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Introduction 

 

 

 

 

In order to mitigate the risk from earthquake and to ensure the safety of the 

buildings under earthquake loading, local seismic response has been taken into 

consideration in many design code (e.g. EUROCODE8, 2003; Norme tecniche per 

le costruzioni, 2008). The increasing of importance of this problem, in particular 

in recent years, has been generated from the damage on structure linked to 

landslides, liquefaction and amplification of the seismic ground motion in the 

shallow soil layers observed in earthquakes that affect many large cities. The first 

step in seismic risk reduction is the compilation of the seismic hazard map on the 

base of the effects of historical earthquakes, seismic source zone model, seismic 

rate, ground motion attenuation relationships and other existing information. The 

quality of the first step may be improved considerably through detailed seismic 

response analysis at local scale. A reliable evaluation of ground motion at one site 

requires the analysis of the following three steps: seismic radiation released by the 

source; path and attenuation effects in the wave propagation from the source to 

the city; local effects linked to elastic and anelastic properties of soil deposits 

interposed between the bedrock and the surface. 

In particular, seismic sources in eastern Sicily were studied by several authors 

who estimated, also through numerical simulations, potential shaking parameters 

for different earthquake inputs (Langer et al., 1999; Zollo et al., 1999; Azzaro and 

Barbano, 2000; Barbano and Rigano, 2001; Laurenzano et al., 2004; Laurenzano 

and Priolo, 2005). As far as the second step is concerned, the evaluation of the 

seismic input at the bedrock, by taking into account both the source features of a 

scenario earthquake and the attenuation, was carried out by De Lorenzo et al. 

(2004), Giampiccolo et al. (2002, 2003, 2004). A significant improvement to the 

knowledge of the seismotectonic setting in south-eastern Sicily was achieved 

through the analysis of the 13 December 1990 earthquake and its aftershocks. 
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These events are, indeed, the first digital set of seismic data for the area, therefore 

allowing investigations on the spectral source parameters and estimate of 

attenuation and seismic scaling laws in south-eastern Sicily (Amato et al., 1995; 

Di Bona et al., 1995; Giardini et al., 1995; Scognamiglio et al., 2005). The 

estimate of ground motion features at the surface was performed using numerical 

modeling as well as noise measurements. In particular, for Catania, Biondi and 

Maugeri (2005), Lombardo et al. (2004, 2006), Catalano et al. (2005), Lombardo 

and Rigano (2007) evaluated the local seismic response in test sectors of the urban 

area, whereas preliminary estimates of site response in the whole Catania area 

were obtained by Giampiccolo et al. (2001), Lombardo et al. (2001), Priolo et al. 

(2005). Further investigations on the local effects due to fault zones (Rigano et al., 

2008) as well as natural cavities (Lombardo and Rigano, 2009; Lanzo et al., 2006; 

Sgarlato et al., 2011) have been recently performed and others are still in 

progress. While the main study of the seismic site effects at Siracusa was 

performed in the frame of a project called ―Scenari di pericolosità sismica ad 

Augusta, Siracusa e Noto‖ (Decanini and Panza, 2000).  

Catania and Siracusa are located on the eastern coast of Sicily (southern Italy). 

The high level of seismicity that affects the area (Fig. 1), together with the 

considerably high density of inhabitants, contribute to classifying these towns 

amongst those with the highest seismic risk in Italy. The potential severity of 

damage to which their historic-architectural patrimony could be subjected to is 

also not negligible. The seismic activity of the investigated area is particularly 

high as testified by the historical earthquakes that occurred in 1169, 1542, 1693, 

1818, 1908 as well as the recent one that occurred in 1990, all having intensity 

ranging between the VI and XI MCS scale (Working Group CPTI, 2004). The 

manuscript identifies and briefly describes the methods considered suitable for the 

hazard and seismic site response assessment, and provides an illustration and 

discussion through practical applications to Catania and Siracusa. In particular, a 

detailed probabilistic seismic hazard analysis for the towns of Catania and 

Siracusa using two probabilistic approaches ―site‖ method (Albarello and 

Mucciarelli, 2002) and the ―seismotectonic‖ methodology (Cornell, 1968; Esteva,
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Fig. 1. Hazard map of Italian national territory 

 

 1967), taking into account different seismogenic sources, was performed. 

Therefore, the seismic site response of the two cities, considering that numerous 

observations in earthquake-affected areas have shown that seismic impact are in 

some way influenced by the local subsoil structure, was assessed. The soil 

amplification of the sites are investigated using different approaches: either 

numerically and instrumentally. The first method requires detailed information 
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about the site‘s subsoil stratigraphy and geotechnical soil parameters. The second 

method presumes the availability of instrumental data (earthquakes or noise) at 

the ground surface and possibly at an additional reference site. The role of 

topographic features on seismic waves amplification was, particularly, examined 

testing different methodology. 

 

 

 



 

Chapter I   

 

Seismic Hazard 

 

Seismic hazard analysis (SHA) is usually performed to obtain the possible 

effects due to an earthquake of the future (and the related uncertainties) at a 

specific site in term of displacement, velocity and/or acceleration. It is commonly 

used to describe the severity of ground motion at a particular site without 

consideration of the consequences (Kramer, 1996). It can be performed using 

either a deterministic (DSHA) or a probabilistic (PSHA) approach. The DSHA 

uses individual earthquake sources and single-valued events to establish a 

particular scenario that describes the hazard. Typically, a seismic source location, 

an earthquake of specified size and a ground motion attenuation relationship are 

required. However, this approach does not provide information on the occurrence 

probability of an earthquake parameter (acceleration, magnitude) during a finite 

period of time (e.g., the useful lifetime of a particular structure or facility). PSHA, 

being a statistical approach, needs to identify a suitable time interval having good 

completeness of information. On the other hand, PSHA allows to estimate the 

probability when an intensity measurement (e.g., peak acceleration) could exceed 

a defined value during a given time (e.g., 50 years) (McGuire, 2004). It accounts 

for all possible combinations of magnitude-location of shocks and models 

describing the effects and the occurrence rate of all earthquakes that could affect 

an area.  

 

1.1. Probabilistic Seismic Hazard 

PSHA provides a framework in which it is possible to identify, quantify and 

combine uncertainties in the size, location and rate of occurrence of earthquakes, 

seismogenic source geometry, and in the ground motion as a function of the size 

and location of earthquakes (Kramer, 1996). Following the traditional approach 

proposed by Esteva-Cornell in 1968, PSHA consists of four steps: 1. identification 

and characterization of earthquake sources (these might be fault sources or areal 
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sources within which earthquakes are to be equally likely to occur at any location; 

2. evaluation of temporal distribution of earthquake recurrence assuming that 

earthquakes occur independently; 3. characterization of the ground motion 

produced at a site by earthquakes of different size occurring at different locations 

in each seismic source; 4. computation of the probability that a specified ground 

motion level at a site will be equalled or exceeded during a specific time period 

(Fig. 1.1.1). 

 

 

Fig. 1.1.1. Phases of a probabilistic seismic hazard assessment (modified from Kramer, 1996). 

