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ABSTRACT

A computational hyorid technique is presented to estimate ground motion
in complex two-dimensional, anelastic media. The technique combines
modal summation and finite difference methods, and it can take into
account the source, path and local soil effects to calculate the local
wavefield due to a seismic event.

The hybrid technique is applied to study wave propagation in a
sedimentary basin in the Friuli region during the September 11, 1976,
Friuli aftershock (16h35m(48), Special emphasis is given to the
understanding of the different features of ground motion in sedimentary
basins. The most important effects that can be observed are the excitation
of local surface waves at lateral heterogeneities, and local resonances.
Within the sedimentary basin studied, the coda of the transverse
component is mainly composed of the local, fundamental-mode Love
wave, whereas the P-S8V wavefield shows dominant contributions of the
higher modes of Rayleigh waves. These differences in wave composition
lead, in general, to different dispersion characteristics and attenuation
phenomena for SH and P-SV waves. A parametric study demonstrates
the sensitivity of the computed ground motion to small changes in the
subsurface topography of the sedimentary basin, and the velocity and
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quality factor of the sediments. The results obtained for one- and two-
dimensional structural models show that only two-dimensional
structural models are suitable for the prediction of complete seismic
ground motions in sedimentary basins, because they can account for the
generation of local surface waves.

To establish the validity of the numerical results, they are
compared with observed ground motion. The relative amplitudes,
durations, and frequency content of the different components of the
synthetic signals agree well with the observations.

Keywords: wave propagation modelling, seismic strong ground motion,
sedimentary basins.

INTRODUCTION

Numerical simulations play an important rele in the estimation of
ground motion in regions of complex geology. In engineering seismology,
they can provide synthetic signals for areas where recordings are absent
and are therefore very useful for design of earthquake-resistant
structures. In seismic reflection or refraction studies, numerical
simulations provide a means for interpretation of seismic sections. For
applications in seismic studies, it is generally sufficient to treat wave
propagation in laterally heterogeneous struetures with asymptotic forms
for high frequencies. These methods, termed as “ray methods”, can only
be applied to smoothly varying media in which characteristic dimensions
of the inhomogeneities are considerably larger thai the prevailing
wavelength. They fail, however, to predict ground motion at sites close to
lateral heterogeneities such as edges of sedimentary basins and at sites
above irregular bedrock-sediment interfaces, where excitation of local
surface waves and resonance effects can become important. Therefore, it
is necessary to justify the validity of the selected method, relative to

whether the structure of the site under consideration falls within the

domain of the method.

Far away from lateral heterogeneities, a local structure can
sometimes be approximated by a horizontally-layered structural model.
In this case of & one-dimensional structure, the mode summation method
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is a powerful tool for computing broaiband synthetic seismograms. The
mode summation method is still suitable when lateral variations can be
schematized with vertical discontinuities (Vaccari et al., 1989), but it is
presently not appli able to local irregular structures, which cannot be
rrduced to plane-layered models. Since high-frequency seismograms are
tery sensitive to lateral heterogeneities, the influence of these local and
irregular heterogeneities should be included in the numerical modelling.
A powerful method for simulating wave propagation in two-dimensional
media is the computational hybrid technique presented in this study. The
hybrid method combines modal summation and the finite difference
technique (Fah et al., 1990; Fah, 1992). It can include both a realistic
source model and a complex structural model such as a sedimentary
basin, without the restriction to asymptotic forms for high frequencies.

In the following, this method is applied to simulate a seismic event
in the Friuli seismic region, and the results are used to study the wave
propagation effects in the Friuli sedimentary basin. One major problem of
such numerical simulations is the enormous number of parameters
which have to be specified as input. The choice of these parameters is
based on all available seismological, geological and geotechnical
information for the area under consideration. Our numerical simulation
predicts the seismic response at a specific site, only if the mechanical
parameters (density, velocity, damping, etc.) and geometrical parameters
{such as thickness) are reasonably well-known. Due to the restriction to
two-dimensional models, and the limited knowledge about the structure
and the seismic source, it is in general not possible to define one single
structural model. Moreover, waveforms are also sensitive to small
changes of the structural model close to the receiver, especially within
sedimentary basins, where the influence of the lateral heterogeneities on
wave propagation is very strong.

In this study, we will focus on the variability of ground motion.
Special attention is paid to the types of waves generated inside
sedimentary basins, to the differences between results obtained for one-
and two-dimensional structural models, and the limits of numerical
modelling imposed by the use of two-dimensional structural models. The
results of the numerical simulations are compared with observed ground
motion to eatablish the validity of the numerical results.

