


 

 

 

 

 

 

 

 

 

 

 

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 è 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 ≤ ML ≤ 6.3). Sono stati testati 

diversi modelli di attenuazione e il miglior risultato è stato individuato utilizzando specifici criteri 

di valutazione derivanti da considerazioni di carattere statistico (valore di R
2
, uso dell’ANOVA test, 

analisi dei residui). I coefficienti del modello finale sono stati determinati oltre che da ML, 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”. I 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 l’incertezza finale sulle relazioni empiriche. Il 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 l’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” è stato adattato alle Alpi Sud-Orientali implementato allo 

scopo di ottenere una stabile interfaccia con il sistema di acquisizione dati “Antelope” che 

garantisca l’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’intensità 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 l’effetto della densità 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. I 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 è stato 

utilizzato il modello di faglia finita con i parametri di sorgente stimati in precedenti studi.  

La validazione del modello è stata fatta calcolando il misfit tra le intensità macrosismiche 

osservate (catalogo DBMI04) e quelle “strumentali” che sono state ottenute dai sismogrammi 

sintetici tramite relazioni empiriche tra moto del suolo ed intensità. L’analisi è stata fatta per i 

terremoti del Cansiglio (1936), del Friuli (1976) e di Bovec (1998). I sismogrammi sintetici sono 

stati calcolati ad una frequenza massima di 10 Hz applicando il modello della riflettività; 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’intensità macrosismica 

“strumentale” è stata ricavata applicando diverse relazioni; il minor misfit è stato ottenuto usando le 

relazioni proposte da Kästli and Fäh (2006) per tutti e tre i terremoti considerati, il che sembra 

validare il nostro modello di Shake Maps.  
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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 ≤ ML ≤ 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
2
 value, 

ANOVA test, residuals analysis). The coefficients of the final model are determined from ML, 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 Kästli and Fäh (2006) for all considered seismic events and this seem to validate our 

Shake Maps model.  
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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: [ ] 2/)(max)(max 21 tataaM +=  (1.1a) 

2. Both components: [ ])(max 11, taaB =  and [ ])(max 22, taaB =  (1.1b) 

3. Geometric mean: )(max)(max 21 tataaG =  (1.1c) 

4. Largest component: [ ])(max,)(maxmax 21 tataaL =  (1.1d) 
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5. Random component: [ ])(max,)(max 21 tatarndar =  (1.1e) 

6. Resultant component: [ ]
ϑ

ϑϑ sin)(cos)(maxmax 21 tataaR +=  (1.1f) 

7. Vectorial addiction 2

2

2

1 )(max)(max tataaV +=  (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
2
 or g unit. 

PGA is naturally related to inertial forces and it gives the maximum response for rigid structures 

(with T ≤ 3 s). 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 > VII) 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 
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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 ωn and damping ξ excited by a ground motion acceleration őg is:  

)()()(2)(
2

tutxtxtx gnn
&&&&& −=++ ωξω  (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): 

m

k
n =ω  and 

km

c

2
=ξ  (1.3) 

We suppose that at the beginning the oscillator is at rest and the solution of the differential equation 

(1.2) is: 

∫ −−

−

−
=

−−

t

n

t

g

n

dteutx n

0

2)(

2
)(1sin)(

1

1
)( ττξωτ

ξω

τξω
&&  (1.4) 

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

computed using equation (1.4): 

 )(max),( txSD n =ξω  (1.5a) 

 )(max),( txSV n
&=ξω  (1.5b) 

 )()(max),( tutxSA gn
&&&& +=ξω  (1.5c) 

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

values: 

 ),(),( ξωωξω nnn SDPSV ⋅=  (1.5d) 

 ),()(),(),(
2

ξωωξωωξω nnnnn SDSVPSA ⋅=⋅=  (1.5e) 



 12 

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 ωn -> ∞ and the response spectra become:  

0→SD     0→SV     guSA &&max→  (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: 

 
guSD max→     guSV &max→     0→SA  (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 ωn 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: 

 ),(),( ξωωξω nnn SDSV ⋅≈  (1.8a) 

 ),(),( ξωωξω nnn SVSA ⋅≈  (1.8b) 

 ),(),()(),(
2

ξωωξωωξω nnnnn PSVSDSA ⋅=⋅≈  (1.8c) 

 
),(

2

1
),(

2

1 22
ξωξω nn kSDmSV ≈  (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: 

inini atBxtAx ),,(),,(1 ∆+∆=
+

ωξωξ  (1.9) 
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where ai 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:  
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 (1.10b) 

with Td 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:   

22

2

1

2

1
)( xmkxtE &+=  (1.11) 

and, without considering the natural frequency, the energy per unit of mass is: 
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and the phase between the two components of the energy is: 
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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): 

)(ωω FSD ≥⋅  and )(ωFSV ≥  (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/√2 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/amax ratio. 

For a simple harmonic motion its value is T/2π and in general 2π(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: 
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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): 
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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: 

∫=

dT

dttaCAV
0

)(  (1.17) 

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: 

∫=

5.2

1.0

),()( nn dTTSVSI ξξ  (1.18) 

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:  )05.0( == ξSIVSI  (1.19a) 

Acceleration Spectrum Intensity: ∫ ==

5.0

1.0

),05.0( dTTSaASI ξ  (1.19b) 

Effective Peak Acceleration:  EPA=(average spectral acceleration in period 0.1-0.5s)/2.5 (1.19c) 

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
0
-10

-2
), 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
18

=0.015 mg (108 dB dynamic range); a 2g 

sensor with a 24 bits A/D can record motion of 0.24 µg, 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:  



 23 

� 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.  

 

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 (Italian 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 

system 

Kinemetrics 

SSA-1 

Kinemetrics 

Etna 

Kinemetrics 

K2 

Kinemetrics 

Makalu 

Ismes 

DAR2001 

Quanterra

Q4120 

Quanterra 

Q330 

Lennartz 

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 

Sensor FBA 23 EpiSensor FBA-23 EpiSensor FBA 23 
Guralp 

CMG-5T 
EpiSensor 

Guralp 

CMG-5T 

Table 2.1 Technical characteristics of the strong-motion instruments systems 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 

SENSOR Kinemetrics FBA 23 Kinemetrics EpiSensor Guralp CMG-5T 

Type Force-balance accelerometer Force-balance accelerometer Force-balance accelerometer 

Frequency range DC-50 Hz (-3 db) DC-200 Hz (-3 db) DC-80 Hz (-3 db) 

Full scale 1 g 1 g – 2 g 1 g 

Table 2.2 Technical characteristics of the sensors installed since 1993. 
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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.   

 

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.  

2. 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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3. 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
rd

 or 4
th

 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). 

4. 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.  

5. 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). 

6. 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. 

7. 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 –iω 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 (Iwan, 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
2
. 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
th

 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 Arias 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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Chapter 3 

GROUND MOTION PREDICTIVE EQUATIONS 

 

 

3.1 Introduction   

 

The ground motion attenuation relation is a mathematical expression that relates a specific 

strong-motion parameter of ground shaking to one or more seismological parameters related to an 

earthquake. Such seismological parameters quantitatively characterize the earthquake source, the 

wave propagation path between the source and the site, and the soil and geological profile beneath 

the site (Campbell, 2003). These relations are important in the seismic hazard assessment (e.g. 

Boore and Ambraseys, 1993) and are crucial for estimating ground motion when the probabilistic 

approach (PSHA) is applied (Bragato and Slejko, 2005). At the same time a fast and realistic 

prediction of the ground motion parameters is fundamental for producing maps with intensity and 

ground motion values (shaking maps) based on observations at a number of stations (Wald et al., 

1999). Ground motion attenuation relations are also fundamental to estimate ground motion at sites 

where there is no available record. Analyzing recorded data in the selected zone is therefore 

essential to propose local and valid ground motion attenuation relations, that should be, when the 

data is sufficient, more appropriate for the investigated area.  

The ground shaking motion can be represented (see Chapter 1) by several parameters (peak 

ground acceleration, peak ground velocity, spectral acceleration, Arias intensity…). In this thesis I 

use peak acceleration values (PGA) because this is still the most widely used parameter in 

engineering seismology and for seismic hazard assessment purposes, although its limitations are 

well known (Douglas, 2003). The PGA value is the amplitude of the largest acceleration peak 

recorded on an accelerogram at a site during a particular earthquake, and PGA values are useful for 

the analysis of short-period structures. In the past more than 120 equations have been proposed to 

predict it (Douglas, 2001; 2002). The input data and the choice of the type of mathematical model 

are crucial steps in obtaining a realistic output that can be compared with recordings.  

Nowadays a large number of different models and different parameters for estimating 

ground motion are available on a global scale, limited to a regional or local area, or for a particular 

type or class of earthquake mechanisms. Attenuation of peak horizontal acceleration has been 

proposed in the near-source field for the whole world (Campbell, 1981). Other ground motion 

parameters (vertical acceleration, peak ground velocity and pseudo-absolute acceleration response 

spectra) have been derived later on by Campbell (1997). The ground motion attenuation due to 

shallow crustal earthquakes is investigated by, e.g., Abrahamson and Silva (1997). Ambraseys and 
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Douglas (2003) predict new parameters for horizontal and vertical components selecting only 

signals recorded close to the sources (the maximum distance between the receiver and the fault 

surface projection is 15 km). Regional specific relations are proposed for e.g. California (e.g. Joyner 

and Boore, 1981; Boore et al., 1997; Newmark and Hall, 1982; Boatwright et al., 2003), the 

Washington-Alaska area (Youngs et al., 1997), Europe (Ambraseys et al., 1996; Ambraseys and 

Simpson, 1996) and the Middle East area (Ambraseys et al., 2005) to name just a few. Fault 

mechanisms characterization has recently been included in ground motion estimation relations 

(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). Detailed studies about influence of site effects on attenuation relations have been 

proposed by Kanno et al. (2006) and Zhao et al. (2006a; 2006b). Rogers and Perkins (1996) using a 

finite-fault statistical model observe magnitude and distance saturation scaling in a large peak 

acceleration dataset. Anderson (2000) investigates the magnitude dependence of the distance decay 

for rock sites with a series of synthetic ground motion simulations: this technique indicates that the 

ground motion decays less rapidly with distance for larger magnitude earthquakes. So magnitude 

saturation is distance dependent because at longer distances the Green’s functions are more 

complex due to various arrivals spread out over a longer interval of time.  

Sabetta and Pugliese (1987; 1996) use strong motion data recorded in the Italian area to 

propose new attenuation relations for acceleration and velocity. They select accelerograms of 

earthquakes with magnitudes ranging from 4.6 to 6.8 and the response spectra are studied for 

different frequencies.  

The ground motion has been estimated in the Friuli-Venezia Giulia area (North-East Italy, at 

the border with Austria and Slovenia). Different attenuation relations have been proposed for the 

Friuli area by Chiaruttini and Siro (1981), Costa et al. (1998), Malagnini et al. (2002), Bragato 

(2004) and Bragato and Slejko (2005). Chiaruttini and Siro (1981) use waveforms recorded during 

the 1976 Friuli event to study the correlation of peak ground horizontal acceleration with 

magnitude, distance and seismic intensity. Low-magnitude data (M<4.4) are used by Costa et al. 

(1998) to propose new attenuation relationships for the Friuli area. They observe that the peak 

ground acceleration of events with low magnitude (M<4.5) cannot be predicted using laws 

extracted from recordings of larger earthquakes. Previous models (Sabetta and Pugliese, 1987; 

Ambraseys et al., 1996) in fact overestimate the PGA that low-magnitude seismic events produce. 

A similar trend has been observed also in Greece (Theodulidis, 1998). Theodulidis (1998) observes 

that the trend changes around magnitude (MW or MS) 5.0 and proposes to consider a more uniform 

magnitude definition and to include in the regression analysis effects due to “regionalization” 

(lateral heterogeneity, 3-D site effects…) that influence ground motion. In agreement with Costa et 
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al. (1998), a faster attenuation for lower magnitudes is predicted in Friuli also by Bragato and 

Slejko (2005), selecting both acceleration and velocity waveforms in the magnitude range 2.5-6.3 

for distances up to 130 km. A more sophisticated attenuation model is used to take into account 

magnitude saturation in relation to the distance between the source and the receivers. Very recently 

similar results have been proposed for French (Cotton et al., 2006), NW Italy (Frisenda et al., 

2005), for Umbria-Marche (Central Italy) area (Bindi et al., 2006) and for northern Italy (Massa et 

al., 2007).   

Geographical origin of data is very important because the results can differ very much 

because of tectonic, geology and crustal attenuation properties (Faccioli and Pessina, 2003). 

Douglas (2004) investigates strong motion data of five European areas observing a little evidence 

for regional dependence of ground motions and the regional data could be combined to obtain more 

robust prediction equations. In the last years the increase in the number of observed data leads to a 

strong regionalization of the ground motion relations; clearly the goodness of the results depends on 

the input dataset and in some areas there is not enough data to compute stable and reliable 

attenuation relationships. A solution for this problem could be to adjust the global ground motion 

relations with a scale factor to fit the observations in a specific area (Bolt and Abrahamson, 2003).  

 

Figure 3.1 The Friuli-Venezia Giulia area; red triangles are the RAF network stations (updated to 2007) and blue 

triangles are the stations that recorded the ESD data (Friuli 1976; Bovec 1998) used in this study. 



 35 35 

Table 3.1 Recording stations of the RAF network (a) and stations selected from the ESD database (b). 

a) 

Code Site Latitude Longitude Elevation Geology of site 

ARZ Arzino 46.223 12.960 170 Rock 

CARC Trieste 45.653 13.770 2 Soil 

CARN Carnia 46.380 13.138 270 Rock 

CASS Cassacco 46.175 13.188 175 Rock 

CRNI Črni Vrh (SLO) 45.967 13.983 785 Rock 

CESC Cesclans 46.357 13.085 355 Rock 

DST2 Trieste 45.659 13.801 86 Rock 

GECE Gemona 46.282 13.137 250 Soil 

GEDE Gemona 46.254 13.124 180 Soil 

GEFU Gemona 46.262 13.111 187 Soil 

GEPF Gemona 46.277 13.141 255 Rock 

GERO Gemona 46.276 13.131 192 Soil 

GESC Gemona 46.283 13.142 320 Soil 

GETM Gemona 46.267 13.115 188 Soil 

MASA Masarolis 46.177 13.432 640 Rock 

MOGG Moggio 46.406 13.189 387 Rock 

PURA Passo Pura 46.417 12.733 1417 Rock 

PAUL Paularo 46.530 13.116 640 Rock 

PRAD Pradis 46.248 12.889 520 Rock 

SFRA S.Francesco 46.310 12.935 375 Rock 

STOL Stolvizza 46.361 13.355 570 Soil 

TARC Tarcento 46.217 13.222 232 Rock 

VALL Valle 46.158 13.393 666 Rock 

VINO Villanova 46.256 13.281 608 Rock 

 

b) 

Code Site Latitude Longitude Elevation Geology of site 

ASG Asiago 45.856 11.474 975 Rock 

BRC Barcis 46.187 12.554 420 Soil 

BRE Breginj (SLO) 46.264 13.429 --- Soil 

BUI Buia 46.222 13.090 --- Soil 

CDR Codroipo 45.959 12.984 30 Soil 

CNG Conegliano 45.883 12.288 65 Soil 

CRD Cortina 46.525 12.118 1550 Soil 

CST Castelfranco 45.659 11.902 42 Soil 

FLT Feltre 46.019 12.997 320 Rock 

FOG Forgaria 46.221 12.997 205 Soil 

KOB Kobarid (SLO) 46.247 13.582 --- Soil 

LJU1 Ljubljana (SLO) 46.038 14.508 --- Soil 

LJU2 Ljubljana (SLO) 46.058 14.500 --- Soil 

MAI1 Majano 46.187 13.073 168 Soil 

MAI2 Majano 46.187 13.069 169 Soil 

MLC Malcesine 45.813 10.853 95 Rock 

MNS Monselice 45.253 11.723 10 Rock 

ROB Robic (SLO) 46.218 13.502 --- Rock 

SMU Somplago 46.338 13.061 --- Rock 

SRC San Rocco 46.221 12.997 405 Soil 

TLM Tolmezzo 46.382 12.982 525 Rock 

TRC Tarcento 46.226 13.210 230 Soil 

TRG Tregnago 45.525 11.134 500 Rock 
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In this study the ground motion relations are computed in the Friuli area using only 

accelerometric data; different attenuation models are tested for PGA values and the best result is 

obtained by computation and comparison of specific statistic parameters. The PGA regression 

model obtained is then applied also to PGV and SA (0.3 s; 1.0 s; 3.0 s). The final results are 

compared with previous studies (Sabetta and Pugliese, 1987; 1996; Ambraseys et al., 1996; 

Ambraseys and Simpson, 1996). 

 

 

3.2 Input data 

 

The inputs for the computation of the ground motion attenuation relationships are the 

recorded data, the distances between the source and the receivers, the source parameters and the 

characterization of the local site conditions. All seismic signals used as input data have been 

processed with the technique described in Chapter 2. Data include the signals recorded by RAF 

seismic stations and several seismograms downloaded from ESD site related to Friuli and Bovec 

sequences. No selection criterion is applied on the PGA values.  

Local site conditions describe the medium that lies directly beneath the recording site and 

that can be defined by surface geology, shear-wave velocities and thickness or depth of the 

sediments. In particular, the shear-wave velocity can be estimated in the top 30 m (100 ft) of a site 

profile and the average 30-meter velocity is chosen nowadays as the principal parameter in the 

actual soil classifications. In this study the soil types of the recording stations are divided into two 

simple categories (rock and soil) because more detailed information about the geology at all 

recording stations is not available (Table 3.1, Figure 3.1).  

The distance between the site and the seismic source can be described in different ways that 

can be subdivided into two principal categories depending of the source is characterized as a point 

source or an extended source. The point source related distance measures are the epicentral 

distance, the hypocentral distance and the centroid distance. The epicentral and hypocentral distance 

do not work very well if large earthquakes are considered but they are used for small and moderate 

seismic events or when other source parameters are unknown. For events with M>6 it is better to 

adopt the closest horizontal distance to the vertical projection of the rupture plane proposed by 

Joyner and Boore (1981). Other measures are the distance from the rupture area or from the 

seismogenic part of the rupture plane but they are not easy to determine.  

The following distance criteria have been adopted when selecting the input data for this 

study. Only data close to the epicenter were considered because our purpose is to study ground 

motion attenuation on a local scale. Epicentral distances have been used because this is the simplest 
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and easiest distance measured and it’s a reasonable distance measure for medium and small-

magnitude events. The minimum considered distance is very small (1 km), whereas for the 

maximum distance two different values (100 km and 200 km) are considered to check the 

importance of this parameter on the final results.  

Consistent and precise information about the type of magnitude of the selected earthquakes 

is a crucial input in computing ground motion attenuation relations. Magnitudes are computed from 

surface waves (MS), body waves (mb), Lg waves (MLg) and in many other ways (e.g. Kanamori, 

1983), but the one most used for local and regional events is the local magnitude (ML) introduced 

by Richter (1958):    

)()log( RfAM L +=  (3.1) 

The procedures to compute magnitudes vary even for the same magnitude type (e.g. MS) and 

depend strongly on both local parametric coefficients and calibration of location agencies. 

Furthermore, most magnitude scales saturate for strong to large seismic events leading to an 

underestimation of the size of an earthquake. To resolve this problem it is better to use the moment 

magnitude (Mw) correlated to the rigidity (µ), the rupture area (A) and slip on the fault ( D ) so it is 

the only magnitude based on physical parameters (Hanks and Kanamori, 1979):  

DAM w µ=  (3.2) 

Two different procedures to compute Mw for the RAF data are underway, the first based on the 

computation of the source spectrum and the second derived from the coda envelope. The source 

spectrum is obtained by a stable and automatic method (Andrews, 1986) and it is implemented to 

estimate in real time the seismic moment (and Mw magnitude). The real-time procedure is already 

developed and further tests are going on the basis of broad-band velocimetric and accelerometric 

data available in the Southern Alps area (Suhadolc et al., 2006). The S phase is extracted applying 

both a manual picking procedure and an automatic method with travel times estimated from the 

knowledge of the hypocenter, recording site and structural model. The transversal component of 

motion is used to minimize conversion effects and the analyzed frequency window is chosen on the 

basis of comparison between signal and noise spectra (S/N ratio). The source spectrum is obtained 

by correcting the signals for geometrical spreading and intrinsic attenuation; source spectra are 

computed for both velocity and displacement, and the seismic moment and the corner frequency are 

fitted (Andrews, 1986) assuming the Brune spectrum model. Another approach is proposed by 

Mayeda et al. (2003) who describe an empirical calibration for obtaining Mw from regional coda 

envelopes using broad band stations. After the necessary calibration this method retrieves the 

source spectrum giving stable and unbiased magnitude estimations for small earthquakes and it is 

adopted principally for local and regional networks.  
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Since we need a stable and reliable magnitude to compute attenuation relations in NE Italy, 

we have decided to use ML since this magnitude is present in all catalogues. The DST catalogue 

contains data for which the ML provided by the real-time system “Antelope” is given, but covers a 

very short time interval (2003-2005). Therefore five different catalogues (location agencies and web 

sites) have been selected from which to assign magnitude values: 

• OGS catalogue: Bragato and Slejko (2005) computed attenuation relations in NE Italy using 

OGS determined hypocentral parameters (OGS, 1995-2002) and ML magnitude estimations 

proposed by Bragato and Tento (2005). Local magnitude has been calibrated using synthetic 

Wood-Anderson recordings simulated from a set of velocimetric and accelerometric 

recordings. The maximum estimated ML magnitude is 5.7 for the 1998 Bovec earthquake.    

• EMSC catalogue: the EMSC (European Mediterranean Seismological Center) is producing a 

homogeneous seismological catalogue (http://www.emsc-csem.org/index.php?page=home) at 

the Euro-Mediterranean scale merging parametric data provided by contributors.  

• CSI catalogue: the CSI 1.0 catalogue (Castello et al., 2005) is an integrated bulletin with all 

Italian network phases linked to new associations and relocations. This catalogue includes 

Italian earthquakes of the last 22 years (1981-2002). Duration magnitude is associated to a 

great part of seismic events but this estimation is very heterogeneous due to different Md 

definitions of the contributing regional networks. Castello et al. (2004) estimated the ML 

magnitudes by linear regression assuming that duration magnitude is independent from 

hypocentral distance in the near field. The regression procedure has been applied in the 1.5-4.5 

magnitude range, while other ML values have been taken from MEDNET network, CSTI 

catalogue and scientific publications related to larger earthquakes.  

• INGV catalogue: "IngNet On-Line" Web Server (http://waves.ingv.it/index.html) hosts more 

than 300,000 seismic waveforms recorded by the RSNC (National Central Seismic Network) of 

the INGV (Istituto Nazionale di Geofisica e Vulcanologia), since 1988. Waveform files have 

been associated to the earthquake located by the CNT (Centro Nazionale Terremoti) analysts. 

There are data related to local, regional and teleseismic earthquakes. Some technical and 

analytical parameters (e.g. stations filters and ML) are at present under review and will be 

released and corrected in the future. 

• NEIC catalogue: NEIC catalogue (http://earthquake.usgs.gov/) was assembled over a period of 

several decades. Constituent catalogs were in some cases entered manually into the database 

from published papers and in other cases entered from computer tapes supplied to the NEIC by 

representatives of the institutions that compiled the contributing catalogs. If an entry attributed 

to a source in the database is not consistent with the entry for the same earthquake given in the 

source publication or preferred by the source institution, the latter should be taken as 
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authoritative. The USGS has not been able to determine the sources for some catalogs in the 

database. These catalogs are retained in the data base because they clearly represent major 

cataloging efforts, and they may include significant earthquakes that are not included in other 

catalogs. Local magnitude values are computed for distances less than 600 km with depths less 

than 70 km; these estimates are computed in the western part of the United States as well as 

world-wide, often using different calibrating functions. 

We compare all pairs of these catalogues by selecting earthquakes in the Southern Alps area 

present in each pair and plotting their local magnitude estimations (Figure 3.2). We find that NEIC 

catalogue has larger magnitude values than those in all other catalogues. OGS provides somehow 

lower magnitude values than NEIC but larger estimation than CSI and INGV (these catalogues have 

similar values in a large magnitude range).  
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Figure 3.2 Scatter for different ML estimations for the same event; the red line has slope one. 
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A comparison between EMSC and other catalogues shows important data scatterings, 

particularly in the low magnitude range. The ML seems to follow a linear trend for magnitudes 

higher than 4.0, but few seismic events in the catalogues exceed this value. There is also more 

variability, as expected, for small-size earthquakes. As a matter of fact plots indicate a very good 

agreement for high magnitude events, whereas in the low magnitude range a bigger scatter can be 

observed.  

Catalogue entries are generally inconsistent for a given seismic event. The same earthquake 

may have slightly different origin times, hypocenters or magnitudes in two different catalogues or 

an earthquake may be listed in one catalogue and not in another. Differences between data base 

entries may arise from a variety of causes: 

• differences in the data used for location or the computer location programs;  

• different conventions are used about the size or locations of the earthquakes listed; 

• different types of magnitudes exist, corresponding to seismic energy radiated in different 

frequency bands, and even the same type of magnitude can have appreciable differences;  

 

Table 3.2 Linear regression results for different catalogue inputs (ML(Cat)). In (a) we report the quality parameters of 

all performed regressions (r=correlation factor; RSE=residual standard error, R
2
=coefficient of determination). In (b) 

the estimated coefficients for the same linear regressions with the associated standard error, t-value and Statistica test 

(Iacus and Masarotto, 2003).   

 

a) 

MLCat r RSE R
2
 

CSI 0.916203 0.2296 0.8394 

EMSC 0.757154 0.3229 0.5733 

INGV 0.937548 0.1989 0.8790 

NEIC 0.853168 0.2512 0.7279 

 

b) 

MLCat Coef. Estimated Std. Err. t-value Statistica test 

a 1.0621 0.10618 10.000 9.58 x 10
-16

 
CSI 

b 0.7702 0.03766 20.450 < 2.2 x 10
-16

 

a 1.0867 0.32330 3.362 1.85 x 10
-3

 
EMSC 

b 0.6843 0.09840 6.954 3.77 x 10
-8

 

a 1.3843 0.08007 17.290 < 2.2 x 10
-16

 
INGV 

b 0.7271 0.03094 23.500 < 2.2 x 10
-16

 

a 0.8536 0.17220 4.958 5 x 10
-16

 
NEIC 

b 0.6893 0.05110 13.487 < 2.2 x 10
-16
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Figure 3.3 Residuals as a function of fitted values for all linear regression models (formula (3.3)). 

 

• recent earthquakes (last two years events) have not been reviewed, so there can be a discrepancy 

in the related magnitude comparison;  

• hypocenters of earthquakes are listed to different levels of precision in the different databases.  

For computing the regression parameters for attenuation relations we use the OGS catalogue 

for location and magnitude input data, because this catalogue has been reviewed and local 

magnitudes have been recomputed, providing therefore more stable and self-consistent entries. 

Because OGS does not provide local magnitudes for all considered seismic events, linear 

regressions have been computed between local magnitudes estimated by OGS and ML provided by 

other catalogues. The regression formula is: 

)()( CatMbaOGSM LL ⋅+=  (3.3) 

In Table 3.2a regression results are reported: the goodness of regressions has been tested 

estimating different quality factors (correlation coefficient, residual standard error, R
2
). Such quality 
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factors indicate that the best linear regression has the INGV catalogue as the independent variable; 

also CSI catalogue produces good results while the other two catalogues (NEIC and EMSC) do not 

give such a good fit. From the related residuals plots (Figure 3.3) probable outliers can be observed 

for small seismic events using NEIC and CSI catalogues; these residual plots have uniform 

scattering in low magnitude range in agreement with the hypothesis that first-order linear regression 

is a good model for fitting these data. For strong earthquakes the residuals analysis seem to indicate 

that a linear regression is not the best model to apply because there is a systematic overestimation of 

OGS data, perhaps a second order linear model could be better but this hypothesis is not supported 

by any theory. EMSC and NEIC estimate ML values using the results provided by different local 

agencies and probably the different calibration applied can explain the regressions results.  

The computed coefficients (Table 3.2b) are very similar for all input catalogues with b 

varying in the range 0.68-0.77 and a in the range 0.85-1.38; the estimations differ for the associated 

standard errors (Appendix A) and for the t-values of statistica test (the best estimation being that 

obtained using INGV as input). The intercept has a high value, whereas the angular coefficient is 

lower than 1.0 (Figure 3.4). In all models the linear fits underestimate the OGS local magnitude 

because moderate magnitude events produce a leverage effect on the final regression results. 
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Figure 3.4 Scatter plots for different magnitude estimations; red lines show our fit results. 
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Figure 3.5 Local magnitude (Table 3.3) distribution of the adopted database. The histogram length is 0.5 and it is 

centered on magnitude values: 3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0. 

 

To obtain a uniform local magnitude calibrated on OGS data we face some problems. In the 

OGS catalogue the data covers the period 1995-2002 but does not include some events recorded by 

RAF (the most important is the Merano July 17, 2001 earthquake). At the same time we need the 

ML estimations calibrated on OGS data for the year 1994 and for the period 2003-2005 (the 

strongest event in the RAF database is Bovec on July 12, 2004). The missing magnitude values 

have been estimated from the magnitudes provided in the other catalogues previously discussed and 

a priority regression order (best quality factor) has been fixed when more ML estimate for the same 

earthquake are available. The priority input is: 

1. INGV 

2. CSI 

3. NEIC 

4. EMSC 

Because of the unreported ML values in the OGS catalogue 42 data are selected from the INGV 

catalogue and 5 from the NEIC one; in all cases OGS locations are used in our final database.  
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The catalogues discussed previously cover the time period 1977-2005 and therefore exclude 

the data related to the 1976 Friuli sequence. Therefore, no comparison is possible between 

estimations from different catalogues. For the 1976 Friuli sequence we therefore use locations and 

local magnitude values found in the European Strong Motion Database (ESD) catalogue 

(Ambraseys et al., 2002). The ESD catalogue (Ambraseys et al., 2002) 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. The final magnitude distribution of our database (Table 3.3) is plotted in Figure 3.5. 

Our final database has 129 earthquakes (Table 3.3 and Figure 3.6) and about 1000 PGA data. In 

Figure 3.7 the database events are plotted as a function of magnitude and epicenter distance: data 

are uniformly distributed at low magnitudes and close distances. There are few data with epicentral 

distances larger than 100 km. This could produce a leverage effect that could affect the results due 

to a poor statistics. Besides, the records of low magnitude events obtained at large distances have 

usually important inherent amplifications due to site effects at the related stations.  

 

 

 

Figure 3.6 The epicenters of seismic events used (Table 3.3) to estimate ground motion attenuation relations. Red 

circles are earthquakes selected from the RAF database, whereas the blue circles are earthquakes selected from the ESD 

database. The black star is the epicenter of the strongest event recorded in the area (Mw=6.5; May 6, 1976). 
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Table 3.3. Seismic events with locations and magnitude estimations used as input in ground motion attenuation relations 

computation. The agency is the original catalogue from which the earthquake data are selected, the ML values for 

agencies other than OGS and ESD are the estimations made using regressions relations (see text). 

