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All models are wrong, some models are useful.

Tutti i modelli sono sbagliati, alcuni sono utili.

(George Box, 1979)
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ABSTRACT

Lo scopo di questa tesi di dottorato € la stima del moto forte del suolo nell’area delle Alpi
Sud-Orientali. A tal fine sono state proposte delle relazioni empiriche che stimano i parametri del
moto in funzione della magnitudo, della distanza dall’epicentro e della classificazione geologica del
suolo; successivamente tali relazioni sono state usate per calibrare il software ShakeMaps con il fine
di generare in tempo reale le mappe di scuotimento del terreno per la regione Friuli-Venezia Giulia.

Le GMPEs (Ground Motion Predictive Equations) per PGA, PGV e SA sono state calcolate
nell’area delle Alpi Sud-Orientali utilizzando registrazioni del moto forte del terreno. Sono state
selezionate 900 forme d’onde accelerometriche filtrate tra 0.1 Hz e 30 Hz; la distanza epicentrale
varia tra 1 km a 100 km, mentre la magnitudo locale, opportunamente calibrata confrontando
diversi cataloghi, varia in un intervallo relativamente ampio (3.0 £ M_ < 6.3). Sono stati testati
diversi modelli di attenuazione e il miglior risultato e stato individuato utilizzando specifici criteri
di valutazione derivanti da considerazioni di carattere statistico (valore di R?, uso dell’ ANOVA test,
analisi dei residui). | coefficienti del modello finale sono stati determinati oltre che da My, dalla
distanza epicentrale e dagli effetti dovuti al sito, anche dalla saturazione della magnitudo, dalla
correlazione tra magnitudo e distanza e dagli effetti di “near-source”. | coefficienti delle GMPEs
sono stati calcolati per le componenti verticali ed orizzontali (rappresentata sia con la componente
maggiore sia con la somma vettoriale delle due componenti); la tecnica dell’analisi dei gruppi ha
permesso di ridurre I’incertezza finale sulle relazioni empiriche. 1l confronto con i risultati ottenuti
precedentemente evidenzia come le relazioni ottenute in questa tesi abbiano una maggiore
attenuazione a basse magnitudo e a grandi distanze; risultati analoghi sono stati ottenuti per le
relazioni ricavate dai dati registrati in tutta I’ Italia Settentrionale.

L’evoluzione recente delle reti sismiche rende oggi disponibile una grossa mole di dati
acquisiti in tempo reale, per cui risulta fattibile stimare velocemente lo scuotimento del terreno
tramite mappe; il software “ShakeMap” é stato adattato alle Alpi Sud-Orientali implementato allo
scopo di ottenere una stabile interfaccia con il sistema di acquisizione dati “Antelope” che
garantisca I’estrazione dei parametri del moto dalle forme d’onda e la creazione delle mappe di
scuotimento entro 5 minuti dall’evento sismico. Questa procedura richiede una fitta e uniforme
distribuzione spaziale degli strumenti di registrazione sul territorio e una classificazione geologica
del suolo fatta usando le velocita’ medie, Vs30, dei primi 30m del mezzo immediatamente sotto gli
strumenti. La classificazione geologica del suolo prevede la suddivisione in tre categorie (suolo

rigido, suolo addensato e suolo soffice) mentre i coefficienti di amplificazione sono stati calcolati
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usando le relazioni proposte da Borcherdt (1994). Le relative mappe vanno calcolate usando le
GMPEs e le relazioni empiriche che legano il moto del terreno all’intensitd macrosismica, basate
ambedue su dati registrati nella regione alpina. Le GMPEs discusse in precedenza sono state
inserite nel software “ShakeMap” per la produzione delle mappe di scuotimento in tempo reale e
quasi-reale nell’Italia Nord-Orientale. Per valutare I’effetto della densita di stazioni sulle mappe di
scuotimento sono stati calcolati dei sismogrammi sintetici relativi al terremoto di Bovec 2004
variando il passo di griglia e la geometria dei ricevitori. | risultati ottenuti indicano come una
distribuzione fitta e uniforme di strumenti sul territorio e una scelta accurata delle dimensioni della
griglia dei ricevitori siano cruciali per calibrare le mappe di scuotimento in una ben determinata
area geografica. Le mappe di scuotimento del suolo sono state generate per otto terremoti avvenuti
nell’area considerata negli ultimi 30 anni; inoltre per gli eventi del Friuli 1976 e Bovec 1998 é stato
utilizzato il modello di faglia finita con i parametri di sorgente stimati in precedenti studi.

La validazione del modello e stata fatta calcolando il misfit tra le intensita macrosismiche
osservate (catalogo DBMI04) e quelle “strumentali” che sono state ottenute dai sismogrammi
sintetici tramite relazioni empiriche tra moto del suolo ed intensita. L’analisi é stata fatta per i
terremoti del Cansiglio (1936), del Friuli (1976) e di Bovec (1998). | sismogrammi sintetici sono
stati calcolati ad una frequenza massima di 10 Hz applicando il modello della riflettivita; i parametri
del moto sono stati estratti dai segnali sintetici calcolati nelle attuali stazioni di registrazione e
successivamente sono state generate le mappe di scuotimento. L’intensita macrosismica
“strumentale” é stata ricavata applicando diverse relazioni; il minor misfit e stato ottenuto usando le
relazioni proposte da Kastli and Fah (2006) per tutti e tre i terremoti considerati, il che sembra

validare il nostro modello di Shake Maps.



ABSTRACT

The aim of this PhD thesis is to estimate ground motions in the South-Eastern Alps area. For
this purpose we purposed empirical relationships that estimate the ground motion parameters as
function of the magnitude, the epicentral distance and the soil geological characterization. Later on
these relationships are used to calibrate the ShakeMaps software to generate ground motion shake
maps in real time for the Friuli-Venezia Giulia region.

The GMPEs (Ground Motion Predictive Equations) for PGA, PGV and SA are computed in
the South-Eastern Alps area using strong motion observations. 900 accelerometric waveforms are
selected and filtered between 0.1 Hz and 30 Hz; the epicentral distance varies from 1 km to 100 km,
while the local magnitude, calibrated by comparison with various catalogues, varies in a relatively
wide range (3.0 < M| < 6.3). Various attenuation models are tested and the best result is selected by
the adoption of specific evaluation criteria derived from statistical considerations (R* value,
ANOVA test, residuals analysis). The coefficients of the final model are determined from My, the
epicentral distance, the site effects, the magnitude saturation, the correlation between the distance
and the magnitude and the near-source effects. The coefficients of the GMPEs are computed from
vertical and horizontal components (the latter represented both as the largest horizontal component
and the vectorial addiction); the cluster analysis reduces the final uncertainties on the empirical
relations. The comparison with the previous results evidences that the obtained relationships are
characterized by a strong attenuation at low magnitudes and large distances. Similar results are
obtained for the relationships derived from data recorded all over Northern Italy.

The recent evolution of the seismic networks provides a large number of data, available in
real time, so it is possible to quickly estimate shake maps. The “ShakeMap” software has been
adapted to the South-Eastern Alps region and implemented to obtain a stable interface with the
“Antelope” acquisition system in order to extract the ground motion parameters from the
waveforms and the generation of the shake maps within 5 minutes from the earthquake occurrence.
This procedure requires a dense and uniform spatial distribution of the recording instruments in the
field and a geological classification of the soil derived from the average velocities of the S waves in
the first 30m below the recording instruments (Vs30). In the geological classification the soil is
divided into three classes (bedrock, stiff soil and soft soil), and the amplification coefficients are
computed using the relationships proposed by Borcherdt (1994). The related maps are generated
using the GMPEs and the empirical relations that predict the macroseismic intensity from the
ground motion, both derived from data observed in the Alpine region. The GMPEs that are obtained
in this thesis are inserted in the ShakeMap software to generate shake maps in real time or quasi real
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time in North-Eastern Italy. To evaluate the effects of the station coverage on the shake maps,
synthetic seismograms are computed for the Bovec 2004 earthquake by varying the grid size and
the network geometry. The results indicate that a dense and uniform spatial distribution in the field
and a careful choice of the grid size are crucial to calibrate the shake maps in a given geographical
area. The shake maps are generated for eight earthquakes occurred in the studied area in the last 30
years. Furthermore, the finite-fault model is utilized for the seismic events of the Friuli 1976 and
Bovec 1998 selecting the source parameters proposed in previous studies.