THE HYBRID METHOD

The hybrid method uses each of the two techniques in that part of the
structural model where it works most efficiently: the finite difference
method is used in the laterally heterogeneous part of the structural model
which contains the sedimentary basin (see Figure 1), and meodal
summation is applied to simulate wave propagation from the source
position to the sedimentary basin or the local irregular feature of interest.
This hybrid approach allows us to calculate the local wavefield from a
geisrnic event, both for small (a few kilometers) and large (a few hundreds
of kilometers) epicentral distances. The use of the mode summation
method allows us to include an extended source, which can be modelled
by a sum of point sources appropriately distributed in time and space.
This allows the simulation of a realistic rupture process on the fault. The
path from the source position to the sedimentary basin can be
approximated by a structure composed of flat, homogeneous layers. Modal
summation then allows the treatment of many layers which can take into
consideration low-velocity zones and fine details of the crustal section
under consideration. The finite difference method, applied to treat wave
propagation in the sedimentary basin, permits the modelling of wave
propagation in complicated and rapidly varying velocity structures. The
coupling of the two methods is carried out by introducing the resulting
time series obtained with the mode summation method into the finite
difference computations. In the SH computations the displacements are
used as input in the finite difference calculations, whereas in the P-S5V
case the input consists of the velocity time series.

In the mode summation method, the treatment of P-SV waves is
based on Schwab’s {1970) optimization of Knopoff's (1964) method (Panza,
1985), and the handling of SH waves is based on H: skell’'s (1953)
formulation (Florsch et al., 1991); these computations include the "mode-
follower” procedure and structure minimization described by Panza and
Suhadolc (1987). The introduction of anelasticity into the computations is
based on variational methods (Takeuchi and Saito, 1972; Schwab and
Knopoff, 1972), and includes Futterman’s {1962) results concerning the
dispersion of body waves in a linearly anelastic medium. By comparison
with the results obtained from the exact treatment of anelasticity (Schwab,
1988; Schwab and Knopoff, 1971; 1972; 1973), the atten :ation effects
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obtained from the variational technique turn out to be in error by about 20
percent, a value certainly acceptable for our purposes.

The seismic source is introduced by using the Ben-Menahem and
Harkrider {1964) formalism. Thege far field expressions are valid, if the
distance from the source, A, is larger than the dominant wavelength, A, of
the computed signal; if A>A, the first term of the asymptotic expansion of
the cylindrical Hankel functions, appearing in the far field expressions, is
exact with at least three significant figures (Panza et al.,, 1973). The
seismograms computed with modal summation contain all the body
waves and surface waves, whose phase velocities are smaller than the 8-
wave velocity of the half-space that terminates the structural model at
depth. These comp: tations therefore supply a realistic incoining wave-
field, to be used as innut in the finite-difference computations.

Explicit finite difference schemes are used to simulate the
propagation of seismic waves in the sedimentary basin. These schemes
are based on the formulation of Korn and Stuckl (1982) for SH waves, and
on the velocity-stress, finite difference method for P-SV waves (Virieux,
1986; Levander, 1988). The algorithms can handle structural models
containing a solid-liquid interface, and are numerically stable for
materials with normal, as well as high values of Poisson’s ratio.

Intrinsic attenuation in soft sediments is an important process
and should always be taken into account to prevent serious errors in the
simulation of wave propagation in sedimentary basins. In the finite
difference computations, anelasticity i8 included using the rheological
model of the generalized Maxwell body. The numerical algorithm has
been developed by Emmerich and Korn (1987) for the case of SH-wave
propagation, and it has been extended to the P-SV case by Fih (1992) and
Emmerich (1992). In this method, the viscoelastic modulus is
approximated with a low-order rational function of frequency. This
approximation can account for a constant quality factor over a certain
frequency band. Replacement of all elastic moduli by viscoelastic ones,
and considering the stress-strain relation in the time-domain, yields a
formulation which can be handled with a finite difference algorithm.