Date Time Latitude Longitude Depth ML Agency 

06-May-1976 19:59 46.277 13.239 09.0 4.5 ESD 

06-May-1976 20:00 46.292 13.253 07.0 6.3 ESD 

07-May-1976 00:23 46.245 13.269 09.0 5.0 ESD 

09-May-1976 00:53 46.316 13.236 10.0 4.2 ESD 

10-May-1976 04:35 46.280 13.220 05.0 4.5 ESD 

11-May-1976 22:44 46.258 12.985 06.0 5.3 ESD 

11-Jun-1976 17:16 46.230 13.000 09.0 4.5 ESD 

17-Jun-1976 14:28 46.180 12.800 15.0 4.5 ESD 

11-Sep-1976 16:31 46.286 13.160 03.0 5.4 ESD 

11-Sep-1976 16:35 46.277 13.175 12.0 5.7 ESD 

13-Sep-1976 18:54 46.306 13.146 08.0 4.3 ESD 

15-Sep-1976 03:15 46.291 13.153 05.0 6.2 ESD 

15-Sep-1976 04:38 46.318 13.132 07.0 4.7 ESD 

15-Sep-1976 09:21 46.318 13.119 08.0 6.1 ESD 

16-Sep-1977 23:48 46.280 12.980 08.0 5.3 ESD 

02-Jan-1994 07:45 46.103 13.373 09.0 3.2 INGV 

21-Feb-1994 07:31 46.328 13.215 05.0 3.5 INGV 

22-Feb-1994 04:14 46.301 13.056 07.0 3.5 INGV 

27-Feb-1994 07:02 46.466 13.350 05.0 3.1 INGV 

25-May-1994 23:32 46.033 13.522 09.5 3.0 INGV 

14-Dec-1994 03:38 46.279 13.305 12.6 3.8 INGV 

29-Jun-1995 04:02 46.135 13.478 14.4 3.0 OGS 

02-Jan-1996 19:52 46.280 13.045 07.0 3.1 OGS 

27-Jan-1996 08:26 46.314 12.575 06.1 3.8 OGS 

24-Feb-1996 17:22 46.333 13.135 10.6 3.0 OGS 

27-Feb-1996 11:13 46.309 12.577 09.5 4.3 OGS 

27-Feb-1996 13:43 46.324 12.570 09.0 3.3 OGS 

28-Feb-1996 03:52 46.410 13.319 03.9 3.1 OGS 

13-Apr-1996 13:00 46.312 12.559 11.5 4.5 OGS 

16-Apr-1996 18:06 46.321 12.570 13.9 3.8 OGS 

25-Jul-1996 21:25 46.043 13.512 12.4 3.3 OGS 

27-Aug-1996 14:42 46.495 13.199 04.9 3.0 OGS 

18-Jan-1997 18:19 46.363 13.035 07.0 3.0 INGV 

14-Jul-1997 04:24 46.381 13.000 11.2 3.2 OGS 

02-Dec-1997 17:18 46.071 13.467 11.2 3.0 OGS 

09-Dec-1997 01:36 46.368 13.225 08.3 3.0 OGS 

04-Feb-1998 14:07 45.525 14.510 11.0 3.7 INGV 

12-Apr-1998 10:54 46.324 13.678 15.2 5.7 OGS 

12-Apr-1998 11:13 46.275 13.755 13.0 3.0 OGS 

12-Apr-1998 11:50 46.306 13.608 12.8 3.0 OGS 

12-Apr-1998 12:29 46.285 13.701 14.6 3.0 OGS 

12-Apr-1998 12:43 46.329 13.660 13.0 3.3 OGS 

12-Apr-1998 13:35 46.258 13.564 16.0 3.5 OGS 

12-Apr-1998 16:15 46.314 13.590 13.3 3.4 OGS 

12-Apr-1998 20:54 46.305 13.602 12.4 3.1 OGS 
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12-Apr-1998 22:13 46.314 13.612 13.9 3.7 OGS 

13-Apr-1998 03:23 46.303 13.604 12.7 3.2 OGS 

15-Apr-1998 19:40 46.272 13.733 09.8 3.8 OGS 

15-Apr-1998 22:42 46.317 13.658 11.5 3.6 OGS 

16-Apr-1998 17:21 46.280 13.673 04.8 3.1 OGS 

21-Apr-1998 10:50 46.328 13.599 14.9 3.1 OGS 

06-May-1998 02:52 46.285 13.717 07.9 4.6 OGS 

08-May-1998 10:11 46.269 13.758 17.7 3.2 OGS 

11-May-1998 23:30 46.271 13.719 14.6 3.6 OGS 

15-May-1998 13:37 46.310 13.650 11.9 3.3 OGS 

28-May-1998 09:32 46.295 13.049 10.6 4.0 OGS 

28-May-1998 09:36 46.305 13.075 09.2 3.4 OGS 

10-Jun-1998 23:32 46.292 13.613 13.5 3.5 OGS 

13-Jun-1998 18:39 46.263 13.673 14.8 3.0 OGS 

29-Jun-1998 17:33 46.323 13.594 10.6 3.0 OGS 

30-Aug-1998 01:18 46.239 13.771 19.1 3.8 OGS 

31-Aug-1998 02:31 45.928 14.880 13.7 4.5 INGV 

24-Nov-1998 13:49 46.253 13.738 14.7 3.7 OGS  

26-Dec-1998 19:30 45.786 11.442 16.6 3.6 INGV 

21-Mar-1999 04:07 46.418 13.330 06.4 3.5 OGS 

25-Apr-1999 09:51 46.274 12.597 11.0 3.5 OGS 

26-Apr-1999 02:53 45.915 11.126 07.0 3.3 INGV 

07-May-1999 10:50 46.218 12.479 11.4 3.0 OGS 

12-May-1999 03:41 46.269 13.633 05.5 3.0 OGS 

13-May-1999 16:06 46.269 13.610 11.1 3.9 OGS 

23-May-1999 14:23 46.267 13.621 12.3 3.2 OGS 

27-May-1999 16:49 46.494 12.946 09.8 3.1 OGS 

19-Jun-1999 20:18 46.493 12.690 10.3 3.5 OGS 

25-Jul-1999 21:07 46.310 13.626 05.3 3.2 OGS 

01-Oct-1999 07:08 46.317 13.628 08.5 3.1 OGS 

25-Oct-1999 18:37 46.287 12.973 10.9 3.1 OGS 

22-Nov-1999 16:16 46.285 13.186 09.8 3.0 OGS  

29-Mar-2000 16:57 46.325 12.605 07.5 3.4 OGS 

16-Aug-2000 05:56 46.039 13.703 13.6 3.0 OGS 

17-Jul-2001 15:06 46.675 11.097 05.0 5.2 INGV 

30-Sep-2001 11:46 46.380 12.856 11.8 3.0 OGS 

14-Feb-2002 03:18 46.426 13.100 11.2 5.1 OGS 

25-Feb-2002 10:55 46.424 13.100 13.7 3.1 OGS 

06-May-2002 03:24 46.360 12.638 12.2 3.6 OGS 

02-Jun-2002 13:37 45.670 14.270 10.0 3.9 INGV 

06-Jul-2002 08:30 46.301 13.193 11.4 3.2 OGS 

15-Jul-2002 09:04 46.292 13.651 12.2 3.3 OGS 

29-Sep-2002 11:09 46.467 12.752 10.3 3.1 OGS 

30-Sep-2002 02:48 46.331 13.612 11.3 4.1 OGS 

11-Mar-2003 05:54 46.448 13.200 16.0 3.5 INGV 

11-Mar-2003 05:57 46.440 13.185 16.0 3.8 INGV 

18-Apr-2003 01:17 46.348 12.958 11.0 3.5 INGV 

02-Jun-2003 15:10 46.174 12.400 12.0 3.1 INGV 

24-Aug-2003 03:07 46.100 14.200 00.0 3.3 INGV 
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25-Aug-2003 21:49 46.902 13.563 02.0 3.4 NEIC 

30-Aug-2003 09:11 46.400 12.800 09.0 3.9 INGV 

02-Dec-2003 17:51 45.675 14.218 09.0 3.3 INGV 

22-Jan-2004 15:26 46.541 13.229 05.0 3.1 INGV 

22-Mar-2004 13:03 46.394 13.020 00.0 3.0 INGV 

23-May-2004 15:19 43.390 17.380 40.0 4.4 NEIC 

12-Jul-2004 13:03 46.301 13.604 06.0 5.2 INGV 

12-Jul-2004 13:31 46.256 13.570 10.0 3.4 INGV 

12-Jul-2004 16:26 46.306 13.654 00.0 3.5 INGV 

12-Jul-2004 20:25 46.331 13.647 00.0 3.3 INGV 

14-Jul-2004 04:37 46.327 13.615 00.0 3.8 INGV 

15-Jul-2004 05:54 46.255 13.634 00.0 3.0 INGV 

15-Jul-2004 18:58 46.305 13.629 00.0 3.4 INGV 

17-Jul-2004 19:18 46.307 13.614 01.0 3.5 INGV 

18-Jul-2004 03:56 46.300 13.630 00.0 3.0 INGV 

21-Jul-2004 09:50 46.315 13.607 00.0 3.3 INGV 

23-Jul-2004 13:52 46.363 13.591 00.0 3.3 INGV 

01-Aug-2004 00:11 46.256 13.516 24.0 3.0 INGV 

18-Aug-2004 14:24 46.256 13.516 24.0 3.4 INGV 

27-Aug-2004 00:34 46.316 13.624 00.0 3.3 INGV 

28-Aug-2004 04:04 46.416 12.927 10.0 3.2 INGV 

29-Aug-2004 00:04 46.253 12.457 00.0 3.9 INGV 

14-Sep-2004 18:09 45.300 14.617 10.0 4.6 INGV 

27-Sep-2004 07:01 46.487 12.864 10.0 3.1 INGV 

07-Oct-2004 19:21 46.434 13.154 00.0 3.6 INGV 

06-Nov-2004 17:09 46.256 13.570 10.0 3.4 INGV 

24-Nov-2004 22:59 45.620 10.620 00.0 5.2 INGV 

25-Nov-2004 06:21 43.130 15.160 15.0 4.9 INGV 

14-Jan-2005 07:58 46.174 13.986 16.0 4.3 INGV 

14-Jan-2005 08:05 46.190 14.010 10.0 4.2 INGV 

08-Feb-2005 20:06 46.336 13.109 08.0 3.1 INGV 

23-Mar-2005 00:33 46.205 12.753 11.0 3.2 INGV 

24-Apr-2005 18:33 45.560 41.340 02.0 3.9 NEIC 

18-May-2005 21:41 45.590 11.380 38.0 3.5 NEIC 

12-Dec-2005 16:35 46.490 13.364 02.0 3.1 NEIC 

 

Other specific parameters can be inserted in the input database but very often their inclusion 

requires a too detailed knowledge of the parameters and kinematics of the rupture plane for each 

considered seismic event. The type of faulting and the focal mechanism determination are very 

important to estimate ground motion. Campbell (1981) demonstrated that earthquakes with reverse 

and thrust faults generate higher ground motions than seismic events with normal and strike-slips 

faults. Brune (2000) observed low ground shaking close to the fault on the footwall of normal 

faults; furthermore, Abrahamson and Silva (1997) observed that higher ground motion is produced 

on the hanging wall than on the footwall for reverse faults because of the combination of radiation 

pattern, source directivity and the entrapment of the seismic wave within the hanging wall.  
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Figure 3.7 Distribution of recorded events selected from the RAF and ESD databases as a function of magnitude and 

epicentral distance.  

 

Different earthquakes can have a different stress drop and it is demonstrated that a higher 

stress drop produces higher ground motion, although its effect is larger on short periods than on 

long periods (Boore and Atkinson, 1987). The influence of the directivity term is important at 

periods larger than 0.6 s and increase with the period modifying the symmetry of the radiation 

pattern (Faccioli and Pessina, 2003); this parameter is particular important for unilateral rupture 

close the fault but at the same time it is not simple to estimate for small or moderate earthquakes 

and it is not possible to predict the rupture direction for the future seismic events   

 

 

3.3 Regression analysis 

 

In all attenuation models PGA is supposed to be a function of magnitude, M, distance, r, and 

site effects, S: 

),,( SdMfPGA =  (3.4) 

Furthermore very often a logarithm of eq (3.4) is considered. Most accelerometric station 

records consist of three orthogonal components (two horizontal and one vertical). PVA is the peak 

vertical acceleration, but there are seven ways to define the peak horizontal acceleration (PHA): the 
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arithmetic mean, WE and NS components, the geometric mean, the largest component, random, 

resultant and vectorial addition (Douglas, 2003). In this work attenuation laws are estimated for 

PVA and for two different types of PHA (largest component and vectorial addition); the vectorial 

addition assumes that the maximum ground amplitude occurs simultaneously on the two horizontal 

components, this being a conservative assumption (Douglas, 2003). PVA and PHA values are 

computed in g unit.  

The path between the source and the receiver can be represented in more than one way 

(Douglas, 2003): in this study the event depth is not considered and epicentral distances are first 

used in the 1-100 km range. At the same time magnitude can be characterized in different ways (e.g. 

Md, ML, mb, MS and Mw): local magnitude is used here for reasons discussed in the previous 

paragraph. Two binary values are adopted to denote the site conditions (for rock sites S=0, for soil 

sites S=1).  

Usually three different methods can perform the regression analysis to reduce the bias: the 

weighted nonlinear least-squares regression (Campbell, 1981), the two-step regression (Joyner and 

Boore, 1981) and random-effect regression (Brillinger and Preisler, 1984). The latter two methods 

can estimate directly the intra-earthquake and inter-earthquake components of randomness. The 

standard deviation of the residuals is called the standard error and represents the randomness 

(aleatory variability) of the regression, but often the standard deviation is separated in intra-

earthquakes and inter-earthquakes components. Furthermore, the standard deviation is a function of 

magnitude (Youngs et al., 1995) and ground motion amplitude (Campbell, 1997), especially for 

large earthquakes and strong motion, and this is very important when seismic hazard is computed 

adopting the probabilistic approach. In ground motion relations the standard error depends on the 

aleatory variability and on the epistemic uncertainties. The aleatory variability is the statistical 

uncertainty quantified by the standard deviation and by the differences between the observed and 

the computed data, while the epistemic uncertainties define the lack of knowledge on the 

mathematical models due to data being limited. The modeling variability (unexplained variability) 

can be reduced by scientific knowledge but the parametric variability (explained variability) will 

increase because new parameters are added in the model; so the total variability does not change, 

but new knowledge about the variability causes are derived from the models development. Douglas 

and Smith (2001) found that the current uncertainties in ground motion relations are the best results 

that can be obtained with the data available.    

In this analysis various attenuation models are tested by selecting various functions of 

distance and various correction factors for the magnitude saturation and dependence between 

magnitude and distance. Typical statistical parameters (R
2
, R

2
-adjusted, t-value, F-value…) valuing 

the goodness of the model are computed and the residual distributions are studied using the R open-

source software (www.r-project.org; Taylor, 1986; Iacus and Massarotto, 2003). A forward 
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procedure is adopted so the model can be implemented starting from a simple model and, after 

having fixed some selection criteria, evolving the model until these criteria are respected. Further 

considerations can be found in Appendix A. Our study has been therefore divided into sequential 

steps.   
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Figure 3.8 Input variables comparison.  
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Step 1: the input data study. In Figure 3.8 the input data are plotted and in Table 3.4 the covariance 

and correlation factors are computed for all variables. PGA is represented as vertical component 

(PVA) and horizontal components (PHA largest component and PHA vectorial addition) but the 

statistical analysis was concentrated only on PHA largest component data; of course the horizontal 

component is the one more interesting to study and the high correlation factor (r[PHA.lc-

PHA.va]=0.992) allows us to export to the vectorial addiction the results found for the largest 

component. The correlation factor between distance and magnitude is quite low (r[Distance-

Magnitude]=0.240) so it is possible to consider both these two variables as independent and to 

apply in the regression technique the one-step least squares method. The box plot (Figure 3.9) 

evidences the weight of site effects (parameter S) on the final results; of course, if we assume a 

uniform distribution of recordings that are influenced by soil amplification in the considered 

distance and magnitude range, the median of soil PHA (S=1) is about one order larger than the 

median of bedrock PHA (S=0).  

Step 2: the distance dependence. The relationship between PGA and e
cM

 is consistent with the 

definition of earthquake magnitude (Richter, 1935), while the relationships between PGA and e
cr

 or 

cr are consistent with the geometrical spreading and the anelastic attenuation due to the damping 

and scattering effects. Two simple ground motion attenuation models are tested with PGA 

depending on epicentral distance in a logarithmic or normal scale (c1 is expected to be positive and 

c2 negative): 

 σ±⋅+⋅+⋅+= ScdcMccPGA S)(log)(log 1021010  (3.5) 

 σ±⋅+⋅+⋅+= ScdcMccPGA S21010 )(log
 (3.6) 

 

Table 3.4 a) Correlation factors between the input variables. b) Covariance values between the input variables. 

a) 

  Distanza Mag S PVA PHA(lc) PHA(va) 

Distanza 1.0000 0.2399 -0.0615 -0.2258 -0.1943 -0.2001 

Mag 0.2399 1.0000 0.2191 0.5638 0.4356 0.4697 

S -0.0615 0.2191 1.0000 0.2009 0.1423 0.1646 

PVA -0.2258 0.5638 0.2009 1.0000 0.7669 0.8278 

PHA(lc) -0.1943 0.4356 0.1423 0.7669 1.0000 0.9920 

PHA(va) -0.2001 0.4697 0.1646 0.8278 0.9920 1.0000 

 

b) 

 Distance Mag S PVA PHA(lc) PHA(va) 

Distance 484.4975 5.4419 -0.6754 -0.1575 -0.3827 -0.4541 

Mag 5.4419 1.0623 0.1126 0.0184 0.0401 0.0499 

S -0.6754 0.1126 0.2489 0.0031 0.0063 0.0084 

PVA -0.1575 0.0184 0.0031 0.0010 0.0021 0.0027 

PHA(lc) -0.3827 0.0401 0.0063 0.0021 0.0080 0.0091 

PHA(va) -0.4541 0.0499 0.0084 0.0027 0.0091 0.0106 
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Figure 3.9 Boxplot of data (see text) recorded on bedrock (S=0) and data recorded on site (S=1); PGA axis is in 

logarithmic scale. 

 

The R
2
 parameter indicates (Table 3.5a; 3.5b) that (3.5) is the best model. However, since 

epicentral distances and near-source (r < 10 km) data are used, a new parameter, h, which 

represents an average depth value of all seismic events in a specific seismogenic zone, has been 

added and it takes into account the ground motion increase close to the source due to near-source 

effects. The attenuation relation thus becomes: 

σ±⋅++⋅+⋅+= SchdcMccPGA S)(log)(log
22

1021010  
(3.7) 

Equation (3.7) is not linear, thus a different method is applied for the related regression: a 

grid for the h parameter is defined (h ranges from 0 to 20 in steps of 0.1) and the R
2
 parameter and 

standard error (RSE) are computed using the least square method for every h value. The parameters 

with the highest R
2
 are the best ones for estimating the ground motion applying this mathematical 
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model. In this best case the h parameter has a value 8.4 (Table 3.5c; 3.5d) with RSE=0.3701 and R
2
-

adj=0.8507 (for formula (3.5) R
2
-adj=0.8347, hence the new model is better). 

 

Table 3.5 a) RSE (Residual Standard Error) and R
2
 for models tested in second step using laws (3.5) and (3.6). b) 

Coefficients with standard error, t-value and statistica test of law (3.5). c) Depth correction vale, RSE (Residual 

Standard Error) and R
2
 adjusted for regression made using law (3.7). d) Coefficients with standard error, t-value and 

statistica test of law (3.7). 

a) 

Coefficient RSE R
2
 

)(log10 d  0.3894 0.8363 

d  0.4044 0.8235 

b) 

Parameter Value StdErr t-value Statistica test 

c0 -3.77653 0.12015 -31.431 <2e-16 

c1 0.76207 0.02233 34.129 <2e-16 

c2 -1.38084 0.06708 -20.586 <2e-16 

cS 0.19681 0.04565 4.311 2.19e-05 
c) 

h RSE R
2
-adj 

8.4 0.3701 0.8507 
d) 

Parameter Value StdErr t-value Statistica test 

c0 -3.11395 0.13347 -23.331 <2e-16 

c1 0.78006 0.02135 36.535 <2e-16 

c2 -1.83735 0.08201 -22.404 <2e-16 

cS 0.18591 0.04343 4.281 2.49e-05 
 

 

Table 3.6 a) RSE (Residual Standard Error), R
2
 adjusted, F-value and ANOVA test for models tested in  step 3. b) 

Coefficients for the best model of Table a) with standard error, t-value and Statistica test. c) RSE, R
2
 adjusted, F-value 

and ANOVA test for the following tests. d) Coefficients for the best model of Table c) with standard error, t-value and 

Statistica test. This is our final model (Eq. (3.8)). e) RSE, R
2
 adjusted, F-value and ANOVA test for rejected models. 

ANOVA test exceeded 0.05% and the models are rejected. 

a) 

Coefficient RSE R
2
-adj F-value ANOVA 

2M  0.3686 0.8519 3.5174 0.06168 

3M  0.3684 0.8521 3.8726 0.04998 

Md ⋅  0.3692 0.8515 2.6026 0.10770 
2

Md ⋅  0.3696 0.8512 1.9901 0.15940 

3
Md ⋅  0.3699 0.8509 1.4015 0.23740 

d  0.3695 0.8512 2.0072 0.15760 

)(log10 dM ⋅  0.3689 0.8517 3.1493 0.07695 

)(log10

2
dM ⋅  0.3704 0.8505 0.5992 0.43950 

)(log10

3
dM ⋅  0.3707 0.8502 0.0113 0.91540 

 



 54 54 

b) 

Parameter Value StdErr t-value Statistica test 

c0 -3.70958 0.33054 -11.223 <2e-16 

c1 0.99190 0.10972 9.040 <2e-16 

c2 -1.83371 0.08165 -22.459 <2e-16 

c3 0.19661 0.04356 4.513 9.13e-06 

cS -0.00342 0.00174 -1.968 <2e-16 
c) 

Coefficient RSE R
2
-adj F-value ANOVA 

2M  0.3678 0.8526 2.0849 0.14980 

d  0.3677 0.8527 2.2108 0.13810 

Md ⋅  0.3663 0.8538 4.4833 0.03504 
2

Md ⋅  0.3658 0.8542 5.4589 0.02012 

3
Md ⋅  0.3655 0.8544 5.9432 0.01534 

)(log10 dM ⋅  0.3650 0.8548 6.7046 0.01008 

)(log10

2
dM ⋅  0.3644 0.8553 7.8480 0.00541 

)(log10

3
dM ⋅  0.3641 0.8555 8.3196 0.00420 

d) 

Parameter Value StdErr t-value Statistica test 

c0 -3.51258 0.33372 -10.525 <2e-16 

c1 1.09602 0.11428 9.590 <2e-16 

c2 -2.17358 0.14279 -15.222 <2e-16 

c3 0.19990 0.04306 4.642 5.14e-06 

c4 -0.01015 0.00290 -3.503 5.28e-04 

cS 0.00343 0.00119 2.884 4.20e-03 
e) 

Coefficient RSE R
2
-adj F-value ANOVA 

2M  0.3629 0.8565 2.9780 0.08542 

d  0.3645 0.8552 0.2512 0.61660 

Md ⋅  0.3647 0.8551 0.0019 0.96500 
2

Md ⋅  0.3646 0.8551 0.1013 0.75050 

3
Md ⋅  0.3646 0.8551 0.1386 0.71000 

)(log10 dM ⋅  0.3638 0.8558 1.4825 0.22430 

)(log10

2
dM ⋅  0.3645 0.8553 0.4097 0.52260 

 

Step 3: the correction factors. So far we have supposed that PGA (in logarithmic scale) increases 

linearly with magnitude (constant magnitude scaling) and that d(PGA)/dM is independent of both 

magnitude and distance (Boore et al., 1997). Lee and Trifunac (1995) propose a new regression 

model introducing the magnitude saturation (d(PGA)/dM<0) to limit the PGA increase for large 

seismic events. A Monte Carlo simulation of peak acceleration attenuation using a finite fault 

indicates that a M
2
 dependent parameter is not the best regression for magnitude saturation (Rogers 

and Perkins, 1996). In fact d(PGA)/dM increases with increasing distance at the same time that it 

decreases with increasing magnitude (Anderson, 2000). Rogers and Perkins (1996) conclude that 

finite faults require a magnitude dependent attenuation: earthquakes on large faults should have an 



 55 55 

attenuation function that decreases less rapidly with distance than earthquakes on small faults 

because the Green’s function becomes more complex at larger distances, with multiple arrivals 

spread out over a large time window. Large earthquakes have large rupture areas (Wells and 

Coppersmith, 1994) and distant stations receive seismic signals from the larger fault area at any one 

time (Anderson, 2000). Several studies propose models taking into account the magnitude 

dependent saturation (Abrahamson and Silva, 1997; Campbell, 1997; Sadigh et al., 1997). A 

forward procedure has been adopted and different correction factors have been tested in successive 

steps; we choose the higher-order correction factors depending on saturation magnitude (M
2
 and 

M
3
) and on the relation between distance, d, and magnitude, M, such as d, dM, dM

2
, dM

3
, Mlog10(d), 

M
2
log10(d) and M

3
log10(d). The Fisher distribution value (F-value) is computed and the ANOVA 

test is performed for every model by choosing the major F-value and deciding to reject H0 at the 

0.5% level. At the beginning we select the term M
3
 (Table 3.6a; 3.6b), then the coefficient 

M
3
log10(d) is chosen (Table 3.6c; 3.6d) but the following computation of the ANOVA test indicates 

probability greater than 0.5% that hypothesis H0 is true (Table 3.6e) so we reject the model and 

stop the procedure; we fix the h value at the estimation value obtained in step 2 to avoid too wide 

fluctuations of the depth correction parameter. Following a statistical approach, magnitude 

saturation could be represented not by a M
2
 or M

3
 term but with a term M

n
 with n>3. We stop our 

tests at the magnitude order n=3, but the analysis indicates that n=7 is the best saturation order to 

use. However we reject the M
7
 hypothesis and we use the M

3
 term because there is no theory about 

such high-order magnitude saturation. So our final best model is: 

σ±⋅+⋅⋅++⋅+⋅+= ScMrccrcMccPGA S

3

10431021010 ))(log()(log)(log
 

(3.8) 

with: 

22
hdr +=  

(3.9) 

which is similar to the model proposed by Bragato and Slejko (2005) for the same region. 

Step 4: residuals analysis (for further details see Appendix A). The residuals distribution as a 

function of the fitted values (Figure 3.10) is symmetric, uniform and homogeneous and no 

correlation seems to be present. The data print with a high residual values (residual greater than 1 or 

cross validated residual greater than 3) is related to a recording station close to the epicenter 

because the epicentral distance is about 7 km and the magnitude of the related earthquake is 4.6; so 

the few data recorded near the epicenter for seismic events of moderate size and the effects due to 

the finite fault not considered in the ground motion relations can produce this anomalous residual as 

demonstrated in Figure 3.12. In the top picture of Figure 3.11 we can observe the same trend and 

the residuals higher than the standard limitations of 2 are few and in general they do not exceed 2.5. 

On the other side the highest residuals are recorded close to the source and these are a crucial input 

for the stability of the regression.  
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Figure 3.10 Residuals and cross validated residuals as a function of the fitted values expressed in log10(PGA). 
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Figure 3.11 Top: standard residuals as a function of the fitted values expressed in log10(PGA); the red lines are the 

limits for the residuals distribution. Bottom: the leverage values as function of the standard residuals; the labels near the 

data indicate the related magnitude; the red line has the value 2*p/n and is the normal limitation for the leverage 

estimations. 
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Figure 3.12 Residuals (model represented by formula (3.8)) as a function of epicentral distance for the vertical 

component (red circles), the largest horizontal component (blue circles) and the vectorial addition of the horizontal 

component (green circles).  

 

 

 

The bottom picture in Figure 3.11 shows the leverage estimations as a function of the standard 

residuals values: the red line is the limitation to obtain anomalous cases and we can observe that all 

data with a high leverage have a magnitude greater than 6. This is caused by the scarcity of data 

with large magnitudes and these data have an important leverage effect biasing strongly the final 

results (few recordings at high magnitude and short epicentral distances). The Figure 3.7 confirms 

this hypothesis but it is unavoidable that some input data influence the final results more than other 

in the case that the dataset is not homogeneous.   
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3.4 Results 

 

Regressing the data with Eq. (3.8) model, the related coefficients ci are derived for PVA and 

for two different types of PHA (the largest component and the vectorial addition). The maximum 

epicentral distance is 100 km and 312 three-component signals are selected. The results are 

presented in Table 3.7. 

The parameter c1 (magnitude dependence) is smaller than one for PVA, whereas it is bigger 

than one for PHA; the PVA standard error is always smaller than the PHA one for all coefficients. 

The statistica test analysis shows that c0, c1 and c2 are very stable and very meaningful parameters 

in the regression study. The parameters c3 and c4 correct the estimation of ground motion for 

magnitude saturation and its distance dependence. They do not vary much for the different motion 

components and their value is generally smaller than the values of other parameters, in agreement 

with the fact that these are correction factors in the regression models. The statistica test analysis 

indicates that these parameters are less stable than first-order coefficients.    

 

Table 3.7 Coefficients of the regressions obtained applying different attenuation models for PGA (in g unit). 

Coefficients for PVA (a) (h=7.6), PHA (lc) (h=8.4) (b) and for PHA (va) (h=8.6) (c).  

a) 

Parameter Value StdErr t-value Statistica test 

c0 -3.36424 0.31033 -10.755 <2e-16 

c1 0.95811 0.10686 8.867 <2e-16 

c2 -2.12111 0.12986 -16.332 <2e-16 

c3 -0.00853 0.00268 -3.119 1.99e-03 

c4 0.00341 0.00109 3.093 2.16e-03 

cS 0.11694 0.04029 2.930 3.64e-03 
 

b) 

Parameter Value StdErr t-value Statistica test 

c0 -3.51258 0.33372 -10.525 <2e-16 

c1 1.09602 0.11428 9.590 <2e-16 

c2 -2.17358 0.14279 -15.222 <2e-16 

c3 -0.01015 0.00290 -3.503 5.28e-04 

c4 0.00343 0.00119 2.884 4.20e-03 

cS 0.19990 0.04306 4.642 5.14e-06 
 

c) 

Parameter Value StdErr t-value Statistica test 

c0 -3.37826 0.33193 -10.178 <2e-16 

c1 1.08961 0.11350 9.600 <2e-16 

c2 -2.18621 0.14281 -15.309 <2e-16 

c3 -0.01027 0.00289 -3.552 4.42e-04 

c4 0.00354 0.00119 2.970 3.22e-03 

cS 0.21734 0.04277 5.082 6.54e-07 
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Figure 3.13 The largest component PHA as a function of epicentral distance for fixed magnitude values (M=5.0 dotted 

lines; M=6.0 solid lines). We compare our model (formula (3.8); red lines) with the results proposed by Malagnini et al. 

(2002, blue lines), Ambraseys et al. (1996, green lines) and Sabetta and Pugliese (1996, black lines).  

 

The parameter cs is correlated with site effects and it remains rather stable for all regression 

models. Its value is smaller for vertical data than for horizontal data, because the vertical 

component of ground motion is less sensitive to the geology and soil of a recording station. The h 

parameter is an average depth for all seismic events that have been selected and it can represent a 

correction to the epicentral distance estimation; this value is quite stable in the defined ranges 

(within the same ground motion component and within the same maximum distance).  

The obtained standard deviation values (σPVA=0.338, σPHA(lc)=0.361, σPHA(va)=0.359) are 

comparable with previous studies (Sabetta and Pugliese, 1987; 1996; Ambraseys and Simpson, 

1996; Ambraseys et al., 1996; Costa et al., 1998; Ambraseys et al., 2005). 

In Figure 3.13 we fix the magnitude values (M=5.0 and M=6.0; S=0) and show the 

dependence of ground acceleration on distance; a comparison is also made with the results obtained 

by Sabetta and Pugliese (1987; 1996), Ambraseys and Simpson (1996) and Malagnini et al. (2002) 

from now on referred to as SP96, AS96 and MA02. For M=6.0 the three curves are very similar in 

the near-source field, but for distances greater than 10 km we estimate lower PHA values; this trend 

increases at larger distances and is even more apparent for magnitude M=5.0. Similar 

considerations are valid also for the vertical component. Furthermore, the comparison with MA02 

indicates that our relations estimate a lower peak ground acceleration close to the source while the 

results are similar only if the epicentral distance is greater than 70 km.  
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Figure 3.14 The largest component PHA as a function of magnitude for a fixed distance (epicentral distance=20 km 

solid lines; epicentral distance=40 km dotted lines). We compare our model (formula (3.8); red lines) with the models 

proposed by Malagnini et al. (2002, blue lines), Ambraseys et al. (1996, green lines) and Sabetta and Pugliese (1996, 

black lines). 

 

Figure 3.14 shows the dependence of PGA on magnitude at a fixed epicentral distance (20 

km and 40 km). We slightly underestimate PHA with respect to MA02, AS96 and SP96 for 

magnitudes greater than 5.5, whereas our results are almost an order of magnitude smaller than 

those of AS96 for M=4 events. Hence, for a fixed distance, our regression curves have a higher 

angular coefficient than those of SP96 and AS96 leading to much smaller predicted accelerations 

for M<5 events. PVA shows the same trend. This is in agreement with previous studies in the same 

area (Costa et al., 1998; Bragato and Slejko, 2005) that found a faster decrease of PGA with 

decreasing magnitudes than that implied by other relationships. 

We estimate also ground motion attenuation relations applying the same model (3.8) but 

changing the maximum epicentral distance from 100 km to 200 km with 343 recordings selected. 

For low values of magnitude (ML ≤ 5.0) the derived curve has a minimum around the epicentral 

distance of 70 km with PGA increasing when distances become larger. This is clearly an artifact 

due to the fact that our database contains too few signals recorded for moderate seismic events at 

distances greater than 100 km (Figure 3.7), but due also to the site effects amplification that 

influence most of the data recorded at such large distances. The obtained results are not physically 

acceptable so we will not consider them any further.  
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Figure 3.15 Distribution of recording signals selected from RAF (blue circles) and ARSO (red circles) databases as a 

function of magnitude (1.5≤M≤3.5) and epicentral distance. 

 

The PGA dependence on magnitude could be different for small and moderate magnitude 

ranges. To check this we select three different ranges (3.0 ≤ ML ≤ 4.0; 4.0 ≤ ML ≤ 5.0; 5.0 ≤ ML ≤ 

6.3) and compute the parameters of the attenuation relations for the regression model of Eq. 3.7. In 

this case the magnitude saturation has not been taken into account, since the considered ranges are 

too narrow for this effect to be evident. Furthermore, we extend this study also to lower magnitudes 

by considering the ranges 1.5 ≤ ML ≤ 2.5 and 2.5 ≤ ML ≤ 3.5. Since the RAF database does not have 

enough PGA values in these magnitude ranges, we add to our database the peak ground acceleration 

values extracted from signals recorded during the aftershock sequence of Bovec 1998 (Slovenia) 

(Živčić et al., 2000) present in the ARSO database (Figure 3.15. In Table 3.8 the result show a 

decrease of σ value for high-magnitude ranges and an increase of the parameter h for large seismic 

events, due to their larger rupture area and relatively deeper source nucleation. The regressions 

seem to be less sensitive to soil geology for magnitudes greater than 4 and the parameter c0 

decreases for increasing magnitudes. The trends of the coefficients c1 and c2 seem to be similar 

since they increase and decrease in the same way for the selected magnitude ranges. The number of 

input data used in the regression analysis decreases when the magnitude increases, since stronger 

earthquakes have a lower occurrence rate. 
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Table 3.8 Coefficients of the regression obtained applying attenuation model of Eq. 3.7. The coefficients are computed 

using the vertical, the larger horizontal component and vectorial addiction data. N is number of considered signals in the 

selected magnitude range. 