 

The probabilistic formulation in terms of exceedence rates of a ground 

shaking parameter m*considering all the potential magnitudes, in the range Mmin 

to Mmax, and source-to-site distances, having value vary from Rmax to Rmin, have 

the form: 

       
  
                     

 

    

    

    

    
                    (1.1)
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where i is the mean annual rate of earthquake occurrence greater than a 

minimum magnitude Mmin for each one of the NS potential earthquake sources. 

The                 function is the probability that a specific earthquake 

parameter (m), given the magnitude (M), the distance (R) and the uncertainties (ε), 

exceeds a ground motion parameter (m*) at a specific site. The fm, fr and f, lastly, 

are the probability density function of magnitude, distance and for the ground 

motion variability respectively. 

Taking into account a Poisson process the probability to observe a given 

ground motion parameter value during a specified exposure time, t, can be 

estimated using the formula: 

                     
          (1.2) 

The results of a PSHA can be summarized by seismic hazard curves, which 

show the probability of exceedance versus a specific ground motion parameter 

(e.g. peak ground acceleration, PGA). The PSHA results, however, can be 

illustrated using uniform hazard spectrum (UHS) obtained by computing the 

ground motion at a suite of spectral periods.  

Another important problem in PSHA regards the treatment of uncertainties that 

can be distinct in aleatory uncertainty, related to the unpredictability of natural 

phenomena, and epistemic uncertainty, connect to mathematical models and values 

of the parameters of each model used. For the reduction of the epistemic 

uncertainty a logic tree approach proposed by Senior Seismic Hazard Analysis 

Committee (SSHAC, 1997) can be used. 

 

1.2. Deterministic Seismic Hazard 

A deterministic ground motion scenario was intended as maps representing the 

ground-shaking severity over a municipal area with appropriate hazard descriptors 

(Faccioli and Pessina, 2003). A ―reference‖ earthquake, of specified magnitude 

(or epicentral intensity) on a specified seismic source (e.g a fault) was assumed, 

and the zonation map of the ground-shaking distribution in the city through 1D, 

2D or 3D ground motion simulation for the selected hazard parameters was build 

(Fig. 1.2.1). A strong requirement for DSHA was that the ―reference‖ earthquake 
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should be the ―true‖ maximum historical earthquake affecting the city. If the site 

under study had historically been exposed to earthquakes of significantly different 

intensity, two or more different deterministic scenarios could be considered. After 

choosing the ―reference‖ earthquake, another problems concern its source 

location. The historical observations, in particular, are often unwell documented 

and the location of the source tends to be controversial. In a deterministic 

analysis, it is usually prudent to test alternative source hypotheses, but for any 

given scenario the preferred hypothesis for the seismic source had to be clearly 

indicated and justified.  

 

 

Fig.1.2.1. Phases of a deterministic seismic hazard assessment (modified from Kramer, 1996). 
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The deterministic spectrum, lastly, is associated to the largest historical 

earthquake, which occurred on a specific fault, with a specific magnitude at a 

specific distance, while the constant hazard spectrum does not represent a specific 

event but a kind of weighted combination of many different events originating on 

different geological features. This is essentially the principal difference between 

the deterministic and the probabilistic hazard assessment (Faccioli and Pessina, 

2003). 



 

Chapter II 

 

Seismic Site Effect 

 

According to Seed and Idriss (1982) the seismic wave motion generated by an 

earthquake in a site with free-field conditions (in the absence of buildings) 

depends on a set of physical phenomena that can be summarized as follows: speed 

of fault rupture, source mechanism of the earthquake, magnitude of the 

earthquake, distance of the site from the source of energy release, geologic 

characteristics of the rocks along the wave transmission path from the source to 

the site, wave interference effects related to the path direction and local soil 

conditions at the site (Fig. 2.1).  

 

 

Fig. 2.1. Factors responsible for the ground motion shaking  

 

According to the foregoing a seismic signal spectrum S(), to a generic site, 

can be represented by the following equation: 

S() = G() R() I() T()        (2.1) 

In 2.1 equation G() represents all the characteristics of the source, R() the 

path from the source to the site of seismic waves, I() is the instrumental 
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response, while T() is the transfer function of the site. The term T(), transfer 

function of the site, is a clear and effective representation of local seismic 

response and it is characteristic of each site. 

The local seismic response is clearly influenced by seismic site effects that can 

be subdivided into primary seismic site effects and secondary seismic site effects. 

A definition of both terms is given by Wang and Law (1994).  Primary seismic 

site effects are connect to modification in amplitude, in frequency content, or in 

time duration of the seismic waves transmitted through the ground material. 

Examples of this type of site effect are wave-field effects, amplification/filtering 

effects of soft ground, and resonance effects. Secondary seismic site effects are 

phenomena induced by earthquake as well as seismic liquefaction of the soil, 

ground collapse (e.g. earthquake-induced collapse of underground cavity), and 

seismic landslide forced by slope instability. 

The main factors, connect to primary seismic site effects, which have influence 

on local seismic response, are the result of multiple physical phenomena 

(reflections, diffraction, focusing, resonance, etc.), that the waves suffer for the 

presence of the heterogeneity and discontinuity of the shallow layers. These 

effects can be distinguished in: stratigraphic effects (or 1D), edge effects (or 

valley), and topographic effects related to lateral heterogeneity, such as the 

presence of faults and/or stratigraphic contact (Fig. 2.1). The latter can be 

interpreted in part as a topographical effect (fault scarps) and partly as a result of 

the edge (e.g. fault gouge). This subdivision is also very significant from practical 

point of view, since different categories also correspond to different methods and 

tools for quantitative assessment of local seismic response. 

The behavior of a site, therefore, in terms of energy distribution at different 

frequency, depends on the local characteristics of the formations crossed by the 

seismic waves, the geometry of the subsurface and surface morphology how 

recent earthquakes (e.g., Mexico 1985, Loma Prieta 1989, L‘Aquila 2008) has 

shown. It is then important to define the seismic site response in order to reduce 

the effects of earthquakes.  
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2.1. Soft surface layers effects 

The earthquake damage is generally larger over soft sediments than on firm 

bedrock outcrops. This is particularly important because most of urban area are 

located along river valleys where deep alluvial deposits outcrop. In this condition 

the main seismic site effect is called stratigraphic or 1D. The so-called 

stratigraphic effects are related to changes that the seismic wave motion 

undergoes when it incides vertically to a flat deposit with horizontally layered 

structure. In this condition, the fundamental phenomenon responsible for the 

amplification of motion over soft sediments is the trapping of body seismic waves 

due to the impedance contrast between sediments and the underlying bedrock. For 

each soil layer the impedance is defined as the product of mass density () and 

shear wave velocity (VS). The impedance ratio () between bedrock and overlying 

sediments can be calculated using the equation: 

  
      

      
          (2.2) 

where the numerator of the equation is the bedrock impedance whereas the 

denominator is relate to soil deposits impedance. The resonance frequencies at 

which amplification take place depends on the geometry (in particular thickness, 

H) and dynamic soil properties (in particular shear wave velocity, VS, and 

damping factor, ) of the sedimentary soil layers (Fig. 2.1.1).  