The limits of the hybrid technique are imposed by the need for
relatively large amounts of CPU time and computer memory in the finite
difference computations. The finite difference method has the
disadvantage that limitations of computer memory require the
introduction of artificial boundaries, which form the border of the finite
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difference grid in space. These boundaries are a severe problem in finite
difference methods, since they can generate spurious reflections of the
waves impinging upon them from the interior of the grid. Therefore,
before going into two-dimensional computations, we first compare the
results of modal summation and the finite difference technique for the
simple case of a one-dimensional structural model. This comparison is
necessary each time the hybrid technique is applied in a new region. The
comparison allows us to establish control over the accuracy of the finite
difference part of computations, relative to: (1) the efficiency of the
absorbing, artificial boundaries, (2) the correct discretization of the
structural model in space, (3) the presence of all phases in the
seismograms, and (4) the treatment of anelasticity. The comparison is
performed for the same layered structural model which describes the
path from source position to the region where the finite difference method
is applied. An important disadvantage of the hybrid technique is the fact
that geometrical spreading cannot be treated in the finite difference
computations in an exact manner; despite this problem, from the one-
dimensional experiment we can estimate the lower bound of error in the
hybrid technique to be 2 to 5 percent in amplitudes with respect to modal
summation (F&h, 1992), This error is valid for the source-receiver
distances considered in the numerical examples (Figure 1), and it can
only be obtained if the discretization in space is optimized, and if the finite
difference grid is deep enough to guarantee the completeness of the
signals. This lower error bound for the hybrid method can be expected for
any laterally heterogeneous structure, and the low value of this bound
allows the application of the hybrid technique to the study of wave
propagation in sedimentary basins with relatively high accuracy.

EXAMPLES OF NUMERICAL MODELLING

The September 11, 1978 Friuli aftershock (16h35m043) has been recorded by
a few accelerographic stations (CNEN-ENEL, 1977}, Records from one of
the nearest stations -- the three-component records at station Buia -- will
be considered and compared with theoretical computations. The low-pass
filtered accelerograms recorded at station Buia are shown in Figure 2a.
They are not corrected for the instrumental response.
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The area where the station of Buia is placed is characterized by
terrigenous sediments (Flysch), widely outeropping at Monte Buia
(Figure 3). They are covered locally by a thin quaternary layer, forming a
gedimentary bagin, and overlap a carbonatic mesozoic sequence. The
surface sediments are incoherent, of glacial, alluvial, and lacustrine
origin (Barnaba, 1978). They form the so-called Amphitheater of the
Tagliamento river. The thicknesses of the quaternary sediments are well-
known (Giorgetti and Stefanini, 1989) and locally can reach 100 m. At
station Buia they reach a thickness of about 57 m.

NUMERICAL MODELLING FOR A ONE-DIMENSIONAL
STRUCTURAL MODEL

Assuming a one-dim.nsicnal, layered, anelastic structural model for the
region, Panza and Suhadole (1987} have shown that the observed signals
at station Buia for the September 11, 1976 earthquake cannot be explained
by only a single point source. They used the mode summation technique to
reproduce the observed vertical component, by trial-and-error varying of a
set of source parameters. A good fit was obtained with three point sources
having different weights and time shifts, but the same focal depth,
mechanism, and duration. The same conclusion was drawn by modelling
all three recorded components (Figure 2b), and combining SH and P-SV
waves (Florsch et al.,, 1991). In the last study, the source is approximated
by a sum of six point sources, still modelling three different rupturing
episodes. The parameters varied in the process were the number of point
sources, their origin time, and the weights of the individual sources. The
source-receiver distance, the source depth, the strike, dip and rake were
varied, but kept constant for all subevents. All these parameters were
adjusted until a sati factory waveform fit was obtained, both in the time
and in the frequency domain. This fitting was limited to frequencies below
6.5 Hz.

The one-dimensional layered, anelastic structural model used, is
representative of the Friuli area (model FRIULTW in Table 1). it is
essentially based on a damped, least-square inversion of arrival time data
from local earthquakes (Mao and Suhadole, 1987; 1982). In the model
FRIUL7W, the thickness of the surficial sediments corresponds to their
thickness at station Buia (Giorgetti and Stefanini, 1989).
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In all cases of waveform fitting, the orientation of the sources
agrees well with previously published results by Slejko and Renner (1984),
who interpreted the event as one of thrust on a very shallow, NW dipping
plane. Several point sources with different weights and time shifts are
required to fit the observed signals (Figure 2b). The vertical component
can be well reproduced, whereas the synthetic NS-component has
excessively large amplitudes in the coda. The duration of the cbserved
EW-component cannot be explained by this set of point sources. The
difficuity in reproducing the observed horizental components of motion
with a one-dimensional structural model arises from the fact that local
lateral heterogeneities are the main influence on these components. Gn
the other hand, the vertical component of motion is much less affected by
local site conditions and can be modelled quite well with one-dimensional
structural models.