 

Component Mmi Mm c0 c1 c2 cS h σσσσ N 

PGA (z) 1.5 2.5 -3.7963 0.6973 -1.2345 0.4439 1.2 0.3595 1076 

PGA (z) 2.5 3.5 -3.6146 0.8798 -1.8264 0.5321 3.1 0.3895 556 

PGA (z) 3.0 4.0 -2.8651 0.5948 -1.7308 0.0786 6.2 0.3526 178 

PGA (z) 4.0 5.0 -2.4594 1.0315 -2.9690 0.2013 17.1 0.3233 62 

PGA (z) 5.0 6.3 -2.2793 0.5352 -1.6117 0.0864 12.6 0.2678 79 

PGA (lc) 1.5 2.5 -3.3465 0.6236 -1.3092 0.5406 0.7 0.3930 1076 

PGA (lc) 2.5 3.5 -3.3597 0.9106 -1.9572 0.6245 3.4 0.4447 556 

PGA (lc) 3.0 4.0 -2.9061 0.6617 -1.7454 0.1969 7.0 0.3607 178 

PGA (lc) 4.0 5.0 -2.8482 1.1119 -2.7865 0.1684 14.7 0.3968 62 

PGA (lc) 5.0 6.3 -1.9273 0.5466 -1.7026 0.1757 14.0 0.2914 79 

PGA (va) 1.5 2.5 -3.1701 0.6141 -1.3299 0.5436 1.0 0.3602 1076 

PGA (va) 2.5 3.5 -3.0542 0.8423 -1.9516 0.6310 3.3 0.4040 556 

PGA (va) 3.0 4.0 -2.8052 0.6605 -1.7485 0.2147 7.0 0.3579 178 

PGA (va) 4.0 5.0 -2.4922 1.0734 -2.8429 0.1983 15.6 0.3907 62 

PGA (va) 5.0 6.3 -1.7405 0.5386 -1.7266 0.1865 14.9 0.2929 79 

 

 

 

 Figure 3.16 The PVA (vertical component) as a function of magnitude for a fixed distance (20 km blue lines; 40 km red 

lines) with relative standard deviation (dotted lines). The results are computed for different magnitude ranges selecting 

data from the RAF and ARSO databases (see text). 



 64 64 

In Figure 3.16 PHA are predicted as a function of magnitude for fixed epicentral distances 

of 20 km and 40 km, S=0. Considering also the standard deviation estimation a decrease in the 

slope is not seen in the low-magnitude ranges (ML ≤ 5.0). On the contrary, when using strong-

motion data, the slope is observed to decrease and the standard deviation value is smaller than 0.3: 

this effect could be probably explained with the magnitude saturation. However, weak-motion and 

strong-motion attenuations seem to have two different slopes and, therefore, it is fundamental to use 

regional attenuation relations for low-magnitude earthquakes. 

In order to study the influence of site effects of recording stations on the attenuation 

relations, the mean ratio between recorded and computed (applying our model) PHA are shown in 

Figure 3.17 for every station with a meaningful number of recordings. The mean ratios seem not to 

be very sensitive to the use of the larger component PHA or the vectorial addition. Black circles 

indicate stations where site effects have been considered (S=1) in computing attenuation relations. 

The site amplification coefficient, cs, is 0.0034 (from Table 3.6d) and its use gives us a good site 

effects estimation at CARC and GESC but not at STOL where PGA recorded strong motions are 

twice the computed ones. Bedrock stations have very similar recorded and computed PGA (MASA, 

MOGG, PRAD and PAUL); GEPF, VALL and VINO stations recorded PGA are lower than the 

estimated one from attenuation laws.  

 

 

Figure 3.17 Mean ratio between observed and computed PHA (blue points=largest component; red points=vectorial 

addition); black circles indicate stations where PGA have been computed considering a site effects term (S=1) in the 

attenuation law. 
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The most interesting result concerns CESC: this is a bedrock station placed inside an artificial cave 

in a mountain area, but the mean ratio indicates that there is an amplification factor of three on the 

recordings with respect to our estimates based on our attenuation laws. We are led to think that 

there must be unknown local soil effects that generate this anomalous value. On the other hand 

CESC recorded very few data (six registrations only) of earthquakes with magnitudes bigger than 

3.0 and this could have resulted in a strong bias. 

The comparison between different ground motion relations shows that the weak-motion 

regional relation has a faster attenuation at low magnitudes and large distances than the strong 

motion relations. With fixed magnitudes the relations are very similar in the near-source field, but 

the PGA estimates for distances greater than 10 km are lower when using weak motion relations 

than in the case of using strong motion relations, and this trend increases at larger distances and at 

lower magnitudes. On the other side, when fixing the epicentral values, PGA values estimated for 

magnitudes greater than 5.5 are similar to those estimated with other attenuation relations, whereas 

a stronger attenuation is predicted for smaller magnitude seismic events. This trend was already 

observed in the Southern Alps region (Costa et al., 1998; Malagnini et al., 2002; Bragato and 

Slejko, 2005; Massa et al., 2007), in Northern Italy (Frisenda et al., 2005; Massa et al., 2007), in 

Central Italy (Bindi et al., 2006) and in Greece by Theodulidis (1998). Theodulidis (1998) supposed 

that this trend obtained using low-magnitude data could be due to “regionalization” effects (lateral 

heterogeneity, 3-D site effects…) that influence ground motion. Malagnini et al. (2002) observe 

differences in the geometrical spreading functions at low and high frequencies and propose that a 

laminated lower crust (perhaps a thick crust-mantle transition zone) might be responsible for this 

behavior. It is not clear if small and large earthquakes have similar properties with respect to 

rupture physics, but there is some evidence that the decay rate of ground motion could be dependent 

on the magnitude of the causative earthquakes (Cotton et al., 2006). This evidences the importance 

of using only local ground motion relations when the seismic hazard is computed for earthquakes of 

small and moderate size. Furthermore, the scaling of stress drop and geometrical spreading with 

magnitude suggest the idea that the weak motion models can easily lead to erroneous estimations of 

ground motion for large earthquakes (Cotton et al., 2006). Probably regional geology and source 

dynamics have an important rule even if, in this study, the magnitude saturation allows us to explain 

the steep slope for low-magnitudes and to estimate PGA for high-magnitudes comparable with PGA 

estimated defined with attenuation relations computed with data from larger earthquakes. This idea 

is supported by the results obtained in computing the attenuation relations in different narrow-

magnitude ranges without considering magnitude saturation: in this case a decrease of the slope 

with increasing magnitudes is not observed when only weak-motion data are used.  

This study demonstrates that input data selection is a crucial step to obtain consistent final 

results; in particular it is fundamental to pay attention to:  
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• The choice of a reliable catalogue and the magnitude definition.  

• A database with a uniform data distribution in the selected distance-magnitude range. 

• A good knowledge of the geology under the stations and its influence on recordings.    

Different ground motion attenuation relations should be used when considering moderate 

earthquakes (regional relationships) or strong seismic events (global relationships) because of the 

steeper regression slope in the low-magnitude range. In order to improve the ground motion 

estimations, one should take great care in selecting accurate locations of the events (extracting all 

locations from the best reporting agency or by consistently relocating the events) and in the 

magnitude selection (Mw, if available, is the best value to be used). Site effects should be also 

investigated in more detail for all stations where records are included in the database.     

 

 

3.5 Relations for Peak Ground Velocity and Spectral Acceleration 

 

The best model of Eq. (3.8) has been applied also to ground motion relations in terms of 

PGV and SA (0.3, 1.0, 3.0 s). In Table 3.9 the results are presented for the vertical component and 

the horizontal component (largest component and vectorial addiction). The PGV relations have 

higher R
2
 values and larger standard deviations factors in comparison with the PGA ones, even if 

the final results of both motion parameters are very similar. Analyzing the regression coefficients, 

the parameter c1 (magnitude dependence) is higher for PGV, while the absolute value of the 

parameter c2 (distance dependence) is greater for PGA. The correction factors and the parameter cs 

(site dependence) are similar, while the h parameter that represents the near-source corrections is 

higher for acceleration than for velocity.  

The comparison with the results proposed for Italy (Sabetta and Pugliese, 1996) and for the 

Friuli area (Bragato and Slejko, 2005) indicates that RAF07 relations generally give smaller values 

when the magnitude value is fixed (Figure 3.18). This trend seems to be more marked than that of 

the PGA relations even if the model proposed by Bragato and Slejko (2005) agrees with the RAF07 

relations at large distances.  

On the other side, when the epicentral values are fixed, PGV values estimated from the 

models are similar for magnitudes greater than 5.5, whereas a stronger attenuation is predicted for 

smaller magnitude seismic events in comparison with the Sabetta and Pugliese (1996) relation 

(Figure 3.19). For small magnitude the relations predicted by RAF07 and by Bragato and Slejko 

(2005) are about identical if the relative uncertainties are considered.   
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Figure 3.18 The largest horizontal component as a function of epicentral distance for fixed magnitude values (M=5.0 

dotted lines; M=6.0 solid lines). We compare our model, RAF07, (formula (3.8); red lines) with the results proposed by  

Bragato and Slejko (2005, blue lines) and Sabetta and Pugliese (1996, black lines).  

 

Figure 3.19 The largest horizontal component as a function of magnitude for a fixed distance (epicentral distance=20 

km solid lines; epicentral distance=40 km dotted lines). We compare our model, RAF07, (formula (3.8); red lines) with 

the models proposed by Bragato and Slejko (2005, blue lines) and Sabetta and Pugliese (1996, black lines). 
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Figure 3.20 The largest component SA at 0.3 s as a function of epicentral distance for fixed magnitude values (M=5.0 

dotted lines; M=6.0 solid lines). We compare our model, RAF07, (formula (3.8); red lines) with the results proposed by 

Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). The damping is 5% for all considered 

models. 

 

Figure 3.21 The largest component SA at 0.3 s as a function of magnitude for a fixed distance (epicentral distance=20 

km solid lines; epicentral distance=40 km dotted lines). We compare our model, RAF07, (formula (3.8); red lines) with 

the models proposed by Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). The damping is 

5% for all considered models. 
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Figure 3.22 The largest component SA at 1.0 s as a function of epicentral distance for fixed magnitude values (M=5.0 

dotted lines; M=6.0 solid lines). We compare our model, RAF07, (formula (3.8); red lines) with the results proposed by 

Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). The damping is 5% for all considered 

models.  

 

Figure 3.23 The largest component SA at 1.0 s as a function of magnitude for a fixed distance (epicentral distance=20 

km solid lines; epicentral distance=40 km dotted lines). We compare our model, RAF07, (formula (3.8); red lines) with 

the models proposed by Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). The damping is 

5% for all considered models. 
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Figure 3.24 The largest component SA at 3.0 s as a function of epicentral distance for fixed magnitude values (M=5.0 

dotted lines; M=6.0 solid lines). We compare our model, RAF07, (formula (3.8); red lines) with the results proposed for 

SA at 2.0 s by Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). The damping is 5% for 

all considered models. 

 

Figure 3.25 The largest component SA at 3.0 s as a function of magnitude for a fixed distance (epicentral distance=20 

km solid lines; epicentral distance=40 km dotted lines). We compare our model, RAF07, (formula (3.8); red lines) with 

the models proposed for SA at 2.0 s by Bragato and Slejko (2005, blue lines) and Ambraseys et al. (1996, green lines). 

The damping is 5% for all considered models. 



 71 71 

Table 3.9 Coefficients of the regression obtained by applying attenuation model of Eq. 3.8. The coefficients are 

computed using PGA, PGV and SA (0.3, 1.0 and 3.0 s) for vertical component (z) PHA larger component (lc) and 

vectorial addiction (va) data.  

 c0 c1 c2 c3 c4 cS h σσσσ R
2
 

PGA (z) -3.3642 0.9581 -2.1211 -0.0085 0.0034 0.1169 7.6 0.3381 0.8552 

PGA (lc) -3.5126 1.0960 -2.1736 -0.0102 0.0034 0.1999 8.4 0.3611 0.8522 

PGA (va) -3.3783 1.0896 -2.1862 -0.0103 0.0035 0.2173 8.6 0.3586 0.8533 

PGV (z) -2.9133 1.0987 -1.8805 -0.0070 0.0025 0.1102 7.3 0.3688 0.8689 

PGV (lc) -3.0003 
 

1.2187 -1.9369 -0.0087 0.0028 0.2315 7.4 0.3879 0.8695 

PGV (va) -2.9196 1.2176 -1.9242 -0.0087 0.0027 0.2475 7.6 0.3816 0.8728 

SA03 (z) -5.4936 1.4228 -1.7655 -0.0100 0.0015 0.0841 8.6 0.3264 0.8956 

SA03 (lc) -5.1979 1.4632 -1.8599 -0.0109 0.0018 0.2505 9.1 0.3656 0.8806 

SA03 (va) -5.1512 1.4700 -1.8429 -0.0110 0.0017 0.2641 9.3 0.3596 0.8836 

SA10 (z) -7.0544 1.4079 -1.4814 -0.0051 0.0008 0.1383 7.4 0.3435 0.9240 

SA10 (lc) -7.0398 1.5145 -1.5799 -0.0083 0.0017 0.2306 6.1 0.3548 0.9199 

SA10 (va) -6.9068 1.4892 -1.5536 -0.0076 0.0015 0.2354 6.3 0.3485 0.9227 

SA30 (z) -7.0147 1.0925 -1.4263 -0.0005 0.0009 0.2744 5.3 0.4539 0.8779 

SA30 (lc) -7.1085 1.2236 -1.5144 -0.0028 0.0011 0.3104 5.5 0.4266 0.8932 

SA30 (va) -7.0153 1.2142 -1.4887 -0.0026 0.0010 0.3147 5.5 0.4109 0.8958 

 

From the acceleration signals the relative response spectra (SA) are computed at 3 different 

periods (0.3 s, 1.0 s and 3.0 s) and for 5% critical damping, following the approach proposed by 

Nigam and Jennings (1969). Then the ground motion relations are computed for SA at 0.3, 1.0 and 

3.0 s adopting the model used for PGA and PGV (equation (3.8)). The parameters c0, c1 and h 

decrease when the considered periods increase; at the same time the coefficient c2 increases whereas 

the other corrections parameters remain stable (Table 3.9).  

The spectral accelerations computed at 0.3 s and 1.0 s have a standard deviation factor 

comparable to those of PGA and PGV, the R
2
 value being the highest when the considered period is 

1.0 s. Furthermore, for the period of 3.0 s, the standard deviation increases strongly because the 

frequency content of the acceleration waveforms starts to be poorly represented at these long 

periods. The results for SA computed at 0.3 (Figures 3.20 and 3.21) and 1.0 s (Figures 3.22 and 

3.23) are compared with previous studies on attenuation relations for Europe (Ambraseys et al., 

1996) and for the Southern Alps area (Bragato and Slejko, 2005). With fixed magnitudes the 

relations are very similar in the near-source field, but we estimate lower SA for distances greater 

than 10 km and this trend increases at larger distances and at lower magnitudes. The comparison 

with the relations proposed by Bragato and Slejko (2005) shows similar results when the magnitude 

is 6.0, whereas RAF07 estimates lower SA at short distances and similar SA at longer distances 

when the magnitude decreases. On the other side, when fixing the epicentral values, similar SA 

values are estimated for magnitudes greater than 5.5, whereas a stronger attenuation is predicted for 

smaller magnitude seismic events; in this case the relations predicted by RAF07 and by Bragato and 

Slejko (2005) are about identical if the relative uncertainties are considered.  
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Different considerations can be done if the response spectra are computed at 3.0 s for 5% of 

critical damping: the accelerograms do not describe very well the motion at long periods, the 

spectra have very low values when the considered period is 3.0 s and in some cases the computation 

procedure can generate unstable results. The earthquakes of small or moderate size do not excite the 

long periods and the noise is predominant on the signal; on other side the larger earthquakes (Friuli 

sequence) were recorded by analogue instruments and with the following digitization the signals 

lose their amplitude for low frequencies of 0.25-0.30 Hz (Ambraseys et al., 2004). These 

considerations warrant also the large standard deviation value obtained in the regression analysis. 

 The comparison with the results obtained in the previous studies is impossible because both 

Ambraseys et al. (1996) and Bragato and Slejko (2005) limited their analysis at spectral 

acceleration computed for a period of 2.0 s. In Figures 3.24 and 3.25, for illustrative purposes only, 

the plots show both SA computed at 3.0 s (the RAF07 relation) and response spectra computed at 

2.0 s (the relations proposed by Ambraseys et al. (1996) and Bragato and Slejko (2005)).  

 

 

3.6 Cluster analysis 

 

In order to study the influence of the sites geology on the computation of the ground motion 

relations, a cluster analysis is performed on the residuals of the observed data. A similar study was 

done by Bragato (2007) who analyzed 399 values of PGA collected at 142 sites in Europe and 

Middle East and has compared his results with the relations proposed by Ambraseys et al. (2005) 

computed on the same dataset. This study reduced the standard deviation value by 33% and by 27% 

with the optimal BIC classification derived from 6 classes. The analysis shows a weak association 

between the available geological classification (three categories) and the best classification using 

the same number (three) of classes (Bragato, 2007).  

The aim of the clustering analysis is to group the considered object in subsets or clusters 

which must be as homogeneous and uniform as possible (see Appendix A). In this case the 

distribution of residuals is studied and the variance, σk, a function of the number of sites k, is 

minimized:    
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The standard deviation is minimized if we consider a number of site classes equal to the number of 

recording stations and σk is zero if each station has recorded one earthquake. This is the classical K-

means clustering problem and in this case the R open-source software (www.r-project.org; Taylor, 

1986; Iacus and Massarotto, 2003) is used that resolves the K-means clustering problem applying 



 73 73 

the algorithm proposed by Hartigan and Wong (1979). Bragato (2007) tested models with k varying 

between 2 and 10, whereas in this study the maximum number of different sites considered is 4 

because the resolution of cluster analysis with greater k values could take a too detailed 

classification that is not supported by the present geological knowledge. The regression model is 

represented in equation (3.8). At the beginning only one class is considered (model S1) and the site 

parameter is not computed (Table 3.11); the residuals are estimated and the cluster analysis is 

performed applying the k-means technique. The regressions parameters are recomputed for a 

different number of classes and three models are obtained: model S2 (k=2, Table 3.12), model S3 

(k=3, Table 3.13) and model S4 (k=4, Table 3.14). Table 3.10 reports the different classifications 

for each site considered in the analysis, studying models S2, S3 and S4. One can notice that in the 

model S3 the class 2 has one site (KLLE) that is the same situation observed in model S4 where the 

class 1 has only KLLE station. So this site can be considered as an outlier and it is rejected applying 

the Chauvenet criterion (Taylor, 1986).  

The cluster analysis and the regressions are recomputed and new models are proposed for 

k=1 (model S1b, Table 3.15), k=2 (model S2b, Table 3.16), k=3 (Model S3b, Table 3.17) and k=4 

(model S4b, Table 3.18). The statistica test gives good results for all considered coefficients. Both 

the extended-fault corrections parameters (c3 and c4) and the distance coefficients (c2) are stable for 

all different site classifications. The magnitude parameter (c1) is stable for k>1 (varying between 0.8 

and 0.39) but has a value larger than 1 if no site classification (k=1) is considered. The coefficient c0 

is unstable and this value varies strongly; the analysis of the sites parameters (cS1, cS2 and cS3) in the 

different models shows that they have comparable values and stable results for the statistica test.  

Table 3.19 shows the estimations for RSE (Residual Standard Error), R
2
, R

2
-adjusted, 

ANOVA test and BIC value (see Appendix A for definitions) for each model: RSE, R
2
-adjusted and 

BIC values are small if the site KLLE is not taken into account, they decrease when k parameter 

increases even if the models with more parameters are penalized. In comparison with model S1b, 

the model S2b gives a reduction of the standard deviation of 20% and the model S4b a reduction of 

25%. It is interesting to compare model S2b with the results of Tables 3.6c and 3.6d obtained 

applying equation (3.8) with the geological classification (bedrock and soil) of the recording 

stations. RSE decreases of about 20% if the cluster analysis is performed. The coefficients of these 

two regressions change strongly, in particular the parameter cS connected with the site effects. In 

Table 3.20 the geological classification and the cluster analysis (k=2) are compared: the K-means 

algorithm puts 8 bedrock (R) sites in class 2 and 10 recording stations with site (S) effects into class 

1. Assuming that class 1 has less amplification effect and hence it can be considered as bedrock and 

that class 2 represents sites with soil amplification, we notice from Table 3.20 that 18 stations out of 

the total of 40 change their class. Furthermore, there is no evident dependence between the 

geological classification and the best classification obtained using the same (two) number of classes 
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in agreement with Bragato (2007). The sites that change class are EDS stations that are principally 

connected with the Friuli 1976 and the Bovec 1998 earthquakes. In these cases the statistic could be 

poor because often each station has recorded only one or two earthquakes.  

 

Table 3.10 Classification for each recording station as a function of the different models; in the second column the 

geological classification used in the computation of the ground-motion relations is reported (R=rock; S=soil). S2, S3, 

S4, S2b, S3b, S4b are the models (see text) with n=2,3,4; the number in the column below the model gives the different 

class obtained from cluster analysis. 

Site Geol. S2 S3 S4 S2b S3b S4b 

BARC S 1 1 2 1 1 3 

BRFA S 2 3 3 2 3 4 

BUIA S 1 1 4 1 2 3 

CARC S 2 3 3 2 3 4 

CASS R 1 1 2 1 1 1 

CESC R 2 3 3 2 3 2 

CODR S 1 1 4 1 2 2 

CONE S 1 3 4 2 2 2 

CORT S 1 1 2 1 1 3 

DREZ R 2 3 3 2 3 4 

DST2 R 1 1 2 1 1 1 

FELT R 2 3 3 2 2 2 

FORG S 2 3 3 2 3 4 

GEDE S 2 3 3 2 3 2 

GEPF R 1 1 2 1 1 1 

GESC S 2 3 3 2 3 2 

GETM S 2 3 3 2 3 4 

ILBR S 1 1 2 1 1 1 

KLLE R 2 2 1 /  /  /  

KOBA S 2 3 3 2 3 4 

LJFC S 2 3 3 2 3 4 

LJGO S 1 1 4 1 2 2 

LJIM R 2 3 3 2 3 2 

LJZR S 1 1 4 1 2 2 

MAJA S 2 3 3 2 3 4 

MASA R 1 1 4 1 2 3 

MOGG R 1 1 2 1 1 3 

PAUL R 1 1 4 1 2 3 

PRAD R 1 1 4 1 2 2 

ROBI R 1 1 4 1 2 2 

SFRA R 2 3 3 2 3 4 

SLEM R 1 1 4 1 2 3 

SOMP R 1 1 2 1 1 3 

SROC S 1 1 4 1 2 3 

STOL S 2 3 3 2 3 4 

TARC S 1 1 4 1 2 2 

TOLM R 2 3 3 2 3 4 

TREN R 2 3 3 2 3 4 

VALL R 1 1 4 1 2 3 

VINO R 1 1 2 1 1 1 

 



 75 75 

 

Table 3.11 Coefficients of the regressions for the model S1. 

Parameter Value StdErr t-value Statistica test 

c0 -3.212426 0.342785 -9.372 <2e-16 

c1 1.061312 0.117536 9.030 <2e-16 

c2 -2.265084 0.150831 -15.017 <2e-16 

c3 -0.009307 0.003011 -3.091 2.18e-03 

c4 0.003498 0.001251 2.796 5.50e-03 

 

 

Table 3.12 Coefficients of the regressions for the model S2. 

Parameter Value StdErr t-value Statistica test 

c0 -2.659772 0.300118 -8.862 <2e-16 

c1 0.906736 0.102033 8.887 <2e-16 

c2 -2.393169 0.139016 -17.215 <2e-16 

c3 -0.008412 0.002684 -3.135 1.18e-03 

c4 0.004234 0.001136 3.726 2.32e-04 

cS1 0.418006 0.039390 10.612 <2e-16 

 

 

Table 3.13 Coefficients of the regressions for the model S3. 

Parameter Value StdErr t-value Statistica test 

c0 -2.684105 0.275704 -9.735 <2e-16 

c1 0.864921 0.093951 9.206 <2e-16 

c2 -2.301529 0.128765 -17.874 <2e-16 

c3 -0.005909 0.002488 -2.375 1.82e-02 

c4 0.002888 0.001051 2.748 6.35e-03 

cS1 0.467574 0.036032 12.977 <2e-16 

cS2 1.147452 0.298556 3.843 1.48e-04 

 

 

Table 3.14 Coefficients of the regressions for the model S4. 

Parameter Value StdErr t-value Statistica test 

c0 -2.957709 0.264369 -11.187 <2e-16 

c1 0.891841 0.091538 9.743 <2e-16 

c2 -2.292526 0.118255 -19.386 <2e-16 

c3 -0.008051 0.002352 13.765 7.05e-04 

c4 0.004159 0.000974 -9.870 2.59e-05 

cS1 0.604391 0.043906 13.765 <2e-16 

cS2 -0.379301 0.038431 -9.870 <2e-16 

cS3 1.504114 0.289361 5.198 3.71e-07 

 

 

Table 3.15 Coefficients of the regressions for the model S1b. 

Parameter Value StdErr t-value Statistica test 

c0 -3.113833 0.337155 -9.326 <2e-16 

c1 1.029495 0.115570 8.908 <2e-16 

c2 -2.267009 0.150133 -15.100 <2e-16 

c3 -0.008879 0.002976 -2.984 3.08e-03 

c4 0.003518 0.001240 2.838 4.84e-03 
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Table 3.16 Coefficients of the regressions for the model S2b. 

Parameter Value StdErr t-value Statistica test 

c0 -2.684105 0.275704 -9.735 <2e-16 

c1 0.864921 0.093951 9.206 <2e-16 

c2 -2.301529 0.128765 -17.874 <2e-16 

c3 -0.005909 0.002488 -2.375 1.81e-02 

c4 0.002888 0.001051 2.748 6.35e-03 

cS1 0.467574 0.036032 12.977 <2e-16 

 

Table 3.17 Coefficients of the regressions for the model S3b. 

Parameter Value StdErr t-value Statistica test 

c0 -2.959739 0.264166 -11.204 <2e-16 

c1 0.887617 0.091528 9.698 <2e-16 

c2 -2.287931 0.117243 -19.514 <2e-16 

c3 -0.008216 0.002339 -3.513 5.11e-04 

c4 0.004373 0.000967 4.488 1.02e-05 

cS1 0.227355 0.042052 5.406 1.30e-07 

cS2 0.380492 0.038480 4.488 <2e-16 

 

Table 3.18 Coefficients of the regressions for the model S4b. 

Parameter Value StdErr t-value Statistica test 

c0 -3.278479 0.261397 -12.542 <2e-16 

c1 0.859221 0.088439 9.715 <2e-16 

c2 -2.091002 0.108104 -19.342 <2e-16 

c3 -0.006726 0.002191 -3.070 2.33e-03 

c4 0.003408 0.000895 3.806 1.71e-04 

cS1 0.254298 0.055996 4.541 8.08e-06 

cS2 0.218729 0.040308 5.427 1.18e-07 

cS3 0.315646 0.045364 6.958 2.15e-11 

 

Table 3.19 RSE (Residual Standard Error), R
2
 adjusted, F-value, ANOVA test and BIC value (see Appendix A) for the 

different models. 

Model RSE R
2
 R

2
-adj F-value ANOVA BIC 

S1 0.3756 0.8483 0.8463 427.6 <2e-16 302.9877 

S2 0.3213 0.8893 0.8875 490.2 <2e-16 210.4908 

S3 0.2954 0.9068 0.9049 492.8 <2e-16 162.8943 

S4 0.2856 0.9131 0.9111 454.9 <2e-16 146.5943 

S1b 0.3679 0.8516 0.8497 437.7 <2e-16 289.1555 

S2b 0.2954 0.9047 0.9031 577.0 <2e-16 157.7542 

S3b 0.2855 0.9112 0.9095 518.5 <2e-16 141.3565 

S4b 0.2761 0.9172 0.9153 478.2 <2e-16 125.3906 

 

 

Table 3.20 Comparison between the geological classification and the results of model S2b (R=rock; S=soil; 1 and 2 are 

k-values); the numbers in the table represent the number of sites that fall in each category. 

  1 2 

R 12 8 

S 10 10 
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The bedrock station TOLM is quite interesting because the cluster analysis groups it in a class 

having important site effects in all the computed models; this is in agreement with the study of 

Barnaba et al. (2007) who estimates a strong amplification (a factor of about 1.6-1.8) for the 

Tolmezzo site because of the nearby presence of an artificial dam (Diga Ambiesta). 

The RAF stations have recorded a quite good number of seismic events, therefore some 

considerations can be done: 

• There is a good association between the results of model S2b and the geological classification 

for the RAF stations except for station SFRA which contribites only one record to the 

database. 

• The model S3b identifies a new class (number 2) for sites having a weak amplification 

effects. RAF stations MASA, PAUL, PRAD and VALL pass in this model from bedrock class 

1 to class 2. These four stations are placed on the basement of civil buildings and probably the 

buildings can give some “disturbing” effects on the seismic waveforms. 

• The model S4b spreads out still further the data with two “intermediate” classes between rock 

(1) and soft soil (4), but the most important results is that the RAF broad band stations (DST2, 

GEPF and VINO) are all classified as bedrock ones (1) by every model. 

• In agreement with Figure 3.17 the site CESC has large residuals and the K-means algorithm 

puts it into the class with strong amplification factors in all models. The cluster analysis 

seems therefore to confirm the hypothesis about the presence of slow layers or unknown local 

soil effects that generate anomalous PGA values at CESC. 

However, these are only statistical studies that can not substitute the geological knowledge. Of 

course, the standard site classification is always preferable because the assumptions are reliable and 

consistent, even if the cluster analysis can confirm or show discrepancies with respect to the 

standard site classification (e.g. the CESC example).   

 

 

3.7 Ground Motion Predictive Equations in Northern Italy 

 

In the framework of DPC (Italian Civil Defense)-INGV projects the data recorded by several 

seismic networks in Northern Italy are merged in one database to compute new ground motion 

relations for amplitude, frequency content and duration parameters (Massa et al., 2008). The 

waveforms are recorded by RAF (Accelerometric Network of Friuli-Venezia Giulia), RSNI 

(Regional Seismic Network of Northwestern Italy), INGV-CNT (Centralized National Seismic 

Network) and INGV-MI (velocimetric and strong motion stations). Furthermore, the database is 

integrated with signals recorded by the networks of bordering countries such as ARSO (Seismic 
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Network of the Republic of Slovenia) in Slovenia or SDS (Swiss Digital Seismic Network) in 

Switzerland.  

Because this dataset has about 10,000 waveforms, a detailed selection is done and at the end 

only seismic signals of 82 earthquakes are used, characterized by a maximum epicentral distance of 

100 km and a narrow magnitude range (3.5≤ML≤ 6.3). The final input database has 612 largest 

horizontal and vertical component values related to 232 waveforms due to seismic events of 

magnitude ML≥4.5. 

The data processing analysis was done by the University of Genova, the University of 

Trieste and INGV section in Milan. A large number of earthquakes were relocated so the epicentral 

distances are recomputed. The estimations for ML are derived from INGV catalogue (Castello et al., 

2005) and from CPTI (2004) when the magnitude is greater than 5.0. The seismic moment 

magnitude, MW, is obtained from local magnitude values adopting the model proposed by Gasperini 

et al. (2004). The processing is done by the application of a baseline correction and the removal of 

the instrumental effects. A minimum sampling rate of 62.5 samples/s is set for velocimeters and of 

100 samples/s for accelerometers. The seismic signals are filtered with a 4
th

 order Butterworth filter 

between 0.4-25 Hz and 0.2-25 Hz if the magnitude is larger than 4.5. Peak Ground Acceleration (in 

g) and Peak Ground Velocity (in cm/s) are extracted from the recordings for the vertical and the 

largest horizontal component. Furthermore, the acceleration response spectra, SA, (in g) are 

computed at 12 periods ranging from 0.04 s to 2 s and the pseudo velocity response spectra, PSV, 

(in cm/s) are derived at 14 periods between 0.04 s and 4 s for 5% of critical damping. The Arias 

intensity, IA, (in cm/s), Housner intensity, IH, (in cm) and the duration parameters, DV, (in s) are 

calculated. More details about these ground motion parameters can be found in Chapter 1.     

The geology of sites is derived from the EC8 classification (ENV 1998 EUROCOD 8, 2002) 

that groups the Italian territory in three different categories:  class A for rock (Vs > 800 m/s), class 

B for stiff soils (360 < Vs < 800 m/s) and class C for the soft soils (Vs < 360 m/s). Since in the 

database 74 recording stations are present and only 16 of them are on stiff soil and 9 of them on soft 

soil, the classes B and C are merged and the two-sites classification (rock and soil) is adopted in the 

computation of the ground motion relations.  

The models proposed by Sabetta and Pugliese (1996, equation (3.11)) and by Ambraseys et 

al. (2005, equation (3.12)) are used: 
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with Y representing the ground motion parameters (PGA, PGV, SA, PSV, DV, IA and IH);  a, b, c, 

d, e, h, s1 and s2 are the unknown coefficients. εr is an independent random variable that represents 

the single record randomness; εev is an independent random variable that determines the earthquake 
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variation and εst is an independent random variable that takes on a specific value for each station; 

the coefficients of the functional forms are determined applying the random effect model 

(Abrahamson and Youngs, 1992; Joyner and Boore, 1993) and the different components of the 

variance are estimated. 

The regression parameters are computed applying the models described in eq. (3.11) and 

(3.12) estimating separately the variance due to the earthquake component (σeve
2
) and the station 

component (σsta
2
); then the total variance (σtot) can be expressed by the two following formulas 

where σrec
2
 is the record component: 

22

recevetot σσσ +=  (3.13) 

22

recstatot σσσ +=  (3.14) 

The coefficient e of eq. (3.12), that represents the decay of the magnitude as a function of the 

epicentral distance, is very low if it is compared with the results obtained by Ambraseys et al. 

(2005): for the horizontal component the estimation for this parameter is 0.030 (using ML) and 

0.050 (using Mw) while the value obtained by Ambraseys et al. (2005) is 0.314 (using Mw). This 

parameter does not show such an evident magnitude dependent decay rate to make it indispensable 

the introduction of a magnitude term in the model, so eq. (3.11) is chosen as the reference model. 

The final results obtained using eq. (3.11) are reported in Table 3.21. 