The model validation is done computing the misfit value between the observed
macroseismic data (DBMI04 catalogue) and the “instrumental” intensities that are obtained from
the synthetic seismograms using empirical relationships between the ground motion and intensity.
This analysis has been done for the earthquakes of Cansiglio (1936), Friuli (1976) and Bovec
(1998). The synthetic seismograms are calculated for an upper cutoff frequency of 10 Hz applying
the reflectivity model. The ground motion parameters are extracted from synthetic signals computed
at the presently operating seismic stations and the shake maps are generated. The macroseismic
intensity is derived from various relationships; the lowest misfit is obtained using the relation
proposed by Kastli and Fah (2006) for all considered seismic events and this seem to validate our

Shake Maps model.



Chapter 1
STRONG MOTION SEISMOLOGY

1.1 Overview

Strong motion seismology deals with the measurement, the interpretation and the estimation
of ground motion of sufficient strength to affect people and their environment. The measurement of
motion due to damaging earthquakes is fundamental because from these data we can study the high-
frequency processes related to the shallow surface layers in the structural models and the rupture
phenomena of the fault. The aims are to improve the understanding of the processes that control the
strong shaking and to estimate at our best seismic hazard to reduce the human losses and damages
on the natural and built environment.

Strong ground motion occurs when seismic waves produce accelerations in excess of about
0.05 g to over 1 g. Similarly the motion spans ranges in velocity of the order of 10 to 200
centimetres per seconds and in displacement from 1 to 100 centimetres (Bolt and Abrahamson,
2003). Seismic events with magnitude less than 5 are not interesting in strong-motion seismology
because such earthquakes can cause damages or casualties only in particular conditions. The great
part of earthquake-related damage is due to events falling within a magnitude range varying
between 6.0 and 8.0. In fact these earthquakes produce severe ground motion and they have a
relevant occurrence (globally about 130 earthquakes occur in the magnitude range 6.0-6.9 and 15 in
the range 7.0-7.9 per year).

The principal problem of the strong-motion seismology is the lack of data recorded near the
fault and produced by damaging earthquakes. Of course the low occurrence rate and sometimes the
remote locations of these seismic events are severe limitations in storing complete and significant
strong-motion databases. Initially seismologists have built instruments that recorded both weak and
strong motion, but later on the instrumentation development led to a branching: recording of
teleseismic events and recordings of strong shaking near the rupturing faults. On one hand the
seismographic stations record the ground motion of small events or that of distant earthquakes, and
the local SP networks use very sensitive instruments capable to record and to localize small-
magnitude earthquakes, but all such instruments saturate in the presence of strong-motion and their
recordings are therefore unusable. The accelerometers, born in 1930s and powerfully developed in
1990s, allow us to record strong shaking near the rupturing faults; since the full scale of modern

accelerometers reaches a maximum value of 2 g. With the recent developments of the digital
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instruments the dynamic range has very much increased and nowadays broad-band instruments can
record signals in a very wide amplitude and frequency range.

In the future of strong-motion seismology there are numerous challenges. The instrumental
branch needs an improvement in the quantity and in the quality of the recorded data. In the last
years the number of digital instruments and of broad-band stations has increased very much, but
worldwide there is not yet a stable mechanism for storing and distributing the increasing number of
strong-motion data. The number of available accelerometric data increase in the last years and it
takes an improvement in the databases quality and in the estimations of the attenuation relationships
which are fundamental input in hazard studies. The research goes toward the generation of synthetic
seismograms and spectra considering all physical parameters referred to past and future
earthquakes. This is the best way to estimate seismic hazard and to product synthetic ground motion
that can supply the lack of recorded data in a selected region. At the same time the development in
the computational branch will allow us to extend e.g. finite difference models used for low

frequencies to high frequencies improving the quality of the final results.

1.2 Strong motion parameters

The strong motion is characterized by the amplitude of the signal, the duration and the
frequency content of the seismogram. The most common way to describe ground motion is with a
time history: the motion parameter might be acceleration, velocity or displacement (only one
measured, the other two are derived by integration or differentiation). Acceleration describes very
well the high-frequency content, whereas velocity best represents the middle period motion in a
period range between 1 to 2 s, and the displacement highlights long period of the order of several
seconds.

Most station records consist of three orthogonal components (two horizontal and one
vertical). So it is possible to extract the parameters of interest for all motion components and this
can generate some ambiguity. Of course, if for the vertical component the definition is unique, there

are seven ways to define the horizontal components (Douglas, 2003):

1. Arithmetic mean: a, = [max|a1(t)| +max|a, (t)|]/2 (1.1a)
2. Both components: a,, = max[a, (t)] and a,, = max[a, (t)] (1.1b)
3. Geometric mean: a =/ maxa, () max(a, (1) (1.1c)
4. Largest component: a, = max[max|a1 (t)|, max|a, (t)|] (1.1d)



5. Random component: a, = rnd[max|a1 (t)|, max|a, (t)|] (1.1e)

6. Resultant component: ag = max[max|a1 (t)cosF+a, (t)sin ’91],9 (1.11)

7. Vectorial addiction a, = \/max|al(t)|2 + max(a, (1)) (1.1g)

Correct calculations for the resultant component requires that the two horizontal records are
perfectly aligned with respect to time and that they are exactly mutually perpendicular; the vectorial
addition assumes that the maximum ground amplitude occurs simultaneously on the two horizontal

components, which is a conservative assumption (Douglas, 2003).

1.2.1 Amplitude parameters

The Peak Ground Acceleration (PGA) is the most common measure of amplitude of a

seismic signal and it is very easy to estimate directly from the accelerograms; it is the maximum of
the absolute amplitude value of the accelerometric signal and it can be measured in cm/s® or g unit.
PGA is naturally related to inertial forces and it gives the maximum response for rigid structures
(with T <3s). A limitation in PGA use is given by the spikes or other isolated peaks of very high
acceleration that can be not significant, since producing no damage due to its high frequency
content and short duration of the signal (e.g. Nahanni 1985 event). For acceleration Newmark and
Hall (1982) assume that the PGA for the vertical component is 2/3 of the PGA related to the largest
horizontal component; near the source the ratio greater than 2/3, while at large distances usually it is
smaller.

The Peak Ground Velocity (PGV) is the maximum value of the absolute amplitude value for

the velocity and it is usually measured in cm/s. PGV describes the middle frequency content of the
signals and it contributes to estimate the damage in the case of structures sensitive to loading in the
intermediate frequency range (e.g. tall or flexible buildings, bridges...); it does not give directly the
response of a particular class of structures and it requires the processing of data. PGA and PGV are
correlated to macroseismic intensity and some empirical relations allow estimating ground motion
parameters from the intensity observed during historical earthquakes (e.g. Trifunac and Brady,
1975). Generally PGA describes better the low macroseismic intensities determined by felt accounts
(most sensitive to the high-frequency content) whereas PGV is more representative of the high
intensities (I > V1) correlated to damage proportional to ground velocity (Wald et al., 1999a).