 

 

Fig. 2.1.1. One dimensional layered soil deposits system 
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The ith resonance frequency of the soil profile is given:  

         
  

  
          (2.3) 

where i = 0, 1, 2…, ∞. For i = 0 the lowest resonance frequency is determined, 

called “fundamental or natural site frequency”. The level of amplification (A) is 

controlled mainly by the damping factor, , of the soil layers, that it is maxima in 

correspondence of the fundamental frequency. 

     
 

 

 
 
  

 

          (2.4) 

Another important feature in seismic site response analysis is connect to 

nonlinear behavior of soft soils. The application of weak-motion data or ambient 

seismic noise for the study of structural earthquake damage, leads to the 

consideration of possible nonlinear effects that are caused by strong earthquake. 

Nonlinear site effects are one of the most important and controversial problems 

because the determination of the threshold acceleration or shear strain γ, beyond 

which soil nonlinearity becomes observable, is quite difficult (Özel et al., 2002). 

The nonlinear behavior of strain dependent shear modulus G(γ) can usually be 

expressed by a relation between shear stress, τ, and shear strain, γ: 

     
 

 
 

  

  
 

    

          (2.5) 

where G0 is shear modulus for smallest shear strains and γref is reference shear 

strain. The characteristic curves of shear modulus G can be described by 

hyperbolic relationships proposed by Yokota et al. (1981): 

    

  
 

 

        
          (2.6) 

in which constants  and , depending on the type of soil material. A same  

relationship was obtained for strain dependent damping (γ): 

            
    

  
           (2.7) 

with the constants  and  depending on the type of soil material. The G0 

reduction functions and damping ratio functions due to the response to a cyclic 
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shear deformations can be obtained from resonant column test and through cyclic 

loading torsional shear test (Fig. 2.1.2). 

 

 

Fig. 2.1.2. Behavior of shear modulus, G, and  damping factor, ξ, dependent on shear strain γ 

(modified from Lanzo and Silvestri, 1999). 

 

Other factors that play a role in the nonlinear behavior of a soil site during an 

earthquake are the intensity of earthquake shaking and the source-to-site distance. 

Response spectra of larger magnitude events, indeed, have their highest 

amplification at longer periods, while for events with smaller magnitudes this is 

shifted into the short-period range. Distant earthquake records, moreover, have 

little energy at high frequencies, while local earthquakes have higher frequency 

contents (Wang and Law, 1994; Lang and Schwarz, 2000).  

 

2.2. Topographic effects 

Amplification of the ground motion in a topographic irregularity is generally 

linked to the focalization of seismic waves at its topmost part due to the existence 

of diffraction, reflection, and conversion of the incident waves (Bard, 1982). The 
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amplification effects at the topmost part of a hill are frequency-dependent so that 

resonance phenomena occur when the wavelength of the incident wave is 

comparable to the horizontal dimension of the hill. The theoretical resonance 

frequency (f0) expected for a topographic effect can be calculated using the 

relationship: 

   
  

 
          (2.8)  

where L is the width of the hill and Vs is the shear wave velocity of the 

outcropping lithotypes (Bouchon, 1973; Géli et al., 1988). In addition, the 

influence of the topography on ground motion is linked to the sharpness of the 

ridge crest (Géli et al., 1988; Bard and Riepl-Thomas, 1999). Slope inclination is 

a sensitive feature of site response because it determines the angle of reflection 

and diffraction of seismic waves (Fig. 2.2.1). Going into more details, steep 

slopes tend to pack and focus the reflected seismic waves at the slope crest, while 

gentle slopes scatter the diffracted seismic waves (Boore, 1973; Ashford et al., 

1997). 

 

 

Fig. 2.2.1. Impact of slope angle on propagation of diffracted seismic waves. 

 

The upper part of a hill shows increasing resonant motion with respect to the 

whole of the structure. This ground-motion amplification mechanism at ridge 

crests is in principle similar to the well-known effects in the seismic design of 

buildings, which appears to apply at a larger scale to mountains as well (Buech et 

al., 2010). Moreover, significant directional effects, transverse to the major axis of 
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the ridge, are often observed (e.g. Spudich et al., 1996; Le Brun et al., 1999; 

Pischiutta et al.,  2010; Marzorati et al., 2011). Several analytical and numerical 

methods have been developed to study incoming seismic waves when crossing a 

hill shaped morphology (e.g., LeBrun et al., 1999; Paolucci, 2002).  

Another important aspect concerns the difficulty to distinguish between a 

purely topographic effect and the influence of different local lithology 

amplification. Performing measurements along a cross section in the French Alps, 

Pedersen et al., (1994) observed that ground motion amplitude caused by 

topography variations can be in some instances smaller than the amplification 

linked to stratigraphic effects. 

 

2.3. Basin effects 

In the case of sediment-filled basins, where the soils are laterally bounded by 

rock, the assumptions of simple stratigraphic effects are not valid and two (2D) or 

three dimensional (3D) site effects should be taken into account. In this condition 

diffraction phenomena and wave conversions taking place at the boundaries of the 

basin whereas trapping and focusing of energy are observed inside the soil layered 

structure (Bindi et al., 2011). The multiple reflection of energy and the 

propagation back and forward of the basin induced surface waves can lead to a 

dramatic increase in damage due to amplification of ground motion and the 

extension of its duration has been observed in many basins (e.g. Kawase, 1996; Di 

Giulio et al. 2003; Bindi et al., 2011).  

To identify valleys whose seismic behaviour is characterized by 2-D 

resonance, Bard and Bouchon (1985) introduced the concept of the shape ratio. 

The shape ratio is defined as the ratio of the maximum sediment thickness h to the 

valley half-width l and it is also connect to the impedance ratio between bedrock 

and sediment fill. In other word for a specific impedance ratio exist a critical 

shape ratio above which  2D effect take place (Fig. 2.3.1a).  

Three fundamental modes were identified in a shaped valley considering the 

model proposed by Roten et al. (2006) and the results of the simulation obtained 

by Bard and Bouchon (1985) for valley seismic behavior on incident SH, SV and 
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P-waves. The phase of the fundamental mode SH, is the same across the valley, 

and the amplification reaches its maximum in the valley centre. The SV 

fundamental mode is characterized by a maximum amplification in the centre for 

the perpendicular component and a central node and two maxima for the vertical 

component. The SV phase is the same across the valley for the perpendicular 

component, while the phase of the vertical motion changes at the valley centre. 

The P fundamental mode behaves just vice-versa (Fig. 2.3.1b and c).  

 

 

Fig. 2.3.2. (a) Shape ratio as a function of the velocity contrast for the SH case. (b) Nomenclature 

of principle direction in the valley. (c) Amplification, phase and particle motion of the three 

fundamental modes of a valley in its principal directions (modified from Bard and Bouchon 1985; 

Roten et al. 2006). 