 

 

 

Table 3.21 The results obtained applying the functional form proposed by Sabetta and Pugliese (1996) for the largest 

horizontal and the vertical components; the total variance is derived separately from earthquake to earthquake and 

station to station components. 

 a b c d s1 s2 σsta σeve σrec σtot unit 

PGHA  -2.66 0.76 -1.97 10.72 0 0.13   0.09 0.24 0.26 g 

PGHA  -2.66 0.76 -1.97 10.72 0 0.13 0.09   0.25 0.27 g 

PGVA  -2.59 0.69 -1.95 11.16 0 0.12   0.11 0.23 0.25 cm/s 

PGVA  -2.59 0.69 -1.95 11.16 0 0.12 0.11   0.23 0.25 cm/s 

PGHV  -2.15 0.88 -1.69 8.15 0 0.19   0.12 0.24 0.27 g 

PGHV  -2.15 0.88 -1.69 8.15 0 0.19 0.14   0.23 0.27 g 

PGVV  -2.43 0.89 -1.78 8.77 0 0.03   0.17 0.24 0.29 cm/s 

PGVV  -2.43 0.89 -1.78 8.77 0 0.03 0.15   0.25 0.29 cm/s 

Ia -3.07 1.56 -3.58 12.81 0 0.46   0.16 0.29 0.33 cm/s  

Ia -3.07 1.56 -3.58 12.81 0 0.46 0.12   0.36 0.38 cm/s  

Ih -1.73 0.99 -1.98 11.62 0 0.22   0.22 0.20 0.30 cm 

Ih -1.73 0.99 -1.98 11.62 0 0.22 0.07   0.27 0.28 cm 

DV  -0.34 0.03 0.55 3.69 0 0.11   0.08 0.22 0.23 sec 

DV  -0.34 0.03 0.55 3.69 0 0.11 0.05   0.22 0.23 sec 
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Figure 3.26 (Top) The ground motion relations (for four ML values) computed for the PGA largest horizontal 

component at different magnitude values (ML=4; 5; 6; 6.3) together with the observations (dots) divided in three 

magnitude ranges. (Middle) Some examples for a few representative (see text) events together with the computed 

predictive curves. (Bottom) The same events, as in the middle figures, are plotted together with Sabetta and Pugliese 

(1996) curves (after Massa et al., 2008). 
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Figure 3.27 (Top) The ground motion relations (for four ML values) computed for the Arias intensity at different 

magnitude values (ML=4; 5; 6; 6.3) together with the observations (dots) divided in three magnitude ranges. (Middle) 

Some examples for a few representative (see text) events together with the computed predictive curves. (Bottom) The 

same events, as in the middle figures, are plotted together with Sabetta and Pugliese (1996) curves (after Massa et al., 

2008). 
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Figure 3.28 Comparison between observed acceleration response spectra (grey line) for the largest horizontal 

component, the ground motion relations of this study (red line, M07), and these proposed by Ambraseys et al. (2005, 

blue line, AM05). The red dotted lines represent the error bands of M07; the observations are related to earthquakes of 

different magnitude and recorded at different epicentral distances and different soil classification (after Massa et al., 

2008). 
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For both horizontal and vertical components, the fit between the model and the observations 

is very good within all considered magnitude and distance range. The models proposed by Sabetta 

and Pugliese (1996) and Ambraseys et al. (2005) tend to overestimate the observed values for 

magnitudes smaller than 5, in particular (up to one order in logarithmic scale) for events with 

magnitudes ranging from 3.5 to 4.5. Furthermore Sabetta and Pugliese (1996) slightly overestimate 

observed PGA values for magnitudes lower than 5.5 and distances greater than 25 km (Figure 3.26, 

bottom). For both PGA and PGV models the geometrical attenuation coefficients c are very 

different from units (always smaller than -1.7), reflecting the remarkable scaling of values with 

distance. On the other side the b values are higher in comparison with other relations (Sabetta and 

Pugliese, 1996; Ambraseys et al., 2005) and this reflects a strong dependence of PGA and  PGV on 

magnitude, as observed in previous studies done in different geographical areas (Costa et al., 1998; 

Theodulidis, 1998; Malagnini et al., 2002; Bragato and Slejko, 2005; Frisenda et al., 2005; Bindi et 

al., 2006; Costa et al., 2006). At the same time the efficiency of the models calculated for the Arias 

intensity (Figure 3.27) indicates an improvement when compared with the relations proposed by 

Sabetta and Pugliese (1996) for distances larger than 30 km and for magnitudes up to about 5.0.  

Figure 3.28 shows a comparison between the SA from observations and the relations obtained 

respectively in this study and those proposed by Ambraseys et al. (2005) for the largest horizontal 

component. The results show a better fit of our curves to the observations, with respect to the curve 

of Ambraseys et al. (2005), in particular for the main events (Mw=6.5) at short distance while the 

performance of the two models is similar for the other events. It is important to point out that the 

discrepancies between this study and the Ambraseys et al. (2005) results for the earthquake with a 

seismic moment magnitude of 6.5 recorded at short distances, might be due to the different distance 

metric used by this study (epicentral distance) and by Ambraseys et al. (2005) (JB distance). 

Because this data was recorded above a dam near Tolmezzo (Diga Ambiesta) for the main shock of 

the Friuli earthquake in 1976, it is possible that some site effects could have caused an amplification 

on the seismic signals (Barnaba et al., 2007). In all cases new relationships show a better fitting 

between real and predicted data for magnitudes greater than 5.0 and for distances larger than 25 km 

and a considerable improvement is observed for moderate size earthquakes (up to one order of size 

for M ranging from 3.5 to 4.5). This is very important for seismic hazard studies because the 

studied area is mainly characterized by weak motion with magnitudes lower than 5 but able to 

produce different kinds of damages (i.e. engineered structures, mechanical and electrical equipment 

of industrial plants etc.). The residuals analysis, done following the approach proposed by Spudich 

et al. (1999), shows the absence of significant trends for both magnitude (considering ML and MW) 

and epicentral distance, except for MW values up to 4.2 that might be due to a slight M 

overestimation of Gasperini et al. (2004) relation for ML lower than 4.0. Finally, the event-to-event 

(σeve) and station-to-station (σsta) errors are negligible. 



 84 

Chapter 4 

REAL-TIME SHAKE MAPS  

 

 

4.1 The TriNet project 

 

To improve the instrumentation for recording ground motions in southern California, the 

USGS, Caltech and California Division of Mines and Geology (CDMG) began planning the TriNet 

project about ten years ago (Heaton et al., 1996; Mori et al., 1998a; 1998b). In particular TriNet 

project is related to the seismic networks and strong-motion programs connected with the rapid 

distribution of information, the creation of databases of earthquake information and the system 

alert. Great strength has been dedicated to the data processing and the development of automation 

system using also digital telemetry (Hauksson et al., 2003). One of the products of this strategy was 

the ShakeMap software that has been developed by USGS in the framework of this project (Wald et 

al., 1999b; 2006).  

Usually the parameters related to a damaging or a destructive earthquake that are fastest 

retrieved are its magnitude and its epicentre location. On the other side PGA, PGV and the 

macroseismic intensity with the associated damages are not linear functions of magnitude and 

distance because some effects influence non linearly the ground motion, such as the amplification 

due to local site effects or the effects connected with the rupturing of a finite fault. All these effects 

are considered with the combination of the real-time recorded signal with the theoretical knowledge 

about ground shaking estimations. The ShakeMap software operates along these lines and it is 

capable to give reliable shaking maps in a very short computation time. These maps are the 

representations of a ground shaking generated by a seismic event in a selected region. For each 

point in the investigated area ground motion parameters (PGA, PGV and SA) and macroseismic 

intensity are estimated within 5 minutes from the earthquakes occurrence. Then the maps are 

distributed to the public opinion by internet, televisions and other media networks. 

Nowadays shaking maps are produced in the United States, Japan and Taiwan, while new 

projects have started to cover also Canada, Italy, Turkey and New Zealand. The Japanese 

Meteorological Agency (JMA) manages about 4500 seismic stations distributed all over Japan, and 

the recorded data can provide detailed maps that are combined with building, census and 

infrastructure inventories  and a detailed knowledge of the geological conditions. JMA estimated 

also macroseismic intensity values (JMA intensity) after the devastating 1995 Kobe earthquake. 

The Central Weather Bureau (CWB) in Taiwan produces shaking maps using 80 real-time stations 
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and the interpolation gives a more complete picture of the pattern of the shaking (Wu et al., 2001); 

also in this case a specific macroseismic intensity is used (Wu et al., 2003).    

The rapid generation of shaking maps can have more useful and interesting applications, 

even if its principal goal is to support the civil defence to coordinate the assistance during a seismic 

emergency. In fact the information derived from shake maps can provide additional utility in 

planning the rescues and for this reason it is important to obtain fast and reliable results. The 

ShakeMap software produces response spectral acceleration values at three periods (0.3, 1.0 and 3.0 

s) that are analyzed by earthquake engineers to estimate the potential effects on buildings and other 

civil structures. Researchers in seismology use earthquake scenarios and shake maps to develop and 

to improve the earthquake model with the aim of obtaining as reliable results as possible. Given the 

possibility that a seismic event can occur on a specific fault segment, it is possible to generate a 

number of related scenarios and to estimate the ground motion and damages on the population for 

future such earthquakes.  

The final ShakeMap results (maps, source parameters, seismograms…) can be downloaded 

from World Wide Web pages on the internet network. This possibility is very important for public 

information and education purposes: the web page in fact provides the information about each 

single event that are occurred in a certain region and there are also some databases with all data 

about recent and past events in the investigated area and about possible scenarios related to them. 

Nevertheless, a rapid distribution of the automatically generated maps can be quite critical and must 

be carefully considered due to the possibility of spreading wrong results and incorrect information 

to the public opinion.  

 

 

 

 

Fig 4.1 Flowchart for the ShakeCast software (after Wald et al., 2006). 
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ShakeMap is widely connected with GIS (Geographic Information System) and HAZUS 

(HAZard US) software and it transfers the files between different computers using the File Transfer 

Protocol (FTP). The implementation of the ShakeCast (ShakeMap BroadCast) software allows 

larger organizations to receive automatically and reliably the desired ShakeMaps and to trigger 

post-processing tools to initiate an established response protocol. The system, composed from 

server and client components, can provide information on damages using some databases with 

fragility and other engineering parameters (Figure 4.1).       

 

 

4.2 The ShakeMap software 

 

The ShakeMap software is a collection of modules written in PERL code, the maps are 

made by the Generic Mapping Tool (Wessel and Smith, 1991) and the postscript output from GMT 

is converted to JPEG format using Imagemagick. As explained in Section 4.1 the shaking maps are 

obtained as a combination of recorded data and geological/seismological knowledge in order to 

produce them as faster and as reliable as possible. The software must be calibrated for each studied 

areas and different inputs are used for different geographical areas; a simple flowchart describing 

the algorithm and the calibration procedure is shown in Figure 4.2. 

The ground motion parameters of the recorded data must be extracted in real-time; this 

requires the implementation of the most automated earthquake processing real-time system based 

on event identification and signal processing. In California the Rapid Earthquake Data Integration 

Project (REDI) is based on this approach. The Murdock-Hutt-Halbert (MHH) algorithm (Murdock 

and Hutt, 1983) detects the event as phase pick on the vertical component from the broad-band and 

strong-motion sensors. The arrivals of P waves are detected and a trigger or pick is declared when 

the ratio of the short-term average to the long-term average (STA/LTA ratio) of the signals function 

exceeds a threshold value. The event association is done with the software developed as a 

component of the Earthworm system at the USGS Menlo Park (Johnson et al., 1995); the main task 

of the association is to analyze the phase picks as they are received and to combine them into 

probable events. An average velocity model of the area is used in the locations of events. Data 

processing is done in six different steps: the computation of the revised location, the computation of 

local and energy magnitude, the estimation of peak ground motions, the determination of the 

seismic moment tensor and the finite fault parameterization. All data processing steps must be 

executed in a very short time and nowadays it is possible to compute the moment tensor and the 

relative shaking maps within ten minutes from the earthquake origin.  
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Figure 4.2 Flowchart for calibration of the shaking maps in a determined geographic area.  

 

However, the shaking maps can be produced in an even shorter time when using the final 

location and magnitude estimation and by applying the point-source model. Clearly the capability of 

acquisition and transfer of data in a secure and stable way is crucial to localize seismic events and to 

generate shaking maps in real-time. For example, between the USGS and BSL (Berkeley 

Seismological Laboratory) the data transfer utilizes a dedicated T1 (1.5 mbit/s) frame-relay circuit. 

This intranet or private network between the BSL and USGS provides a high-bandwidth connection 

for exchanging waveforms and parametric data; the systems are configured to use internet if the 

frame-relay circuit fails (Gee et al., 2003). The monitoring of heartbeats and data flow from critical 

processes is very important for the system stability. The redundancy collateralizes the reliability in 

case of failing but other operations must be done on the computer and network, the disk resources, 

Soil classification 

  

 Amplification factors 

Characteristic 

Ground-Motion 

relations 

Regional 

calibration of the 

Shake Maps 

SHAKE MAPS 

in real-time 

Real-time data 

(acquistion system) 



 88 

the process table and the subsystem acquisition and processing. The development of the system 

concentrates on the interaction with the GPS data capable to give more information about the 

rupture surface. It represents the complement of the shaking maps generation in Southern 

California, because the quantification of a finite rupture is important to identify communities 

directly affected by the earthquake and to create scenarios to extract PGA and PGV from computed 

synthetic seismograms. Another interesting real-time system is the Seismic Alert System (SAS) of 

Mexico City: twelve digital stations placed along the Guerrero Coast have a computer which 

analyzes the continuous signals allowing an algorithm to detect and to estimate the magnitude of an 

incoming earthquake within 10 seconds of its initiation. Then the alarm is broadcast by networks 

(radio, internet…) for dangerous earthquakes (Espinosa-Aranda and Rodriquez, 2003). 

A good spatial configuration of the recording instruments helps very much to obtain reliable 

results. Usually in the networks configuration the philosophy is to concentrate the instrumentation 

in the urban regions with high seismic hazard and to install a minor number of stations in other 

areas. In such a way the results should be more accurate in the zones with higher seismic risk, while 

in the other areas the use of ground motion relations is fundamental to supply the lack of real data.    

The “ShakeMap” software is based on an algorithm divided in several steps (Figure 4.3). At 

the beginning the peak ground acceleration, the peak ground velocity and the response spectral 

acceleration amplitudes (at 0.3, 1.0 and 3.0 s) are extracted from all recordings by filtering, 

integrating or differentiating the real-time data. Usually the peak ground motion is defined for the 

largest component, but several other conventions can be adopted to describe the peak on the 

horizontal components (Douglas, 2003). The peak ground motion parameters are the principal input 

for the software that generates the shaking maps. The first step of the algorithm is to create a dense 

grid of phantom stations placed at a default distance of 15 km from each other and the peak ground 

motion is computed using specific ground motion relations that evaluate simply the PGA, PGV and 

SA from the estimation of magnitude and earthquake location. Since ground motion relations can 

vary sensibly in the different geographical regions, especially for the weak motion data, it is highly 

preferable to select specific relations computed using local recordings and to respect the 

computation range for magnitude and distance. It is also important to compute the distance between 

the source and the stations choosing a coherent and stable definition between all possibilities 

provided (epicentral distance, hypocentral distance, surface rupture distance, Joyner-Boore 

distance…). Only those phantom stations located farther than a specific distance (default 15 km) 

from any seismic station that has recorded the event are retained in the final maps. The peak values 

computed at the epicentre are rejected if there is a station, within 10 km, that has recorded the event. 

All these parameters and the grid spacing can be configured by the user. 
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Figure 4.3 Simple flowchart of the algorithm that creates shake maps from real-time data, knowledge on local site 

geology and ground motion relations. In computing ground motion either point-source or finite-source models can be 

applied. 
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Class Vel Short-Period (PGA) Mid-Period (PGV) 

   150 250 350  150 250 350 

B 686 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

BC 724 0.98 0.99 0.99 1.00 0.97 0.97 0.97 0.98 

C 464 1.15 1.10 1.04 0.98 1.29 1.26 1.23 1.19 

CD 372 1.24 1.17 1.06 0.97 1.49 1.44 1.38 1.32 

D 301 1.33 1.23 1.09 0.96 1.71 1.64 1.55 1.45 

DE 298 1.34 1.23 1.09 0.96 1.72 1.65 1.56 1.46 

E 163 1.65 1.43 1.15 0.93 2.55 2.37 2.14 1.91 

 
Table 4.1 Site amplification factors for the correction. Short-period (0.1-0.5 s) factors are retrieved from equation 7a 

while mid-period (0.4-2.0 s) factors are retrieved from equation 7b of Borcherdt (1994). Class is NEHRP letter 

classification; Vel is velocity (m/s) maximum and PGA is cutoff input PGA in gals (after Wald et al., 2006).  

 

In the ground motion estimations there are several uncertainties: the initial magnitude value 

can be inaccurate, the computation of ground motion relations are done using data generated by 

sources with various focal mechanisms and whereas the estimations are averages, for similar 

magnitude events there is a considerable scatter, called inter-event variability, in average ground 

motion values, that depend on the variation of the dominant periods (Boore et al., 1997). A bias 

factor is therefore computed for each parameter by minimizing the difference between the data 

recorded at the seismic stations reduced to bedrock and the values estimated at the same sites by 

ground motion relations. It is preferable to do the minimization adopting the L1 norm (absolute 

deviation value) than the L2 norm (least square value) due to the large scatter in the seismic data 

(Wald et al., 2006). Several parameters can be set in bias calculation: for the computation the 

maximum distance is fixed to 120 km for default and the minimum number of considered stations is 

set to 6. Furthermore, the maximum magnitude is 7.0 since for larger earthquakes the estimation of 

ground motion done using epicentral distances can be very different with respect to the recorded. 

The bias value has an upper limit set to a default value of 4.0 to avoid instability problems. In some 

cases bad data could enter in the algorithm from the seismic network; these outliers can be removed 

manually by the operator or inserting automatic controls during the computation. For example, each 

statistical relation for the computation of ground motion has an associated standard deviation value; 

the observed data that lie more than 3σ from the associated value obtained from the ground motion 

relation, are defined as outlier and rejected. The automatic rejection of data works until a specific 

magnitude, because for very large earthquakes the finite-fault effects dominate in the near field, the 

ground motion values can have a large scatter and reliable recordings could be thus deleted during 

the computation. It is possible to modify the bias value limit to define the outliers on the basis of the 

standard deviation at large distances, where the wave amplitude reduces consistently. All the 

parameters for the automatic rejection of suspect data are also configurable.    
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The site correction plays a crucial role in the generation of the shaking maps. The ground 

motion values estimated for bedrock conditions are underestimated leading to unreliable maps in 

areas with sedimentary basins or alluvium fans because the signals at such localities can be 

significantly magnified. In such cases, before the interpolation, the recorded signal are therefore 

first reduced to bedrock conditions and only afterwards the observations and the phantom stations 

on the grid are interpolated; however it is possible to fix specific Vs30 values for each station. At the 

end the bedrock interpolated grid is amplified at each point for local site conditions by fast 

processing. In California Wald et al. (1999; 2006) use the site condition map based on geology and 

shear-wave velocity; Park and Ellrick (1998) classified the soils in three different categories 

(Quaternary, Tertiary, Mesozoic) and they created a QTM (Quaternary, Tertiary, Mesozoic) map; 

the mean 30 meters shear-wave velocity, VS30, was assigned to each classification (Willis et al., 

2000; Holzer et al., 2005) and the amplification factors were computed applying the model 

proposed by Borcherdt (1994). The amplification factors (Table 4.1) are computed from the Vs30 

values at each site at four ranges of input acceleration level for short periods (0.1-0.5 s) and mid 

periods (04.-2.0 s) as proposed by Borcherdt (1994, equations 7a and 7b, respectively).     

The amplification factors decrease as the ground motion level increases and the bedrock 

sites (class B) do not have any site effects due to the soil geology; the correction factors depend on 

the frequency and the amplitude in a non-linear range and, for PGA, this range can reach about 20% 

(Beresnev and Wen, 1996; Field et al., 1997). The dependence between the site effects, the 

frequency and the amplitude of the signals are partially unknown and the studies about this issue are 

rapidly evolving in the last years. The short-period factors are used for PGA estimation while the 

middle-period factors are referred to the PGV; the response spectral values are scaled by the short-

period coefficients at 0.3 s and for middle-period at 1.0 and 3.0 s.  

There are some ground motion attenuation relations that include the amplification due to the 

site effects, their use being another approach to deal with the site effects problem. Either approach 

can be applied in the generation of the shaking maps.  

Data on a regular grid (the default spacing interval is 1.5°) are interpolated using the GMT 

tools (Wessel and Smith, 1991) and near the edge padding was added. The “blockmean” routine 

reads points arbitrary located and computes a mean position and value for each block selected in the 

grid; the redundant data are removed and an anti-aliasing filter was applied. Then “surface” routine 

fits the data with an algorithm based on an adjustable tension continuous curvature that must be 

found by the interaction with the fitting data (Smith and Wessel, 1990); the setting of the gridding 

parameters is crucial to generate reliable shaking maps (see Appendix B). At the end the 

“grdcontours” routine generates the final maps for PGA, PGV and the response spectra. This 
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approach at the problem of the interpolation and the amplification due to the site effects has some 

limitations. Empirical frequency dependent amplification might be available for specific sites, but it 

is problematic to insert them in this estimation model. We interpolate the data placed on a grid that 

depend on the earthquake locations and the empirical amplification curves can not be used because 

they can change dramatically even within a small geographical area. Only temporary station arrays 

placed on a fine grid can estimate specific amplification affects and probably this is the only 

approach that allows us to consider empirical curves for generating shaking maps (Wald et al., 

2006). Furthermore the site corrections influence very much the ground motion especially where the 

stations coverage is sparse. If recording stations are present, the related observed values control the 

overall level and bias the estimations at nearby receivers, whereas the lack of observations leads to 

a large scattering strongly influenced by site effects.  

Some effects due to the fault finiteness can be considered if the estimation of the ground 

motion is done by computing an appropriate distance between the source and the receivers. In 

particular, the distance can be calculated with the Joyner and Boore definition (JB distance), that 

considers the distance between the receiver and the projection of the fault on the surface, or with the 

rupture distance, that is the distance between the receiver and the fault rupture. The kinematic 

details of the finite fault can not be considered and any assumption can be done neither on the 

rupture propagation nor on the seismic moment distribution. Ground motion values can be however 

estimated using theoretical models, but this approach requires the knowledge of the focal 

mechanisms and fault dimensions.  

It is very difficult to produce finite-fault shaking maps in real-time because the inversion 

procedure to retrieve the related source parameters requires some computational time. The 

generation of the maps considering the finiteness fault is though possible if a different procedure is 

applied. First the shaking maps are generated in real-time with the point-source model; as a second 

step the focal mechanisms and the fault dimensions parameters are computed; finally the synthetic 

seismograms are produced at the receivers based on theoretical models. The joint database of 

seismograms and observed data can lead to more reliable and more detailed maps of ground motion.      

The software produces also maps with ground motion shaking intensities; the macroseismic 

intensity is not a direct physical parameter, but its estimation gives us a practical and reliable 

quantification of earthquake related effects on buildings and civil population. The shaking maps 

software uses the intensity derived from the ground motion parameters (PGA and PGV) and the 

definition of Modified Mercalli Intensity (MMI) is used (Wood and Neumann, 1931; Richter, 

1958). In California Wald et al. (1999a) propose some relations between PGA, PGV and MMI 

(Figure 4.4 and Table 4.2). Within the intensity range V ≤ MMI ≤ IX macroseismic data are used, 
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while for lower intensities (MMI ≤ V) the macroseismic data are derived from voluntary response 

from internet users. The boundary between not felt and felt (MMI=1 and MMI=2, respectively) is 

fixed at a PGA value of 1-2 cm/s
2
 and the curve for low intensities is forced to intersect the curve 

for high intensities at MMI=V. The comparison between the results and the maps of instrumental 

intensity shows that the best fit with the observed data is obtained from the relationships derived 

from PGA for MMI ≤ VII and PGV for MMI ≥ VII. Deriving MMI from PGV for high intensities 

insures that spurious high-frequency spikes present in acceleration are not considered, in order to 

avoid abnormally high intensity estimations. Furthermore, the definition of macroseismic intensity 

is consistent with the notion that lower intensities are assigned based on felt accounts (more 

sensitive to acceleration) and higher intensities refer to damages to structures (more sensitive to 

longer periods) (Hall et al., 1995). The Fourier amplitude spectra correlate with the macroseismic 

intensity in a narrow frequency range; for MMI ≥VII the range is 0.7-1.0 Hz, for V ≤ MMI ≤ VII 

the range is 3-6 Hz and for lower intensities the range best represents MMI is 7-8 Hz (Sokolov and 

Chernov, 1998; Boatwright et al., 2001). In the maps the macroseismic intensity is plotted with a 

discrete colour palette with the hot colours indicating strong intensities and cool colours 

representing low intensities; at the same time in the legend there is a description of the perceived 

shaking and of the potential damaging related to MMI. The results obtained for instrumentally 

derived MMI can differ from the maps of the observed macroseismic intensity in scarcely populated 

zones; of course the fundamental difference between the observed macroseismic intensity and the 

instrumentally derived MMI is that in areas with no population or civil structures, where no 

intensity is reported, the MMI retrieved from ground motion recordings can be very useful to 

understand the damage pattern (Wald et al., 2006).      

The horizontal component of ground motion can be represented in different ways (Douglas, 

2003); when computing shaking maps it is better to estimate the motion adopting the largest 

component definition than the vectorial addiction, that is a conservative assumption because the 

peak value on each component does not necessarily occur at the same time. On the other side the 

mean values can underestimate the motion in particular for highly directional, near-fault pulse-like 

ground motions, for which peak velocities can be large on one component and small on the other 

(Wald et al., 2006). Other ground motion parameters can be derived from the seismic signals, such 

as kinetic energy or cumulative absolute velocities, but in the near-source the strong motion is 

dominated by short duration and PGV seems to be a robust measure of intensity of strong motion, 

as observed by Wu et al. (2003) for the 1999 Chi-Chi earthquake on Taiwan Island.  
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Figure 4.4 Relations between PGA and MMI proposed by Wald et al. (1999a) and comparison with results obtained by 

Trifunac and Brady (1975) (after Wald et al., 1999a). 

 

 

At large distances the duration of the signal and the spectral content play a crucial rule and, 

whereas the peak values simplify the complexity of the motion, such a representation can be 

inappropriate. For this reason the map of the response spectra computed at 0.3, 1.0 and 3.0 s can 

give a better view of the effects produced by the earthquake.  

 

 

Intensity I II-III IV V VI VII VIII IX X+ 

PGA (%g) <0.2 0.2-1.4 1.4-3.9 3.9-9.2 9.2-18 18-34 34-65 65-124 >124 

PGV (cm/s) <0.1 0.1-1.1 1.1-3.4 3.4-8.1 8.1-16 16-31 31-60 60-116 >116 

Table 4.2 Correlation between MMI and PGA-PGV ranges (after Wald et al., 1999). 

 



 95 

Another limitation is due to the fact that the software applies the geological amplification 

only at the peak value, without considering resonance effects or the shaking duration; this model is 

therefore very rough, but it allows us a very fast estimation of the ground motion taking into 

accounts possible site effects at the receivers. The relation between the ground motion and the 

macroseismic intensity is not quite stable, because the dataset of macroseismic data is discrete and 

poor for low intensities. So the MMI estimates can not be very reliable and there can be important 

differences between computed and observed data. Despite all these limitations of the model, it is 

important to notice that the principal purpose of the generation of real-time shake maps is to 

quantify the motion in the near-source field for strong earthquakes; however, the generation of 

shaking maps for seismic events of low magnitude is very useful for processing, calibrating and 

checking the system.         

The “ShakeMap” software can also generate scenarios based on realistic earthquake 

conditions to plan and to coordinate the related emergency response. The scenarios can be used to 

analyze and to quantify eventual damages on civil structures as buildings, bridges or pipelines. The 

synthetic seismograms can be computed for selected source parameters (as we have seen both point-

source and finite-source models can be adopted) and the required ground motion parameters can 

complement the observed data. Another approach to estimate PGA and PGV values is to compute 

them by empirical ground motion attenuation relationships. Such theoretically or empirically 

derived peak ground motion values are the input data for the “ShakeMap” software that generates 

the scenario. Clearly observed data and ground motion estimations can be integrated to obtain more 

reliable earthquake scenarios.   
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Chapter 5 

CALIBRATION OF SHAKE MAPS TO THE EASTERN-

SOUTHERN ALPS AREA 

 

 

5.1 Geology  

 

In this chapter we intend to generate shaking maps in the Southern Alps area by applying the 

approach proposed by Wald et al. (1999b). This method requires both a regional calibration of the 

software, the knowledge about the specific geology conditions and the pertinent empirical ground 

motion relations (along with the relation between ground motion parameters and macroseismic 

intensity). On the other side the “ShakeMap” software requires that real-time observed data be 

acquired, transmitted to a computer and analyzed to extract the ground motion parameters that are 

the input data for the program. 

The site correction plays a crucial role in the generation of the shaking maps; the ground 

motion estimated for bedrock conditions can not produce a reliable ground shaking map in areas 

characterized by sedimentary basin or alluvium fans, because the signals at the receivers placed in 

some areas can be amplified quite a bit due to site effects with respect to bedrock related signals. In 

order to account for site effects, before the interpolation, the recorded signal is reduced to bedrock 

conditions and the observations and the phantom stations on the grid are interpolated, As explained 

in the Section 4.2. Finally the bedrock interpolated grid is amplified at each points for local site 

conditions by fast processing.  

In California Wald et al. (1999b; 2006) used the site conditions map based on geology and 

shear-wave velocities. In particular, Park and Ellrick (1998) classified the soils into three different 

categories (Quaternary, Tertiary, Mesozoic, hereafter called QTM) and created a QTM map; the 

mean 30 meters shear-wave velocity was assigned to each classification (Willis et al., 2000; Holzer 

et al., 2005) and the amplification factors computed applying the model by Borcherdt (1994). 

According to wave propagation theory ground motion amplitude depends on the density and shear-

wave velocity of near-surface materials; since the density does not vary strongly with depth, the 

shear-wave velocity is the natural choice for representing site conditions. Two methods have been 

proposed for representing depth-dependent velocity profiles with a single representative value. The 

first takes the velocity over the depth range corresponding to one-quarter wavelength of the period 

of interest. A problem with the quarter-wavelength VS parameter is however that the associated 
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depths are often deeper than those that can be economically reached with boreholes. Therefore the 

VS30 (defined as the ratio of a 30 m thickness to the travel time for a vertically propagating shear 

waves from 30 m depth to the surface) parameter was introduced to overcome this difficulty and has 

found widespread use in practice. Borcherdt (1994) proposed definitions of site classes and 

estimated empirical amplification factors in terms of mean shear-wave amplifications. These results 

give an integrated methodology for estimating site dependent response spectra, seismic coefficients 

for building code provisions and seismic hazard maps. The method is divided into four steps: 

1. The determination of input ground motion spectral levels. 

2. The characterization of the local site conditions. 

3. The computation of the inter site dependent amplification factors for appropriate reference 

ground conditions and input ground motion level. 

4. The calculation of response spectra in conditions of free field and site dependent.   

The geology of the Friuli area is characterized by sedimentary rocks ranging from 

Palaeozoic to Quaternary age (e.g. Slejko et al., 1989; Faccenda et al., 2007); the Palaeozoic rocks 

(volcanic deposits and partly limestones) are located in the north, whereas the geology of the central 

area is composed by carbonatic rocks (Triassic and Cretaceous age). The Quaternary rocks 

(composed by flysch and molasses) undergo strong erosion of the outcropping reliefs and fill nearby 

valleys; conglomerates of moraine, alluvial fan and lacustrian deposits are present in the central 

area. In particular there are different geological elements in the area (Carulli et al., 1990): 

• The basement to the south of the Periadriatic lineament and to the north of the Austro-Alpine 

lineament. 

• The Palaeozoic present in the Paleocarnic chain with different levels of metamorphism. 

• The Mesozoic with massive Triassic and Cretaceous carbonate platform units. 

• The Tertiary flysch and molasse from the thrust system and the deposits of the Styrian and 

Pannonian basins. 

• The Tertiary Periadriatic intrusive masses and the Tertiary lava effusions.  

• The Quaternary deposits. 

The Quaternary sediments are made of by deposits derived from glacial, lacustrian and fluvial 

processes as the alluvium fans of the regional rivers (Cellina, Meduna, Tagliamento, Torre, 

Natisone and Isonzo) that originated the Friuli plain. The alluvium and glacial sediments are the 

most extended bodies in the plain and they are generated by deposits and sands carried by the 

regional rivers that flow from the mountains and are deposited following the granulometric 

selection (Carulli, 2006).   
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Figure 5.1 PGV shaking map related to 1976 Friuli earthquake computed on bedrock.   

 

The “ShakeMaps” software requires that all ASCII files with geological information are 

converted to a binary format; the VS30 values are estimated for three soil categories in agreement 

with the QTM map (Quaternary, Tertiary and Mesozoic) created for California by Park and Ellrick 

(1998). At the beginning we estimated the VS30 values from the soil topography. The required data 

are downloaded from USGS (http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html): 

GTOPO30 is a global digital elevation model (DEM) with a horizontal grid spacing of 30 arc 

seconds (approximately 1 kilometer) and it was derived from several raster and vector sources of 

topographic information. Wald et al. (2007) proposed recently a similar approach where the VS30 
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values are correlated with the topographic slope: the estimations are done by taking the gradient of 

the topography and choosing ranges of slope that maximize the correlation with shallow shear-

velocity observations. The PGV map (Figure 5.2) is generated applying this soil classification with 

the amplification factors of Table 5.1 computed from the VS30 values at each site at four ranges of 

input acceleration levels for short period (0.1-0.5 s) and mid period (04.-2.0 s) from Borcherdt 

(1994, equations 7a and 7b, respectively). PGA data and SA values computed at 0.3 s are multiplied 

by the short-period terms, while PGV data and SA values computed at 1.0 and 3.0 s are multiplied 

by the long-period terms. The factors of Table 5.1 are applied as a function of the different PGA 

ranges.    

 

 

Figure 5.2 PGV shaking map related to 1976 Friuli earthquake computed applying the amplification factors derived 

from soil topography.   
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Class Vel Short-Period (PGA) Mid-Period (PGV) 

%g  <15 15-25 25-35 >35 <15 15-25 25-35 >35 

Bedrock 700 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Stiff soil 500 1.15 1.10 1.04 0.98 1.29 1.26 1.23 1.19 

Soft soil 300 1.33 1.23 1.09 0.96 1.71 1.64 1.55 1.45 

 
Table 5.1 Site amplification factors. Short-period (0.1-0.5 s) factors are retrieved from equation 7a, whereas mid-period 

(0.4-2.0 s) factors are retrieved from equation 7b of Borcherdt (1994); Vel is VS30 (m/s) and PGA is the input PGA in 

gals (after Wald et al., 2006).  