NUMERICAL MODELLING FOR TWO-DIMENSIONAL STRUCTURAL
MODELS

The effect of the sedimentary basin is studied with the hybrid approach
and represents an application of this technique for frequencies from
0.5 Hz to 6.5 Hz. The dominant energy of the observed sigr 1ls is contained
in this frequency band. The lower frequency limit (0.5 Hz) is chesen in
order to neglect the higher-order cylindrical Hankel functions in the
source expression (Panza et al., 1973). The higher frequency limit (6.5 Hz)
is introduced because of the chosen grid spacing selected in the finite
difference computations. The number of grid pointe in the finite
difference computations is 750x300. The mesh size is 10 m by 10 m in the
upper part of the model and 10 m by 30 m in the lower part, resulting in a
maodel size of 7.5 by 7.0 km.

The depths to the bedrock in the sedimentary basin arc taken from
the work published by Giorgetti and Stefanini (1989). For the definition of
the seismic P-wave velocities of the quaternary sediments, results from
refraction measurements in the region of Madonna di Buia (Giorgeiti,
1976) and different parts of the Amphitheater (Martinis et al., 1976) were
taken. The variability of shear-wave velocities is known from cross-hole
measurements in the Tarcento region {Brambati et al., 1980). The
mechanical properties of the guaternary sediments vary between
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p=1.8 g/ecm?, ¢=1.3 km/s and P=0.35 km/s near the surface, and
p=2.0 g/lem3, 0=1.8 km/s and P=0.8 km/: at larger depths.

We are restricted to two-dimensional models, but the real
structure -- mainly the depth of the sediments and their mechanical
properties -- varies .1 the horizontal plane. In 2D modelling, this can be
accounted for partly by studying the wave propagation along different
cross-sections. Their positions are shown in Figure 3, and the related two-
dimensional structural models are presented in Figure 4. The main
features of cross-section A are two sedimentary basins intersected by the
outcropping of Flysch at Monte Buia. Cross-section B represents an
average model for the region, whereas cross-section C represents the part
of the Amphitheater with deep sediments. Cross-section D is chosen to be
very simple, having only a sharp vertical discontinuity between two
layered quarter-spaces: the first corresponding to layered structure
FRIUL7W without the sedimentary layer, the second to FRIUL7W with
the sedimentary layer. The thickness of the sedimentary layer is equal to
the thickness (57m) of the quaternary sediments at station Buia.

The layered one-dimensional model, describing the propagation of
waves from the source position to the sedimentary basin, is chosen to be
the model FRIUL7W (Table 1) without the sedimentary cover of 57 m
thickness. The source is always placed in the plane of the cross-section,
and the source depth, mechanism, and duration are those of the first
source considered by Florsch et al. (1991) (source-depth 7.1 km, angle
between the strike of the fault and the epicenter-station line 19°, dip 28°,
rake 115°, and source duration 0.6 s).

The first example of computations with the hybrid technique is the
simulation of wave propagation in the two-dimensional structure
corresponding to cross-section A (Figure 4). The accelerograms for an
array of receivers at the surface of this structure is shown in Figure 5.
Heterogeneities with size cormmparable to the wavelength of the incident
wavefield generate significant spatial variations of the ground motion.
They act on the wavefield as would fictitious sources placed at the location
of the heterogeneities themselves. The closer they are to the observation
point the more important are the effects. Even for closely neighboring
sites, it is possible to observe big differences in shape, duration, and
frequency content of the signals.

At the first station (9.8 km from the source) the sediments are
shallow. The influence of this thin sedimentary cover on wave
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propagation is not important since the characteristic dimensions of the
inhomogeneity are considerably smaller than the prevailing wavelength.
The high-frequency part of the P-SV wave energy is concentrated in the
radial components. When the sediments become thicker the energy is
redistributed by diffractions, and by multiple reflections in the
sedimentary layer. The multiply reflected body waves can dominate the
shape of the signals and, after a short propagation path, form local
surface waves (phases L1, R1 and R2). They are the dominant phase for P-
SV waves (phase R2)} and have much smalter amplitudes for SH waves
(phase L1). In the P-8V case, the dipping layer at the edge of a
sedimentary basin gives rise to different types of local surface waves: the
fundamental mode (phase Ri) which iz prominent on the vertical
component, and the firat higher modes (phase R2). For the SH case, on the
other hand, the coda of the signals is composed almost completely of the
fundamental mode Love-wave. The extension of the zone in the
sedimentary basin, within which these local surface waves are of
considerable amplitude, depends on the waves' frequency content and the
quality factor of the sediments. The lower are the frequencies and the
higher is the quality factor, the larger is the extension of the zone where
local surface waves are of considerable amplitude. The frequency content
of local surface waves, at a given distance from the edge of the basin,
depends on the inclination of the bedrock-sediment interface and the
thickness of the sediments. Since the depth of the sedimentary cover does
not remain constant, the group velocity of the local surface waves can
vary and mode conversions can occur within sedimentary basins,