 

2.4. Method for estimating site effects 

Local site effects are considered to be the most significant factor in the 

modification of predicted rock outcrop motions. The most useful tools used to 
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propose a guideline for urban planners to mitigate earthquake risk is the seismic 

microzonation which deals with geology, geophysics, geotechnical  engineering 

and civil administration (Ansal et al., 2004). In recent years many methods are 

proposed to do the microzonation study of different city in the world (Faccioli et 

al., 1991; Faccioli and Pessina 2001; Ansal et al., 2004; Mishra, 2004; Boncio et 

et al., 2011; Vaccari et al., 2011), but the final stage of all this study deals with 

the connection between the information coming from hazard study (first step), to 

determine the rock outcrop motion, the seismic site characterization (second step), 

through seismic site response in term of amplifications in the study area, and 

vulnerability analysis of buildings (third step). Microzonation is important 

because, as above described in the Seismic site effect (Chapter II), seismic 

waves transmitted through the ground material may be increased in amplitude, in 

frequency content, and in time duration. Many methods which can be grouped 

into experimental, numerical, empirical and semi-empirical methods exist to 

determine the seismic site response. 

 

2.4.1. Experimental methods 

The most common site response estimation technique using earthquake data, is 

standard spectral ratio (SSR) that it consists in comparing recordings at nearby 

sites one on a soft sediment recording site (target site) and one on a nearby 

recording site on rock called ―reference site‖ (Borcherdt, 1970) (Fig. 2.4.1.1).  

 

 

 

Fig. 2.4.1.1. Schematic illustration of the station scheme use for the standard spectral ratios 

technique  
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The SSR method provides a reliable estimate of site response if the "reference 

site" is free of any site effect, which is the case when the reference site is located 

on an un-weathered, horizontal bedrock. Moreover, it should be located near to 

the examined station to ensure that differences between each site are only due to 

site conditions, and not to differences in source radiation or travel path. This last 

condition is generally warranted for distances to the reference site is small 

compared to the source-to-site distance or as demonstrated by  Steidl et al. (1996) 

for distances of about 20 km from the two considered stations considering 

regional events (Fig. 2.4.1.1).  The site effect estimated by means of SSR 

techniques, often for non-linearity effects linked to the use of weak motion 

earthquake, may be considered as an overestimation or upper limit of the actual 

site effects at high frequencies, and, correlatively, a slight underestimation at 

frequencies below the "elastic" fundamental frequency, (Lacave et al., 1999). 

The  method may be described as follows: for a network of I sites having 

recorded J events, the amplitude spectrum of the ground motion Sij(f) recorded at 

site i during the event j can be written as: 

Sij(f) = Gj(f) . Rij(f) . Ti(f)          (2.9) 

with Gj(f) source function, Rij(f) source-to-site path and Ti(f) local site effects 

contribution. The terms Gj(f) and Rij(f) can be considered site independent and the 

ratio of the amplitude spectra between target and reference sites give the transfer 

function. 

In 1954, Kanai introduced the application of the Fourier amplitude spectra 

method on microtremor data to  investigating the site response. The amplitude of 

these microtremors is generally very small (displacements are in the order of 10
- 4 

to 10
 - 2 

mm). Although they are very weak, they always represent a useful source 

to researchers of earthquakes seismology as demonstrated by many authors (e.g. 

Alcook, 1974; Kats, 1976; Bard et al.,1999). The capability of this method strictly 

depends on two main assumptions: ambient seismic noise solely is composed of 

vertically incident shear waves (S waves) and the source spectrum of 

microtremors is characterized by white noise, which means that its power spectral 

density is constant with frequency. As demonstrated by several authors (e.g. 
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Lermo and Chávez-García, 1994; Tokimatsu, 1995) both assumptions do not 

correspond to the truth, because microtremors are mainly composed of surface 

waves, and each spectrum based on free field noise data is not white, being 

influenced by band-limited perturbing signals and temporal variations.  

Since early seventies several Japanese scientists (Nogoshi and Igarashi, 1970; 

Nakamura, 1989) introduced the ratio between the Fourier spectra of the 

horizontal and vertical components of ambient vibrations noise (HVNR). The 

principal two basic hypothesis explanation for using ambient noise are two. 

Nogoshi and Igarashi (1970) showed through their investigations that HVNR on 

microtremors are directly related to the ellipticity curve of Rayleigh waves 

because of the predominance of Rayleigh waves in the vertical component. 

Nakamura (1989) instead, asserted that the H/V-ratio on microtremors gives a 

good estimate of the S waves site response function. Dividing the horizontal 

component of surface ground motion by the vertical, a removal of the source as 

well as the Rayleigh wave effects can be obtained. In particular, the theoretical 

background of Nakamura (1989) about the body-wave interpretation has been 

contradicted in several articles highlighting the relationship between the HVNR 

and the ellipticity of fundamental Rayleigh-wave mode, which is associated to an 

inversion of the direction of Rayleigh waves rotation (Lachet and Bard, 1994; 

Kudo, 1995; Bard, 1998; Fäh et al., 2001; Bonnefoy-Claudet et al., 2006). 

However, the amplitude of fundamental resonant frequency is not well correlated 

with the S wave amplification at the site's resonant frequency (Mucciarelli, 1998; 

Al Yuncha and Luzon, 2000; Rodriguez and Midorikawa, 2002;Maresca et al., 

2003), but the stability as well as plausibility of results are almost convincing (e.g. 

Lermo and Chavez-Garcia 1993; Gitterman et al., 1996; Seekins et al., 1996). The 

amplitude of the HVNR peak, moreover, seem  to be correlated to the position and 

depth of the source (Fig. 2.4.1.2). 

Another important aspect is linked to the fact that the H/V ratios from ambient 

vibrations are sometimes "non-informative". This seems to be true particularly in 

the case of significant lateral heterogeneity, that originates 2D/3D effects, and 

velocity inversion, which influence the vertical component of motion too (Di 
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Giacomo et al., 2005 Castellaro and Mulargia, 2009). Nevertheless, the method 

proved to be the most inexpensive and convenient technique to estimate 

fundamental frequencies of soft deposits.  

 

Fig. 2.4.1.2. Changing in H/V ratios using different position and depth of the source, ellipticity of 

fundamental mode of Rayleigh wave and 1-D transfer function (modified from Bonnefoy-Claudet 

et al., 2006). 

 

Another very widespread technique, that does not need a reference station, 

consists in the spectral ratio between the horizontal and the vertical components of 

the shear wave part of the earthquake recordings (HVSR). This method is a 

combination of Langston's (1979) "receiver-function" technique for determining 

the velocity structure of the crust from the horizontal to vertical spectral ratio of 

teleseismic P waves, and the HVNR. It was first applied by Lermo and Chavez-

Garcia (1993) at three different sites in Mexico. The HVSR exhibits very 

encouraging similarities between the SSR, GIT (Generalized Inversion 
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Technique) and the HVNR (Fig. 2.4.1.3), with a good fit especially in frequencies 

of the resonant peaks when the S-wave part of the seismograms is used (Chavez-

Garcia et al., 1996; Bonilla et al., 1997; Castro et al., 1998; Riepl et al., 1998; 

Triantafyllidis et al., 1999; Parolai et al., 2000, 2001). These observations permit 

to conclude that HVSR is well correlated with surface geology, and much less 

sensitive to source and path effects. However, the amplitude of the peak depends 

on the type of incident waves (Fig. 2.4.1.3) consequently the determination of the 

absolute level of amplification from only HVSR is not straightforward (Field and 

Jacob, 1995). The HVSR was applied also to P wave but generally provide 

contradictory results. In the case of significant lateral heterogeneity, that origin 

2D/3D effects, the vertical component of motion may be affected by the site 

effects and therefore the HVSR might became ―non-informative‖ as demonstrated 

by several authors (Riepl et al., 1998; Raptakis et al., 1998 and 2000; 

Triantafyllidis et al., 1999; Parolai et al., 2004; Bindi et al., 2009). 