 

 

 

Figure 5.3 PGV shaking map related to 1976 Friuli earthquake computed applying amplification factors derived from 

the EC8 code.   
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Figure 5.4 Geological map of the Friuli-Venezia Giulia region (Disgam, 2005). 

 

 

Another test is done with the EuroCode 8 classification (ENV, 1998) that divides the soil 

into three categories (A, B and C); the PGV map (Figure 5.3) is generated applying this soil 

classification with the amplification factors of Table 5.1.  

A more detailed geological map has been recently proposed by the Geology Department of 

the University of Trieste (Figure 5.4) that against divides the region into three soil classes. The 

average VS30 values are estimated at 700, 500 and 300 m/s, respectively, for bedrock, stiff soil and 

soft soil. The PGV map (Figure 5.5) is generated applying this soil classification with the 

amplification factors of Table 5.1.  

Comparing Figures 5.1 (bedrock conditions), 5.2 (GTOPO30 classification), 5.3 (EC8 

classification) and 5.5 (regional geological map) one can notice that the maps show, as expected, a 

general increment of the PGV values when the site amplification factors are considered. 
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Furthermore, the isolines change from smooth (bedrock conditions) to irregular. The GTOPO30 

classification is rough because the profiles follow only the topographic slope of the mountains and 

the valleys and this approach can produce wrong results in some particular cases; for example the 

Carso is a bedrock plateau without relevant slope but the GTOPO30 model considers it as a flat 

land assigning lower VS30 values. The EC8 classification is more specific and it is very similar to 

the regional map of Figure 5.5 except that in the plain area the resurgences of the rivers produce a 

mix between classes of soft and stiff soil. Only the GTOPO30 classified the sites in Slovenia and 

Austria while Italy is classified by the EC8 code; in other map there is no detailed information 

about the geology outside the borders of the region and there the site effects are not considered 

computing the shaking maps on bedrock and setting all amplification factors to the unit.  

 

Figure 5.5 PGV shaking map related to 1976 Friuli earthquake computed with site conditions derived from the Disgam 

(2005) regional geological map of Figure 5.4.   
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Figure 5.6 Geological NEHRP classification of the Friuli-Venezia Giulia region (Disgam, 2005). 

 

The geological NEHRP classification for the Friuli-Venezia Giulia region (Figure 5.6) was 

also proposed by the Geology Department of the University of Trieste (Disgam, 2005); NEHRP is a 

complex classification that categorizes the sites with schemes that have been used to differentiate 

ground conditions for strong motion studies. This classification takes into consideration: 

• Surface geology classification schemes, that generally separate materials according to geologic 

age (e.g., Holocene-Pleistocene-Tertiary-Mesozoic). 

• Averaged shear-wave velocity in the upper 30 m (VS30). 

• Geotechnical data, including sediment stiffness, depth and material type. 

• Basin geometric parameters including depth to basement and distance to basin edge, because the 

dimensions of sedimentary basins can greatly exceed the dimensions of the sediment profiles 

considered in the surface geology classification schemes. 

In comparison with Figure 5.4 the NEHRP classification is more detailed because the bedrock soils 

are divided into two different classes (A and B) while class C evidences the zone of resurgences on 

the plain in the South-Western Friuli area, in agreement with the EC8 map. In the middle of the 

region (south of Gemona) there is a sedimentary area (classes D and E) that produces a strong 
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amplification on the seismic signals and caused large damages in this area during the 1976 Friuli 

sequence. Another important difference with respect to the Figure 5.4 is the lagoon area on the sea 

coast, that NEHRP indicates as class E.     

In the “ShakeMap” software the regional geological map is inserted with the amplification 

factors of Table 5.1 because the NEHRP data are not yet digitally available; however, in the future, 

considerable improvements in the estimation of strong ground motion will be possible with the 

adoption of the NEHRP classification of Figure 5.6. 

 

 

5.2 Ground motion relations 

 

Various ground motion relationships are inserted in the “ShakeMap” software for different 

magnitude ranges. The relationships are used to estimate the ground motion parameters on a regular 

spacing grid in case no seismic signal is available in the neighborhood. The final calibration of the 

software is done using the relationships called “RAF07” in the magnitude range 3.0-6.3. For larger 

seismic events the Sabetta and Pugliese (1996) relations are used to compute PGA and PGV and 

Ambraseys et al. (1996) relations to compute spectral acceleration. 

We inserted in the software also the relationshpis of Bragato and Slejko (2005) obtained for 

all interested ground motion parameters (PGA, PGV and SA) in the magnitude range 2.5-3.0. For 

earthquakes in the lower magnitude range no shaking map is generated by the software. Bragato and 

Slejko (2005) and Ambraseys et al. (1996) however computed the relationships for the spectral 

acceleration for periods of 2.0 s, and no coefficient is available in their paper for SA at 3.0 s. Since 

in the “ShakeMap” software we have to use the SA at 3.0 s, we approximate the 3.0 SA with those 

at 2.0 s for magnitudes larger than 6.3 or lower than 3.0.  

The final calibration of the software done using different ground motion relationships is 

reported in Table 5.2. The geographical boundaries are fixed at 45°N-48°N and 12°E-15°E.  

 

 

 

Table 5.2 Calibration of the “ShakeMap” software with the various ground motion relations. 

Mmin Mmax Relation for PGA-PGV Relation for SA 

2.5 3.0 Bragato and Slejko (2005) Bragato and Slejko (2005) 

3.0 6.3 RAF07 RAF07 

6.3 9.9 Sabetta and Pugliese (1996) Ambraseys et al. (1996) 
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5.3 The macroseismic intensity 

 

The “ShakeMap” software produces also intensity maps. The macroseismic intensity is not a 

direct physical parameter but its estimation gives us a practical and reliable quantification of the 

degree of damage on buildings and civil population. In particular, the macroseismic intensity can be 

defined as a classification of the strength of shaking at any place during an earthquake, in terms of 

its observed effects. Such a classification uses only an integer quantity that is assigned to observed 

data and the representation of intensity with Roman numerals emphasizes this point (Musson and 

Cecic, 2003). Sometimes in the macroseismic databases two macroseismic estimations (as VII-VIII) 

can be found, that represent uncertain (between two) intensity values, even if it is recommended to 

treat the intensity as being the lower of the two values (Grunthal, 1998). Moreover intensity is very 

important when historical earthquakes are studied because this is the only parameter that can be 

estimated from the information contained in historical documents. 

The intensity scale is usually given as a series of descriptions of the various earthquakes 

effects and damages grouped into various classes. The comparison between the observed effects and 

damages and those described in the various macroseismic classifications allows to assign a scale 

degree at that location. The diagnostics describe the effect of the ground motion on people outdoors, 

indoors and on domestic objects in the lower degrees, whereas the emphasis in high degrees moves 

to buildings that are affected by more severe damages. This type of classification of the earthquakes 

effects is quite subjective and it can change strongly from place to place, also when the buildings 

damages are considered. The quality of the civil structures is not uniform and at the same time the 

density of buildings is different in various geographical areas (for example the same seismic event 

produces a finite different macroseismic field if it occurs in the Sahara desert or near a big city). 

However, the macroseismic intensity remains very important when are studied earthquakes that 

occurred before seismological instruments were built or earthquakes recorded by few or no 

instruments. Intensity is also the only way to compile historical catalogues. The first intensity scales 

considered all buildings as equivalent but nowadays the most recent classifications have a detailed 

description of the building construction type. The observations of damage on the natural 

environment are very difficult, especially in the coseismic field, because it is very difficult to assess 

the different strength of the slopes. Intensity values are thus scarce (Vidrih et al., 2001) and some 

authors for uninhabited areas (Musson and Cecic, 2003) believe impossible. Furthermore, the 

available macroseismic information must be divided into uniform areas which must be large enough 

to contain a reasonable amount of observations and fine enough to not contain observations made 

on different geological conditions. Usually the small town are merged together, whereas the big 
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cities are divided into districts. The macroseismic observations are not corrected for soil conditions, 

because they depend directly from the local geology. The local geology is useful to explain the 

earthquakes effects, but it is not logical to estimate the damages on bedrock in places where there 

are local site effects.       

Nowadays after the seismic event occurrence, questionnaires are distributed by mail or by 

phone or even directly on the web to collect information about the earthquake effects on the 

population. The use of the questionnaires is important because in this way it is possible to estimate 

also the low degrees of intensity. Moreover, this allows attenuation laws for macroseismic intensity 

as function of distance and magnitude to be computed.  

When first introduced the intensity scale had ten degrees (Rossi-Forel scale), but soon a 

scale with twelve degree was proposed by Mercalli, Cancani and Sieberg, denoted MCS scale 

(Sieberg, 1932) which is still used in Southern Europe. Sieberg (1923) proposed also an earlier 

version of the MCS scale, translated in English by Wood and Neumann (1931) who called it the 

Modified Mercalli Intensity (MMI); this was completely overhauled by Richter (1958). In 1964 

Medvedev, Sponheuer and Karnik proposed the MSK scale (Sponheuer and Karnik, 1964) that was 

largely used in all Europe. A revision of the MSK scale has been done recently and a new scale 

compatible with the old MSK scale proposed (Grunthal, 1998): the European Macroseismic Scale 

(EMS) that is now more transparent and a lot of discrepancies between different geographical 

regions have been reduced. In practice not all the twelve degrees are used: intensity “I” meaning 

“not felt” is seldom reported, intensity “II” is also rarely used, intensity “XII” is described in a 

conservative manner with effects that are almost never observed during an earthquake and the 

difference between intensity “X” and “XI” is hard to distinguish. These scales therefore work in a 

range of intensities from “II” to “X” (Grunthal, 1998). In Japan the macroseismic scale has seven 

degrees and it is called the Japanese Meteorological Agency scale (JMA). It is self-evident how 

difficult it is to compare relations or observations done with different magnitude scales: the 

procedure for the conversion is very often unrealistic, since the results vary from investigator to 

investigator and from scale to scale. However, it is possible to compare intensity scales with twelve 

degrees and to convert MKS into EMS; the most likely difference is that some uncertain values 

such as “IV-V” MSK or “VI-VII” MSK would be assessed more certainly as “IV” EMS and “VI” 

EMS, while in other cases intensities assessed as “VI” MSK may become “V” EMS (Grunthal, 

1998).    

In the “ShakeMap” software the intensity is derived from the ground motion parameters 

(PGA and PGV), even if this procedure is not recommended, because the intensity is a description 

of seismic effects and its estimation through PGA and PGV can lead to unreliable relations and 
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large scattering (Musson and Cecic, 2003). The definition of Modified Mercalli Intensity (MMI) is 

used (Wood and Neumann, 1931; Richter, 1958) in the definition, but, especially in the study of 

seismic risk, this definition can be obsolete for three reasons (Musson and Cecic, 2003): 

1. It makes no allowance for the probabilistic nature of intensity with damages represented by a 

distribution. 

2. It has no capability of dealing with modern engineered structures. 

3. It includes miscellaneous diagnostic that are inadequate indicators of intensity (Vogt et al., 

1994). 

In California Wald et al. (1999a) proposed relationships between PGA, PGV and MMI 

(Figure 5.7). Within the intensity range V ≤ MMI ≤ IX macroseismic observations were used, while 

for lower intensities (MMI ≤ V) the macroseismic data are derived from voluntary responses from 

internet users. The boundary between not felt and felt (MMI=I and MMI=II, respectively) was fixed 

at a PGA value of 1-2 cm/s
2
 and the curve for low intensity was forced to intersect the curve for 

high intensities at MMI=V. 

 

 

 

Figure 5.7 Relationships between PGA and MMI proposed by Wald et al. (1999a) and comparison with the results 

obtained by Trifunac and Brady (1975) (after Wald et al., 1999a). 
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 The comparison between the observations and the maps of instrumental intensity shows that 

the relationships derived from PGA for MMI ≤ VII and PGV for MMI ≥ VII give the best fit with 

the observed data. Deriving MMI from PGV for high intensities insures that spurious high-

frequency spikes present in acceleration are not considered and the abnormally high intensity 

estimations are avoided. Furthermore, the definition of macroseismic intensity is consistent with the 

notion that lower intensities are assigned based on felt accounts (more sensitive to acceleration) 

whereas higher intensities refer to damages to structures that are more sensitive to longer periods 

(Hall et al., 1995). The Fourier amplitude spectra correlate with the macroseismic intensity in a 

narrow frequency range: for MMI ≥VII the range is 0.7-1.0 Hz, for V ≤ MMI ≤ VII the range is 3-6 

Hz and for lower intensities the range that best represents MMI is the 7-8 Hz one (Sokolov and 

Chernov, 1998; Boatwright et al., 2001). In the maps the macroseismic intensity is plotted with a 

discrete colour palette with the hot colours indicating strong intensities and cool colours 

representing low intensities; at the same time in the legend there is a description of the perceived 

shaking and of the potential damaging related to MMI. In thinly populated zones the maps with the 

results obtained from instrumental intensities can differ from those obtained with the macroseismic 

observed intensity. In areas with no population or civil structures where no intensity is observed, the 

instrumental intensity retrieved from ground motion recordings is definitely relevant (Wald et al., 

2006).     

Faccioli and Cauzzi (2006) proposed new relationships between macroseismic intensity 

(MCS, MSK and EMS scales) and ground motion parameters in Italy. They assumed IMCS=IMSK 

(Margottini et al., 1992) also for non Italian earthquakes, and a few intensity values in the EMS 

scale have been assumed as equivalent to MSK scale values. Such data were observed in Italy from 

1976 to 2005 and the authors merged their database also with macroseismic intensities from nearby 

geographic areas (France, Turkey…). Their final dataset spans a wide intensity range (IV-IX). 

Regression has been done for PGA and PGV data (defined as the largest horizontal component) and 

the goodness of the regression estimated computing R
2
 value (very low when acceleration was 

considered, R
2
=0.38). Clearly the results are strongly related with the input data quality (discrete 

and few, especially for damaging earthquakes). The results show a low attenuation as a function of 

the epicentral distance and the intensity seems not to decrease for distances larger than 50 km 

(Figure 5.8a). At the same time the comparison between the regressions obtained by Faccioli and 

Cauzzi (2006) and by Wald et al. (1999a) indicates a low slope for Faccioli and Cauzzi (2006) as a 

function of ground motion parameters (Figure 5.8b).  

The two different trends are quite critical and this involves that different shaking maps are 

obtained if different relationships between PGA-PGV and intensity are adopted. In particular 
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Faccioli and Cauzzi (2006) estimate higher intensities at low PGV values and lower intensities for 

very high PGV. The difference can reach more than one degree of macroseismic intensity, whit the 

crossover around I=VII. It is important however to bear in mind that in the figure two different 

intensity scales are compared (MMI and EMS scales)!  

 

 

 

Figure 5.8 (Above) The relation between the intensity and the epicentral distance for different magnitude values. 

(Below) The relation between the intensity (EMS scale) and the PGV in comparison with the results obtained by Wald 

et al. (1999a) (the shaded zone, MMI scale; both figures after Faccioli and Cauzzi, 2006). 
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Figure 5.9 The comparison between different empirical relationships for the macroseismic intensity (with different 

scales) as function of the PGA (above) and the PGV (below).   
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Kästli and Fäh (2006) proposed a relationship between macroseismic intensity (EMS scale) 

and some ground motion parameters such as PGA, PGV, Arias and Housner intensities, their 

database containing the earthquakes occurred in Europe in the last 25 years. The intensity scales are 

different for Italy (MCS scale), France (MSK scale) and Switzerland (EMS scale) but their tests 

showed that the results do not significantly differ if the three scales are assumed to be equivalent; 

their dataset has therefore a wide intensity range (II≤I≤VII). The regression analysis was done by 

the application of the single intensity probability functions taking into account the discrete nature of 

the macroseismic intensity; the results indicate that PGA represents better the low degrees 

(II≤I≤IV), whereas the PGV describes better the high intensities (I>IV). 

In Figure 5.9 different relationships are compared for PGA and PGV values: Wald et al. 

(1999a), Murphy and O Brien (1977), Trifunac and Brady (1975) proposed relations with similar 

slopes and all these studies used the MMI scale. Faccioli and Cauzzi (2006) used the EMS scale and 

obtained a smaller slope when estimating higher intensities for I>VI and lower intensities for I<VI 

if compared with other studies (Trifunac and Brady, 1975; Murphy and O Brien, 1977; Wald et al. 

1999a). Kästli and Fäh (2006) proposed a relation with a slope similar to that of the previous 

studies, but they obtain about one intensity degree more than estimates with the results proposed by 

Wald et al. (1999a), Murphy and O Brien (1977), Trifunac and Brady (1975). The comparison with 

Faccioli and Cauzzi (2006) relationships shows that different slopes are obtained at low and high 

intensities even if the studied area and the intensity scale are the same. However, for I=V the results 

are similar and comparable for both PGA and PGV cases. These comparisons between continuous 

relationships give only indicative information, because the intensity is defined as a discrete 

parameter which has only integer values. It is also important to notice that different scales are 

considered in the studies (MMI and EMS), but it is not possible to estimate the influence this has on 

the obtained results. 

We produce various shake maps using the relations proposed by Wald et al. (1999a) (Table 

5.3), Faccioli and Cauzzi (2006) (Table 5.4) and Kästli and Fäh (2006) (Table 5.5), in these three 

cases the slopes are assumed to be constant and we extrapolate the values for intensities lower than 

IV and greater than VIII in Faccioli and Cauzzi (2006) relationships and for intensities greater than 

VII in Kästli and Fäh (2006) relationships. The derived step functions are plotted in Figure 5.10.  

 

 

Intensity(MMI) I II-III IV V VI VII VIII IX X+ 

PGA (%g) <0.2 0.2-1.4 1.4-3.9 3.9-9.2 9.2-18 18-34 34-65 65-124 >124 

PGV (cm/s) <0.1 0.1-1.1 1.1-3.4 3.4-8.1 8.1-16 16-31 31-60 60-116 >116 

Table 5.3 Correlation between MMI and PGA-PGV ranges (after Wald et al., 1999). 
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Intensity(EMS) I II-III IV V VI VII VIII IX X+ 

PGA (%g) <.03 .03-.29 .29-.93 .93-3.0 3.0-9.7 9.7-31 31-102 102-330 >330 

PGV (cm/s) <.01 .01-.13 .13-.47 .47-1.7 1.7-6.1 6.1-22 22-78 78-282 >282 

Table 5.4 Correlation between EMS intensity and PGA-PGV ranges (after Faccioli and Cauzzi, 2006). 

 

Intensity(EMS) I II-III IV V VI VII VIII IX X+ 

PGA (%g) <.07 .07-0.4 0.4-0.9 0.9-2.0 2.0-4.5 4.5-10 10-23 23-53 >53 

PGV (cm/s) <.03 .03-.22 .22-.62 .62-1.7 1.7-4.7 4.7-13 13-36 36-100 >100 

Table 5.5 Correlation between EMS intensity and PGA-PGV ranges (after Kästli and Fäh, 2006). 

 

 

 

Figure 5.10 Step plot for the intensities as function of PGA values (solid lines) and PGV values (dotted lines) proposed 

by Faccioli and Cauzzi (2006) for Italy (red lines, EMS scale), Kästli and Fäh (2006) for Europe (black lines, EMS 

scale) and Wald et al. (1999a) for the California (blue lines, MMI scale). 
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Figure 5.11 The intensity map of the 1976 Friuli earthquake derived from the Wald et al. (1999a) relationship. 

 

In Figures 5.11, 5.12 and 5.13 we show the intensity maps for the 1976 Friuli earthquake 

computed using the three different approaches; we can see that the maps differ strongly at large 

distances while in the near field the results are similar, in particular between the Faccioli and Cauzzi 

(2006) and Wald et al. (1999a) maps. The intensity relationship proposed by Kästli and Fäh (2006) 

estimates higher intensities (by one degree) in the near field. The Faccioli and Cauzzi (2006) 
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relation is calibrated on Italian data and hence it might be preferable to insert this result in the 

calibration of the shaking. We therefore use this relationship as the default one in the ShakeMaps 

calibration, however some questions remain: 

 

Figure 5.12 The intensity map of the 1976 Friuli earthquake derived from the Faccioli and Cauzzi (2006) relationship. 
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Figure 5.13 The intensity map of the 1976 Friuli earthquake derived from the Kästli and Fäh (2006) relationship. 

 

• In Figure 5.8 we see that there are only three data points with intensity “IX” and they are 

underestimated by the relationship proposed by Faccioli and Cauzzi (2006); a liner trend is the 

best possible fit? 

• Macroseismic data are discrete and very few damaging and destructive seismic events are 

present, concentrated in a limited geographic area, this affecting the statistics. Is it possible to 
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improve these studies adding data observed in other geographic zones? What are the limitations 

if we do it?  

• We do not know what happens outside the studied macroseismic range. If we assume a constant 

slope is constant in all magnitude ranges we obtain high intensities for low ground motion 

values and low intensities for high ground motion values compared to what we get with 

relationships of Wald et al. (1999a). What are the real limitations intrinsic to these 

relationships?   

 

Figure 5.14 The intensity map of the 1976 Friuli earthquake derived as a combination of the Faccioli and Cauzzi (2006) 

the Kästli and Fäh (2006) relationships. 
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Intensity(EMS) I II-III IV V VI VII VIII IX X+ 

PGA (%g) <.07 .07-0.4 0.4-0.9 0.9-3.0 3.0-9.7 9.7-31 31-102 102-330 >330 

PGV (cm/s) <.03 .03-.22 .22-.62 .62-1.7 1.7-6.1 6.1-22 22-78 78-282 >282 

Table 5.6 Correlation between EMS intensity and PGA-PGV ranges (after Kästli and Fäh, 2006; Faccioli and Cauzzi, 

2006). 

 

A partial solution to the last question can be found if a combination of Faccioli and Cauzzi (2006) 

and Kästli and Fäh (2006) relationships is tested; in particular, if the intensity is lower than V the 

Kästli and Fäh (2006) relation is used while in other cases the Faccioli and Cauzzi (2006) law is 

applied. The new scale is represented in Table 5.6 and the intensity maps of the 1976 Friuli 

earthquake computed with it is shown in Figure 5.14. We can see that the maps of Figure 5.13 and 

5.14 are similar but this new relationship covers a very wide range of intensities (II≤I≤IX). Anyway 

the relation proposed by Faccioli and Cauzzi (2006) is finally chosen as the default input in the 

“Shakemap” software, but we intend to test other relationships and compare the results for several 

historical earthquakes in Southern Alps area. 

Panza et al. (1997) proposed relationships between the macroseismic intensity (MSK scale) 

and several ground motion parameters (PGA, PGV, PGD and DGA) extrapolated from synthetic 

seismograms computed for an upper frequency of 1 Hz. These relationships can not be used to treat 

observations, but they can be very useful to derive intensity maps from earthquake scenarios 

computed for an upper frequency of 1 Hz.  

 

 

5.4 The grid problem 

 

Shake maps are generated by interpolating the data on a regular grid (the default spacing 

interval is 1.5 km) using the GMT tools (Wessel and Smith, 1991), with padding added near the 

edges. The “blockmean” routine reads points arbitrarily located and computes a mean position and 

value for each block selected in the grid; the redundant data are removed and an anti-aliasing filter 

applied. Then the “surface” routine fits exactly the constraining data with an algorithm based on an 

adjustable tension continuous curvature surface gridding (Smith and Wessel, 1990); the choice of 

the spacing grid is crucial, especially if few recordings are available in the studied area (see 

Appendix B).   
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The choice of the grid size, the recording stations distribution and the network geometry are 

very important to obtain reliable shaking maps. We demonstrate this by computing synthetic 

seismograms for the July 12, 2004 Bovec earthquake testing various grid sizes to select the best 

settings for the Friuli-Venezia Giulia region. The source parameters of the earthquake are estimated 

by the application of a trial-and-error forward modelling that minimizes the misfit between the 

observed and the synthetic PGA (largest horizontal component) computed at the stations that 

recorded the event in the Southern Alps area; major details about this method are discussed by 

Suhadolc et al. (2007). The fault geometry is estimated from the relations proposed by Wells and 

Coppersmith (1994) with the length fixed at 5 km and the width at 4 km. The propagation of the 

rupture is bilateral and the seismic moment distribution is uniform. The starting model is taken from 

the ETH internet site: a seismic moment of 7x10
16

 Nm (Mw=5.2), a strike-slip focal mechanism 

(strike=127°, dip=87°, rake=175°), the depth of the hypocenter at 5.6 km. The finite-fault model 

with the above source parameters and an average mono dimensional structural model (Costa et al., 

1993) are selected to compute the synthetic seismograms applying the modal summation technique 

(Panza, 1985; Panza and Suhadolc, 1987; Florsh et al., 1991). The magnitude is reduced from 5.2 to 

5.0 to better fit the observed data. The orientation of the fault can strongly affect the radiation 

patterns and small variations of the strike estimation can change the maxima and minima zones of 

peak ground acceleration; so two different values for strike estimation (117° and 137°) are tested 

but no sensible variation is observed on the final results. Because it is more difficult to estimate the 

hypocentral depth, different values are tested with this parameter ranging from 5 to 9 km: the best 

fit is found for a depth of 7 km.  

 

 

Table 5.7 Source parameters of the 2004 Bovec earthquake used for the computation of the synthetic seismograms. 

Epicenter latitude 46° 18’ 43” 

13° 36’ 47” 

7 km 

127° 

87° 

Epicenter longitude 

Hypocenter depth 

Strike 

Dip 

Rake 175° 

Seismic moment  3.6x10
16 

Nm 

Magnitude 5.0 

Rupture propagation Bilateral 

5 x 4 km  Fault area 

Seismic moment distribution Uniform 
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The synthetic seismograms are computed at 625 receivers placed on a regular grid of 0.5’ 

for an upper frequency of 1 Hz. The finite-source model is applied, the ground motion parameters 

(PGA and PGV) are extracted from the synthetics and the scenarios maps generated for both PGA 

and PGV (Figures 5.15 and 5.16). From the interpolated data the maxima ground motion parameters 

are observed to be located in Slovenia near the border with Italy. To be noticed that these scenarios 

are related to bedrock conditions and do not consider the specific local geology of the receivers that 

can amplify the ground motion. 

 

 

 

 

 

Figure 5.15 Top: contour map of the maximum horizontal acceleration obtained using a uniform moment distribution 

over the fault and a bilateral rupture. Right: zoom of the region subject to maximum values of accelerations. Bottom 

left: in the table the comparison between recorded and calculated values are reported for each station. 
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Figure 5.16 Scenario of the maximum horizontal velocity obtained using an uniform moment distribution over the fault 

and a bilateral rupture. 

 

The results in terms of PGA and PGV values obtained from the synthetic seismograms are 

inserted into the “ShakeMap” software as input of simulated real-time data and the shaking maps 

are generated. In this case the ground motion attenuation relationships are recomputed with the 

synthetic seismograms at an upper frequency cutoff of 1 Hz. The regression model is very simple 

because the magnitude is constant and the ground motion parameters are assumed to be first-order 

linear functions of the logarithm of the epicentral distance. The parametric file for gridding in the 

shaking maps computation is set to 0.5’ but we vary the number of receivers in order to study the 
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influence of the network distribution and of the number of the recording stations on the final results. 

In Figure 5.17 we show the shaking maps generated for various spacing grids of the simulated 

recording stations. In particular, the first picture shows the map obtained using the 20 real stations 

that recorded the seismic event, while in the other pictures the synthetic seismograms are used as 

input with a spacing grid of 20’, 10’ and 5’. Because the grid of the “ShakeMap” software is set to 

5’ the missing data are substituted with the empirical relationship results when the distance among 

receivers are 20’ and 10’; no site correction has been applied. The shape of the acceleration 

contours changes noticeably with the grid size. This trend is very strong in the near field within 20 

km from the epicentre, whereas at longer distances the results are comparable. In the epicentral 

zone the PGA values change and the maximum peak ground acceleration varies between 2.5%g 

(grid size of 10’) to 5.0%g (grid size of 20’). The true ground shaking is only known where the 

recording stations are placed, whereas at other sites the interpolation procedure estimates the 

motion, but it is anyway important to observe that the number and the distribution of receivers 

influence strongly the final results. This test demonstrates the limitations of the empirical ground 

motion relationships which can not reproduce all finite-fault characteristics and lead to important 

lack of information in the near field. The best solution to avoid this problem would be to install a 

dense seismometric network in the field with an appropriate geometry.  

 

 

Figure 5.17 Scenarios generated using 20 recording stations and three different spacing grids (20’, 10’, 5’). 
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5.5 Real-time data 

 

Real-time data are acquired and stored by the “Antelope” software managed by the 

Department of Earth Science of the University of Trieste from 2002. This software was 

implemented in the framework of the project Interreg IIIa ITALIA-AUSTRIA 2000-2006 “Reti 

sismologiche senza frontiere nelle Alpi sud-orientali”. At the same time “Antelope” exchanges the 

seismicity data with CRS-INOGS (Centro Ricerche Sismologiche – Istituto Nazionale di 

Oceanografia e Geofisica Sperimentale) in Udine, ZAMG (Zentralanstalt főr Meteologie und 

Geodynamik, Hauptabteilung Geophysik) in Wien and ARSO (Agencija Republike Slovenije za 

Okolje, Urad za seizmologijo in geologijo) in Ljubljana. In this way it is possible to cover with the 

recording instruments more or less uniformly the Southern Alps area; at the same time the 

redundancy criterion among the various archiving nodes manages the system security.    

“Antelope” is a system of software modules that implement the acquisition, transport, 

buffering, processing, archiving and distribution of environmental monitoring information. This 

software is designed to run on both Sun Microsystems SPARC based workstations and on certain 

Intel based (386, 486, Pentium) PC computers. “Antelope” software has many functions (Antelope, 

1998): 

• Field interface modules: these are programs that can connect with hardware located at remote 

sites in the field (sensors, digitizers, data loggers…) and acquire data. These modules can also 

obtain state of health information and can be used to control the field units. 

• Data communications: a variety of communications protocols are supported for communications 

with data from the field, including duplex serial, simplex serial and internet or intranet TCP/IP. 

• Data and information buffering: hard-disk based ring buffers provide deep and non-volatile 

buffers for both raw data and processing results. 

• Data and information flow: an object oriented ring buffer system provides a mechanism for 

automated, efficient and error-free flow of raw data and processing results. 

• Automated data processing: application-specific real-time processing modules are provided for 

extracting the information and knowledge out of the raw data. Processing results are stored back 

into the same object-oriented ring buffers as the raw data. 

• Automated data and information archiving: raw data and processing results are automatically 

archived in real-time into an information system. 

• Real-time data and information integration, distribution and sharing: automated mechanisms are 

provided for bringing in data and information from external sites, merging these data and 
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information into the real-time processing and for distributing or sharing data and information 

with external sites. 

• Real-time system monitoring and control: an executive module is provided for monitoring and 

controlling overall real-time operations. 

• Real-time graphical user interfaces: modules are provided for overall system monitoring and 

control, real-time display of raw waveform data and processing results, real-time map displays 

with the control of the communications and remote field units. 

• Automated archive management: modules for automated database migration, tape backup of the 

database and raw data and archive cleaning are provided. Extraction modules are provided for 

bringing the data and information from tape back onto disk. 

• Information system functions: a full suite of information system functions are provided using an 

embedded relational database management system. 

• Interactive review of automated processing: application-specific modules are provided for 

human graphical interactive review of automated processing. The automated processing results 

can be verified, deleted or re-processed. 

• Batch mode processing: application-specific modules are provided for processing or re-

processing data and information in the archive information system in a batch mode. 

• Graphical displays of archive data and information: application-specific modules are provided 

for displaying raw data waveforms and processing results in a variety of formats, including trace 

displays, maps, spreadsheets and statistical plots. 

 

 

Figure 5.18 Data flow of the Antelope real-time system (after Antelope, 1998); ORB=Object Ring Buffer, 

ASIS=Antelope Seismic Information System.  
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“Antelope” was constructed with an open systems design criterion that could be easily 

implemented by the users. “Antelope” real-time system brings raw data from the remote field sites 

in real-time to one or more central processing facilities. Automated real time processing of the data 

is performed and all data and information are automatically merged into long-term information 

system archives. The core of the system is the ORB (Object Ring Buffer) that buffers and transports 

the data to another external ORB (Figure 5.18); field interface modules write all of the data from the 

stations into one or more ORB which can also be used to send commands to the field interface 

modules and through to the remote digitizers. One characteristic of the ORB is that it can 

accommodate any type of data, including raw waveform data as well as parameters from data 

processing, such as seismic arrival picks and hypocenters. Seismic processing modules are provided 

by “Antelope” which implement all of the functions necessary for real-time automated detection, 

picking, association, location, magnitude estimation and archiving. “Antelope” is integrated with 

“Datascope”, a relational database system in which there are C, FORTRAN, tcl/tk and perl 

interfaces. Relational database systems are a proven method for representing certain types of 

information, much more powerful than the traditional grab-bag approach of data files, log files, 

handwritten notes and data formats.  

 

Figure 5.19 Antelope generates screen showing the vertical component waveforms and P wave arrivals for the Claut 

(2007) earthquake.  
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Figure 5.20 Antelope generated map with the final epicenter of the Claut (2007) earthquake (red circle); 58 phases (blue 

triangles) are used in the location analysis.  