The amplitudes of the reflected waves at the right edge of the first
basin are small. They interfere with local surface waves excited by the
direct body-waves at the right edge of the sedimentary basin., The
amplitudes of these waves are also very small. Resonance effects of the
surface layer dominate the shape of the signals at all statior s inside the
sedimentary basin. The predominant periods of the signal at each station
are related to the thickness of the sedimentary layer. A good example of a
strong local resonance can be seen on the transverse component (at
11.8 km from the source) with an arrival time of about 3 8 and with
dominant frequencies around 5 Hz. This special type of resonance at the
edges of the sedimentary basins can often be observed in theoretical
computations (Fah et al., 1990). They can probably be related to the effects
reported for earthquakes, where severe damage has been observed at the
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edges of sedimentary basins, e.g. the concentration of damage observed
during the Skopje, Yugoslavia earthquake of 1963 (Poceski, 1969).

On the outcrop, the signals loose most of the high-frequency
content and the amplitudes are smaller than elsewhere. Local surface
waves are also excited in the second sedimentary basin (located after the
outcrop with respect to the source), but now also with great amplitudes on
the transverse component, These local surface waves are mainly formed
by trapped S-waves interfering constructively for frequencies around 2 Hz.
These frequencies are close to the first mechanical resonance frequency of
an infinite layer whose thickness and mechanical properties are equal to
those of the sedimentary layer in its thicker part. A characteristic of these
local surface waves is their strong dispersion, which can be explained by
the group velocity curve shown in Figure 6 for the corresponding layered
model FRIULTW. On the transverse component, there is an excitation of
local surface waves corresponding to the fundamental Love mode with
frequencies near those of the minimum in the group velocity curve. This
wavetrain never separates from the direct wavetrain. The lowest velocity
corresponds to the minimum group velocity (0.40 km/s) of the
fundamental mode.

As was observid in the SH case, in the second sedimentary basin,
there is also excitation of local Rayleigh waves with frequencies lower
than that of the group velocity minimum. The interpretation of the P-SV
seismograms is more difficult than it is for SH waves. From the group
velocity curves, shown in Figure 6, it should be expected that not only the
fundamental mode is locally excited, but also some of the higher modes.
Close to the frequency of 2 Hz, there is an apparent continuity of the group
velocity between adjacent modes. This mode-to-mode continuation leads to
an almost continuous group velocity which begins with the first higher
mode and contains segments of all successive higher modes. The
superposition of these higher modes leads to the large amplitudes that are
observed in the coda of the signals.

COMPARISON OF COMPUTED GROUND MOTION WITH
OBSERVATIONS

The computations have been made also for the cross-sections B and C, for
the model with two guarter-spaces (cross-section D), and the one-
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dimensional model FRIUL7W (cross-section MOD). For the specific site of
station Buia, we will analyse the differences due to the use of different
structural models. At station Buia, which iz 15 km distant from the
source, the thickness of the sedimentary cover is the same for all models.
A comparison i8 shown in Figure 7 between the transverse, radial and
vertical components of ground motion computed for the five different
cross-sections of the basin, and the observed accelerations at station Buia.

The local Love waves -- in the text, also referred to as the 2 Hz
surface waves -- never separate from the direct wavetrain (see transverse
component in Figures 5). From the group velocity curves (Figure 6) and
the strong dispersion of the coda, which has a dominant frequency
around 2 Hz, we have concluded that this wavetrain is mainly
fundamental-mode energy. Owing to its strong attenuation, this
wavetrain does not propagate over large distances. The fundamental-
mode Love wave can be excited at the edge of the sedimentary basin or at
lateral heterogeneities within the sedimentary basin. For model D,
formed with just two quarter-spaces, lateral heterogeneites inside the
basin are absent; thus at larger distances from the edge of the basin, the
local Love waves are strongly attenuated (ND in Figure 7). In the case
where the interface between the bedrock and the sediments approaches
the free surface {cross-section B and C), or in the case of an outcropping of
the bedrock (cross-section A), the local 2 Hz surface waves are also
generated by these heterogeneities. For cross-sections B and C, several
phases with local surface waves, excited at different heterogeneities, can
interfere.