 

 

Fig. 2.4.1.3. Upper panel HVSR  ±1 standard deviation (gray shaded area) and GIT methods to S- 

and P-wave windows (modified from Parolai et al., 2004). Lower panel HVSR and SSR techniques  

to S-wave windows(modified from Panzera et al., 2011b). 
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2.4.2. Numerical methods 

The numerical methods allow to increase the degree of accuracy in predicting 

the seismic site response, because they are also able to model situations very 

complex in terms of topographic, stratigraphic and dynamic behaviour of soils 

(Fig. 2.4.1.4). The numerical analysis is performed using computer codes that 

simulate the propagation of seismic waves within a soil deposit of which there are 

known the geotechnical characteristics. 

There exists a number of simple analytical methods which allow computation 

of the seismic site response of a given site in term of amplification function, 

response spectrum, acceleration, velocity, displacement, shear strain and stress 

time histories. The most widely used considers the response of a1-D soil column 

associated to the multiple reflection vertically incident S waves in horizontally 

layered deposits. The parameters required for such analysis are shear-wave 

velocity, density, damping and thickness of each layer. These parameters may be 

obtained through geotechnical abacus, direct in situ (e.g. drillings, down-hole, 

Standard Penetration Test) and subsequent laboratory measurements. These code 

may work considering a linear or non-linear behavior of the soil. Non-linearity for 

different types of material, usually, is approximated using shear modulus and 

damping reduction curves as function of the shear strain (see Fig. 2.1.2). Some of 

these software are SHAKE (Schnabel et al., 1972), EERA (Bardet et al., 2000), 

DEEPSOIL (Hashash, 2009) and NERA (Bardet and Tobita, 2001). 

Earthquake engineers have traditionally evaluated seismic site response using 

simple models based on a 1D description of local soil profile and seismic wave 

propagation, with reasonable success. However, recent events such as the 2009 

L‘Aquila (Abruzzo, Italy) earthquake with its narrow ―intensified damage‖, have 

disclosed a remarkable complexity in seismic amplification patterns due to 

unfavorable combinations of seismic source and near-surface geology. All 

numerical methods have the same base, but many different models have been 

proposed to investigate complex phenomena connect to 2-D/3-D structure 

geometry. Complex site effects (2D/3D) tend to occur on deeply incided, 

sediment filled valleys and basins, where cities are located, or on steep 
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topography, where some of the oldest downtown are found. To analyze seismic 

wave propagation in this complex geological structures, various numerical 

methods are available such as boundary element method (BEM), finite element 

method (FEM) and finite difference method (FDM). The BEM allows a very good 

description of the radiation conditions but is preferably dedicated to weak 

heterogeneities and linear constitutive models (Beskos, 1997; Bonnet, 1999; 

Dangla, 1988; Dangla et al., 2005; Sanchez-Sesma and Luzon, 1995; Semblat, 

2000b; Semblat et al., 2008). The FEM is efficient to deal with complex 

geometries and numerous heterogeneities, but has several drawbacks such as 

numerical dispersion and numerical damping (Hughes, 1987 and 2008; Ihlenburg 

and Babuška, 1995; Semblat, 2000a; Semblat et al., 2008; Bonilla, 2000) and 

consequently numerical cost in 3D elastodynamics. The FDM is accurate in 

elastodynamics but is mainly adapted to simple geometries (Bohlen, 2006; 

Frankel; 1992; Moczo, 2002; Virieux, 1986). Each method have specific 

advantages and shortcomings, it is consequently often more interesting to 

combine two methods to take advantage of their peculiarities (Semblat, 2010).  

It is important to note that numerical methods require detailed geotechnical and 

geophysical investigations for the investigated sites to provide valid results and 

they can be applied only to some limited cases (Lacave et al., 1999).  

 

Fig. 2.4.1.4. Variation in amplification functions considering a simple valley geometry in the cases 

1D, 2D and 3D (modified from Bard and Riepl-Thomas, 1999). 
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2.4.3. Empirical methods and soil parameter 

Apart from the possible amplification effects due to the local subsoil, the 

amplitude level of seismic action decreases as the distance to the seismic source 

increases. This field of interest is covered by the elaboration of empirical 

attenuation laws for permanent ground displacements (PGD), spectral 

accelerations (Sa), at discrete periods, peak ground acceleration (PGA) and 

velocity (PGV). Many empirical attenuation laws have been derived on the basis 

of available strong motion recordings (e.g. Ambraseys et al., 2005; Akkar and 

Bommer, 2007; Boore and Atkinson, 2008; Cauzzi and Faccioli, 2008; Bindi et 

al., 2009). Other given empirical ground motion parameter are earthquake time 

duration, Arias (Ia, 1970) and Housner (Ih, 1959) intensities: 

   
 

  
        
  
 

          (2.10) 

      
   

   
                      (2.11) 

where in (2.10) g is the gravity acceleration, Td is the earthquake time duration 

and a(t) is the acceleration time history. Besides in (2.11) Sv is the pseudo velocity 

spectrum, T is the vibration period and is the viscous damping.  

The attenuation laws, especially, take into account a site parameter that it is a 

simple descriptor factor, such as "rock" and "non-rock". Rarely this is a more 

refined indicator of the site geology characteristic, for instance with distinction 

between thin and thick deposits, or with S-wave velocity values. In this way it is 

possible to modify the ground motion parameters according to the site geology. 

However, these modifications are based on a very simple classification of soils, 

and on statistical studies which smooth out the extreme values, such an approach 

may lead to a dangerous underestimation or overestimation of amplifications at 

the study sites. A widely used parameter is the mean value of shear wave velocity 

over the last 30 m  (VS30) as defined by EUROCODE 8 (2003): 

     
  

  
  
  

     

         (2.12) 

where hi and Vi are the thickness (m) and shear-wave velocity of the i-th 

formation or layer, in a total of N, existing in the top 30 meters, respectively. Such 
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criterion certainly has some drawbacks, since it does not take into account the 

velocity profile at greater depths, which may have a prominent influence on the 

low frequency response. In Table 2.1 are shown the soils classification in term of 

VS30, NSPT (number of shot in standard penetration test) and CU (equivalent un-

drained shear resistance). 

