructed deterministic maps, show good agreement with the Vrancea seismic
record and point out that the seismic hazard in Romania and NE Bulgaria is mainly due to the
large Vrancea intermediate - depth earthquakes. Urban areas located at large epicentral
distances from these sources may be prone to severe earthquake hazard.

Synthetic signals at Bucharest and Russe have been computed for two events (VR86 and
VR901) at selected sites, where instrumental records of the ground acceleration are available.
The comparison between the Energy input of both theoretically obtained and observed
seismic signals shows a good agreement between the synthetic and the registered ground
motion.

Site responses along representative geological cross-sections in Bucharest and Russe have
been calculated for three recent strong intermediate - depth Vrancea earthquakes (VR86,
VR901 and VR902). The obtained results point out that the definition of the "pure site effect"
as due to only the local geological conditions and relying upon the convolution concept, is an
oversimplification of the reality. It would be useful to replace it routinely by the estimation of
the site effects via waveform modelling, considering simultaneously the geotechnical



characteristics of the site, the position and geometry of the seismic source and the mechanical
properties of the propagation medium. 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, by using convolution concepts.

The approach applied in this study may be efficiently used to estimate the ground motion for
the purposes of microzonation, urban planning, retrofitting or insurance of the built
environment, etc. It makes it possible to obtain the definition of the seismic input at low cost
and exploiting large quantities of existing data (e.g. geotechnical, geological, seismological).
The procedure is capable to provide large sets of seismic signals and related quantities of
earthquake engineering interest in a reasonable amount of time. These features and
particularly the recently obtained results regarding the Vrancea seismic loading, that has been
shown to be higher than the one prescribed in both National Codes Romanian and Bulgarian,
makes the procedure suitable also for the purposes of the running harmonisation of the
National Codes in EC8 format.
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