 

Antelope was installed on the DST workstations and the parametric files are set. In Figure 

5.19 there is a view of the arrivals related to the Claut earthquake (ML=4.4) occurred in 2007 (Table 

5.8). The picking procedure (usually with P and S waves) starts when a threshold between 

STA/LTA (Short Time Average/Long Time Average) is exceeded and the location is done on a 

searching grid for a minimum number of picked phases. The location can be redone manually 

applying a more accurate inversion procedure; for the Claut earthquake 58 phases are used to locate 

the seismic event (Figure 5.20). After the steps of acquisition, picking and location the waveforms 

are included in the database and stored on the disks. The “wfmeas” module computes the ground 

motion parameters related to the seismic signals and adds a new entry to the database. The 

“wfmeas” procedure was implemented and the parametric file was set to obtain reliable results; in 

particular, the mean is removed and the signal is filtered by applying a two-way Butterworth filter 

to compute PGA and PGV values. The choice of the length of the time series is crucial because if 

the signal is too short the pick can be lost, but on the other side if the signal is too long more than 

one earthquake can be recorded and the final results could be wrong. The maximum wall-clock time 

to wait for waveform data packets is 120 s, while the lead and lag time windows are, respectively, 5 
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and 20 s. The “wfmeas” procedure requires the picking on the vertical component or the time 

specification to begin the signal analysis; this can be problematic because accelerometric 

instruments trigger and sometimes the transmitted signals can be too short. Then the “dbshake2xml” 

procedure extracts the ground motion parameters from the database and it writes the input file 

(called “db_dat.xml”) for “Shakemap” software in XML format following a fixed schema. The 

“dbshake2xml” procedure creates also another input file (called “event.xml”) containing source 

parameters such as location, magnitude and origin time in XML format. The geographical region is 

limited in epicentre location (11°≤longitude≤17° and 44°≤latitude≤48°) and a minimum threshold 

for magnitude is selected (ML≥2.5) in agreement with the available ground motion relations.  

The "ShakeMap" software was installed on a Sun workstation with the MySQL server. All 

the parametric files are set, in particular the file called “grind.conf” that is critical because it 

involves the interpolation settings. Local ground motion relationships and site conditions previously 

discussed are also inserted in this file. The grid of phantom stations is reduced from 0.3° to 0.1° 

and, as a consequence, the interpolation grid size decreases from 1.5’ to 0.5’. This choice is justified 

by the density of recording stations placed in the Southern Alps area and because the spacing size of 

the phantom stations grid must be comparable to the density of recording stations on the field. 

Another justification for this choice is the test done with the synthetic seismograms for the Bovec 

earthquake that demonstrated the importance of having nodes as dense as possible. The surface 

tension for the interpolation is set to 0.9 (see Appendix B) while the calculation of the bias between 

the observed and the estimated data utilizes the L1 norm and it is computed for magnitudes lower 

than 7 and distances shorter than 120 km (see Chapter 4); the minimum number of stations 

considered in the computation is 6 and the maximum value that the bias is allowed to take is 4. The 

epicentre-to-station distance within which the computed epicenter will not be used as a data point is 

null and the phantom station to real station distance within which the phantom station will not be 

used as a data point is set to 15 km. Data are considered as outliers if they exceed 3 standard 

deviations but, if the magnitude is larger than 7, this hypothesis is rejected.  

All procedures of the “Antelope” system and the “ShakeMap” software were automated and 

the maps are generated within 5 minutes from the earthquake occurrence. 

 

Table 5.8 Locations data generated by “Antelope” for three relevant earthquakes recently occurred in the Southern Alps 

area.  

Earthquake Time Latitude Longitude Depth ML 

Belluno 28/12/2006 14:10.28 46.114 12.212 2.40 4.0 

Austria 01/01/2007 14:59.45 46.500 14.208 0.00 4.5 

Claut 26/02/2007 05:50.46 46.239 12.539 5.19 4.4 
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Some examples of real-time shaking maps are reported in Table 5.8 where the parameters of 

three recent ML≥4.0 earthquakes occurred in the Southern Alps area are shown: the Belluno 

earthquake (Figures 5.21, 5.22 and 5.23), the Austria earthquake (Figures 5.24, 5.25 and 5.26) and 

the Claut earthquake (Figures 5.27, 5.28 and 5.29). In particular, the shaking maps of the Claut 

earthquake are generated using the real-time data and the location shown in Figures 5.19 and 5.20. 

The shaking maps are generated in real-time and data recorded by several networks (RAF, NEI, 

RAN, RSFVG, ARSO, ZAMG…) operating in the area are used; the circles on the maps denote the 

sites where there are no observations and the ground motion is estimated by the empirical 

relationships. At the same time the software was implemented to generate the Web pages of the 

earthquakes in real-time; for the time being these Web pages are offline.    

 

Figure 5.21 The shaking map for PGA for the Belluno 2006 earthquake (Table 5.8). The networks that recorded the 

event are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 
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Figure 5.22 The shaking map for PGV for the Belluno 2006 earthquake (Table 5.8). The networks that recorded the 

event are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 



 129 

 

Figure 5.23 The intensity map for the Belluno 2006 earthquake (Table 5.8). The triangles denote the triggered stations. 
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Figure 5.24 The shaking map for PGA for the Austria 2007 earthquake (Table 5.8). The networks that recorded the 

event are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 
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Figure 5.25 The shaking map for PGV for the Austria 2007 earthquake (Table 5.8). The networks that recorded the 

event are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 
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Figure 5.26 The intensity map for the Austria 2007 earthquake (Table 5.8). The triangles denote the triggered stations. 
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Figure 5.27 The shaking map for PGA for the Claut 2007 earthquake (Table 5.8). The networks that recorded the event 

are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 
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Figure 5.28 The shaking map for PGV for the Claut 2007 earthquake (Table 5.8). The networks that recorded the event 

are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO (blue triangles). 
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Figure 5.29 The intensity map for the Claut 2007 earthquake (Table 5.8). The triangles denote the triggered stations. 
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Chapter 6 

TECTONIC SETTING AND MAIN EARTHQUAKES IN THE 

EASTERN-SOUTHERN ALPS AREA 

 

 

6.1 Tectonic setting 

 

The investigated area encompasses the Southern Alps that extend over north-eastern Italy 

and the external Dinarides in the western Slovenia (Figure 6.1). The principal mechanism is the 

collision between the Eurasian plate and the Adria microplate, or the Adria promontory, which 

could be part of the much bigger African plate (Carulli et al., 1990); the relative movement of the 

two plates is about 5 mm/year (Aoudia, 1998). 

 

Figure 6.1 Structural model of the Southern Alps area; the black circles represent the towns (TH=Thiene; GE=Gemona; 

GO=Gorizia) and the black lines define the faults (TC=Trento-Cles fault; SV=Schio-Vicenza fault; TB=Thiene-Bassano 

fault; BC=Bassano-Cornuda fault; BV=Bassano-Valdobbiadene fault; BL=Belluno fault; VS=Valsugana fault; 

FU=Funes fault; AN=Antelao fault; MT=Montello fault; CA=Cansiglio fault; PM=Polcenigo-Maniago fault; AR=Arba-

Ragogna fault; PE=Periadriatic thrust; PU=Pinedo-Uccea fault; DA=Dof-Auda fault; SA=Sauris fault; BC=But-Chiarsò 

fault; FS=Fella-Sava fault; VR=Val Resia fault; VV=Val Venzonassa fault; BE=Bernadia fault; BU=Buia fault; 

ST=Susans-Tricesimo fault; UD=Udine-Buttrio fault; PZ=Pozzuolo fault; MD=Medea fault; PA=Palmanova fault; 

ID=Idrija fault; PR=Predjama fault) (after Galadini et al., 2005). 
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The Alpine zone is characterized by thrust mechanisms with approximately N-S 

compressional stresses, while in the Dinaric System there are strike-slips mechanisms with faults 

trending mostly 140-150° N. The region of Friuli consists of E-W trending mountain ranges with 

valleys and thrusts. The Tagliamento river separates the E-W, ENE-WSW Triassic Dolomites from 

the Julian Alps that extend to the south from the Sava valley. The Tagliamento follows the W-E 

trend in the first part and then it takes the N-S direction at the contact between the plain and the 

Prealps at the margin of the moraine hills, where the surface projection of the fault activated during 

the 1976 earthquake is located. The main river of the Dinaric system is the Isonzo (Soča) river with 

NE-SW and NW-SE  trends that delimits the Dinaric structure from the Alpine system.      

The western part, covering the Veneto and Friuli plains until the Lessini mountains, is a 

Quaternary front of the Southern Alps chain, a fan of low-angle thrusts trending from WSW-ENE to 

WNW-ESE and verging SSE. The base of Venetian and Carnic Prealps are characterized by the 

WSW-ENE striking Polcenigo-Maniago and Arba-Ragogna thrusts. The Venetian Prealps is a 

sector dominated by the SE verging Bassano-Valdobbiadene thrust and the NW-SE trending Schio-

Vicenza strike slip system; other important faults are the Montello thrust and Bassano-Cornuda and 

Thiene-Bassano thrusts, two minor systems trending WSW-ENE and dipping NNW (Galadini et al., 

2005). 

The western Dinaric system is characterized by the Kobarid structure representing the 

easternmost segment of a system of south verging compressions with a E-W trend; furthermore, 

there are evidences of an active reverse fault called the Gran Monte fault (Aoudia, 1998) and the 

Kobarid structure is the easternmost continuation of the E-W Gran Monte ridge (Fitzko et al., 

2004). The Idrija fault is a right-lateral strike-slip fault extending in the NW-SE direction with a 

strike of 320° toward SW Slovenia (Fitzko et al., 2005). A parallel fault to the N is the Knežje 

Ravne or Tolminka fault, a strike slip system extending NW-SE direction with a strike angle of 

300° (Fitzko, 2003). This fault is located south of the 1998 Bovec earthquake epicentre and Bajc et 

al. (2001) suggested that it could be a locked segment of the Bovec-Krn (Ravne) fault with a 

difference in the strike value of 5°.   

Galadini et al. (2005) proposed several seismogenic sources in the Southern Alps area using 

geological and available seismological data: ten possible faults responsible for strong earthquakes 

are selected (Figure 6.2). To the east of the Tagliamento river there is a large amount of geological 

and seismological data connected with the seismic sequence occurred in 1976; in particular, the 

Susans-Tricesimo thrust may be responsible of the Friuli mainshock, while the deeper Trasaghis 

fault was activated during the earthquake on September 15, 1976. The Medea fault, located SE of 

Udine with a length of about 23 km and a depth ranging from 5 to 8 km, is also capable to generate 
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earthquakes with magnitude higher than 6. The Gemona-Kobarid thrust is placed at the border 

between Italy and Slovenia and Galadini et al. (2005) suggested its activation during the seismic 

sequence of 1976. At the west of Tagliamento river the Venetian and Friulian plains are crossed by 

a thrust about 100 km long which is separated into different segments: in the Veneto region there 

are the Montello-Conegliano fault, the Bassano-Cornuda fault and the Thiene-Bassano fault, that 

are responsible of the historical earthquakes occurred in the same zone. In the Friuli-Venezia Giulia 

region the Cansiglio fault is located at the south of the Cansiglio massif (western margin of the 

Friuli plain) and it is considered responsible of the 1936 earthquake (Sirovich et al., 2000; Valensise 

and Pantosti, 2001) with a strike angle ranging between 212° and 232°. The Polcenigo-Maniago 

thrust and Arba-Ragogna thrust are placed to the east of the Cansiglio fault and numerous 

geological data evidence the presence of these faults in the area. All described sources are located at 

the border between the plain and the mountains and no active faults are located within the Alps 

zone itself (Galadini et al., 2005). Although these seismogenic sources may be responsible of 

seismic events with magnitude bigger than 6, the recurrence interval for each singular source is very 

long (many centuries) and this consideration decreases the seismic hazard in the Southern Alps 

area.        

 

Figure 6.2 The seismogenic sources in the Southern Alps area (1. Thiene-Bassano; 2. Bassano-Cornuda; 3. Montello-

Conegliano; 4. Cansiglio; 5. Polcenigo-Maniago; 6. Arba-Ragogna; 7. Gemona-Kobarid; 8. Susans-Tricesimo; 9. 

Trasaghis; 10. Medea); the black rectangles are sources defined through geological data, while the white rectangles are 

sources derived from geological and seismological data (after Galadini et al., 2005).  
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6.2 Historical earthquakes in Eastern-Southern Alps area  

 

The seismic activity in Southern Alps area is of relatively moderate intensity, the return 

period of the strong earthquakes with magnitude greater than 6 being about 40 years, the return 

period of the earthquakes with magnitude greater than 5 is about 7 years (e.g. Slejko et al., 1989; 

Peresan et al., 1997; Costa et al., 1998). The strongest seismic event in this region occurred in the 

Idrija area (Slovenia) on 26 March 1511 with an estimated 6.9-7.2 macroseismic magnitude. This 

earthquake produced extensive damages in Slovenia (intensity ‘X’ MCS at Idrija) and Friuli (more 

localities with an intensity ‘IX’ MCS) (Fitzko et al., 2005). Another historical damaging earthquake 

destroyed the town of Villach (Austria) and a good part of Friuli, Carnia and Carithia on 25 January 

1348 with an estimated 6.6 macroseismic magnitude; places with intensity ‘IX/X’ MCS are reported 

for three Italian localities (Monachesi and Stucchi, 1998; Galadini et al., 2005). On 25 February 

1695 a seismic event occurred near Asolo producing large damages in the area between Bassano del 

grappa and the Piave river. The Cansiglio-Alpago area was affected by two strong earthquakes in 

1873 (June 29, Belluno earthquake) and 1936 (October 18, Cansiglio earthquake). The first one was 

detected between Belluno and the Alpago area with a reported macroseismic intensity larger than 

‘IX’ MCS (Boschi et al., 1995; Monachesi and Stucchi, 1998), whereas the second produced major 

damage both in the Alpago area and at the limit between the Cansiglio relief and the Venetian plain 

(Galadini et al., 2005).  

 

 

Figure 6.3 Epicentres of historical earthquakes occurred in the Southern Alps area; the triangles show the events of 

Table 6.1 while the stars are the events of Table 6.2.  

1348 

1511 

modified from Galadini et al. (2005) 
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Table 6.1 Historical earthquakes occurred in the Southern Alps area before 1976. The locations and the magnitude 

estimations are published by Gasperini (2004).   

Earthquake Time Latitude Longitude MW 

Treviso 778 45.67 12.25 5.8 

Trevigiano 04-11-1268 45.73 12.08 5.4 

Friuli 23-04-1279 45.93 13.40 5.4 

Villach (A) 2-01-1348 46.25 12.88 6.7 

Idrija (SLO) 26-03-1511,14:40 46.20 13.43 6.5 

Asolo 25-02-1695,05:30 45.80 11.95 6.6 

Raveo 28-07-1700 46.43 12.87 5.8 

Tramonti 10-07-1776 46.23 12.71 5.8 

Tolmezzo 20-10-1788 46.39 13.02 5.7 

Tramonti 07-06-1794 46.29 12.79 5.6 

Sequals 25-10-1812 46.03 12.58 5.7 

Bassano 12-06-1836,02:30 45.81 11.82 5.5 

Belluno 06-11-1873, 08:30 46.13 12.22 5.0 

Carnia 27-03-1928, 08:32 46.37 12.98 5.8 

Cansiglio 18-10-1936, 03:10 46.09 12.38 5.9 

Trasaghis 16-09-1977, 23:48:07 46.30 12.98 5.5 

 

Other earthquakes with a magnitude ranging between 5 and 6 occurred in the western part of 

Friuli in 1776 (Tramonti earthquake), 1794 (Tramonti earthquake), 1812 (Sequals earthquake) and 

1836 (Bassano earthquake). In the north-eastern part of Friuli, epicentres are located within the 

Alpine domain, e.g. the Raveo earthquake in 1700, the Tolmezzo earthquake in 1788, the Carnia 

earthquake in 1928 and the Trasaghis earthquake in 1977. Historical fonts reported about seismic 

events that affected the Venetian and the Friulian plains in 778 (Treviso earthquake), 1268 

(Trevigiano earthquake) and 1279 (Friuli earthquake) but the estimations of the related epicentres 

and magnitudes can be affected by large uncertainties (Galadini et al., 2005).    

The most important recent seismic event in the area is the Friuli earthquake (May 6, 1976, 

Mw=6.5), that destroyed a great part of buildings and civil infrastructures (Aoudia et al., 2000), and 

was followed by a strong aftershocks sequence which contributed to increase the damages at several 

localities; in particular, the largest aftershocks occurred on September 11, 1976, and September 15, 

1976. The Bovec event (1998, Mw=5.6) occurred in the Alps-Dinarides Junction (Bajc et al., 2001) 

and it is the largest seismic event in Slovenia during the 20
th

 century. The Friuli event took place in 
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a piedmont area, while the Bovec earthquake occurred in a mountainous region, although the two 

epicentres are quite close (their distance is less than 50 km). Recently other two moderate 

earthquakes occurred in 2002 (February 14, Carnia earthquake) and 2004 (July 12, Bovec 

earthquake). 

All strong historical earthquakes are reported in Tables 6.1 and 6.2 and mapped in Figure 

6.3.  

 

 

6.3 Recent seismicity 

 

In the Southern Alps area 8 earthquakes with magnitude greater than 4.5 occurred in the last 

30 years; the ground motion parameters are extracted from the recorded seismic signals and the 

related shaking maps are produced. The earthquakes are reported in Table 6.2 and the maps are 

shown in Figures 6.4-6.11. The locations and the magnitude estimations are the same used to 

compute the ground motion relations in Chapter 3. The intensity maps indicate a slow attenuation 

with distance, while the amplification due to the site effects seems to affect more the parameters 

connected with the long-period content (PGV, SA at 1.0 or 3.0 s). For the 1976 seismic sequence 

(Figures 6.4, 6.5, 6.6, 6.7, 6.8) the observed data are few, especially in the near field, but no 

observations are rejected by the software; the counters are almost circular, since the attenuation is 

governed by the ground motion relationships except for the site amplification effects.  

 

 

 

Table 6.2 Historical earthquakes occurred in Southern Alps area in the last 30 years; the locations and the magnitude 

estimations are the same used to compute the ground motion relations in Chapter 3.   

Earthquake Time Latitude Longitude Depth ML 

Friuli 06-05-1976, 20:00 46.29 13.25 7.0 6.3 

Friuli 11-09-1976, 16:31 46.29 13.16 3.0 5.4 

Friuli 11-09-1976, 16:35 46.28 13.18 12.0 5.7 

Friuli 15-09-1976, 03:15 46.29 13.15 5.0 6.2 

Friuli 15-09-1976, 09:21 46.32 13.12 8.0 6.1 

Bovec 12-04-1998, 10:55 46.32 13.68 15.2 5.7 

Carnia 14-02-2002, 03:17 46.38 13.16 10.0 4.9 

Bovec 12-07-2004, 13:04 46.30 13.60 6.0 5.4 
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Figure 6.4 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli earthquake; the 

yellow triangles are the recording stations. 
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Figure 6.5 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli aftershock 

(September 11, 1976 16:31); the yellow triangles are the recording stations. 
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Figure 6.6 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli aftershock 

(September 11, 1976 16:35); the yellow triangles are the recording stations. 
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Figure 6.7 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli aftershock 

(September 15, 1976 03:15); the yellow triangles are the recording stations. 
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Figure 6.8 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli aftershock 

(September 1, 1976 09:21); the yellow triangles are the recording stations. 
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Figure 6.9 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1998 Bovec earthquake; the red 

triangles are the recording RAF and in green the NEI stations. 
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Figure 6.10 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 2002 Carnia earthquake; the 

red triangles are the recording RAF and in green the NEI stations. 
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Figure 6.11 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 2004 Bovec earthquake; the 

red triangles are the recording RAF, the yellow triangles are RAN stations, the blue triangles are ARSO stations and in 

green the NEI stations. 
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The Bovec earthquake (Figure 6.9) occurred in 1998 outside the border line of the region but 

it was felt over a large area. Even if the recorded data do modify the ground motion contours, a 

network with more seismic instruments and with an appropriate configuration in the studied area is 

necessary to obtain more realistic and detailed estimation of the ground motion.  

The Carnia 2002 earthquake (Figure 6.10) is interesting because it occurred within an area 

that is well monitored by the RAF network. This time a detailed profile in the near field is mapped, 

because the availability of recordings at close distances allows a correction of as the finite-fault 

effects. The station placed at Moggio Udinese (called “MOGG”) is close to the epicentre and its 

weight is very important to model the ground motion in the near field; the shaking is high at the 

sites of Cesclans and Stolvizza (called respectively “CESC” and “STOL”) where site effects have 

an important role.  

The Bovec earthquake (Figure 6.11) occurred in 2004 outside the FVG border but the good 

station coverage produced a detailed shaking map within the Friuli Venezia Giulia region. 

Furthermore, this seismic event evidenced the importance of the integrated networks in the 

Southern Alps area, because the real-time data transmission between the different agencies 

successfully provided the necessary information outside the national borders.  

 

 

6.4  Finite-fault model 

 

The “ShakeMap” software can incorporate a finite-fault model if a file with the rupture area 

coordinates is inserted as input data. There are many ways to define the distance between the source 

and the receivers: Joyner and Boore (1981) proposed the surface projection distance which is 

defined as the distance to the surface projection of the rupture plane of the fault. Another definition 

is the distance from the fault rupture, adopted in this study, because it can give a more reliable 

ground motion estimation above the rupture area. No a-priori information can be given about the 

seismic moment distribution on the fault or the directivity effects and only the recording stations 

placed near the rupture area can provide information about the finite-fault parameters.  

A detailed knowledge of the source parameters is required to generate the shaking maps 

with the finite-fault model. In the Southern Alps area the source parameters are available only for 

two instrumentally recorded seismic events: the 1976 Friuli earthquake (Aoudia et al., 2000) and the 

1998 Bovec earthquake (Bajc et al., 2001). The source parameters for these two earthquakes are 

presented and discussed in the next chapter. In Figure 6.12 there is a comparison between the PGV 

maps related to 1976 Friuli earthquake: in the first map PGV are computed on bedrock with the 
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point source approximation, in the second the finite-fault model is adopted. In the later case the 

contours resemble the fault shape and the ground motion increases in the near source region 

because the finite fault insertion reduces the distance between the source and the receivers. The 

PGV are also estimated considering the amplification factors due to site effects, but the largest 

increase in the ground motion values is obtained when the observed data are added and the bias 

factor is computed.  

 

 

  

  

Figure 6.12 The shaking maps for PGV related to the 1976 Friuli earthquake. The first map (upper left) is computed 

applying the point-source model, the second (upper right) applying is the finite-fault model, the third map (lower left) 

considers also the site effects and in the last one (lower right) the observed data (yellow triangles) are also used. 
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Figure 6.13 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1976 Friuli earthquake. The 

yellow triangles are the recording stations and the finite-fault model is applied. 
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Figure 6.14 The shaking maps for MMI, PGA, PGV and SA (0.3 s, 1.0 s and 3.0 s) of the 1998 Bovec earthquake. The 

red triangles are the recording RAF and in green the NEI stations and the finite-fault model is applied. 
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At Gemona the first model (point source) estimates a PGV of about 12 cm/s, the second 

model (finite fault) gives a PGV of 18 cm/s, in the third model (site effects) PGV reaches 20 cm/s 

and the fourth model produces PGV of about 54 cm/s. A large ratio (4.5) is obtained between the 

PGV values estimated with the last and with the first model in the near source region. Clearly the 

adoption of the rupture area requires ground motion relationships which take into account the finite 

fault dimensions when the distances between the source and the receivers are computed; this 

approach is possible only if all sources used in the computation have been modelled and the rupture 

area parameters have been estimated.    

The shaking maps for the 1976 Friuli earthquake (Figure 6.13) and the 1998 Bovec 

earthquake (Figure 6.14) are generated applying the finite-fault model and the comparison with 

Figures 6.4 and 6.9 can be done. The ground motion contours resemble the fault shape but in the 

near source area the ground motion has a different behaviour if short- or long-period parameters are 

considered. 
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Chapter 7 

VALIDATION 

 

 

7.1 Methodology 

 

In order to validate the model which generates the shaking maps, the synthetic seismograms 

are computed for relevant earthquakes occurred in the Southern Alps area and the related 

macroseismic intensities compared with the observed data.  

The synthetic seismograms are computed by applying the reflectivity model (Kennett, 1983) 

based on the superposition of rays reflected and transmitted according to the Snell law in agreement 

with the classic geometrical optics. The computation of the reflection coefficients for upgoing and 

downgoing waves is a function of the slowness, so an integration over slowness is performed and 

finally a convolution with the source function (Kennett, 1983). This approach requires very long 

computation time especially if the structural model has a large numbers of layers but on the other 

side it is capable to compute seismograms even in the near field. Furthermore, the ray theory cannot 

be applied at long periods and therefore it is critical to model the late arrivals in the seismograms.  

The synthetic seismograms for bedrock receivers are calculated as the convolution of the 

source spectrum with the structural model spectrum; the computation therefore requires the 

knowledge of the source parameters and the structural velocity models. The choice of the upper 

frequency used to compute the temporal series is critical because the ground motion parameters 

should be estimated on a wide frequency band but, when the upper frequency increases, the results 

are strongly influenced by the rupture propagation process complexity and by the seismic wave 

scattering along the source-receiver paths. Furthermore at frequencies around 10 Hz, the variation 

of the elastic parameters of the order of a hundred meters can be relevant and a structural model 

should in principle have this accuracy (Fitzko, 2003). On the other side the computation of synthetic 

seismograms for an upper frequency of 1 Hz produces signals limited in frequency and the ground 

motion parameters should be compared with observed data that are low-pass filtered. Because we 

know the average structural velocity model in the studied region relatively well and the source 

parameters of the considered earthquakes has been studied in detail, the signals are computed for an 

upper frequency of 1 Hz and 10 Hz. The reflectivity model can compute the synthetic seismograms 

only for receivers close to the seismic source and it does not require that the structural model 

reaches great depth; hence the velocity model “friul7w” (Figure 7.1) derived by Fäh et al. (1993) 
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and based on travel-time inversion results of Mao and Suhadolc (1992) is used in the computation 

for an upper frequency of 1 Hz and 10 Hz.        

The seismic source is represented by a kinematic approach with a fixed seismic moment 

distribution; the model of the finite fault requires the knowledge of the epicentre position, the focal 

mechanism parameters and the dimension of the rupture area (described by the length, L, and the 

width, W) that are usually correlated with the seismic moment (Wells and Coppersmith, 1994). The 

kinematic aspect is given by the rupture front propagating from a nucleation point with a fixed 

rupture velocity, usually close to 0.72β where β is the S wave velocity (Geller, 1976). 

In the finite-fault model the synthetic seismograms are computed as the sum of the 

contributions of all point sources placed on a regular grid covering the rupture area. The temporal 

series, ū(t), produced by N grid points on the rupture area, is described as the inverse Fourier 

transform (Fitzko, 2003): 
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where f(ω) is an optional filter to be used for selecting a certain frequency band, an(ω) is the source 

function of the n
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Figure 7.1 Velocity model called “friul7w” (Mao and Suhadolc, 1992; Fäh et al. 1993) as a function of depth. 
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Table 7.1 Receivers used to compute the synthetic seismograms with the related network and the actual operating 

status; these stations are mapped in Figure 2.2. 

Località Code Network Lat (°N) Long (°E) Status 

Ampezzo --- RAN 46° 24’ 56” 12° 47’ 31” To be build 

Arcano --- RAN 46° 07’ 12” 13° 01’ 48” To be build 

Aupa AUP RAN 46° 30’ 23” 13° 15’ 23” Operative 

Avasinis AVS RAN 46° 17’ 31” 13° 03’ 22” Operative 

Caneva CNV RAN 45° 58’ 08” 12° 26’ 56” Operative 

Carciotti - Trieste CARC RAF 45° 39’ 10” 13° 46’ 01” Operative 

Castelmonte CMO RAN 46° 05’ 28” 13° 30’ 54” Operative 

Cesclans CESC RAF 46° 21’ 23” 13° 03’ 30” Operative 

Cividale del Friuli --- RAN 46° 05’ 24” 13° 25’ 48” To be build 

Claut CLA RAN 46° 16’ 20” 12° 30’ 54” Operative 

Drenchia --- RAN 46° 11’ 00” 13° 38’ 21” To be build 

DST -Trieste DST2 RAF 45° 39’ 35” 13° 48’ 01” Operative 

Forni Avoltri --- RAN 46° 35’ 38” 12° 46’ 45” To be build 

Forni di Sopra --- RAN 46° 26’ 52” 12° 33’ 46” To be build 

Gemona - Depuratore  RAF 46° 15’ 18” 13° 07’ 33” Operative 

Gemona – P.zza Ferro  RAF 46° 16’ 37” 13° 08’ 26” Operative 

Gemona - Scugelars  RAF 46° 16’ 58” 13° 08’ 28” Operative 

Gorizia --- RAN 45° 56’ 19” 13° 36’ 57” To be build 

Invillino --- RAN 46° 24’ 05” 12° 57’ 39” To be build 

Majano MAJ RAN 46° 10’ 56” 13° 04’ 08” Operative 

Masarolis MASA RAF 46° 10’ 37” 13° 25’ 56” Operative 

Moggio Udinese MOGG RAF 46° 24’ 20” 13° 11’ 23” Operative 

Monfalcone --- RAN 45° 48’ 36” 13° 32’ 59” To be build 

Montereale Valcellina --- RAN 46° 09’ 36” 12° 39’ 36” To be build 

Monte Pala PALA NEI 46° 14’ 45” 12° 55’ 26” Operative 

Palmanova --- RAN 45° 54’ 36” 13° 18’ 37” To be build 

Passariano PSR RAN 45° 56’ 57” 13° 00’ 51” Operative 

Paularo PAUL RAF 46° 31’ 49” 13° 06’ 59” Operative 

Polcenigo POLC NEI 46° 01’ 59” 12° 29’ 24” Operative 

Pordenone POR RAF 45° 57’ 14” 12° 39’ 38” Operative 

Passo Pura PURA NEI 46° 14’ 55” 12° 53’ 19” Operative 

Sella Nevea --- RAN 46° 25’ 37” 12° 44’ 31” To be build 

Spilimbergo --- RAN 46° 06’ 14” 12° 54’ 20” To be build 

Stolvizza STOL RAF 46° 21’ 41” 13° 25’ 56” Operative 

Tarvisio --- RAN 46° 30’ 19” 13° 34’ 48” To be build 

Tramonti --- RAN 46° 14’ 23” 12° 45’ 01” To be build 

Tricesimo --- RAN 46° 09’ 00” 13° 12’ 36” To be build 

Trieste TRI NEI 45° 42’ 32” 13° 45’ 51” Operative 

Uccea --- RAN 46° 18’ 26” 13° 23’ 50” To be build 

Udine --- RAN 46° 03’ 54” 13° 14’ 11” To be build 

Villanova VINO NEI 46° 15’ 23” 13° 16’ 53” Operative 

Zoncolan --- RAN 46° 29’ 48” 12° 55’ 32” To be build 

 

where vr is the rupture velocity and cmin is the minimum wave velocity. Generally ∆x is about 0.5 

km for an upper frequency of 1 Hz and 0.05 km for an upper frequency of 10 Hz. In this second 

case the number of nodes on the grid increases strongly and the computation time becomes very 

long. The seismic moment distribution can be uniform, flat and tapered at the border to avoid 

amplification at high frequencies that can produce an overestimation of the ground motion 

amplitudes. More realistic models include the presence of asperities, at which the slip vector, 

proportional to the seismic moment, is statistically 1.5 times larger than its average value on the 
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fault (Sommerville et al., 1999). Herrero and Bernard (1994) proposed to generate the asperities 

with the k
2
 model, another approach being the application of a simple cosine law to model them. 

The proposed shake map regional model is validated by comparison between observed and 

computed macroseismic intensities for three relevant earthquakes occurred in the Southern Alps 

area in the last century: the 1936 Cansiglio earthquake, the 1976 Friuli earthquake and the 1998 

Bovec earthquake (Figure 7.2). These seismic events have a local magnitude value greater or equal 

to 5.7 and their epicentres are placed in three different geographical positions: the Cansiglio 

earthquake at the border with Veneto (Western Friuli), the Friuli earthquake occurred in the middle 

of the region and the Bovec earthquake occurred in Slovenia at the border with Italy (near eastern 

Friuli). These three events are representative of the local seismotectonic conditions responsible for 

high seismic hazard in the Friuli area. The scenarios simulation related to these earthquakes can 

efficiently test and validate our regional shaking maps model.    

    

 

Figure 7.2 Map of the Friuli area with the three considered earthquakes: the stars are the epicentres and the grey 

rectangles are the surface projection of the rupture areas. The triangles are the receivers (Table 7.1) where the synthetic 

seismograms are computed: the red triangles are stations of RAF network, the blue triangles are stations of NEI 

network, the yellow triangles are stations of RAN network and the green triangles are future stations of RAN network.     
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Table 7.2 Coefficients of the regression obtained when applying the attenuation model of Eq. 3.7. The coefficients are 

computed using PGA and PGV (largest horizontal component).  

 c0 c1 c2 cS h σσσσ R
2
 

PGA  -5.8880 1.0418 -1.7570 0.3725 11.5 0.5683 0.7174 

PGV  -3.8579 1.0539 -1.6192 0.4277 8.7 0.6232 0.6882 

 

 

The receivers are placed at the sites where the recording instruments are already operative 

and at the sites where the stations are going to install in the future (Table 7.1 and Figure 7.2). The 

synthetic signals are computed for a total of 42 receivers which are considered as bedrock stations. 

The seismograms are computed at the recording stations and not on a regular grid because the aim 

is to test the actual geometry of the integrated networks in the FVG region and to evaluate its 

shaking maps response showed a relevant earthquake occur in the Southern Alps area. 

Particular care must be taken when computing the synthetic seismograms for the receivers 

placed above the rupture planes: e.g. station of Polcenigo for the Cansiglio earthquake and stations 

of Gemona and Avasinis for the Friuli earthquake. The finite source is discretized as a regular grid 

of point-source nodes and, if the slowness is too low, the ground motion can be underestimated. The 

ground motion amplitude of the synthetic seismograms computed at an upper cutoff frequency of 1 

Hz has a maximum when the distance between the receiver and the grid node is 2 km. In the case of 

stations placed above the rupture area the software computes the energy that can be lost at each 

receiver by comparing the energy distributed within 2 km from the receiver with the energy of the 

whole fault. The ground motion parameters (PGA and PGV) extracted from the synthetic 

seismograms are inserted into the “ShakeMap” software and shake maps are generated for Peak 

Ground Acceleration and Peak Ground Velocity. The receiver stations are set as bedrock sites 

because the synthetic signals are computed without considering any site amplification; the sources 

are modelled as finite faults and the distance between the source and the receivers is the distance 

from the ruptured fault. New ground motion relations are computed using the same input data 

described in Chapter 3 with recorded signals filtered at the cutoff frequency of 1 Hz (Table 7.2); the 

“ShakeMap” software uses these relations when the input peak ground motion parameters are 

derived from the synthetic seismograms computed for an upper frequency of 1 Hz. When the 

synthetic seismograms are computed for an upper frequency of 10 Hz, the ground motion relations 

described in Chapter 5 are used and the map for macroseismic intensities is generated. The intensity 

map is derived only from velocity data because in this case the frequency content is complete for 

the considered frequency range. Furthermore, different relations between ground motion parameters 

and macroseismic intensities are tested, in particular the results proposed by Wald et al. (1999a), 

Faccioli and Cauzzi (2006) and Kästli and Fäh (2006) with the addition of a new relationship based 
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on the combination of the relationships proposed by Faccioli and Cauzzi (2006) for intensities 

greater than V and the relationship proposed by Kästli and Fäh (2006) for intensities smaller than V. 