 

Tab. 2.1. Classification of ground conditions according to EUROCODE 8 (2003) 

Site 

Class 
Description of stratigraphic profile 

VS30 

(m/s) 

NSPT 

(bl/30cm) 

CU 

(kPa) 

A Rock or other rock-like geological formation, including 

at most 5 m of weaker material at the surface 
>800 - - 

B 
Deposits of very dense sand, gravel, or very stiff clay, at 

least several tens of m in thickness, characterised by a 

gradual increase of mechanical properties with depth 

360-800 >50 >250 

C 
Deep deposits of dense or medium – dense sand, gravel 
or stiff clay with thickness from several tens to many 

hundreds of m 

180-360 15-50 70 –250 

D 
Deposits of loose-to-medium cohesionless soil (with or 

without some soft cohesive layers), or of predominantly 

soft-to-firm cohesive soil 

<180 <15 <70 

E 

A soil profile consisting of a surface alluvium layer with 

VS30 values of class C or D and thickness varying 

between about 5 m and 20 m, underlain by stiffer 

material with VS30 > 800 m/s 

- - - 

S1 
Deposits consisting – or containing a layer at least 10 m 

thick – of soft clays/silts with high plasticity index (PI > 

40) and high water content 

<100 - 10-20 

S1 Deposits of liquefiable soils, of sensitive clays, or any 

other soil profile not included in classes A-E or S1 
- - - 

 

Conventional methods for determining shear-wave velocity are borehole 

methods (down-hole, up-hole, cross-hole), active seismic methods (refraction, 

multichannel surface wave analysis, seismic analysis of surface waves) and 

passive seismic methods (refraction microtremor, f-k analysis of noise array 

measurements). In this thesis the method used are multichannel surface wave 

analysis (MASW) and refraction microtremor (ReMi), which will be widely 

discussed in other chapters. 



 

 

 

Chapter III 

 

Seismic Hazard Assesment: the study cases of Catania and Siracusa, Italy 

 

 

3.1. Issues of the chapter 

Catania and Siracusa are located on the eastern coast of Sicily (southern Italy). 

The high level of seismicity that affects the area, together with the considerably 

high density of inhabitants, contribute to classifying these towns amongst those 

with the highest seismic risk in Italy.  The potential severity of damage to which 

their historic-architectural patrimony could be subjected to is also not negligible. 

The seismic activity of the investigated area is particularly high as testified by the 

historical earthquakes that occurred in 1169, 1542, 1693, 1818, 1908 as well as 

the recent one that occurred in 1990, all having intensity ranging between the VI 

and XI MCS scale (Working Group CPTI, 2004). 

The seismic hazard assessment (SHA) consists in evaluating the possible 

effects due to future earthquakes (and the related uncertainties) to which a study 

area can be subjected. It can be performed using either a deterministic (DSHA) or 

a probabilistic (PSHA) approach. The DSHA uses individual earthquake sources 

and single-valued events to establish  a particular scenario that describes the 

hazard. Typically, a seismic source location, an earthquake of specified size and a 

ground motion attenuation relationship are required. However, this approach does 

not provide information on the occurrence probability of an earthquake parameter 

(acceleration, magnitude) during a finite period of time (e.g., the useful lifetime of 

a particular structure or facility). PSHA, being a statistical approach, needs to 

identify a suitable time interval having good completeness of information. On the 

other hand, PSHA allows to estimate the probability when an intensity 

measurement (e.g., peak acceleration) could exceed a defined value during a given 

time (e.g., 50 years) (McGuire, 2004). It accounts for all possible combinations of 
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magnitude-location of shocks and models describing the effects and the 

occurrence rate of all earthquakes that could affect an area.  

Recently, the SHA in eastern Sicily has been performed by several authors 

(Azzaro et al., 1999; Zollo et al., 1999; Azzaro and Barbano, 2000; Decanini and 

Panza, 2000;  Faccioli and Pessina, 2000; Barbano and Rigano, 2001; Barbano et 

al., 2001; Azzaro et al., 2008; Fiorini et al. 2008) who used either the DSHA or 

the PSHA approaches, taking into account different source areas of the major 

historical earthquakes that are mostly located on the Malta Hyblean fault system. 

In recent years, a national seismic hazard map was produced by the Working 

Group MPS04 (2004) and a new hypothesis was proposed for the source locations 

in Eastern Sicily. On the basis of the macroseismic fields, the authors thus moved 

the epicenters of the major earthquakes inland. The identification of the causative 

faults of such events is, however, still unclear and different hypotheses have been 

reported in literature (e.g. Argnani and Bonazzi, 2005; Gutscher et al., 2006; 

Basili et al., 2008). 

The aim of the present study is to carry out a detailed probabilistic seismic 

hazard analysis for the towns of  Catania and Siracusa using two probabilistic 

approaches. The results of the ―site‖ method (Albarello and Mucciarelli, 2002) 

and the ―seismotectonic‖ methodology (Cornell, 1968; Esteva, 1967) were 

compared taking also into account different seismogenic sources. Therefore, the 

SASHA code (D'Amico and Albarello, 2008) and the CRISIS2007 code (Ordaz et 

al., 2007) were used to estimate seismic hazard through the above mentioned 

methods, respectively.  

 

3.2. Seismotectonic features of the south-eastern Sicily 

The seismicity of the study area is linked to the collision between the African 

and European plates. Figure 3.1 shows the major tectonic domains and the main 

active faults in eastern Sicily and the southern Calabria area. 

As far as the Calabria region is concerned, the major shocks that affected the 

area are located in the Crati, Savuto and Mesima basins, including the Messina 

straits. Among these events, the sequences of 1783, 1905 and 1908 earthquakes 
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stand out. Details about their features, such as epicentral location, geometry and 

source dimensions are described by Boschi et al. (2000), Monaco and Tortorici 

(2000) and Valensise and Pantosti (2001). 

 

 

Fig. 3.1. Tectonic framework of the study area with major structural domains of southern Italy 

(Lavecchia et al., 2007, modified) and active faults identified through surface geological evidence 

(Galadini et al., 2001, modified). 

 

In western and central Sicily, the compressional and transpressional faults are the 

dominant tectonic features. The Madonie–Nebrodi–Peloritani Mt. chain, that 

outlines northern Sicily, as well as the Tyrrhenian offshore area, are characterized 

by Plio-Quaternary extensional structures which are formed by N-to-NW dipping 

normal and normal-oblique faults, that dislocate the pre-existing compressional 

structures (Monaco and Tortorici, 2000; Pepe et al., 2000). Eastern Sicily is 

delineated by the crossing of lithosphere structures that give rise to the origin of 

Mt. Etna and by the presence of the Malta Hyblean fault system that goes down to 

the Sicilian coast towards the Ionian Sea. 

The definition of seismic sources in eastern Sicily is a quite debated problem 

due to the lack of clear evidence of surface faulting and to the few high-magnitude 
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instrumental earthquakes. For example, the location, size and kinematics of the 

January 11, 1693 earthquake (MW = 7.4, Working Group CPTI, 2004) is 

particularly uncertain and debated in literature. Some authors locate the source 

inland, whereas others locate it off-shore. The inland source models are based on 

geologic, geomorphologic and macroseismic intensity analyses and they address 

either a WSW-ENE striking normal fault within the Scordia-Lentini graben 

(D‘Addezio and Valensise, 1991; Tinti and Armigliato, 2003) or a blind NNE-

SSW striking transcurrent fault, parallel to the Scicli line (Sirovich and Pettenati, 

1999; Basili et al., 2008). The models that adopt an offshore source are mainly 

based on results of seismic prospecting at sea and on tsunami modeling which 

suggests either the rupture of a segment of the NNW-SSE Malta fault escarpment 

(Piatanesi and Tinti, 1998; Azzaro and Barbano, 2000; Jacques et al., 2001; 

Argnani and Bonazzi, 2005) or the rupture of a locked subduction fault plane 

(Gutscher et al., 2006). Recently, Lavecchia et al. (2007), have suggested 

associating the 1693 earthquake to the Sicilian basal thrust, to which they also link 

the 1818 Catania event (MW = 6.2, Working Group CPTI, 2004). 