The Peak Ground Displacement (PGD) is the maximum value of the absolute amplitude

value for the displacement and it is usually measured in cm. It is the parameter easiest to
understand, but it is less used because it highlights periods too long to describe damage on the
structures. Its determination is affected by low-period noise and signal processing errors of the



double integration from the accelerometric signal. However, PGD has been revalorized in the last
years by the displacement based design adopted in earthquake engineering (Bolt and Abrahamson,
2003).

The Sustained Maximum Acceleration (SMA) and Velocity (SMV) are defined respectively

for three cycles as the third highest absolute value of the acceleration in the time history and as the
fifth highest value for five cycles of the velocity (Nuttli, 1979).
The Design Ground Acceleration (DGA) is obtained scaling the EC8 normalized design

response spectrum (normalized elastic acceleration spectra of the ground motion for 5% critical
damping) with the response acceleration spectrum (e.g. Panza et al., 1996). In the synthetic
seismograms, when the upper cutoff frequency limit is rather low, DGA is used to give estimate of
acceleration level (not present in the computed signals).

The Effective Design Acceleration (EDA) is the peak acceleration that remains after

filtering out accelerations above 8 to 9 Hz (Benjamin and Associates, 1988) or is 25% greater than

the third highest peak acceleration obtained from the filtered time history (Kennedy, 1980).

1.2.2 Duration

The limitations intrinsic in the peak value (that can hardly represent the complexity of a time

series) fostered the definition of other parameters as the duration of the ground motion. Since some
processes are most sensitive to the number of load or stress reversals occurring during an
earthquake, a signal of moderate amplitude and long duration can cause large damage to the
structures. Large earthquakes have large fault areas and they generate signals of long duration
especially for unilateral ruptures; Hanks and McGuire (1981) propose that the motion duration
should be proportional to the cubic root of the seismic moment. The definition of duration is not
unique and there are different proposals. The most used is the Bracketed duration (Bolt, 1969) that
is the time between the first and the last exceedances of the threshold acceleration (commonly taken
as 0.05 g). Boore (1983a) relates the duration to the corner period, while Trifunac and Brady (1975)
define it as the time between the points at which 5% and 95% of the total energy has been recorded.
At large distances the peak ground motion decreases and the duration goes to zero even if the
shaking is still present.

1.2.3 Frequency content parameters

The frequency content indicates the different partition of energy of the seismic waves for
different periods. The earthquake of Mexico City in 1985 evidenced the importance of the
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frequency content because the recorded waveforms were sinusoidal with a period of about two
seconds, equal to the natural period of many high-rise buildings (Singh et al., 1988). Since each
structure’s response is more sensitive to the energy released at frequencies near its natural
frequency, a great number of high-rise buildings collapsed in Mexico City. The most common way
to describe the frequency content of the signals are the response spectra and the Fourier spectra.

The values associated at the response spectra are the parameters most used in seismic
engineering (Benioff, 1934; Housner, 1952) because it is applicable, adopting the modal analysis, to
the response of a multi-degree-of-freedom structure. Response spectra are the base for constructing
the design spectra, because the application of a damping factor returns us indications more
interesting than those given by Fourier spectra. The response spectrum describes the maximum
response of a single-degree-of-freedom (SDOF) oscillator to a particular input motion as a function
of the natural frequency of the SDOF system. So the differential equation associated at an oscillator

of natural frequency w, and damping ¢ excited by a ground motion acceleration uj is:
X(t) + 2@, 8k(t) + wy x(t) = U, () (1.2)
with the damping factor and the natural frequency correlated to the mass of the oscillator (m), its

elastic constant (k) and its damping coefficient (c):

k C
= |— d &= 1.3
G = M 13)

We suppose that at the beginning the oscillator is at rest and the solution of the differential equation
(1.2) is:

X(t) = a)n_l—\/l—ifzj.‘ug (n)e D sinw, 1- & (t-1)dr (1.4)

The definitions of response spectra for displacement (SD), velocity (SV) and acceleration (SA) are

computed using equation (1.4):

SD(w, , ) = max|x(t)| (1.5a)
SV (w,, €) = max|x(t) (1.5b)
SA(w,, &) = max|(t) + U, (1) (1.5¢)

while the spectra of pseudo-velocity (PSV) and pseudo-acceleration (PSA) are derived from SD

values:

PSV(w,,¢) = w, SD(w,,<) (1.5d)

PSA(@,,&) =@, SV (@, = (@,)* SD(@,.d) (1.5¢)
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The extension of the time interval beyond the end of the accelerometric signal considers the
possibility of a ground motion peak due to some subsequent free vibrations. Since there are five
different definitions of the response spectra (e.g. Hudson, 1979) the most used parameters are SA
and PSV.

If the oscillator moves with the ground, then w;, -> o0 and the response spectra become:
SD -0 SV -0 SA - max|i,| (1.6)
Whereas if the stiffness of the oscillator is very slight, the mass is isolated from the ground motion
and the natural frequency tends to zero. In this case:
SD - max‘ug‘ sV - max‘ug‘ SA -0 (1.7)
Other approximation is used if the damping is less of 10% critical and so the response near the
maximum is quite sinusoidal at w, and the derivate of the first order of the oscillator motion is null

if the displacement is maximum. The following approximation is good in a very wide middle-

frequencies range but it is not very accurate at very high or very low frequencies:

SV(w,,¢é) =w, SD(w,,$) (1.8a)
SA(w,,é) =w, SV(w,,$) (1.8b)
SA@,, &) = (@,)° SD(w,, &) =, PSV(®,,d) (1.80)
%mSV 2 (@, &) = %kSDz(wn,{) (1.8d)

Adopting these approximations, Edward Fisher invented the tripartite logarithmic representation,
where there are in the same figure the plots of SD, PSV and PSA as a function of the natural
frequency (Housner, 1997).

The damping role is to decrease the response and, if the earthquake acceleration is a
stationary random process, the average square of steady-state response would be inversely
proportional to the damping (Crandall and Mark, 1963; Lutes and Sarkani, 1997). This assumption
indicates the approximation that the response spectra tend to vary as the inverse square root of the
damping and in many cases for small damping the effect of reduction on the response spectra is
very low. Generally spectra are computed for damping assuming fixed standard values (0%, 2%,
5%, 10% and 20% of critical damping).

The computation of the response spectra requires a numerical approach and one possible
method is based on the exact value of the state vector of the oscillator in response to piecewise
continuous excitation (Iwan, 1960; Nigam and Jenninigs, 1969). The acceleration is assumed linear

in the digitization points and the state vector increases as:

X.., = A& @, A)xi + B(E w,, At)a; (L.9)
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where a; are the s+1 ordinates of the acceleration record and A and B are two by two matrices with
elements requiring evaluation once for each spectral calculation (Nigam and Jennings, 1969).

The response spectra reflect strong ground motion characteristics only indirectly, because
these are filtered by the response of the SDOF oscillator; we can reconstruct the accelerometric
signals only starting from the Fourier spectra and not from the response spectra because in the latter
some information is lost.

Another limitation of the response spectra is the correlation with the duration of the signal:
for long accelerograms the response spectra computed at different critical damping levels tend to be
separated, while the same spectra have similar vales if the original accelerograms are very short. Of
course if the acceleration resembles a stationary random process, the average square of the response
of an undamped oscillator increases linearly with time, whereas the square of the average damped
response tends (faster for heavily damped oscillators) to an asymptotes (Caughey and Stumpf,
1961).