The first part of the observed transverse component resembles the
first part of the signals obtained for model I}, and for the one-dimensional
model MOD. In the coda of the ochserved signal, however, there is evidence
for local surface waves generated by the sedimentary basin. The synthetic
seismograms, obtained for the one-dimensional model (label MOD),
cannot reproduce the waveform and duration of the observed signal. This
can be explained by the fact that local surface waves cannot be excited in a
laterally-homogeneous, layered structural model. The local surface
waves, obtained for cross-sections A, B and C, have amplitudes that are
too large in comparison with the observed signals. In the choice of the
geometry of the bedrock-sediment interface, we have restricted ourself to
the geometry given by Giorgetti and Stefanini (1989). However, to
reproduce the observed transverse component, the heterogeneities inside
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the sedimentary basins, responsible for the excitation of these local
surface waves, would have to be different from those used in the
numerical modelling, The heterogeneities are either too close to station
Buia or the bedrock-sediment interfaces are too close to the free surface.
Good agreement with the observed transverse acceleration can be
ob‘ained for the simplest model, D. On the other hand, the rather large
amplitudes of the surface waves in the observed signals can be explained
if we assume an excitation of local surface waves within the sedimentary
basin.

For the radial component of ground motion, the situation with the
excitation of local surface waves is not as clear as it is for Love waves. In
the P-SV case there are also three sources of local surface waves: the edge
of the sedimentary basin, the places where the bedrock-sediment interface
a'pproaches the free surface, and the outcropping of the bedrock. From the
signals obtained for cross-sections A, B and C, it can be concluded that the
stronger the lateral heterogeneity within the basin is, the greater are the
amplitudes of the local Rayleigh waves. On the other hand, these lateral
heterogeneities can reflect most of the local Rayleigh waves coming from
the edge of the sedimentary basin closest to the seismic source.

The comparison of the synthetic signals with the observed radial
component shows good agreement between that observation and the
signal obtained for cross-section C. Due to the small amplitudes of the
coda in the observed radial component, it can be concluded that the local
surface waves have travelled through the deeper parts of the sedimentary
basin and that the lateral heterogeneity within the basin has reflected the
local surface waves from the first edge of the basin. To reproduce the
observed signal, the 1ateral heterogeneity within the basin cannot be
strong; a strong heterogeneity, in fact, would excite large-amplitude local
surface waves inside the basin, and these are not observed
experimentally, No agreement can be found between the observed radial
acceleration and the synthetic signal obtained with modal summation for
the one-dimensional, layered structural model.

Comparison between the observed vertical component of ground
motion and the synthetic signals shows that for the lower-frequency part
(below 4 Hz) of the signals, there is less difference between the vertical
components of motion than it was observed for the horizontal ones. This
similarity of the vertical components of motion is a fact that was also
observed at different sites in Mexico City during the 1985 Michoacan
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earthquake (Campillo et al., 1988), and therefore, on the basis of our
calculations, it can be considered a guite general property. The high-
frequency ringing not observed experimentally but present in the
synthetic sig:nals for models A, B and C, is the remainder of the
resonance effects in the shallow part of the sedimentary cover. This
difference once again indicates, that in the numerical modelling, the
shallow parts of the sedimentary cover are too close to the observation
point, or the bedrock-sediment interfaces are too close to the free surface.

The relative amplitudes of the different components of the
synthetic signals agree well with the observed signals. Assuming a point
source, the long duration of the signals can be explained by local surface
waves, even though an approximation of the magnitude ML=5.7
earthquake with a point source might not seem realistic. There is
evidence for the generation of surface wave energy at the first edge of the
sedimentary basin and at lateral heterogeneities within the basin.
Therefore, it can be concluded that the complexity of the source proposed
by Florsch et al. (1991) is only partly real, and is partly an artifact of their
assumption of a laterally homogeneous structure.

SENSITIVITY OF THE SIGNALS TO CHANGES OF THE QUALITY
FACTOR AND OF THE SHEAR WAVE VELOCITY OF THE SEDIMENTS

In the previous section, we have seen that waveforms of synthetic signals
are sensitive to small changes in the subsurface topography. We now
want to focus on the influence of the local surface-soil properties, i.e. on
the influence of shear-wave velocity and quality factor in the sediments.
For our computations, average structural model B has been chosen. The
results obtained for different shear-wave velocities are shown in Figure 8,
where the three components of motion are compared with the records at
station Buia,

The horizontal components of motion are very sensitive to small
changes in shear-wave velocity, whereas the vertical component in its
low-frequency part (below 4 Hz) shows smaller differences. The lower the
shear-wave velocity of the sediments, the larger the amplitudes of the
local surface waves, and the stronger their dispersion. The effects are
more evident in the case of SH waves due to the dominant contribution of
the fundamental-mode Love wave. The increased spatial attenuation due