The observed intensity data are retrieved from the DBMI04 database managed by INGV; 

there are 53 data (IV≤I≤IX) for the 1936 Cansiglio earthquake, 554 data (IV≤I≤X) for the 1976 

Friuli earthquake and 137 data (III≤I≤VI) for the 1998 Bovec earthquake, all observed within the 

Friuli-Venezia Giulia region. The DBMI04 database (Stucchi et al., 2007) was constructed at INGV 

and it contains 58146 observed data related to 14161 localities and 1041 earthquakes. The DBMI04 

is derived from the database utilized for the compilation of the catalogue called CPTI99 (Gruppo di 

Lavoro CPTI, 1999) for the period until 1980, whereas it is compiled from 1981 to 2002 by 

merging the studies done on event falling in this time. The input data are not homogeneous respect 

to use of the intensity scale and the geographical reference, based on the ENEL catalogue (ENEL, 

1978). The data have been therefore reorganized and the errors in the associated localities corrected. 

The great part of the Italian intensity data are in MCS scale but at the border regions different scales 

are adopted in conformity with the convention used in the border countries. Furthermore, 

sometimes the intensity data are considered as real numbers in spite of the fact that intensity is 

defined as a discrete integer value. The errors on the geographical positions can be due to 

uncertainties in the coordinates of the localities or due to other historical and geographical 

problems. When different catalogues are merged into a single one, it is possible to find 

discrepancies in the intensity estimations and in the geographical references. The database DBMI04 

is available on the web page of INGV (www.ingv.it).    

The misfit value between the observed and the computed data is calculated to validate the 

model, applying the approach proposed by Fitzko et al. (2005). The misfit is computed for intensity 

data because there is no instrumental record for the Cansiglio earthquake and the observed PGA and 

PGV values are too few for other two seismic events. These data are however used as input to 

compute ground motion relationships that are used to generate shaking maps. It is therefore not 

allowed to validate the model with input data selected for its calibration. The ground motion 

parameters are therefore used only to give a qualitative evaluation of the final results. The misfit is 

performed with the L1 norm since the intensity is defined as a discrete value; considering N sites, 

the misfit (MF) and the relative standard deviation (σMF) can be defined as (Fitzko et al., 2005): 
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At some sites there are uncertainties with two possible intensities to assign and the problem is 

solved by considering in the analysis both a maximized and a minimized database. The misfit is 

zero if the observed and calculated intensities are the same for all considered sites. In general low 

values of misfit indicate a good fit and validate the model.     

 

 

7.2 The 1936 Cansiglio earthquake  

 

The Cansiglio earthquake occurred on October 18, 1936 in the Cansiglio Plateau near the 

piedmont zone placed at the border between the Veneto and the Friuli-Venezia Giulia regions (NE 

Italy). The piedmont line is characterized by compressional stresses and the most relevant tectonic 

features are two principal adjacent lines: the Bassano-Valdobbiadene fault and the Polcenigo-

Maniago fault. These two tectonic systems might be connected because the Bassano line could 

continue to NE toward the Cansiglio Plateau, a morphotectonic escarpment resulting in a dextral 

transpressive transfer zone connecting the Bassano-Valdobbiadene and the Polcenigo-Maniago 

faults or a reverse fault. The magnitude values assigned to this event span a range (e.g. Sirovich and 

Pettenati, 2004). 

Sirovich et al. (1999) applied the KF model (Sirovich, 1996) to catalogues called DOM4.1 

(Monachesi and Stucchi, 1997) and CFTI (Boschi et al., 1995). The inversion of macroseismic 

observations provided a thrust solution instead of the expected strike-slip one, with a fault length of 

16 km and a bilateral rupture.  

Laurenzano and Priolo (2003) generated a scenario related to the Cansiglio earthquake in the 

Veneto-Friuli area. They modelled the source as a rupture area with a length of 12 km and a width 

of 7 km; the seismic event is associated to an oblique fault mechanism with a strong reverse fault 

character with a magnitude value of 5.8. The synthetic seismograms were computed for an upper 

frequency of 4.5 Hz and the directivity effect produced a scenario with strong ground shaking in the 

Veneto zone and small-valued ground motion parameters in Friuli. 

Other studies about the epicenter location and the focal mechanism were made by Slejko et 

al., (1989), Boschi et al. (1999). Renner (2000) revised the source parameters and he proposed a 

minimum variance model where the possible focal mechanisms are both dip-slip and strike-slip 

solutions. The database of the potential sources in Italy (Valensise and Pantosti, 2001) proposed 

source parameters derived mainly from the respective orientation of the maximum horizontal 

geodynamical compressive stress (NNW-SSE). 
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Table 7.3 Source parameters for the generation of the scenario related to the 1936 Cansiglio event (after Sirovich and 

Pettenati, 2004). 

Epicenter latitude 46.10° 

Epicenter longitude  12.48° 

Strike 238° 

Dip 47° 

Rake 88° 

Fault length 19.6 km 

Fault width  12.0 km 

Seismic moment 3.23 x 10
18

N·m 

Nucleation position 15% x fault length 

Nucleation depth 15.3 km 

Seismic moment distribution K1 

 

Figure 7.3 Shaking map for PGA (in %g) related to the 1936 Cansiglio earthquake. The star is the epicenter, the black 

rectangle is the surface projection of the rupture area, red triangles are RAF stations, blue triangles are NEI stations, 

yellow triangles are RAN stations and black triangles are future RAN stations. The upper frequency cutoff is 1 Hz. 
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Sirovich and Pettenati (2004) inverted the macroseismic data to obtain source parameters for 

this event. They used 263 data with intensity ranging from IV to IX and a homogeneous soil 

classification. The results are in agreement with the orientation of the maximum horizontal 

geodynamical compressive stress (NNW-SSE) in the area (Doglioni, 1990). At the same time the 

proposed model is compatible with the general structure of the area and with one outcropping 

segment of the complex Aviano Overthrust that marks the piedmont line of the Veneto Plain.  

In the computation of the synthetic seismograms, the seismic source is modelled with the 

parameters proposed by Sirovich and Pettenati (2004) (Table 7.3). The focal mechanism has a strike 

angle of 238° (direction ENE-WSW), the dip angle is 47°, while the rake angle is 88° (thrust 

faulting); the fault is long 19.6 km and the width is estimated from the relations proposed by Wells 

and Coppersmith (1994). The rupture is mainly unilateral propagating from NE to SW and the 

seismic moment distribution has one asperity (Laurenzano and Priolo, 2003) modelled with the k
2
 

law (Herrero and Bernard, 1994). 

Figure 7.4 Shaking map for PGV (in cm/s) related to the 1936 Cansiglio earthquake. The star is the epicenter, the black 

rectangle is the slip rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are 

RAN stations and black triangles are future RAN stations.  
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The synthetic seismograms are computed for an upper cutoff frequency of 1 Hz with the 

approach previously described, the ground motion parameters are extracted and the related shaking 

maps are generated. The fault area is modelled with 936 nodes with a spacing length of 0.5 km. In 

both cases (PGA and PGV) no data is rejected by the ShakeMap software even if the station of 

Polcenigo (POLC) is placed above the rupture plane and the energy that it can “lose” is 17% of the 

total seismic moment. High ground motion is observed at Caneva (CNV) with a PGA of 3%g and a 

PGV of 9 cm/s. It is interesting to observe the effect of the Caneva site on the interpolation and on 

the final results (Figure 7.3 and 7.4). The PGA and PGV maps (Figure 7.3 and 7.4) show relatively 

low shaking in the Friuli area because of the backward directivity effect; at NE of the fault the 

acceleration reaches 0.5 %g and a velocity of 1 cm/s. Instead at SE, toward the city of Pordenone 

(POR), the motion is stronger with an acceleration value of 0.7%g and a velocity of 2 cm/s.  

Figure 7.5 Shaking map for PGA (in %g) related to the 1936 Cansiglio earthquake. The star is the epicenter, the black 

rectangle is the surface projection rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow 

triangles are RAN stations and black triangles are future RAN stations. The synthetic seismograms are computed for an 

upper cutoff frequency of 10 Hz. 
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Figure 7.6 Shaking map for PGV (in cm/s) related to the Cansiglio earthquake; the star is the epicenter, the black 

rectangle is the surface projection rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow 

triangles are RAN stations and black triangles are future RAN stations. The synthetic seismograms are computed for un 

upper frequency of 10 Hz. 

 

 

Synthetic seismograms are also computed for an upper cutoff frequency of 10 Hz and the 

related shaking maps are produced (Figure 7.5 and 7.6); the fault area is modelled with 94080 nodes 

with a spacing length of 50 m. In both cases (PGA and PGV) no data is rejected by the ShakeMap 

software; a high ground acceleration is observed at Polcenigo (POLC) with a PGA value of 45%g 

while the highest velocity is computed at Caneva (CNV) where the PGV reaches 14 cm/s. The 

computation for un upper frequency of 10 Hz confirms that the backward directivity effect produces 

relatively low shaking in the Friuli area at NE of the fault (Figure 7.5 and 7.6) where the ground 

motion does not exceed the value of 10 %g for acceleration and the value of 4 cm/s for velocity. 
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Instead two lobes of the radiation profiles can be seen on the PGV map, one toward N and the Claut 

site and the other stronger toward SE and the city of Pordenone (POR), where the ground motion is 

higher with an acceleration value of 10%g and a velocity of 10 cm/s. 

 

 

Figure 7.7 Map with the macroseismic observations (DBMI04) related to the Cansiglio earthquake (after Stucchi et al., 

2007).   
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Figure 7.8 Macroseismic intensity map produced by the ShakeMap software for the 1936 Cansiglio event applying the 

relationship proposed by Wald et al. (1999a). The empty triangles denote the stations where the synthetic seismograms 

are computed. 

 

In the scenario (computed for un upper frequency of 4.5 Hz) proposed by Laurenzano and 

Priolo (2003), the PGA has a value of 300 cm/s
2
 at Caneva, 400 cm/s

2 
at Polcenigo, 50 cm/s

2
 at 

Pordenone, 25 cm/s
2
 at Claut and about 20 cm/s

2
 at Montereale; the strong shaking is estimated to 

the south of the fault between Budoia and Caneva, and there are two minimum radiation profile 
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lobes at NE (toward Maniago) and at NW (toward Longarone). The comparison with our results 

shows similar radiation profiles if we take into account that the shake maps are calibrated only 

inside the borders of the Friuli Venezia Giulia region. The PGA values extracted from the synthetic 

signals are similar at all considered sites (Caneva, Polcenigo, Pordenone, Claut and Montereale) 

even if the seismograms are computed with different models and with different frequency contents.  

 

Figure 7.9 Macroseismic intensity map produced by the ShakeMap software for the 1936 Cansiglio event applying the 

relationship proposed by Faccioli and Cauzzi  (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 
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Figure 7.10 Macroseismic intensity map produced by the ShakeMap software for the 1936 Cansiglio event applying the 

relationship proposed by Kästli and Fäh (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 

  

 

The macroseismic observations contained in the DBMI04 database (Figure 7.7) are 

distributed in a wide range (II≤I≤IX) even if in the Friuli-Venezia Giulia region the lowest observed 

intensity is IV (Stucchi et al., 2007). High intensity values are observed on the Cansiglio Plateau, 
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around the Santa Croce Lake and in the zone between Vittorio Veneto and Pordenone. Intensity 

does not exceed,  respectively, VI at east of Pordenone and V at east of Tagliamento River, in 

agreement with the hypothesis of a rupture propagating mainly from NE to SW.     

Figure 7.8 shows the intensity map obtained applying the relation proposed by Wald et al. 

(1999a): the intensities are uniformly lower than the observed ones and the comparison shows that 

the relation proposed by Wald et al. (1999a) predicts macroseismic intensities a value of one or two 

degrees lower than observed ones. The computed macroseismic intensity is V at Pordenone, IV at 

Udine and III in the eastern zone of the region (the area of Trieste and Gorizia).     

Figure 7.9 shows the intensity map obtained applying the relation proposed by Faccioli and 

Cauzzi (2006). The computed intensities reach VII in the zone of Polcenigo and Caneva, VI at 

Pordenone, V at Udine and IV in the area of Trieste and Gorizia. The comparison with the observed 

data indicates that the Faccioli and Cauzzi (2006) relationship predicts too low values near the 

source, whereas the agreement is acceptable far from the epicentre when the macroseismic intensity 

decreases with distance from the source.  

 

 

 

0

5

10

15

20

25

30

35

40

-2 -1 0 1 2

F
re

q
u

e
n

c
y

Figure 7.11 Residuals distribution obtained by comparing observed (Stucchi et al., 2007) and computed intensities 

(Kästli and Fäh, 2006) derived from the shaking map model.   
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Figure 7.10 shows the intensity map obtained applying the relationship proposed by Kästli 

and Fäh (2006). The computed intensities reach VII in the zone of Polcenigo and Caneva, VI at 

Pordenone, V at Udine and IV in the area of Trieste and Gorizia. Also in this case the comparison 

with the observed data indicates generally a good fit even if the observed intensities are higher than 

the computed ones in the zone of the rupture area. The maps of Figures 7.9 and 7.10 are very 

similar but Kästli and Fäh (2006) propose slightly larger estimates. An intensity map was derived 

also by combining the relationships proposed by Faccioli and Cauzzi (2006) for intensities larger 

than V and that of Kästli and Fäh (2006) for intensities lower than V. The resulting intensity map is 

very similar to the intensity maps of Figures 7.9 and 7.10, and it was not considered in validation 

analysis.   

The validation of the results for the 1936 Cansiglio event by computing the misfit values 

(see procedure described in Section 7.1). The lowest misfit is obtained when the relationship 

proposed by Kästli and Fäh (2006) is applied (MF=0.217; σMF=0.462), this value being higher when 

the relationship of Faccioli and Cauzzi (2006) is considered (MF=0.369; σMF=0.526). The 

relationship proposed by Wald et al. (1999a) predicts too low intensities, so the misfit is very high 

(MF=1.304; σMF=0.547). The distribution of residuals between the observed (Stucchi et al., 2007) 

and computed intensities (Kästli and Fäh, 2006) is plotted in Figure 7.11: 37 observations are 

exactly reproduced and the computed intensities are different from the observed data only at 9 sites 

mainly with high intensity (I>VII) observations. One can conclude that the Kästli and Fäh (2006) 

relationship fits well the observed data for intensities up to VII/VIII, whereas the higher 

macroseismic data are not well reproduced. This result is in agreement with the fact that Kästli and 

Fäh (2006) relationship is valid for II≤I≤VII. The misfit value is recomputed limiting the observed 

data in the intensity range where the relationship proposed by Kästli and Fäh (2006) is valid and the 

misfit is obviously reduced (MF=0.769; σMF=0.723). The validation analysis therefore indicates that 

the Kästli and Fäh (2006) relationship gives a very good fit to observations when the intensity is 

lower than VII with 91% of the data being exactly reproduced. 

 

 

7.3 The 1976 Friuli earthquake 

 

The earthquake that occurred on May 6, 1976 in central Friuli is the largest event recorded 

in Northern Italy (Aoudia et al., 2000). The main shock (MS=6.5; ML=6.3) was preceded by a 

foreshock with a magnitude value of 4.5, and followed by a large number of aftershocks that 

included the two strong seismic events of September 15, 1976 (MS=6.0 at 03:15 GMT and MS=6.1 
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at 09:21 GMT). Several studies have been published about this seismic event (e.g. Amato et al., 

1976; Ambraseys, 1976; Finetti et al., 1976; Giorgetti, 1976; Cipar, 1980; Aoudia et al., 2000). 

 

 

Table 7.4 Source parameters used to generate the scenario related to the 1976 Friuli event (after Aoudia et al., 2000). 

Epicenter latitude 46.29° 

Epicenter longitude  13.25° 

Strike 280° 

Dip 29° 

Rake 112° 

Fault length 18.5 km 

Fault width  11.2 km 

Seismic moment 5.70 x 10
18

N·m 

Nucleation position 1% x fault length 

Nucleation depth 7.0 km 

Seismic moment distribution 3 asperities 

 

 

 

Figure 7.12 Seismic moment distribution for the 1976 Friuli event (Aoudia et al., 2000) used to compute synthetic 

seismograms for an upper cutoff frequency of 1 Hz. The length increases from East to West, the width increases toward 

deeper layers, and the seismic moment is normalized to one  value 8.59 x 10
15

 N·m.  
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In particular Aoudia et al. (2000) revisited the seismic sequence by combining hypocenters 

relocation, inversion of long period waves and field geology; in this study the seismic source was 

modelled and the relative parameters were proposed. The focal mechanism and the seismic moment 

value are comparable with the results proposed by Cipar (1980) and the aftershocks spatial 

distribution at West of the epicentre suggested that the rupture is unilateral and westward 

propagating. The hypocenter is placed to the north of the Bernadia geological structure that 

indicates a thrust fault with a dip range of 30-45°; in the centre of the fault the Buia relief 

corresponds to the maximum isoseismal of Giorgetti (1976) while at West the Susan ridge that is a 

N120 trending structure terminating in alpine NE-SW system represented by the Ragogna ridge 

(Aoudia et al., 2000).   

 

Figure 7.13 Shaking map for PGA (in %g) related to the 1976 Friuli earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 1 Hz. 
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In the computation of the synthetic seismograms, the seismic source is modelled with the 

parameters proposed by Aoudia et al. (2000) (Table 7.4), the strike angle being corrected from 288° 

to 280° to fit better the macroseismic field proposed by Giorgetti (1976). The focal mechanism has 

a strike angle of 280° (direction ESE-WNW), the dip angle is 29°, and the rake angle is 112°. The 

fault is 18.5 km long and 11.2 km wide and the rupture propagates at a constant speed of 70% of the 

shear-wave velocity in the medium. The nucleation is 7 km deep and the fault top is at a depth of 

1.5 km. The seismic moment distribution has three principal asperities that are modelled with a 2D 

cosine tapering functions (Figure 7.12). 

 

 

Figure 7.14 Shaking map for PGV (in cm/s) related to the 1976 Friuli earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 1 Hz. 
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The synthetic seismograms are computed for an upper cutoff frequency of 1 Hz with the 

approach previously described, the ground motion parameters are extracted and the related shaking 

maps are generated. The fault area is modelled with 3330 nodes with a spacing length of 0.25 km. 

The PGA and PGV maps (Figure 7.13 and 7.14) show strong ground shaking above the rupture area 

and in all zones placed to the west of the rupture fault (PGA reaches 10%g and PGV 20 cm/s). At 

the same time at east of the epicentre the ground motion is lower, in agreement with the directivity 

effect caused by a rupture propagating westward. The computed ground motion might be 

underestimated at the stations of Gemona (GEDE, GEPF and GESC) and Avasinis (AVS) and in 

the worst case the energy “lost” is about 20% of the total. However, the highest PGA is computed at 

AVS site with a value of 20%g, while the PGV there exceeds 30 cm/s.  The recording signals 

filtered at a cutoff frequency of 1 Hz have a PGA of 5%g at Tolmezzo and the peak ground 

acceleration is less than 1%g at Codroipo and Barcis; the peak velocity is about 1 cm/s at Barcis, 7 

cm/s at Codroipo and 12 cm/s at Tolmezzo. The estimated ground motion has similar values at 

Tolmezzo and Codroipo, but the recorded motion is lower at Barcis. Large damages were observed 

to the south of the fault in the direction of Majano and Buia towns, but the computed PGA and PGV 

maps do not evidence this aspect. The scenario for the 1976 Friuli earthquake computed for an 

upper cutoff frequency of 1 Hz and the point source model shows radiation profile lobes towards 

Tolmezzo (NW), Pordenone (SW), and Monfalcone (SE) (Panza et al., 1991; Delise, 2007). The 

shake maps also show high ground motion toward the southeast and towards Pordenone city, but to 

the southeast the PGA does not exceed the value of 10%g and the PGV the value of 2 cm/s. The 

two procedures give different results because the point-source model does not include the 

directivity effect that strongly influences the final results. Furthermore, the scenarios use 

seismograms computed on a regular grid, whereas the “ShakeMap” software utilizes the recording 

stations located in the region and the results depend on the geometry and the configuration of the 

recording network (as demonstrated in Chapter 5).      

Successively the synthetic seismograms are computed for an upper cutoff frequency of 10 

Hz and the related shaking maps produced. The fault area is modelled with 83250 nodes with a 

spacing length of 50 m. The directivity effects are visible both on the resulting PGA map (Figure 

7.15) and the PGV map (Figure 7.16): the attenuation of the ground motion is stronger eastward 

(Slovenia) than westward (Pordenone and Carnia valley). The PGA reaches 24%g at Cesclans and 

the values are also large in the zone of Tricesimo, where large damages were observed; the 

acceleration decreases to 12%g at the city of Udine and it exceeds 6%g at Pordenone. The highest 

PGV values are observed in the zones of Cesclans and Majano (PGV=20 cm/s), whereas in the big 

cities of Udine and Pordenone the velocity does not exceed 10 cm/s. The comparison with the 



 176 

recordings signals indicates a good agreement of PGA and PGV values at the Tolmezzo site, taking 

into account that the correction of seismograms with the amplification factors proposed by Barnaba 

et al. (2007). At Codroipo the level of recording signals and obtained from the synthetic 

seismograms are comparable; on the other side at Barcis the computed signals have larger values 

than the recording seismograms, even if the differences are not very relevant. The stations of 

Gemona (GEDE, GEPF and GESC) and Avasinis (AVS) are not considered in the scenario 

generation because when the upper frequency of computation is 10 Hz the grid nodes of the source 

are distant only 50 m and the distance between the source and the receiver placed above the rupture 

plane is too small to obtain reliable results. 

 

 

Figure 7.15 Shaking map for PGA (in %g) related to the 1976 Friuli earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 10 Hz. 
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Figure 7.16 Shaking map for PGV (in cm/s) related to the 1976 Friuli earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 10 Hz. 

 

 

The intensity maps produced by the ShakeMap software applying the various relationships 

described in the Section 5.3 are compared with the observed macroseismic data in the Friuli area 

(Giorgetti, 1976; Stucchi et al., 2007). The map of the macroseismic observations (Figure 7.17) 

proposed by Giorgetti (1976) indicates a maximum value of X at the Buia site and in the Gemona 

area the intensity reaches IX. The observed intensity decreases with distance quite uniformly and a 

macroseismic observation of VIII was observed at Tolmezzo. In the most populated cities of the 

region the macroseismic observations have a degree of VI, except for  Pordenone where the 

intensity reaches a value of VII.    
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Figure 7.17 Map with the macroseismic observations of the 1976 Friuli earthquake (after Giorgetti, 1976).   

 

The macroseismic observations contained in the DBMI04 database (Figure 7.18) are 

distributed in a wide range (II≤I≤X) even if in the Friuli-Venezia Giulia region the lowest observed 

intensity is IV (Stucchi et al., 2007). The interpolation of the macroseismic intensity values of 

DBMI04 (Figure 7.18) gives a profile similar to that proposed by Giorgetti (1976) (Figure 7.17). 

High intensity values are observed at Gemona, Trasaghis and in the zones of Forgaria and Buia; all 

the piedmont area was strongly affected with macroseismic intensities larger than VII observed to 

the West of Maniago and intensities larger than VIII observed in Tagliamento and Fella valleys. On 

the other side low intensity values are observed in the part of the region (between Udine, Gorizia 

and Trieste) where the maximum observed value was VI/VII.   

Figure 7.19 shows the computed intensity map obtained by applying the relationship 

proposed by Wald et al. (1999a): the intensities are much lower than the observed ones and the 

values do not exceed VII in the area with the strongest shaking. The computed macroseismic 

intensity is VI at Pordenone, V at Udine and III in the eastern zone of the region (the area of Trieste 

and Gorizia). The comparison with observations shows that Wald et al. (1999a) predict intensities 

one or two degrees lower than observed values and, near the fault rupture zone, the computed 

intensity is only VII while a value of X was observed. On the other side the shape of the 

macroseismic field is comparable with that proposed by Giorgetti (1976).     
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Figure 7.18 Map with the macroseismic observations (DBMI04) related to the 1976 Friuli earthquake (after Stucchi et 

al., 2007).   
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Figure 7.19 Macroseismic intensity map for the 1976 Friuli event produced by the ShakeMap software applying the 

relationship proposed by Wald et al. (1999a). The empty triangles denote the stations where the synthetic seismograms 

are computed. 

 

Figure 7.20 shows the intensity map obtained applying the relationship proposed by Faccioli 

and Cauzzi (2006): the computed intensities reach degree VII in the zone of Tolmezzo and Gemona, 

while in the other areas of the region the macroseismic data is generally VI, except for the eastern 



 181 

part (Trieste and Gorizia) where the intensity is V. The comparison with the observed data indicates 

that Faccioli and Cauzzi (2006) relationship also predicts too low values near the seismic source, 

but the agreement with observed data is acceptable far from the epicentre.    

 

 

 

Figure 7.20 Macroseismic intensity map for the 1976 Friuli event produced by the ShakeMap software applying the 

relationship proposed by Faccioli and Cauzzi (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 
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Figure 7.21 Macroseismic intensity map for the 1976 Friuli event produced by the ShakeMap software applying the 

relationship proposed by Kästli and Fäh (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 

  

 

Figure 7.21 shows the intensity map obtained applying the relationship proposed by Kästli 

and Fäh (2006): the computed intensity reaches degree VIII in the zones of Tolmezzo and Gemona, 

but the observed macroseismic values of IX or X are not fitted. In other zones the results are 

comparable both to the map proposed by Giorgetti (1976) and to the data in DBMI04 (Stucchi et al., 
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2007): the intensity is VII at Pordenone and Udine and it decreases towards South and South-East. 

The shaking map does not fit very well the observations in the eastern areas of the region (Tarvisio, 

Resia valley, Gorizia and Trieste) but the differences might be due to the large scattering of the 

observed intensities that, e.g. varies between V and VIII/IX in the zone of Cividale. Furthermore, 

the shape of the computed macroseismic field is comparable to the results proposed by Giorgetti 

(1976). The intensity map is derived also by the combination of the relationships proposed by 

Faccioli and Cauzzi (2006) for intensities larger than V and Kästli and Fäh (2006) for intensities 

lower or equal to V. In the case of the Friuli earthquake the intensities are however always larger 

than IV so the results obtained with the combination of two relationships are equal to the intensity 

map of Figure 7.20 where the Faccioli and Cauzzi (2006) relation is applied. So the combined 

relationship is not considered in the validation analysis. 

 

 

 

 

Figure 7.22 Residuals distribution obtained by comparing observed (Stucchi et al., 2007) and computed intensities 

(Kästli and Fäh, 2006) derived from the shaking map model.   
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The validation of the results for the 1976 Friuli event is done by comparing the misfit values 

(see procedure described in Section 7.1): the lowest misfit is obtained when the relationship 

proposed by Kästli and Fäh (2006) is applied (MF=0.615; σMF=0.664), this value being higher when 

the relationship of Faccioli and Cauzzi (2006) is considered (MF=0.827; σMF=0.733). The 

relationship proposed by Wald et al. (1999a) again predicts too low intensities, and the misfit is 

very high (MF=1.361; σMF=0.880). The distribution of residuals between the observed (Stucchi et 

al., 2007) and computed intensities (Kästli and Fäh, 2006) is plotted in Figure 7.22: more than 250 

observations are exactly reproduced, the difference exceeding two degrees of intensity mainly at 

sites where high intensities (I>VII) are observed. We can conclude that the Kästli and Fäh (2006) 

relationship fits well the observed data for intensities up to VII/VIII, whereas the higher 

macroseismic data are not well reproduced. The misfit value is recomputed by limiting the observed 

data in the validity range of each relationship: the misfit for the Faccioli and Cauzzi (2006) 

relationship is reduced (MF=0.769; σMF=0.723) for macroseismic data larger than V, and a low 

misfit (MF=0.369; σMF=0.509) is obtained in the validity range (II≤I≤VII) of Kästli and Fäh (2006) 

relationship. In the last case 200 sites are exactly reproduced and the residuals are high only for few 

data (Figure 7.23). 

 

 

Figure 7.23 Residuals distribution obtained by comparing observed (Stucchi et al., 2007) and computed intensities 

(Kästli and Fäh, 2006) derived from the shaking map model for intensity values lower than VII degree.   
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7.4 The 1998 Bovec earthquake 

 

The Bovec earthquake occurred on April 12, 1998, at 10:55 GMT in Western Slovenia near 

the border with Italy. The rupture was found to be bilateral and confined between 3 and 9 km depth 

(Bajc et al., 2001). The main shock had a local magnitude estimated 5.7 and it was a right-lateral 

strike slip event placed at the junction between the Dinaric fault system (trending NW-SE) and the 

Alpine structures (trending E-W) and NW of the Tolminka spring perched basin; the considered 

system can be part of the northern branch of the Idrija fault (Bajc et al., 2001).   

The seismic sequence was well recorded by several networks operating in the area so Bajc et 

al. (2001) were able to relocate the earthquake and to invert the strong motion waveforms to obtain 

the earthquake source parameters. The fault is estimated to be a rectangular plane with a length of 

13 km and a width of 7 km; the top of the rupture area was placed at a depth of 3 km. The focal 

mechanism has a strike angle of 315°, a dip angle of 82° and a rake angle of -171°; the seismic 

moment is 4.5 x 10
17

 Nm with an average slip of 18 cm (Bajc et al., 2001).  

In the computation of the synthetic seismograms, the seismic source is modelled with the 

parameters (Table 7.5) proposed by Bajc et al. (2001); the seismic moment distribution though has 

one asperity modelled with the k
2
 law (Herrero and Bernard, 1994).The fault area is modelled with 

364 nodes with a spacing length of 0.5 km.  The synthetic seismograms are computed for an upper 

cutoff frequency of 1 Hz, the ground motion parameters are extracted and the related shaking maps 

generated. 

 

 

 

Table 7.5 Source parameters for the generation of the scenario related to the 1998 Bovec event (after Bajc et al., 2001). 

Epicenter latitude 46.30° 

Epicenter longitude  13.70° 

Strike 315° 

Dip 82° 

Rake 189° 

Fault length 13.0 km 

Fault width  7.0 km 

Seismic moment 4.50 x 10
17

N·m 

Nucleation position 50% x fault length 

Nucleation depth 8.0 km 

Seismic moment distribution K1 
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Figure 7.24 Shaking map for PGA (in %g) related to the 1998 Bovec earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 1 Hz. 

 

The PGA and PGV maps (Figure 7.24 and 7.25) show that strong ground shaking extends 

south-westward (PGA reaches 1.2%g and PGV 3.6 cm/s), while the ground motion is lower to the 

NW. The recorded signals, when filtered with a low-pass cutoff frequency of 1 Hz, have a PGA 

value of 0.2%g at Cassacco and Gemona and the peak ground acceleration is less than 0.05%g at 

Pradis; on the other side the PGA is 0.1%g at Moggio and 0.3%g at Villanova, while the 
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acceleration reaches 0.35%g at Ljubljana in Slovenia where the site effects amplify the signals. The 

peak velocity is about 0.5 cm/s at Gemona and Moggio, 0.8 cm/s at Villanova and Cassacco and 0.1 

cm/s at Pradis; the velocity reaches 1 cm/s at Ljubljana in Slovenia. The shake maps of Figures 7.24 

and 7.25 have similar values at all stations and generally this model fits the observations both in 

Friuli area and in those Slovenia sites where the soil amplifications are not considered. The 

radiation profile shows an important lobe towards SW in the area of Cividale and Gorizia. 

 

 

Figure 7.25 Shaking map for PGV (in cm/s) related to the 1998 Bovec earthquake. Tthe star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 1 Hz. 
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Figure 7.26 Shaking map for PGA (in %g) related to the 1998 Bovec earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 10 Hz. 

 

Synthetic seismograms are computed also for an upper cutoff frequency of 10 Hz and the 

related shaking maps produced. The fault area is now modelled with 36400 nodes with a spacing 

length of 50 m. The PGA and PGV maps (Figure 7.26 and 7.27) show again strong ground shaking 

towards the SW (PGA reaches 5%g and PGV 6 cm/s) but less pronounced than in the 1 Hz maps 

case. The comparison with recorded seismograms shows a good fit at Gemona (Figure 7.28), where 

the synthetic waveforms resemble well the data filtered at an upper cutoff frequency of 10 Hz. 

Good results are obtained also at recording stations of Villanova, Moggio, Cassacco and Pradis: in 
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all cases the amplitudes of synthetic seismograms are comparable with those of the recorded data 

and the ground motion parameters in both case are very similar. Furthermore, the shake maps 

estimate ground motion parameters comparable to those observed at Ljubljana, even if no soil 

amplification is applied on the Slovenian territory.  

 

 

Figure 7.27 Shaking map for PGV (in cm/s) related to the 1998 Bovec earthquake. The star is the epicenter, the black 

rectangle is the rupture area, red triangles are RAF stations, blue triangles are NEI stations, yellow triangles are RAN 

stations and black triangles are future RAN stations. The synthetic seismograms were computed for an upper cutoff 

frequency of 10 Hz. 
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Figure 7.28 Comparison between the synthetic seismograms and the signals (filtered at un upper frequency of 10 Hz.) 

recorded at GEPF site for the 1998 Bovec earthquake. The order of the seismograms in the figure is: synthetic 

seismogram of the NS component; recorded signal of the NS component; synthetic seismogram of the WE component; 

recorded signal of the WE component.  