The Fourier spectra of an earthquake ground motion, ug(t), are defined for amplitude and

phase respectively:

N

F(w)| = (Iug (t)cos a)tdt] + (jug (t)sin a)tdtJ (1.10a)
—ft‘jg(t)sina)tdt

®(w) = tan " = (1.10b)
IU ; (t) cos atdt

with T4 the duration of the signals. Brune (1970; 1971) proposed a relation between the Fourier
spectrum, the size of the seismic source and the related corner frequency. The energy associated

with the motion of an undamped oscillator at any time t is:

1 1
E(t) = =kx® + = mx? 1.11
(t) 5 5 (1.11)
and, without considering the natural frequency, the energy per unit of mass is:
1
2E0)): (! e “ 2
(T] = u Ug(t)cosa)tdt] +u Ug(t)sina)tdtJ (1.12)

and the phase between the two components of the energy is:
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—jl‘jg(t)sin owtdt
P(w) = tan™" 2 (1.13)

J'U ; (t) cos autdt
0

Equations (1.10) differ from (1.12) and (1.13) in temporal extremes of the integrals, fixed at the
entire duration of the signals in the first case and at any time in the second. Equation (1.12)
indicates that the energy per unit mass of an undamped oscillator computed for all the motion
duration is half of the squared Fourier amplitude spectra.

The Fourier spectrum and the corresponding response spectra computed without damping
are related (Benioff, 1934; Kawasumi, 1956; Hudson, 1962; Jennings, 1974; 1983).Considering that
the maximum response of the undamped oscillator occurs near the end of the motion, the following

relations are derived (Jennings, 2003):

w SD = |F(w) and SV = |F(w) (1.14)
The maximum response of the undamped oscillator often occurs near the end of the motion, so
equality is frequently approached in Eq. (1.14).

We define the predominant period as the period of vibration corresponding to the maximum

value of the Fourier amplitude spectrum. The bandwidth is measured at a level where the power
spectrum is half its maximum value or 1/v2 times the maximum Fourier amplitude; it gives
information of the dispersion on spectral amplitudes around the predominant period.

Another parameter correlated with the predominant frequency content is the Vmax/@max ratio.
For a simple harmonic motion its value is T/2zx and in general 2n(Vmax/amax) iS the period of
vibration of an equivalent harmonic wave indicating the significant period of motion.

There are other ground motion parameters that reflect more than one characteristic of ground

motion. The definition of Rms acceleration is:

a, . = \/{[ %J Tf[a(t)]z dt} (1.15)

and it includes the effect of amplitude and frequency content; the integral is not strongly influenced

by large, high-frequency accelerations, but rather by the duration of motion.

The Arias Intensity has the unit of velocity and it estimates the strength of the seismic

source computing the energy of the response of the oscillators. Using the Parseval’s equation, it is

defined as the integration of the entire time series (Arias, 1970):

l, = [%gﬁ[a(t)]zdt = [1/4g]T|F(a))|2da) (1.16)
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The Cumulative Absolute Velocity (CAV) is the area under the absolute accelerometric

signal and it represents quite well the damage potential for the structures. The CAV definition is:
Ty
CAV = j la()[dt (1.17)
0

The Spectrum Intensity (SI) is the integral of the velocity response spectra in the most

interesting periods for the damages at the structures. The spectrum intensities is computed to
compare the strength of different acceleration records as a means for constructing an average
spectral shape for use in earthquake resistant design (Housner, 1959) The definition for the

spectrum intensity is:
25
SI(&) = j SV(&,T,)dT, (1.18)
0.1

while the Housner Intensity is the SI with 5% of critical damping (Housner, 1952). All evaluations

for energy and intensity need to estimate the strength of earthquake acceleration and they are used

to compare or to scale the recorded data. Other definitions are:

Velocity Spectrum Intensity: VSI = SI(¢ = 0.05) (1.19a)

0.5
Acceleration Spectrum Intensity: ASI = J'Sa(gf: 0.05,T)dT (1.19Db)

0.1
Effective Peak Acceleration: EPA=(average spectral acceleration in period 0.1-0.55)/2.5  (1.19¢c)
Effective Peak Velocity: EPV=(average spectral velocity at a period of 1 s)/2.5 (1.19d)

All the considered parameters can vary in a very wide range (in particular in the case of weak
motion) if the data are recorded in different geographic regions. Empirical relations are computed
between the different parameters to get further structural information; for example the PGV/PGD

ratio is very sensitive to sites effect at the receivers.

1.3 Strong-motion estimation models

Strong-motion estimation is fundamental in seismic hazard, because the evaluation of
particular parameters of ground motion can be useful to limit the damage and casualties during a
destructive earthquake. Strong-motion can be estimated applying empirical or numerical models to

avoid the lack of recorded data due the low density of instruments on land and the rare occurrence
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of strong earthquake. The limited knowledge about the physics of the seismic source, the
complexity of the structural models along the source-receiver paths and local site geology at
receivers are however all important limitations when estimating strong ground motion.

The most important empirical model is the ground-motion attenuation relation that allow us
to estimate the earthquake ground motion as a function of magnitude, distance from the source and
local geology at the receiver site. This approach has some important limitations: the most important
is that such empirical relations can not model the complexity of the generation and the propagation
of the seismic waves, which produces a large variability of the final results. Another problem is the
lack of recorded data generated by destructive earthquakes and the application of numerical
methods to estimate ground motion can only overcome incomplete.

Many different models and different parameters for estimating ground motion on a global
scale, limited to a regional or local area, for a particular type or class of earthquake mechanisms
(e.g. Campbell, 1981; 1997) are available nowadays. Such models can differ considerably even for
the same geographic region because of the different conditions used to describe the distance
between the source and the receiver, the magnitudes used or different regression models adopted.
Also the lack of a standard definition of local site categories contributes to obtain different results
fore the same recordings. For example, several ground-motion attenuation relations are proposed for
California (e.g. Joyner and Boore, 1981; Newmark and Hall, 1982; Boore et al., 1997; Boatwright
et al., 2003), for the Washington-Alaska area (Youngs et al., 1997), for Europe (e.g. Ambraseys and
Simpson, 1996; Ambraseys et al., 1996) and the Middle East area (Ambraseys et al., 2005). Fault
mechanism characterization has been recently included in ground motion estimation relations (e.g.
Abrahamson and Silva, 1997; Campbell 1997; Spudich et al., 1999; Ambraseys and Douglas, 2003;
Ambraseys et al., 2005; Zhao et al., 2006a). At the same time regression analysis has been further
developed refining the theoretical models and the computation algorithms (e.g. Joyner and Boore,
1993) and including site effects (Kanno et al., 2006; Zhao et al., 2006a; 2006b). The soil responses
connected with the local site effects were studied by Borcherdt (1994) who proposed amplification
coefficients that depend on the signal amplitude to avoid the problem of nonlinear soil response in
strong ground motion.

The empirical models described above give an average estimate of ground motion in seismic
regions but one can also overcome the lack of data by using numerical models based on either
stochastic methods or on the computation of the Green’s functions. It is needless to say that each
numerical method must be validated by comparison of its results with the available recorded data.

The principal stochastic method in use is the Band-Limited White Noise-Random Vibration

Theory (Boore, 1983b). This numerical procedure computes ground motion as a time sequence
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obtained from a band-limited white noise. The Fourier spectra are calculated starting from the
source spectrum model and the shape is modified to take into account the wave propagation effects.
The site effects are modelled by an attenuation function representing the absorption of the energy in
the shallow surface layers below the site (Anderson and Hough, 1984). The stochastic approach has
a lot of approximations and limitations but the application of this model gives a fast estimation of
the effects of the different source parameters on strong ground motions.