ELE,
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o the low shear-wave velocities reduces the high-frequency content of the
synthetics. The maximum amplitude of the first body-wave pulse changes
only slighly.
The influence of the quality factor on ground motion is shown in
Figure 9. The s nthetic signals have been computed for three different
quality factors Qp of the sediments, by keeping the shear-wave velocity
~ fixed at 0.6 km/s. The amplitudes of the local surface waves are more and
more attenuated as the quality factor decreases. Since the heterogeneity
which is mainly responsible for the local surface waves is about 1km
from the receiver, a quality factor as low as 5 damps out the local surface
waves almost completely. What remains in this case, 15 the one-
dimer.sional response of the local structure just below the ‘receiver, and
the duration of tl.e signals become similar to that of the synthetics
obtained with the one-dimensional structural model (label MOD in
- Figure 7).

CONCLUSIONS

The examples considered in our study have shown the well-known
amplification of the incident waves, which occurs when a seismic wave
travels through an interface frem a medium with relatively high rigidity,
into a medium of lower rigidity. Sloping interfaces, such as the
trangitions from bedrock to sediments, can generate local surface waves
in the sedimentary layers. These loral waves can dominate the seismic
gignal, especially close to the transition zone. Their energy propagates
mainly in the sedimentary layer. For both SH and P-SV waves, strong
resonances can oce ir in parts of the basing with smooth variations of the
geometry of the interface between bedrock and sediments. In general, the
behavior of SH waves and P-SV waves in sedimentary basins is different.
This is due to the different frequency content of the two classes of waves,
and different physical processes, e.g. the S- to P-wave conversion for P-8V
waves at strong impedance contrasts. Within the sedimentary basin
studied, the coda of the transverse component is mainly composed of the
local, fundamental-mode Love wave, whereas the P-SV wavefield shows
dominant contributions of the higher-modes Rayleigh waves. The
superposition of these higher modes leads to the large amplitudes that are
observed in the coda of the signals. These differences in wave composition
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lead to different dispersion characteristics and attenuation phenomena
for SH and P-SV waves.

An important test of any numerical result is the comparison
between the synthetic signals and the observed ground motion, which
allows us to establish validity of the numerical results. The synthetic
gignala can explain the major characteristics of the observations. For
selected structural miodels, the relative amplitudes, durations, and
frequency content of the different components of the synthetics agree well
with the recorded data. In general, there is considerable variability of
synthetic ground motion for different, realistic two-dimensional models of
a sedimentary basin. The theoretical study shows that waveforms and
frequency content of computed seismograms are sensitive to small
changes in the subsurface topography of the sedimentary basin, and the
velocity and quality factor of the sediments. This has also been noted
experimentally for records from different sites in existing strong-motion
arrays. What remains constant for different, realistic structural models
are the physical processes that occur within sedimentary basins, e.g. the
excitation of local surface waves and resonance effects. The frequency
content and dispersion characteristics of the waves induced by these
processes are clearly related to the depth of the sediments, the steepness
and irregularity of the sediment-bedrock interface, and the seismic
velocities.

One aspect which i not included in our discussion, is the
influence of surface topography on ground motion. This approximation
can be justified for sites inside sedimentary basins, where topographic
features are in general small. However, topography can become
impoertant at the edges of sedimentary basins, especially in mountainous
regions such as the Friuli area. Surface topography is not yet included in
our numerical scheme, but can also be implemented in future, improved
algorithma.

The hybrid technique, presented in this study, makes it possible (1)
to study local effects even at large distances (hundreds of kilometers) from
the source (Fgh, 1992), (2) to include highly realistic modelling of the
source, and (3) of the propagation path. This technique, allowing
parametric studies, can assist in the interpretation and prediction of
ground motion at a given site. Such studies provide a complete database
for the ground motion that is to be expected at sites of interest.
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TABLE
Table 1. Structural model FRIULTW, representative of the Friuli (Italv)

area, obtained by damped, least-square inversion of arrival time data
{Mao and Suhadole, 1987; 1992), Qg = 2.5 Qp.