 

Figure 7.29 Map with the macroseismic observations in Slovenia and eastern Friuli related to the Bovec earthquake 

(after Živčić et al., 1998). 
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Figure 7.30 Map with the macroseismic observations contained in the DBMI04 database related to the 1998 Bovec 

earthquake (after Stucchi et al., 2007).   
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The macroseismic data contained in the DBMI04 database (Figure 7.30) refer only to 

observations within the Italian territory: the highest intensity (VI degree) was observed near 

Cividale while the macroseismic data do not exceed degree V east of the Tagliamento river and 

degree IV  to the west of it. The intensities observed in Slovenia are higher (Živčić et al., 1998) 

reach degrees VII or VIII near the epicentre; in an extended area in north-western Slovenia the 

macroseismic field has a degree of V/VI.  

Figure 7.31 Macroseismic intensity map for the 1998 Bovec event produced by the ShakeMap software applying the 

relationship proposed by Wald et al. (1999a). The empty triangles denote the stations where the synthetic seismograms 

are computed. 
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In Figure 7.31 shows the intensity map obtained applying the relationship proposed by Wald 

et al. (1999a): the computed intensities are lower than the observed ones for all sites placed inside 

the Friuli region. The computed macroseismic intensity is III at Pordenone, IV at Udine and 

Gorizia, while the estimation does not exceed the value of III in the area of Trieste. The comparison 

with the observations shows that Wald et al. (1999a) predict intensities values one or two degrees 

smaller than observations also in Slovenia; where the maximum estimated intensity is V.     

Figure 7.32 Macroseismic intensity map for the 1998 Bovec event produced by the ShakeMap software applying the 

relationship proposed by Faccioli and Cauzzi (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 
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Figure 7.32 shows the intensity map obtained applying the relationship proposed by Faccioli 

and Cauzzi (2006): the computed intensities reach VI in the zone of Cividale, while in other areas of 

the region the intensity value is V except some for western zones (Polcenigo and Forni di Sopra) 

where the value is IV. The comparison with the observed data indicates that Faccioli and Cauzzi 

(2006) relationship predicts high values north of the epicentre (Tarvisio) and west of Pordenone 

town. On the other side the considered relationship fits satisfactorily the observed macroseismic 

intensity in all other sites located in Friuli.    

Figure 7.33 Macroseismic intensity map for the 1998 Bovec event produced by the ShakeMap software applying the 

relationship proposed by Kästli and Fäh (2006). The empty triangles denote the stations where the synthetic 

seismograms are computed. 
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Figure 7.33 shows the intensity map obtained applying the relationship proposed by Kästli 

and Fäh (2006): the computed intensities give a value VI in the zones of Cividale and Tarvisio, a 

value V degree in the other zones east of the Tagliamento river and IV west of the Tagliamento 

river. In particular, the intensity is IV at Pordenone and Trieste and V at Udine and Gorizia. The 

values obtained from the shake map results provide a good fit with the observations for most of the 

sites except for some zones placed near the epicentre (Tarvisio and Resia valley).  

The observed intensity reaches VII in Slovenia (Figure 7.29; Živčić et al., 1998) near the 

source, but this value does not exceed V in a large zone of western Slovenia. The relationships 

proposed by Kästli and Fäh (2006) therefore fits satisfactorily the observations, whereas others 

relationships estimate too low intensities in the Slovenia area.   

The validation of the results for the 1998 Bovec event is done by computing the misfit 

values (see procedure described in Section 7.1): the lowest misfit is obtained when the relationship 

proposed by Kästli and Fäh (2006) is applied (MF=0.191; σMF=0.412), this value being again higher 

when the relationship of Faccioli and Cauzzi (2006) is used (MF=0.257; σMF=0.469). Furthermore, 

the relationship proposed by Wald et al. (1999a) again predicts too low intensities, so the misfit is 

very high (MF=0.434; σMF=0.512).  
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Figure 7.34 Residuals distribution between the observed (Stucchi et al., 2007) and computed intensities (Kästli and Fäh, 

2006) derived from the shaking map model.   
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The distribution of residuals between the observed (Stucchi et al., 2007) and computed 

intensities (Kästli and Fäh, 2006) is plotted in Figure 7.34: 111 observations are exactly reproduced 

(81% of the considered data) with the computed intensities being different from the observed data at 

only 25 sites. The misfit value is again recomputed limiting the observed data in the validity range 

(V≤I) of the relationship proposed by Faccioli and Cauzzi (2006): the misfit is reduced (MF=0.245; 

σMF=0.430) but it is still higher then the one related to the relationship proposed by Kästli and Fäh 

(2006). 

 

 

7.5 Conclusions 

 

In this chapter the shake map model is validated by comparison between estimated and 

observed macroseismic intensities. Anyhow this validation procedure has some limits related to the 

detailed knowledge of the seismic processes and the goodness of the observed macroseismic data. 

Where the synthetic seismograms are calculated for an upper cutoff frequency of 10 Hz a detailed 

specific modelling of the source and the structural model used in the computation is required. 

Furthermore, for high cutoff frequencies, the results are strongly influenced by the rupture 

propagation process complexity and by the seismic wave scattering along the source-receiver paths. 

On the other side the computation of synthetic seismograms for an upper cutoff frequency of 1 Hz 

produces signals and related ground motion parameters that can be compared only to low-pass 

filtered observed data. Because the knowledge about the structural velocity model and the source of 

the considered earthquakes is rather detailed, the synthetics have been computed for an upper 

frequency of both 1 Hz and 10 Hz even if in the latter case the high frequency content of a 

deterministic modelling can be reliable. The macroseismic intensities are however estimated only 

from the synthetic velocity signals which are less sensitive to high-frequency effects and the related 

seismograms are probably reliable in the computed frequency range. Another critical issue is the 

calculation of the seismograms for receivers placed right above the rupture plane because, if the 

slowness is too low, the ground motion can be underestimated. In fact the ground motion has a 

maximum when the distance between the receiver and the grid node is 2 km. This problem is even 

worse when the synthetic signals are calculated for an upper frequency of 10 Hz, because the source 

is discretized with a denser grid to avoid aliasing effects, so the maximum epicentral distance 

between the source and the receiver can be at maximum 30 m and the amplitude of the seismograms 

can be affected by significant errors.  
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The macroseismic observations have also some limitations intrinsic in the intensity 

definition itself: a qualitative observation of the damage and other effects related to an earthquake 

should be associated to an integer number. Moreover, the considered relations between the ground 

motion parameters and the macroseismic intensity are computed for various macroseismic scales 

and if the DBMI04 database has the great part of the Italian intensity data in the MCS scale, in the 

border regions other scales are adopted in conformity with the convention used in the across-border 

countries. Furthermore, the observations are geographically quite scattered and anomalous intensity 

values might be connected with local amplification effects or with wrong intensity estimations. A 

detailed analysis should be undertaken to homogenize the intensity data in a selected region by 

revising the anomalous observations of the macroseismic database.  

The computed scenarios predict ground motions for the 1976 Friuli and 1998 Bovec 

earthquakes similar to those of the recorded signals filtered at an upper frequency of, respectively, 1 

and 10 Hz whereas no recording is available for the 1936 Cansiglio earthquake. The scenarios 

generated by the shake map model are strongly influenced by the number of recording stations and 

the final results can differ very much if the network changes its geometry.    

The analysis and the intensity misfit computation however validate our shake map model 

that has been regionally calibrated as discussed in Chapter 5. In particular, the misfit computation 

indicates that the best results are obtained when the macroseismic intensities are estimated using the 

relationship proposed by Kästli and Fäh (2006). The relationship proposed by Faccioli and Cauzzi 

(2006) gives good results but it overestimates the low intensities and underestimates the high 

intensities. The combination of the relationships proposed by Kästli and Fäh (2006) and Faccioli 

and Cauzzi (2006) shows no relevant differences with the other relationships. On the other side, the 

relationship proposed by Wald et al. (1999a) underestimates the observations by one or two 

intensity degrees in all considered ranges. It is worth evidencing that Wald et al. (1999a) define the 

macroseismic intensity adopting the MMI scale, whereas the DBMI04 database has the great 

majority of the Italian intensity data in the MCS scale. Kästli and Fäh (2006) and Faccioli and 

Cauzzi (2006) use different intensity scales (MCS, MSK and EMS) but some of their tests showed 

that the results do not significantly differ if the three scales are supposed equivalent (Kästli and Fäh, 

2006). Anyway, joint use of various scales can lead to inaccurate results and in a correct analysis 

the macroseismic intensity should be always defined with the same scale. The relationships between 

the macroseismic intensity and the ground motion parameters are computed in a limited intensity 

range and the intensity map should be estimated only for intensities within this range. The relation 

proposed by Kästli and Fäh (2006) should therefore estimate the macroseismic intensities only 

within its validity range (II≤I≤VII). Macroseismic intensities larger than VII should not be 
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estimated by the relationships considered in this study, because all of them underestimate the 

observed data. It is however more difficult to compute a relationship between ground motion 

parameters and high macroseismic intensities because of the lack of enough observations to warrant 

a statistically reliable final result. 
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CONCLUSIONS 

 

In this thesis the ground motion (PGA, PGV, SA computed at 0.3, 1.0 and 3.0 s) is estimated 

in the South-Eastern Alps area with the help of the ShakeMap software (Wald et al., 1999b) which 

integrates the data observed in real time with the knowledge of the soil geology and Ground Motion 

Predictive Equations (GMPE). In particular, in the first part of the thesis the GMPEs are computed 

for the studied area using accelerometric records, whereas in the second part the ShakeMap 

software with the obtained GMPEs is calibrated and validated by comparison between estimated 

and observed macroseismic data. 

PGA data recorded in the Friuli area are used to compute region-specific ground motion 

attenuation relations (GMPE). 1000 accelerometric waveforms related to 129 earthquakes have 

been selected in a relatively large magnitude range (3.0≤ Ml≤6.3), with epicentral distances 

spanning from 1 km to 100 km. ML estimations given by different catalogues have been compared 

and a systematic and self-consistent value of ML established and adopted in this study. Different 

attenuation models are tested and the best model is selected using statistical techniques. Regressions 

performed for vertical and horizontal components include terms that account for site effects, near-

source effect and magnitude saturation. A faster decay for increasing distances and a faster 

attenuation with decreasing magnitudes is observed for the obtained GMPEs, when we compare 

them with GMPEs that consider only bigger (M≥4.5) earthquakes. This aspect evidences the 

importance of selecting different GMPEs when estimating strong motion and weak motion. In the 

case of weak motion it is fundamental, if the statistics allows it, to adopt regional GMPEs computed 

from data recorded by regional networks since the GMPEs trends observed in various geographical 

regions can be quite diverse. The attenuation relationships have been studied also in different 

narrow-magnitude ranges and a meaningful change is observed in the trend of decay but no 

difference observed in the low-magnitude range. Furthermore, the choice of catalogue and the 

magnitude definition are crucial input to obtain reliable results; at the same time a homogeneous 

and uniform input database (magnitude-distance) can avoid leverage effects on the regression 

computation. The ratios between the average PGA values recorded at the RAF stations and the ones 

derived from the GMPEs have been computed in order to obtain an estimate of the mean 

amplification factor at each station; the knowledge of the station geology is very important as 

demonstrated by the cluster analysis (k=2,3,4) that reduces the standard deviation value by 20%, 

22%, 25% and indicates a low correlation between the cluster results and the adopted geological 

classification. New GMPEs are estimated for Northern Italy for the most useful ground motion 
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parameters. For each model a site classification based on EC8 classes has been introduced; the 

coefficients of the models have been determined using functional forms with an independent 

magnitude decay rate and applying the random effects model. Also in this case, in comparison with 

previous models, the new results show a faster decay than the commonly assumed 1/r one, in 

particular for distances greater than 25 km and magnitudes bigger than 5.0, and a tenfold fit 

improvement for magnitudes spanning from 3.5 to 4.5. A future development can be the 

computation of GMPEs using Mw estimates and the introduction of a more detailed geological 

classification for the sites under the recording stations.  

The “ShakeMap” software is implemented for the Southern Alps area for the generation of 

real-time (within 5 minutes) shake maps for PGA, PGV, SA (0.3, 1.0 and 3.0 s) and macroseismic 

intensity. The necessary waveforms, retrieved from the real-time system “Antelope”, are integrated 

with the knowledge of the soil geology and GMPEs specific for the interested region to obtain fast 

and reliable shake maps. Various soil classifications are available (EC8, NEHRP, regional map) and 

in this case the use is made of the digital maps for the Friuli Venezia Giulia region that classify soils 

into three categories: rock, stiff soil and loose soil. Two different GMPEs are used in different 

magnitude ranges: the relationships discussed for weak motion in Chapter 3 and the relationships 

for strong motion proposed by Sabetta and Pugliese (1996) valid for the whole Italian territory. To 

compute the instrumental intensity various relationships are tested. The number of recording 

stations and the spacing grid size are critical as demonstrated by the test done computing the 

synthetic seismograms for the Bovec earthquake and varying the grid size. The receivers and 

interpolation grids are set taking into account the geometry and the characteristics of the integrated 

network of stations available in the area, with a mean spacing in Friuli Venezia Giulia of 20 km. 

Finaly, the shake maps are generated for relevant earthquakes occurred in the South-Eastern 

Alps area in the last 30 years by extracting the ground motion parameters for the input file from the 

recorded signals. The Shake Map model is validated by comparing, for important past seismic 

events in the studied area (Cansiglio 1936; Friuli 1976; Bovec 1998), the shake-maps results 

obtained using the actually recorded data with those derived from synthetic seismograms only. The 

synthetic seismograms are computed applying the reflectivity method for an upper cutoff frequency 

of both 1 Hz and 10 Hz. Various relationships between ground motion parameters and 

macroseismic intensity are tested and the best results are obtained when the relation proposed by 

Kästli and Fäh (2006) are used. For all three considered earthquakes a low misfit value is computed 

if I ≤ VII, whereas, if I > VII, no model predicts correctly the observed intensity field. The 

differences between the intensity maps are also very relevant when various relationships are used. 
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Future developments include the improvement of the computation of synthetic seismograms 

for receivers placed above the rupture area in order to generate more detailed scenarios. Also the 

computation of synthetic seismograms on the grid nodes in quasi real time could refine the shake 

maps because in such a case it will be possible to take into account also the finite-fault effects 

instead of the GMPEs. 
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Appendix A 

STATISTICAL ANALYSIS 

 

 

A.1 Regression models 

 

When we have n statistical units or samples, a dependent variable Y and p independent 

variables xi,j (i=1..n; j=1..p), it is of some interest to understand if the variables xi,j can explain the 

dependent variable Y. The answer is obtained by solving the regression problem. The role of the 

variables is asymmetric because Y depends on the independent xi,j variables and it is required that 

the p variables and the value of Y are observed for the same sample. A regression model must 

predict observed and new events and it must describe the mechanism that merges Y to x, if there is a 

statistical dependence between the variables, and also find out which predictor influences most the 

dependent variable. The most general mathematical description assumes that the conditional 

average from the dependent variables is function of the predictors: 

iipip xxfxxYE ε+= ).....,(),....( ,,11   (A.1) 

where εi are the residuals (Faraway, 2002). 

The regression model is called linear when the predictors xi are not correlated among themselves 

and the errors are aleatory variables that are independent, with a null mean value, with the same 

variance (homoschedastic) and with a normal distribution (N(0,σ
2
)). Under this assumption equation 

(A.1) becomes: 
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and the regression model estimates the conditioned mean with the hypothesis that it is a linear 

function of the predictors. 

An approach to resolve the problem of the estimation of the unknown coefficients βi is the 

least square method which minimizes the squared sum of the residuals. If there is only one 

predictor, xi,1 that we denote simply as x1 with yi representing the observations of Y, the problem is: 
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that written in matrix form (the bar on the variables indicates the arithmetic average): 
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with the solution:  
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and, defining the variance and the covariance, we can write: 
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which gives the solution for a linear regression with one independent variables (least square fit to a 

straight line). With more predictors the general model is: 
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The estimation of the coefficients is done with the minimization procedure and, if the inverse of 

(X
T
X) exists, the solution is: 
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with the hat over the matrix of residuals indicating an estimated quantity. 

The estimators βi are BLUE (Best Linear Unbiased Estimator) with the errors which are 

homoschedastic, not correlated and with a normal distribution; the estimators are correct (E(β)= β) 

and are estimated from the maximum likelihood. The mathematical deduction on the coefficients 

supposes that the Y values are normally distributed so the confidence intervals are a Student 

distribution for the estimators and a Fisher distribution for the variance (Iacus and Masarotto, 

2003): 
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To estimate the relevance of the coefficients βi a check on the hypothesises can be done with the 

Student distribution, supposing that the null hypothesis (H0) is that the estimator is null; the 

hypothesis can be rejected for standard confidence levels of 0.1, 0.05 or 0.01.  

The model quality is evaluated by estimating the R
2
 parameter called the coefficient of 

determination; of course we can write the total variance (TSS) as the sum of the residual variance 

(RSS) and explained variance (ESS):  
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and R
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 is defined as: 
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The first term is the ratio of the dispersion of the predicted values over the dispersion of the 

observations; the second term is a measure of how well the predicted values fit. R
2
 value varies 

between 0 (bad fit) and 1 (good fit). Different regression models can be compared and the best can 

be chosen on the basis of highest R
2
 parameter. This analysis can be done however only if the two 

models have the same number of predictors, because in other cases we must build goodness 

coefficients that penalize (p=penalty factor) the models with more variables. An example of the 

goodness parameters are the adjusted R
2
, AIC (Akaike Information Criterion), BIC (Bayesian 

Information Criterion) or the Mallow statistic (Faraway, 2002): 
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In equation (A.10) TSS has a distribution of type χ
2
 with n-1 freedom degrees, ESS has a 

distribution of type χ
2
 with n-2 freedom degrees and RSS has a distribution of type χ

2
 with 1 

freedom degree. With the null hypothesis H0, new parameters EMS=ESS/1 and RMS=RSS/n-2 are 



 205 

defined, that are non distorted estimators of the respected variances and have the χ
2
 distributions. F 

is them defined as (Iacus and Masarotto, 2003): 

)2,1( −≈= nF
RMS

EMS
F  (A.16) 

and it is compared with the quantile of the Fisher distribution F(n-2) to test the influence of the 

estimator on the regression model. This is one coda test, called ANOVA test (ANalysis Of 

VAriance), because if the estimator is null, all the variability is explained by EMS that must be 

much larger than RMS.  

The selection of the best regression model is usually a stepwise procedure: for each step a 

coefficient is chosen and the goodness parameters are computed to evaluate the influence of the 

parameter on the final model. We can start with a null model adding the variables that respect the 

evaluation criteria (forward procedure) or we can start with a full model cutting the variables which 

do not respect the evaluation criteria (backward procedure). Other approaches can be the application 

of the genetic or hierarchical algorithms. 

A different approach is to adopt a non parametric regression model; in some cases it is not 

possible or it is very difficult to explain and to justify the dependence between the dependent and 

the independent variables. The idea is to build around each observed point a weighted kernel 

function (K(x)) that fit the data; then a weight sum gives the final model: 
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A.2 Diagnostic 

 

When a particular regression model is selected, it is very important to study the distribution 

of residuals to check the model goodness and to find possible anomalous values. We can not 

observe the true errors of the model (εi) but only the estimated errors ( iε̂ ) or residuals (ei) defined 

as:  

ε⋅−=⋅−=−= )()(ˆ HIyHIyye   

with H=X(X
T
X)

-1
X

T
 and y=Xβ+ε 

(A.18) 

Where X is the matrix of independent variables and β is the matrix of estimators. The plot of the 

residuals as a function of the fitted values should show a homogeneous scatter and a symmetry 
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around the zero value while a possible eventual anomalous trend indicates that the considered 

model is not able to take into account further regression characteristics. The variance of residuals is 

defined as:    

2)()( σ⋅−= HIeV  if 2)( σε ⋅= IV  

2
)1()( σ⋅−= ii heV  with iii Hh =  called leverage 

(A.19) 

The problem is that the residuals (e) can be correlated and can have unequal variance even if the 

hypothesis of not correlation and homoschedastic of the errors (ε) are true. Furthermore, the 

variance of the residuals depends on the leverage of the observations giving low residual for high 

leverage. To avoid this problem it is better to define the standard residuals that are independent 

from their position in the predictors space (X) as: 
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The plot of the standard residuals does not depend on the leverage values and it can evidence not 

homoschedastic errors.  

Some cases can have values far away from the mean for the X predictors and it leads to a 

strong dependence between the estimated model and such data which have a high leverage. A 

simple rule is to be cautious with the cases that have leverage greater than 2p/n, where p is the 

predictors’ number and n the observed data.  

High residuals must be observed with much care because these data can indicate the 

presence of anomalous cases or outliers that are not represented by the considered regression model. 

It is therefore better to evaluate one by one each case and its influence on the final results. A 

sophisticated method to find anomalous data is the computation of the cross validated residuals, 

which are defined as the difference between the observed values and the estimation derived from a 

model that uses all observations except the single studied case. 

It can be useful to compute the Cook distance that assigns high values to cases which are 

possible outliers or have a high leverage; this values is high when these characteristics are 

accentuated and when both are present in the selected data. A practical rule is to consider as suspect 

the cases which have a Cook distance larger than 8/(n-2p), where n is the number of observations 

and p the number of predictors.      

We assume the hypothesis that each regression model is homoschedastic, not correlated, 

normal and linear. The plot of residuals checks the homoschedastic property and the linearity, the 

plots of the residuals as a function of the predictors check the non correlation, whereas the quantile 

plot of the residuals (Q-Q plot) checks the normality of the model.     
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A.3 Cluster analysis 

 

The cluster analysis or data segmentation is finalized to group the considered objects in 

subsets or clusters which must be as homogeneous and uniform as possible. This analysis allows to 

describe an object in relation to other objects using a distance measurement and it can be used to 

evaluate the consistency of a subset of different clusters. At the same time the cluster analysis is a 

good reduction technique and its application can transform a space Rn in Rg (with g<<n); it is also 

possible to obtain a hierarchical model grouping the clusters in several steps with different 

similitude parameters. The classification problem in homogeneous clusters can be distinguished in 

discriminant and cluster analysis and these are two tentative approaches; in the first case the groups 

are known a priori and the problem is to assign the variables to each group (supervised learning or 

confirmatory techniques) while in the second case the existence of the groups are unknown at priori 

and it is necessary to search for a uniform group.        

A simple approach is to study the scattering plots or other specific graphic figures as the 

Chernoff faces or the stars plots (Iacus and Masarotto, 2003). If we consider a data matrix xi,j  with i 

objects and j variables (i=1..n; j=1..p) it is necessary to define the n x n distance matrix, di,i’, 

between two objects (i and i’) for the j attribute; the distance matrix is symmetric and the diagonal 

has null elements. The distance between two points, xi and xi’ in R
P
, is defined as a function d(xi,xi’) 

with the following properties (metric space): 

1. Not negativity: d(xi,xi’) ≥ 0. 

2. Identity: d(xi,xi’) = 0 <=>  i=i’.    

3. Symmetry: d(xi,xi’) = d(xi’,xi). 

4. Triangle inequality: d(xi,xi’) ≤  d(xi,xì’’) + d(xi’,xi’’). 

Some example for the distance definition can be the L1 or L2 norm: 

jijijiji xxxxd ,',,', ),( −=  (A.21) 

2

,',,', )(),( jijijiji xxxxd −=  (A.22) 

The L1 norm definition amplifies the small residuals, whereas the L2 norm emphasizes the large 

residuals. At the same time the definition of the distance of Euclide is: 
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and introducing a weight matrix, W, equation (A.23) becomes: 
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Another important definition is the Mahalanobis distance where S is the covariance matrix, R the 

correlation matrix and zi the standard profile corrected for the mean and the variance: 
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The Manhattan distance is: 
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and the Lagrange distance is: 
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The grouping methods are divided in partitive and hierarchical. The partitive approach 

depends on the starting configuration and the a priori choice of the number of groups usually giving 

one partition. The hierarchical models can be separated into agglomerative methods (bottom up 

type), if we start from group with one object (called singleton cluster) and we merge them in the 

following steps, and divided methods, if we start with one group and we proceed successively with 

separation until we obtain groups with one object. The agglomerative hierarchical method requires 

algorithms which compute the distance between all elements and in each step the nearest objects are 

merged; a graphic figure that can visualize this process is the dendrogram. The clustering analysis 

requires the definition of the distance between the groups that can be: 

• Nearest neighbour: the cluster distance is measured as the closest distance between elements of 

one group and elements of another group. 

• Furthest neighbour: the cluster distance is measured as the largest distance between elements of 

one group and elements of another group. 

• Average linkage: mean of all distances between all elements of two groups. 

• Centroid distance: the distance is measured from the centroids which are the mean values 

computed on the elements of each group. 

• Ward distance: the variance is decomposed into variance intra-groups and variance inter-groups. 

This approach merges the couple of groups with the minimum intra-groups. 

The most utilized partitive approach is the K-means method that is an algorithm to classify 

or to group the objects based on attributes/features into k number of groups. k is a positive integer 

number and the grouping is done by minimizing the sum of squares of distances between data and 

the corresponding cluster centroid. Thus the purpose of K-means clustering is to classify the data. 
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In a classical K-means algorithm we begin with a decision on the value of k = “number of 

clusters” and we put any initial partition that classifies the data into k clusters with a randomly or 

systematically assignment. The distance from the centroid is computed for each element of the 

cluster and if a sample is not currently in the cluster with the closest centroid, this sample is 

“switched” to that cluster and the centroid of the cluster gaining the new sample and of the cluster 

losing the sample are updated. The procedure is repeated until convergence is achieved, that is until 

a pass through the training sample causes no new assignments. Mathematically this loop can be 

proved to be convergent and the convergence will always occur if in each “switch” the sum of 

distances from each training sample to its group centroid is decreased and there is only a finite 

number of partitions of the training examples into k clusters.  
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Appendix B 

GRIDDING  

 

 

B.1 The gridding problem 

 

The core of the software to generate shaking maps is the gridding method that estimates the 

ground motion on the grid starting from the input data. In geophysics a lot of models and numerical 

procedures consider data on a regularly spaced lattice while often the geological measurements or 

the seismic recordings are acquired at single points scattered on land. The procedure called 

“gridding” estimates the values of a function on a regular grid given the values observed 

empirically at arbitrary (x, y) points inside the same spacing area. Three different cautions must be 

adopted when a gridding algorithm is applied: the global properties of the solution, the fixing 

constrains and the approach to interpolate or extrapolate data in poorly constrained regions where 

the results obtained from different methods can differ very much because the global properties 

influence heavily the final solution (Smith and Wessel, 1990). On the gridding function three 

different beginning assumptions are done: the function has a single value at each point, the function 

is continuous on the grid and the function is positively autocorrelated over some length scale at least 

as large as the typical spacing between observation points (Harbaugh et al., 1977; Davis, 1986). 

Normally many algorithms compute the value at grid nodes from weighted averages of nearby data 

points and all differences between the models are due to the weight assignment, normally based on 

a polynomial or a power law in distance or a minimum norm model (Wegman and Wright, 1983); in 

some cases the spatial aliasing problem can occur and a filtering processes must be applied. The 

gridding methods are divided into two different types: the statistical group and the integral group. 

The statistical methods minimize the variance of the estimator of the values on the grid nodes by 

selecting a weight derived from data autocorrelation; these models give good confidence limits, but 

they do not assure the constraints of the global properties at high order continuity. The integral 

methods use a surface that minimizes the global norm over the set of the function and the weight 

satisfies the constrains in fitting data; these models give solutions coherent with the fixed 

constrains, but it is very difficult to estimate the confidence limits (Smith and Wessel, 1990). 

In geophysics the most used model is an integral method called the minimum curvature, 

based on minimization of the squared curvature integrated over the surface with continuous second 

derivates. Briggs (1974) proposed the application of the finite difference approach as numerical 

procedure and it was applied for mapping gravity and magnetic anomaly maps and for bathymetric 
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data. The function with the continuous second derivates based on a minimum curvature principle is 

called in 1D the interpolating natural cubic spline (De Boor, 1978; Lancaster and Salkauskas, 

1986); these functions fit the data constrains exactly but large oscillations can occur between the 

fixed data. To resolve this problem smoothing splines are proposed: the data constrains are not 

interpolate exactly but a compromise is found between the misfit and the surface curvature. Another 

most used approach is called spline in tension: it minimizes the curvature of the solution including 

the tension parameter in the interior and a suite of surfaces are produced in agreement with the 

boundary conditions. The tension is a flexible parameter and its increment gives curvatures that are 

localized at the control data points with the surface fitting exactly the values; the adjustable tension 

can be easily inserted in the finite difference equation. In two dimensions, the natural bicubic spline 

is defined in the same way and it presents the same problems; also in this case a smoothing 

approach or a bidimensional spline in tension can be adopted as the minimum curvature gridding 

method (Briggs, 1974; Swain, 1976; Sandwell, 1987; Smith and Wessel, 1990). The minimum 

curvature method can give though anomalous results and the insertion of the tension in the gridding 

procedure takes a degree of freedom and relaxes the constraints.    

The unconstrained zones are most critical because the results are strongly depending on the 

values that the function assumes in the closeness and this aspect can generate anomalous solutions 

that can have no physical meaning. The problem is to evaluate the selected function in zones where 

there are not constraint data. For example, especially in gravimetry, the dipole problem could affect 

the results because a large peak obtained in the measurements can determine an area of minimum in 

the closeness of the node; the surface tension parameter can be adjusted in order to eliminate the 

low zone and a different modelling can be reached. When an unconstrained area lies between two 

constrained zones with different gradients a shelf-break bulge can occur and the minimum curvature 

solution produces extraneous inflection points. The surface tension eliminates this anomaly and its 

increment moves the solution toward the harmonic end members without local minima or maxima. 

In any case nobody knows the true values of the studied function in unconstrained areas because no 

observed data is acquired there; hence no assumption can be made a priori but some physical 

boundaries can help to limit and to evaluate the goodness of the solution.  

   

 

B.2 The equations 

 

An approximation for the total curvature of z with z∇  small is (Smith and Wessel, 1990): 

dxdyzC ∫ ∫ ∇=
22 )(  (B.1) 
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and being (xi, yi, zi) the constraint data the differential equation is obtained (Brigg, 1974): 

∑ −−=∇∇

i

iii yyxxfz ),()( 22
δ  (B.2) 

The fi are chosen with z → zi and (x, y) → (xi, yi) with the following boundary conditions: 
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that is a normal derivate along the edge while at the corners the condition is: 
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 The (B3), (B4) and (B5) are free-edge conditions and so doing the equation (B2) has an unique 

solution called the natural bicubic spline; the minimum curvature surface has the least strain energy 

between all curvatures that interpolate the constraint data. The fi are coefficients in a solution which 

is composed of a linear combination of Green’s functions with plate flexure due to unit point loads; 

equation (B2) is a special case of the equation proposed by Love (1927): 
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with the rigidity D subject to a normal stress q and constant horizontal forces for unit vertical length 

of Txx, Txy ant Tyy. If Txy=0 and Txx=Tyy=T, equation (B6) becomes: 

qzTzD =∇⋅−∇∇⋅
222 )(  (B.7) 

and if T=0 we obtain equation (B2). For large T the second term dominates and it adjusts the 

solution scales; defining TI as a parameter of internal tension equation (B7) can be written:  

∑ −−=∇⋅−∇∇⋅−

i

iiiII yyxxfzTzT ),()()1( 222
δ  (B.8) 

The TI parameter varies between 0 and 1; the two extremes represent, respectively, equation (B2) 

(TI =0) or a harmonic solution between the constraints points (TI =1 representing infinite tension). 

Considering the boundary conditions (B3), (B4) and (B5) and substituting TI with TB (tension for 

boundary), equation (B8) can be written: 
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Setting the boundary tension to 0 or 1 is equivalent to apply the “free edge” condition or to force the 

solution to be flat. Applying Rayleigh’s theorem (Bracewell, 1978) to equation (B1) it is obtained 

that the squares of Fourier spectra of z are integrated with weights proportional to the fourth power 

of the spatial wavenumber so short wavelengths contributes to C more than long wavelengths 
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(Braceweel, 1978). The weights increase the curvature locally near the constraint data and it gets a 

major contribution of short wavelength, recommended when the gridding data vary rapidly with 

distance; on the other side a solution with power concentrated in long wavelengths is better when 

the variation of the gridding data with the distance is slow. The results obtained with equations (B2) 

and (B8) are not very stable because a regional field is missing; the consideration of the solution of 

the homogeneous equation increases the convergence because the minimum curvature gridding 

involves a perturbation from a regional trend. In this algorithm first a least squares plane is removed 

and then, after the solution of (B8) is obtained, the same plane is added; in this way the tension 

works towards a regional plane and not towards a horizontal plane.  

There can be different mathematical procedures to solve equations (B2) and (B8). The direct 

method is computing the solution as a linear combination of Green’s function obtained constructing 

the data kernel and resolving the matrix equation. Another approach is to solve the system at the 

grid nodes but the singularities of the Green’s matrix produce great instabilities; an iterative 

numerical solution depending on the path is preferred because it is more stable and at the same time 

it warrants the flexibility. The central finite differences are applied with expansions in Taylor series 

and the tension setting produces a faster convergence than the minimum curvature solution. The 

Laplacian of the surface involves the four nearest nodes of the grid as the bi-harmonic solution 

considers the four nearest points and the eight second-order distance nodes with different weights 

depending on the tension parameter. 

The presence of a spacing grid takes a limitation of information due to the Nyquist 

frequency that reduced the number of data constraints fitted exactly. Data values are assigned at the 

nearest nodes but if there is more than one constraint a different approach must be adopted such as 

decimation or smoothing procedure because the solution is overdetermined: equation (B8) is a 

linear system so we can compute the solution for one data that is the average or the median of all 

data constraints placed around the grid node. The equations (B2) and (B8) have a unique solution 

but the finite difference method does not give us the exact solution, but the best result that 

converges to the true solution in dependence of the path taken into account. Since in geophysics the 

geographical coordinates are used as lattice grid and at high latitudes, the grid becomes anisotropic, 

a specific parameter should de set; generally, particular improvements are required for the algorithm 

to solve the equation as the regional grid strategy (Swain, 1976).  
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