Computing Green’s functions is a method that requires a detailed knowledge about the
physical parameters for the source, the velocity structural model and the site conditions. This
approach generates ground motion time histories using elastodynamics representation theorem and
scaling relations for source parameters and it is based on rigorous bases of theoretical and
computational seismology. The synthetic seismograms are computed by integration over the fault
surface and the rupture time of the convolution of the slip function with the Green’s functions
obtained for the relative depth and receiver distances. If the seismograms are computed in 1-D
velocity models for bedrock conditions, another convolution must be done with the curves of the
soil response if one wants to consider also the soil amplification on the final results. At the same
time more complex models can be adopted for the source (complex extended faults, particular
distribution of the seismic moment, directivity effects...) and for the structure of the earth (presence
of lateral heterogeneities).

Numerous methods of numerically synthesizing seismograms based on semi-empirical
source and wave propagation models have been published (e.g. Irikura, 1983; Bolt, 1987; Bolt and
Abrahamson, 2003). Because in these methods the computation of site-dependent and phased-time
histories is not unique, a number of alternative methods are available (e.g. Gusev, 1983; Vidale and
Helmberger, 1987; Mikumo and Miyatake, 1987; Panza and Suhadolc, 1987; Joyner and Boore,
1988). In areas where the geology of the soil is known in detail three dimensional structural models
have been selected like the cases of California region and of Japan (e.g. Pitarka, 1999; Irikura et al.,
2004). An interesting approach is the “composite source model” that describes the fault as a
superposition of circular cracks distributed randomly on the fault integrated with the fractal
dimensions (Frankel, 1991). The source is kinematics and follows the Brune law (Brune, 1970) and
it generates realistic seismograms with the proper frequency content (e.g. Zeng et al., 1994; Yu et
al., 1995). Sommerville et al. (1991) propose a source represented by an empirical source time
function; the synthetic seismograms are computed using the finite element model at low frequency
and with the reflectivity theory at high frequency, adding scattering to obtain more realistic final
results (Zeng et al., 1995). Kennett (1983) develops the reflectivity method based on the

computation of the reflection coefficients for upgoing and downgoing waves as a function of the
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slowness, an integration over slowness and finally a convolution with the source function. With this
approach we can compute seismograms even in the near field, but the computation requires very
long times especially for velocity models with a large number of layers. On the contrary faster
computation times are given by the modal summation technique (Panza, 1985; Panza and Suhadolc,
1987; Florsh et al. 1991), which has however limitations in the case of seismograms near the
source.

Recently, following the implementation of fast networks and communication systems, a
software has been produced that generates shaking maps within five minutes from the earthquake
occurrence by integrating the information given by the real-time data, the ground-motion relations

and the knowledge of the local soil geology (Wald et al., 1999b).

1.4 Seismic hazard

Seismic hazard describes the potential for dangerous, earthquake-related natural phenomena

among which ground shaking (Reiter, 1990). Seismic hazard analysis estimates the expected level
of intensity of ground motion which is related to seismic events, so it is a fundamental input into the
decision-making process for earthquake loss mitigation (e.g. McGuire, 1993). Such analysis gives
information on strong motion characteristics useful for engineering studies and social-political
purposes. Products of the seismic hazard can be the description of the intensity of shaking at a site
due to a nearby earthquake of a certain magnitude or the maps which show levels of ground shaking
in various parts of the country that have an equal chance to be exceeded. The numerical results of
hazard analysis are estimations of the expected macroseismic intensity, the PGA, the response
spectra and other parameters of the expected ground motion (see Section 1.2).

In many regions the seismic hazard results are derived from historical and instrumental
seismicity data. The problem is that the knowledge of the seismogenic sources and of the structural
models is not perfect and the historical records can not cover an interval of time as long as
geological time. There are two possible approaches for estimating seismic hazard: the probabilistic
(PSHA) and the deterministic (DSHA) seismic hazard analysis. These two methods can
complement each other, thus providing additional insights into the question of seismic hazard.

The probabilistic approach considers the occurrence of seismic events as a stochastic

process and it assigns numerical probabilities to earthquake recurrences and the relative ground
motion parameters. The hazard curve estimates the ground motion level according to frequency of
exceedence. The inputs are the mean frequency of occurrence of the earthquake, its location on land
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and the mean frequency of ground motion level generated by a selected event at each receiver. The
seismic source is defined as the capacity of producing an average number of earthquakes of a
certain size in a fixed time period (seismic occurrence frequency). Very often the Gutenberg-
Richter law is used to predict the earthquake occurrence in a defined area. Furthermore, the signal
propagation for selected receivers is given by the ground motion attenuation relations. PSHA takes
into account the uncertainty in timing, location, magnitude and shaking produced by each future
earthquake at a specified site. These uncertainties are divided into two different types: epistemic
and aleatory. The logic trees are used for the epistemic uncertainties that represent the lack of
knowledge of the true state of the nature (Kulkarni et al., 1984), while a random variable analysis
reduces the aleatory uncertainties due to randomness in the physical process. The hazard maps can
be produced for different return periods by integration in spatial and magnitude ranges of the
cumulative probability of exceedence. At high probabilities (10°-10%), the models can be tested by
comparison with the estimated ground motions from the historical seismicity (Ward, 1995).

The deterministic analysis for the seismic hazard consists in the numerical simulation of

ground motion after having fixed the source parameters of the most destructive earthquake in the
considered region. This approach allows the evaluation of the contribution of each parameter on the
final result. The source parameters (the magnitude values and the locations of the seismic events),
the source-to-site distance with a given velocity model, along with site conditions, are all input
parameters for the calculations through synthetic seismograms of the maximum possible ground
motion at a fixed site. The results of this approach are the maps of the resultant peak ground motion
distribution (displacement, velocity, acceleration...) or macroseismic intensity over the investigated
territory. Applying the DSHA approach it is possible to consider simultaneously more seismic
events and to estimate the strongest hazard over a much extended area such as Italy or Greece (Costa
et al., 1993; Moratto et al., 2007). DSHA plays a crucial role in the planning, preparedness and loss
estimation for earthquakes in urban regions because most of these activities are related to a specific
scenario. The scenario is important because it is more useful to evaluate the effect due to the most
destructive earthquake in a region than the hazard derived from the combination of a large number
of potential seismic sources. A good scenario requires a detailed knowledge about the extended-
source parameters and the presence of a laterally heterogeneous subsurface structure, but simple
first-order estimates are also possible when these effects can be estimated empirically or
theoretically (Suhadolc et al., 2007).

The seismic hazard computed following the deterministic approach considers only the
most destructive seismic event; sometimes this type of earthquakes is associated with an inactive

fault and no hypothesis are done on its occurrence and on the uncertainties in the final results. The
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possible damage produced by smaller magnitude and more frequent events is not taken into
account. DSHA could be the largely best approach if we had the complete knowledge of all
physical processes, but the reality is very different because an important number of parameters for
the generation and propagation of seismic waves is also unknown. The probabilistic analysis
considers the hazard given from all relevant seismic sources but the choice of hazard level is
subjective and it depends from the conservatism assumption (e.g. Reiter, 1990). At the same time
PSHA generates maps of the parameters of the ground motion but it is not possible to analyze the
time histories of the signals associated to the hazard parameter considered. To avoid these
limitations of the two different approaches an integrated method can be adopted considering the
occurrence of the earthquakes (probabilistic part) and estimating the ground motion due to a seismic
event with the fixed source parameters (deterministic part) (Orozova and Suhadolc, 1999).