In eastern Sicily, in addition to the seismicity related to these regional sized 

tectonic structures, there is an intense seismic activity linked to the Etna volcano. 

Its seismicity is characterized by low magnitude events and shallow hypocenters 

that produce destructive effects only at local scale. 

 

3.3. Site approach method 

The seismic hazard estimate through the ―site‖ approach was performed using 

the SASHA code. It was developed in order to handle the intensity data taking 

into account the macroseismic information of past earthquakes included in the 

DBMI04 (Working Group DBMI04, 2005) and used for compiling the parametric 

earthquake catalogue CPTI04 (Working Group CPTI, 2004). To build the seismic 

site histories of Catania and Siracusa, the felt data in the 217 b.c. – 2002 a.d. time 

interval, considering an intensity threshold of IV MCS, were taken into account. 

A logic tree for the site approach (Fig. 3.2) was built up, taking into account all 

the options provided by the code to reduce the statistical uncertainties. The first 
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elements of the logic tree are the CPTI04 and the DBMI04. Three possible site 

seismic histories were considered. The first kind of seismic history uses only felt 

data. The second one adopts felt data integrated with ―virtual‖ intensities obtained 

through a Gaussian attenuation relationship (Pasolini et al., 2008), and the third 

takes into account felt data integrated with ―virtual‖ intensities coming out from a 

binomial empirical attenuation relationship (Albarello et al., 2007). The above-

mentioned attenuation laws were taken into account for all events having 

epicentral distance within 200 km from each considered site and epicentral 

intensity I0 ≥ V-VI MCS. As regards the Etnean earthquakes, instead of using the  

Gaussian and binomial attenuation relationships, the attenuation model proposed 

by Azzaro et al. (2006) was adopted in order to consider the geologic setting of 

the volcanic area. Macroseismic intensities IS were converted into PGA values 

using both the Faccioli and Cauzzi (2006) and Gómez Capera et al. (2007) 

relationships. According to the study of Faenza and Michelini (2010), a higher 

weight was assigned to the PGA-intensity conversion law of Gomez Capera et al. 

(2007) with respect to Faccioli and Cauzzi (2006). This choice comes from the 

observation that Gomez Capera et al. (2007) used only Italian earthquake data and 

adopted the orthogonal distance regression technique, which is a more appropriate 

technique whenever dependent and independent variables are both affected by 

uncertainties. Faccioli and Cauzzi (2006) relations were obtained by integrating 

Italian and non-Italian earthquakes and using the least squares fitting technique.  

 

 

 

Fig. 3.2. Logic tree site and weighted values used in the “site” approach. 
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The highest total weight in the logic tree (Fig. 3.2) were given to branches 3 to 

6 which concern felt data with attenuated effects. Such option was preferred so as 

to take into account the lack of historical information (see Fig. 3.3) that often 

affects the seismic site history catalogues (Albarello et al., 2007), especially at 

moderate to low intensity values (I = IV-V MCS). 

 

 

Fig. 3.3. Seismic site histories for Catania and Siracusa considering only felt data (DBMI04, 

2005). 

 

The first step of the hazard estimation with SASHA is to build up the seismic 

history at each site. Moreover, before evaluating the seismic hazard, a 

completeness analysis has to be performed. In the site approach, the completeness 

of the local catalogue used for hazard computation is assessed through a statistical 

methodology. According to Albarello et al. (2001), three assumptions were 

adopted: a) the seismogeneic process is stationary, b) the most recent part of the 

catalogue is complete, c) the catalogue is statistically representative of the long-

term stationary seismogenic process. At this stage, the SASHA code provides the 

seismic hazard for an intensity threshold and exposure time (e.g. 50 years). 

Resulting hazard values, computed for each intensity degree, represent the hazard 

curve at the studied site. A reference intensity Iref is then derived from this curve 

corresponding to the higher intensity value that can be reached for a given 

exceedence probability during the considered exposure time. Finally, using the 

above mentioned PGA-intensity relationships, the code converts the hazard 

estimates from intensity to peak ground acceleration (PGA) providing a reference 

value for the last one (see D‘Amico and Albarello, 2008).  
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3.4. Esteva–Cornell method 

An SHA based on the Esteva–Cornell method, was performed using the open 

source code CRISIS2007.  Such code requires as input data a source-zone model 

where the seismic rate of each considered zone and a ground motion predictive 

equation are described. According to current international conventions for SHA 

(SSHAC, 1997), a logic tree approach was followed to consider and evaluate the 

epistemic uncertainties that affect the hazard estimates (Fig. 3.4). Special care was 

devoted to defining alternative source-zone models to take into account the 

possibility of different seismogenic sources in south-eastern Sicily. This permits 

to consider the uncertainties in the source location and in the fault mechanisms of  

 

 

Fig. 3.4. Logic tree used for the SHA through the CRISIS2007 code. 

 

the major earthquakes of the area. Two different models were therefore 

considered (Fig. 3.5). The first, based on SZ9 (Working Group MPS04, 2004; 

Meletti et al., 2008), locates the source of the 1693 earthquake, inland. The other 

model (SZ4-9), which differs only locally in the definition of the seismogenic 

zones of south-eastern Sicily, discriminates two seismotectonic zones (78, 79) so 
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that, according to Meletti et al. (2000), the possibility of the Malta escarpment 

being a potential source was taken into account. In the Esteva-Cornell logic tree, 

the highest weight was given to the branches concerning SZ4-9, since recent 

studies (Brancato et al., 2009) demonstrate that the Malta escarpment is an active 

fault system that likely gave origin to the tsunami of the 1693 earthquake (Gerardi 

et al., 2008; Visini et al., 2009). 

 

 

 

Fig. 3.5. Source zone models considered for the SHA withthe Esteva-Cornell method, SZ9 (from 

Working Group MPS04, 2004) and SZ4-9 (modified from Meletti et al., 2000). 

 

The Gutenberg-Richter b-value coefficients, the maximum moment magnitude 

(Mw) and its seismic rates (λ), as well as the seismogenic depth (H) and the 

faulting style (see Tab. 3.1), were taken from the MPS04 hazard map for each of 

the source zones assumed in the Meletti et al. (2008) model. The same parameters 

for the SZ78 and 79 (SZ4-9 model in Fig. 3.5) were estimated using the CPTI04 

and the same methodology proposed by the Working Group MPS04 (2004). 

Consequently, the activity rates (AR) were obtained by dividing the number of 

seismic events, of each magnitude class (twelve of 0.23MW with minimum 

magnitude equal 4.76) for the completeness time. According to Working Group 

MPS04, two completeness time intervals, historical and statistical, were used. As 

concerns the parameters of Gutenberg-Richter, they were obtained by 

interpolating the AR values with a least square method. 
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Table. 3.1. Maximum magnitude (MW-max), b-value, seismic rate (λ), style of faulting and depth 

parameter (H) for each seismogenic zone (from Working Group MPS04, 2004); the same 

parameters obtained in the present study for SZ 78 and 79 are reported in bold. 