Thickness | Density P.wave S-wave Qg
(km) (g/cm?) veloeity velocity
(km/s) {km/s)
0.057 2.00 150 0.60 20
0.043 230 3.50 1.80 20
0.20 2.40 4.50 2.50 50
0.70 2.40 5.55 3.05 100
2.00 2.60 5.88 324 100
0.10 2.60 5.70 3.14 50
020 2.60 5.65 3.10 50
0.20 2.60 5.60 3.06 50
100 2.60 557 3.03 50
0.50 2.60 5.55 3.02 50
1.0 2.60 5.567 3.03 50
0.20 2.60 5.60 3.06 50
0.20 2.60 5.65 3.10 50
0.10 2.60 5.7G 3.14 ]
4.50 2.60 5.88 3.25 100
0.10 2.60 6.10 3.40 200
0.10 2.60 6.20 3.50 200
0.10 260 6.30 3.60 200
0.70 260 6.45 3.1 200
2.50 2.60 6.47 377 200
500 2.60 6.50 3.80 200
5.00 2.60 6.55 3.82 200
1.00 278 6.55 3.82 200
200 275 7.00 3.85 200
2.00 2.80 7.00 3.85 200
1.50 2.80 6.50 3.75 100
4.00 2.85 7.00 3.85 200
3.00 3.20 7.50 4.25 400
150 3.40 8.00 4.50 400
9,00 3.45 8.20 4.65 400

LR

e

Ty



23

FIGURE CAPTIONS

Figure 1. Geometry of the problem with special reference to the
sedimentary basin in the Friuli (Italy) area, and the September 11, 1976,
Friuli aftershock (16035m048),

Figure 2, Comparison of the observed ground acceleration at station Buia

for the September 11, 1976 Friuli, ML=5.7 aftershock (16h35Mm048) with the

results obtained from waveform fitting with the mode summation
technique for a lavered, anelastic structural model:

a) Observed, uncocrected accelerograms, after Gaussian filtering, with a
cutoff frequency of 6.5 Hz. The zero of the time axes does not coincide
with the origin time. The amplitudes are given in cm 8-2.

b} Synthetic accelero,rams from six point sources located at the same
depth, 7.1 km, and the same distance, 15 km (Florsch et al., 1991). The
strike, the angle between the strike of the fault and the epicenter-station
line, the dip, and the rake are 225°, 19°, 28°, and 115°, respectively. The
six point sources have different weights and time shifts (1.0, 0.6, 0.6, 0.6,
0.5,0.5,and 0s,0.77 8, 1.13 5, 1.37 5, 1.9 5, 2.18 8). Weight 1 corresponds
to a source with seismic moment of 1 dyne-cm. The normalized seismic
moment-release in time (seismic moment rate) is shown at the bottom.
The total moment Mp=6.0-1024 dyne-cm corresponds to the value which
gives the best fit of the synthetic to the cbserved signals.

Figure 3. Overview of the Friuli seismic region, lining out the presence of
the quaternary basin, the ISC epicenter determination of the September
11, Friuli 1976 aftershock (16h35m045), and the position of station Buia.
The solid lines indicate the cross-sections, for which 2D modelling has
been performed.

Figure 4. 2D models corresponding to cross-sections A, B and C in
Figure 3, and to a model with two quarter-spaces in welded contact (cross-
gection D). Only the part near the surface is shown, where the models are
different.

Figure 5. Acceleration time series for P-SV and SH waves at an array of
receivers, for croas-section A shown in Figure 4. All amplitudes are
related to a source w.th a seismic moment of 1 dyne-cm. The signals are
normalized. The peak acceleration is indicated in units of cm 8-2. The
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distance to the source for each seismogram is given in units of km. The

time scale is shifted by 2 seconds from the origin time (0 & in the figure is
really 2 & from the origin time).

Figure 6. Group velocity curves of the fundamental and the first 3 higher
modes of Love and Rayleigh waves for the structural model FRIULTW,

Figure 7. Comparison between the recorded transverse, radial and
vertical components of acceleration (OBS) and synthetic signals, obtained
with different models (MOD: synthetic seismograms obtained for
structural model FRIUL7W; ND, NC, NB, NA: synthetic seismograms
obtained for model D with two layered quarter-spaces, and cross-sections
C, B, and A respectively). The time-scale is shifted by 2 s from the origin
time. The recorded seismograms are aligned to agree with the synthetic
signals. All amplitudes of the synthetic signals correspond to a source
with a seismic moment of 1dyne-cm. The synthetic signals are
normalized to the same peak acceleration which is indicated in units of
¢m 8-2,

Figure 8. Comparison between the recorded components of acceleration
(OBS) and synthetic signals obtained for cross-section B. The synthetic
signals have been computed for four different shear-wave velocities of the
sediments (0.5 km/s, 0.6 km/s, 0.7 kn/s and 0.8 km/s, as indicated at the
end of each seismogram).

Figure 9. The same as in Figure 8, but for synthetic signals which have
been computed for three different quality factors of the sediments (Qp=5,
Qp=10, and ngZO, as indicated at the end of each seismogram).
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