A different concept is the seismic risk that is the probability that the economic consequence
due to a strong earthquake exceed a threshold in a selected geographic region during a fixed period
of time (EERI, 1989). It is the product of seismic hazard and seismic vulnerability because the
probability of damage caused by that level of hazard is evaluated for the specific structure with the
final computation of expected damages and casualties (Ambraseys, 1983). It is preferable to
evaluate the seismic risk with the application of the probabilistic hazard, while the vulnerability is
modelled with the fragility function. The seismic risk is plotted as a curve: in particular, the seismic
risk is represented by a probability of excess or return period and it estimates a fixed threshold of
the damages in relation to the economic costs. In the last years Fourier and response spectra play a
crucial role in the study of the seismic risk; of course the capacity of the structure is expressed as a
relationship between the lateral earthquakes force acting on the structure (represented by the
spectral acceleration) and the resulting roof displacement (represented by the spectral displacement)
(Sommerville and Moriwaki, 2003).

The results derived with seismic risk analysis are an important support in designing the built
environment and in organizing the evacuation plans. Following this goal, the American FEMA
(Federal Emergency Management Agency) has developed HAZUS (Whitman et al., 1997), a
methodology based on an inventory of civil structures broken down into different categories and
correlated with the scenario earthquakes. This approach gives the possibility to estimate in a

specific and fast way all economic and social damages in relation to the selected seismic events.
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Chapter 2
DATA PROCESSING

2.1 The Friuli-Venezia Giulia accelerometric network (RAF)

The seismological instruments were used since the late 1800s with a great development in the
early 1900s, but the first strong motion instrument was built only in the 1930s. The earthquakes of
Japan (1923), California (1925) and Quebec (1925) evidenced the necessity of having a common
approach to solve the problem of strong-motion recordings between engineers and seismologists. At
their Tokyo conference in the 1920s the engineers required a new instrument capable to record
strong shaking near the earthquake location (Freeman, 1932). So the U.S. Coast and Geodetic
Survey developed the accelerograph (Wenner, 1932) and the first instruments were installed in 1932
and recorded the first significant earthquake on March 10, 1933 (Long Beach, California,
earthquake).

Today strong motion is recorded by a modern accelerograph, a compact box containing three
accelerometers to measure the ground motion on vertical and on two horizontal components. The
accelerograph records the acceleration of the ground motion for frequencies lower than the natural
frequency of the instrument which is usually very high (more than 30 Hz). Such an instrument has
as sensor a damped spring-mass system, the deflection of the spring corresponding to a full scale of
the recording system set at 1 or 2 g. The last generation of strong motion instruments has a force-
balance feedback system that increases the dynamic range of the accelerograph. The accelerographs
were analog until the late 1970s recording the seismic signals on photographic films that had to be
processed, and the film moved through the camera at a fairly high rate. In the more recent
instruments the electric signal is converted to a digital format (typically 100 to 200 samples per
second) and an internal battery supplies the necessary energy during possible AC electric blackout.
The digital accelerographs record the signals on internal memory devices and the activation of a
trigger threshold allows to preserve earthquake related recorded data. The modern accelerograph
has an analog-to-digital converter (A/D) of 18 or 24 bits and the smallest value that could be
recorded by a 2g sensor with a 18 bits A/D is +2g/2'*=0.015 mg (108 dB dynamic range); a 29
sensor with a 24 bits A/D can record motion of 0.24 g, a very low value that can be easily
exceeded by the noise of the environment, especially for urban sites. Modern strong-motion
instruments though are very sensitive to the noise of the radio frequency electromagnetic radiation

and this problem could become even more important in the future with the number increasing of
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radio networks. The high precision of the timing system is fundamental for the resolution of the

inverse problem and for the location algorithms; modern accelerographs utilize the GPS technology

that nowadays provides the most accurate timing measurement.

Generally the sources of errors in the analog strong-motion records due to the instrument

include (Ambraseys et al., 2002):

Transducer distortions of amplitude and phase.

Imperfections of the transducer design: most existing transducers are not true single-degree-of-
freedom (SDOF) systems.

Transverse play of the recording paper/film causing variations up to several millimetres.
Non-uniform velocity of the record-driving mechanism.

Non-uniform time marks.

Misalignment of the transducers.

Clipping: if sensitivity setting of instrument is too high, the largest peaks may go off scale.
Variable trace thickness: influences the accuracy of digitisation.

Sensitivity calibration.

Drift: over long time intervals, temperature and humidity effects can cause drift but for periods
of minutes this is not important.

Instrument slip.

Furthermore for the instruments of the old generation there are errors due to the photographic

processing and to the digitisation of the analogue record (Ambraseys et al., 2004). The photographic

processing produces errors that include:

Warping of film negatives caused by chemical processing and ageing.

Errors from optical enlargement during printing of film negatives resulting from lens
imperfection and non-parallelism of the planes of original film and projected image.

Poisson effect in film processing because during film copying, the original and copy are held

together under longitudinal tension.

The digitisation of the analogue record produces errors that include:

Digitisation rate: the greater the number of digitised points, the better the accuracy with which
the digital data approximates the continuous function of the accelerograms.

Inadequate resolution of the digitising equipment.

Low-pass filtering effects of optical-mechanical digitisation because digitisation approximates a
continuous function by a sequence of discrete points.

Systematic and random digitisation errors:
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> Imperfections in the mechanical traverse mechanism of the digitiser create systematic
long period errors.

» Human "imperfection” during digitization introduces random intermediate and high
frequency errors.

> Baseline shifts (translations and/or rotations relative to the digitiser axes) during
digitisation can be considered as random long period errors.

The first network of accelerographs was installed in 1935 by US Coast and Geodetic Survey
and today there are between 10,000 and 20,000 strong motion instruments operating worldwide,
about half of these accelerographs being still analogues (Anderson, 2003). The present state of
strong-motion recording capabilities in Europe and adjacent areas indicates that there are about
3,000 stations (Figure 2.1) that in the last 30 years recorded a conservative estimates of 5,000
seismic signals (Smit, 1999). This does not include data from the former USSR and a few other
European countries, or from the European nuclear and oil industries. The modern networks require
a large number of instruments distributed uniformly and in a homogenous way on land; it is
important that the instruments are placed on bedrock to avoid signal amplification due to site
effects. The networks and the single stations are maintained with recurrent government subsidies or
short-term grants managed by independent state, industrial or university units with little or no
coordination between them. Today different techniques to store and to distribute data are usable and

more agencies make their data accessible to end-users via the Internet and CD-ROMs.
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Figure 2.1 Regional distribution of strong-motion stations in Europe (after Ambraseys et al., 2004).
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Figure 2.2 The distribution of the strong-motion instruments in Friuli-Venezia Giulia (FVG) region. Red triangles are
the stations of the RAF network, blue are the stations of the RAN network, the yellow triangles are the FVG Civil
Protection stations and the white triangles are the RAN stations planned to be installed.

In Friuli-Venezia Giulia region three different networks operate in a complementary and
integrated way: the “Rete Sismologica del Friuli-Venezia Giulia” (RSFVG) managed by Centro
Ricerche Sismologiche of the Istituto Nazionale di Oceanografia e Geofisica Sperimentale (CRS-
INOGS) using mainly short-period sensors for locations purposes, the “Rete Accelerometrica del
Friuli-Venezia Giulia” (RAF) managed by the Department of Earth Sciences of the University of
Trieste (DST-UNITS) using accelerometers mainly for shaking and estimate site effects in loco and
the “North-East Italy Broad Band Network” (NEI) managed jointly by DST and CRS. In the same
region operates also the “Rete Accelerometrica Nazionale” (RAN) of Italian Civil Defence,
managed locally by the DST (Figure 2.2).

In this study ground motion relations have been computed using principally waveforms
recorded by RAF accelerometric network. RAF has been installed by DST of during the years 1993-
95 in the framework of various European projects and with CNEN-ENEL (lItalian electric company)
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support. Since the year 2000 RAF is being supported by the “Protezione Civile della Regione
Autonoma FVG”, also for civil defence purposes. In order to estimate the possible effects on the
built environment, accelerometric data will be also used to generate shaking maps after a strong
earthquake in the FVG monitored area. A large number of accelerometric stations uniformly
distributed throughout the area are crucial to predict ground motion and to produce realistic shaking
maps. Three-component digital force-balance accelerometric instruments are used with mostly 18 to
24 bits digitizers (Tables 2.1 and 2.2). The acquisition units have a large dynamic (more than 120
db) and a large frequency range (DC to 200 Hz). The trigger thresholds depend on the station noise,
in some stations the STA/LTA trigger has been used to better select seismic events in relation to the
station noise. Both station sites and instrumentation have been changing during the last ten years.
Today twelve stations are installed on bedrock and four stations are installed on soil for site effects

studies.
Acquisition | Kinemetrics | Kinemetrics | Kinemetrics| Kinemetrics Ismes |Quanterral Quanterra | Lennartz
system SSA-1 Etna K2 Makalu DAR2001 | Q4120 Q330 MARS88
Time DCF GPS GPS GPS GPS GPS GPS DCF
A/D 12 bits 18 bits 18 bits 24 bits 24 bits 24 bits | 24 bits 16 bits
sps 200 200 200 200 256 200 200 125
. . Guralp . Guralp
Sensor FBA 23 EpiSensor FBA-23 EpiSensor FBA 23 CMG-5T EpiSensor CMG-5T

Table 2.1 Technical characteristics of the strong-motion instruments systems installed since 1993.

SENSOR

Kinemetrics FBA 23

Kinemetrics EpiSensor

Guralp CMG-5T

Type

Force-balance accelerometer

Force-balance accelerometer

Force-balance accelerometer

Freguency range

DC-50 Hz (-3 db)

DC-200 Hz (-3 db)

DC-80 Hz (-3 db)

Full scale

lg

1g-2g¢

lg

Table 2.2 Technical characteristics of the sensors installed since 1993.

2.2 Data analysis

The first analysis of a strong-motion signal was performed using a mechanical analyzer
system in the 1940s (Neumann, 1943) extracting the displacement manually from the acceleration

history. Data processing was difficult at that time because of the limitations of the instruments and
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the low knowledge and experience in digitization and analyzing strong-motion seismic signals. The
uncertainty derived computing the long-period displacements and the unexpected recorded periods
and amplitudes suggested the idea of using a uniform processing procedure in data analysis
(Hershberger, 1955; Berg and Housner, 1961); at the same time the great increase of recording
stations evidenced the need of computer development to process automatically the large number of
available records. The digitization with the manual approach fixed the points on the waveforms at
equal time intervals, while the automatic approach considered the waveforms comprised of straight
line segments, preserving the entire frequency content. The pseudo-velocity, the pseudo-
acceleration and the response spectra were computed adopting a standard procedure that used five
different damping values (0%, 2%, 5%, 10% and 20%) and 91 time periods between 0.04 and 15
seconds. In the 1970s the advances of hardware and software took the development of the first
computer-controlled digitization system (Trifunac and Lee, 1979) at the University of Southern
California: an optical density sensor moving along the film measured the optical density values on a
grid obtaining faster and higher quality results than the manual digitization despite the sensitivity
for the signal quality. As personal computers become more widespread and more powerful new
analysis systems have been implemented using the full capacity of the PC’s and the higher
resolution desktop scanners (Lee and Trifunac, 1990; Cao et al., 1994). Finally in the middle 1990s
the introduction of the digital instruments aided the data acquisition and the data analysis because
the signals are now internally digitized by the accelerometer and they are ready to be processed.

=== Slignal
=== Noisa
—— Racord (Sgnal + Nolsa)

Log (PSV)

Log (Period)

Figure 2.3 Typical Shape of the response spectrum of a digitized earthquake record (solid line). Signal spectrum (thin
dash) is combined with the noise caused by digitization or other sources (wide dash) (after Shakal et al., 2003).
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Calculations of displacements at long periods are very sensitive to the stability of the DC or
zero level of the digital accelerometer (Shakal et al., 2003); a strong earthquake can in fact move
the zero line and this can cause many problems in the recordings of the following seismic events.
Iwan (1985) proposed a numerical approach to correct this effect, but this operation is very
problematic because the changing duration time (step, ramp...) is unknown. At the same time it is
not possible to understand the effects due to a tilt or to a zero level offset and how these effects can
change the data for periods longer than 20 seconds (Boore, 2001). The uncertainties observed in the
long-period displacements computation were explained by a problem at a spectral period of 14
seconds connected with the digitizing table length (Hanks, 1973). Trifunac (1977) associated the
long-period problem with the noise intrinsic to the digitization and processing steps. Of course the
velocity of an earthquake of intermediate magnitude is small at short periods, it has its maximum in
the middle of the signal frequency content and it decreases at longer periods; at the same time the
noise increases constantly with the period. So the spectrum obtained from the addition of the
seismic signal spectrum and the noise spectrum increases at long-periods even if the signal content
decreases, thus assuming the characteristic shape of Figure 2.3. It is therefore fundamental to
determine the period threshold for which there is as much signal and as little noise as possible
(Shakal et al., 2003). This shape is fundamental in selecting the filter period for the records;
normally a signal-to noise ratio (SNR) of 2 to 3 is fixed to estimate the filter period even if the
different amplitudes recorded on the horizontal and vertical components can lead to an
inhomogeneous choice of the single filter corner. Converse and Brady (1992) proposed a data
processing procedure for analog records based on seven steps:

1. Baseline correction: raw data are interpolated to obtain equal interval sampling and converted to
acceleration units if necessary. The major problem with the recovery of true ground velocity and
displacement is that the zero acceleration level (baseline or centreline) is not indicated on the
accelerograms (Schiff & Bogdanoff, 1967; Trifunac, 1971). Determining the baseline position is
not simple because: an initial part of the shock is not recorded; the final acceleration or velocity
cannot be assumed null because of the background noise; the final displacement is unknown;
sometimes the final part of the shock is not recorded. A first-order baseline correction is applied
to make the data zero-mean; a long-period filter can supply the baseline procedure and it
preserves the properties in the frequency range independently from the record length (Trifunac,
1971). Another approach is to assume a parabolic acceleration baseline (cubic baseline on the
velocity) which is fixed by minimizing the mean square ground velocity (Hudson et al., 1969).
Graizer (1979) minimizes the mean square ground velocity in the quiet periods before and after

the main portion of shaking and also uses polynomials of up to degree 10, thereby achieving a
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more stable correction. Iwan et al. (1985) introduce a simple baseline correction method,
specifically for the Kinemetrics PDR-1 digital accelerograph, which allows three parts of the
acceleration baseline (that before the strong motion, that during the strong motion and that after
the strong motion) to have different zero levels. This procedure was used because tests revealed
an instrument anomaly, thought to be due to mechanical or electrical hysteresis within the
transducer, which prevented the true ground displacement being recovered simply through
integrating twice the acceleration time-history.

Instrument correction: the data are corrected for the instrumentation response in the frequency
domain while the correction connected with the sensitivity constant of the accelerometer is
already applied in step 1. The increase of the natural frequency value (10 Hz for the earliest
accelerometers, 20 Hz for the SMA-1 and more than 80 Hz for the instruments of the new
generation) makes less critical the response of the sensor in the frequency range interesting for
engineering purposes (less than 20 Hz), so the principal effect of the instrument correction is
multiplying the recorded value by a factor. A number of different methods have been used to
achieve such a correction, for example a finite difference method (Trifunac, 1972), the high-
frequency oscillator approach (Trifunac, 1972), the discrete Fourier transform filter and digital
differentiation (Sunder & Connor, 1982).
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Figure 2.4 The instrumental correction in frequency content for amplitude (above) and phase (below) for the
accelerometers used in RAF network: SIG AC-23 (black line), Kinemetrics FABA23 (green line), Guralp CMG-5t (blue

line) and Kinemetrics EpiSensor (orange line).
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High-frequency filtering: the signals are filtered at high frequency, usually using a Butterworth
filter (Converse, 1982) with a corner frequency of about 25 Hz and 3" or 4™ order decay. Then
data are decimated at standard of 100 points/sec for data digitally recorded; it is important to
apply the instrumental correction first and then to decimate the data to preserve the high-
frequency content (Sunder and Connor, 1982; Shakal and Ragsdale, 1984).

Initial integration and long-period filtering: the signal content with periods over 15 second is cut
off with a filtering operation. Velocity and displacement are obtained by numerical integration
and they are filtered at low frequency. If the data are decimated previously prevention of
spurious long-period energy requires use of an Ormsby filter (Trifunac et al., 1973) because of
its side lobe leakage (Shakal and Ragsdale, 1984). The choice of the low-frequency cut-off often
has a large effect on long-period time-domain parameters such as peak ground velocity (PGV)
and peak ground displacement (PGD) and hence such parameters are associated with much
uncertainty unless these cut-off frequencies are chosen with care.

. Computation of response spectra: response spectra (SA, SV and SD), pseudo-acceleration
(PSA) and pseudo-velocity (PSV) are computed at 91 periods ranging from 0.04 to 15 seconds
for five different dampings (0%, 2%, 5%, 10% and 20% of critical) following the method
proposed by Nigam and Jennings (1969).

Long-period filter selection: data are filtered at long periods near the minimum of spectra
obtained in step 5 to select the low-frequency border that indicates the limit of useful
information in a record. This operation is the most difficult one and also the most subjective
because the displacement plots are visually compared to understand the impact of the noise on
the recorded signals.

Final output preparations: time histories and response spectra are plotted on the reports and

stored in the databases.

The UDB (Usable Data Bandwidth) defines the frequency range within which the data can be used

for engineering purposes without noise contamination. Usually a consistent number of the

operations previously described are done in the frequency domain because the integration is more

simple (velocity and displacement can be obtained by division with —iw factor) and the signals can

be filtered in a stable way applying a Butterworth filter or elliptical filters (Sunder & Connor, 1982;
Sunder & Schumacker, 1982). The Fast Fourier Transform (Cooley and Tukey, 1965) converts the

waveforms from time domain to frequency domain and vice versa; FFT requires that the time

history length has a power-of-two number of points and so a series of zeros must be added at the

end of the waveforms. If there is no pre-event data, spurious side-lobe leakage can be present in the

signals and a filter tapering with a raised cosine bell are required at the ends of the waveforms
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(Bergland, 1969). However, it is better to perform some operations in the time domain, e.g. the
baseline correction (lwan, 1985) and the response spectra calculations because they involve the
computation of obtaining the time domain maximum for each spectral period.

2.3 Strong-motion databases

The RAF database, maintained by DST, contains 570 three-components waveforms related to
362 seismic events (RAF, 1993-2006) in the areas of NE Italy (Friuli — Venezia Giulia and Veneto)
and Slovenia. In this database different magnitudes (mainly Ml and Md) are present for different
earthquakes, their values varying in the range (1.0 < M < 5.6). The records are processed by first
removing eventual spikes, the mean and the linear trend and then the signals are corrected with the
instrument response in the frequency domain. The instrument response in amplitudes is flat in the
entire engineering range of interest and the cut-off frequency can reach 30 Hz for the Guralp CMG-
5T and 100 Hz for the Kinemetrics Episensor (Figure 2.4). In many cases the instrumental
correction is therefore limited to the conversion of the waveforms from counts to nm/s?. All seismic
signals are filtered with a high-pass filter (cut-off frequency of 0.1 Hz) and, successively, with a
low-pass filter (cut-off frequency of 30 Hz). The records are integrated to obtain velocity and
displacement signals applying manually a low-pass filter with the cut-off frequency depending on
the single waveforms. From the acceleration, velocity and displacement time history the values of
PGA, PGV and PGD are extracted and the Fourier spectra computed. The response spectra (SA,
SV, SD and PSV) are computed at 91 periods ranging from 0.04 to 15 seconds for different
standard values of damping (0%, 2%, 5%, 10% and 20% of critical damping) following the
approach proposed by Nigam and Jennings (1969). The final results are stored and distributed in
four output formats (XY, SAC, GSE and ESD).

In this study also several high-magnitude events that occurred in the past in NE Italy and
Slovenia areas are being considered, their waveforms being taken from the ESD database
(www.isesd.hi.is). The ESD catalogue provides an interactive, fully relational database and
databank with more than 3,000 uniformly processed and formatted European strong-motion records
and associated earthquakes, with the related station and waveform-parameters (Ambraseys et al.,
2004). The aim of the ESD project, that started in the framework of the 5™ Framework Programme
of the European Commission, is to establish a freely accessible platform of a reliable strong-motion

databank and associated database of seismological parameters of earthquakes in the European area
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for scientific and engineering purposes; other aims are the validation of the seismological,
instrumental and site parameters and the storing of the data recorded by analogue instruments
before the year 2000. The waveforms of the ESD database are processed adopting a uniform
procedure. The instrument correction is not applied because many of the records are not associated
with reliable instrument characteristics which precluded the use of instrument correction techniques.
However, only the high frequencies of the strong-motion signals can be affected by the instrumental
correction while the signals can be utilized in the frequency range of engineering interest (0.5 Hz to
10 Hz). A linear baseline is used to fit the uncorrected waveforms and, then, the signals are filtered
with an eighth-order elliptical band-pass filter (Sunder and Connor, 1982; Sunder and Schumacker,
1982) with cut-off frequencies of 0.25 and 25.00 Hz. ESD give the time histories for corrected and
uncorrected acceleration in order to allow individual data processing by the user. Some signals are
already corrected and the header file explains the processing procedure. In this project elastic
response spectra have been calculated by the efficient algorithm of Nigam and Jennings (1969) and
presented in a standard format for spectral data determined from the corrected records only. The
period range is between 0.04 s and 4.0 s and the spectra have been computed at 5 critical damping
ratios of 0, 2, 5, 10 and 20%. Estimations for the SA, SV, SD and PSV spectra are calculated and
distributed to the users (Ambraseys et al., 2004).

In this study 17 events with a magnitude greater than 4.5 are chosen from the ESD database,
the strongest one (Mw=6.5) being the Friuli May 6, 1976 earthquake; 131 seismic signals with three
components related to the Friuli seismic sequence of 1976 and the Bovec sequence of 1998 are
downloaded from the ESD website. In 1976 in the Southern Alps area the operating accelerometric
networks were the “ENEL-SSN(SOGIN)” one (national strong-motion network of Italy) and the
“National Strong-Motion network of Slovenia”. The data recorded by the “National Strong-Motion
network of Slovenia” in 1998 are added to the RAF database. Only accelerometric data are used and
PGA are extracted for the vertical and horizontal components; the velocity waveforms are obtained
by integration of the accelerometric signals and then the PGV values are determined. The values of
the response spectra estimated by ESD are used and, if a different period of the response spectra is
needed, a simple linear interpolation is applied.

The Housner and Avrias intensities are estimated for all the data contained in the RAF and
ESD databases using formulas (1.16) and (1.18).
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