SZ 

Gutenberg-Richter Activity Rates 
Style of 

faulting 

H 

(km) MW-max 
Historical Statistical 

MW-max 
Historical Statistical 

b   λ b   λ λ λ 

929 7.29 -0.82 0.17 -0.79 0.17 7.29 0.17 0.17 Normal 10 

930 6.60 -0.98 0.17 -0.89 0.21 6.60 0.17 0.21 Unspecified 10 

932 6.14 -1.21 0.21 -1.08 0.33 6.14 0.21 0.33 Strike-slip 13 

933 6.14 -1.39 0.20 -1.24 0.31 6.14 0.21 0.33 Inverse 10 

934 6.14 -0.96 0.20 -0.93 0.20 6.14 0.21 0.21 Inverse 10 

935 7.29 -0.72 0.12 -0.69 0.17 7.29 0.12 0.18 Strike-slip 13 

936 5.45 -1.63 0.33 -1.22 0.33 5.45 0.33 0.33 Unspecified 3 

78 5.68 -0.92 0.38 -1.14 0.28 5.68 0.42 0.33 Normal 13 

79 7.29 -0.66 0.10 -0.66 0.13 7.29 0.12 0.18 Normal 13 

 

Two ground-motion predictive equations were taken into account. The first  

relationship AB07 (Akkar and Bommer, 2007a and 2007b) uses strong-motion 

data sets from Europe and Middle East events. The second, BA08 (Boore and 

Atkinson, 2008) is defined considering earthquakes worldwide. Both equations 

calculate different shaking parameters (PGA, PGV, SA, SD), using the MW, the 

Joyner-Boore source distance (RJB), the characteristic style-of-faulting and the site 

class. For both attenuation models, rock (VS,30 ≥ 800 m/s) and soft soil (183 ≤  

VS,30  ≤ 366 m/s) conditions were taken into account. As regards the Etna volcano 

seismic zone (SZ936), no specific attenuation law was used, but both the AB07 

and BA08 relationships were applied, assuming to reduce, by standard deviation, 

the PGA and the SA values obtained. 

Italian volcanic districts are characterized by insufficient earthquake recordings 

for the calibration of ground motion attenuation laws. For this reason, past studies 

of SHA in Italy had adopted either the commonly used attenuation laws, reducing 

them by a fraction of the standard deviation (e.g. Slejko et al., 1998), or a specific 

attenuation law for the volcanic districts (Working Group MPS04, 2004) obtained 

through the random vibration theory (Cartwright and Lounguet-Higgins, 1956). 

On the Etna volcano, two classes of events are observed: a) volcano-tectonic 

earthquakes (VT), linked to shear fracture processes, having spectral features with 
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dominating high frequencies, and  b) long period events (LP), characterized by an 

enrichment of long-period (1–10 s) components of the ground motion (Milana et 

al., 2008). However, the LP events occur more rarely than the VT which represent 

the largest part of the seismic events recorded at the Mt. Etna volcano. In Figure 

3.6, an example of acceleration spectra for VT and LP events is plotted together 

with the theoretical spectral acceleration obtained through AB07 and BA08 

attenuation laws, considering an unspecified fault mechanism.  These earthquakes 

were recorded at the Bronte seismic station, located on the western flank of Etna, 

in an A type soil category (Working Group ITACA, 2010). Especially for periods 

smaller than 0.1 s and greater than 0.5 s, the figure shows a fairly good agreement 

between the theoretical and the experimental spectral accelerations of the VT 

event, when the theoretical ones are reduced by a standard deviation. For long 

period events, there is a disagreement especially at periods greater than 1 s. Such 

evidence agrees with the findings of Faccioli and Rovelli (2007) and Milana et al. 

(2008) who observed that the VT earthquakes follow the same attenuation law 

valid for tectonic events, whereas the LP events diverge from expected values 

obtained with common attenuation laws. In the light of these considerations, in the 

present study, the attenuation law for the volcanic area was approximated, 

assuming to reduce the values of PGA and SA obtained through AB07 and BA08 

relations by a standard deviation. Such assumption provides, in my opinion, quite 

a good solution for the Etna area, considering also that VT events are by far the 

more frequently recorded type of earthquakes. 

 

Fig. 3.6. Comparison between response spectra of a VT (left panel) and an LP event (right panel) 

with the predicted theoretical spectral acceleration. 
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Another important problem pertains to the site-to-source distance, especially 

for the disaggregation analysis. Disaggregation is used here to compute the 

contributions to the 10% exceedance probability in 50 years of peak ground 

horizontal acceleration. In the adopted attenuation laws the distance was measured 

with RJB, whereas the SZ definition was done referring to epicentral locations. In 

CRISIS2007, the attenuation relationships can be specified in terms of 4 different 

measures of distance such as the focal, the epicentral, the Joyner and Boore or the 

closest distance to rupture area (RRUP). If the RRUP or the RJB distances are used, 

the CRISIS2007 code needs to know the rupture area or the rupture length, as a 

function of magnitude, in order to compute the required distances. The code then 

assumes that the relation between area/rupture length and magnitude is:  

     
   ;      

             (3.1) 

where A is the source area (in km
2
), L is the rupture length (in km), M stands 

for the magnitude and K1 , K2, K3 and K4 are constants given by the user or chosen 

from a built-in set of constants. In this study, source area (A) and the Wells and 

Coppersmith (1994) constants were adopted, specifying these latter in the ―source 

geometry‖ screen of the code. In such instances, CRISIS2007 will assume that the 

earthquake takes place in a plane defined by the source geometry, and that the 

rupture area will be a circle, within this plane, with an area A and a radius: 

   
 

 
          (3.2) 

CRISIS2007 uses the type of distance adopted in the attenuation relationship 

for the hazard computation and, in addition, in the ―global parameter‖ screen, it 

permit to specify which kind of distance the users would like to adopt for the 

disaggregation output. According to this possibility, the results of the 

disaggregation was chosen to be expressed in terms of epicentral distance.  

 

3.5. Results and discussions 

The use of the SASHA code provided, through a set of hazard curves, the 

estimation of a reference intensity (Iref), which expresses a threshold indicating 

that, for a fixed exceedance probability level (e.g., 10% in 50 years), the observed 

mk:@MSITStore:C:/PROGRA~1/II-UNAM/CRISIS~1/CRISIS~1.CHM::/cr2007_rtf/Hlp_Measuring_distances.htm
mk:@MSITStore:C:/PROGRA~1/II-UNAM/CRISIS~1/CRISIS~1.CHM::/cr2007_rtf/Hlp_Measuring_distances.htm
mk:@MSITStore:C:/PROGRA~1/II-UNAM/CRISIS~1/CRISIS~1.CHM::/cr2007_rtf/Hlp_Rupture_Area.htm
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effects could be greater or equal to Iref.  It is interesting to observe (Tab. 3.2) that 

smaller values of Iref come out for branches 1 and 2 of the logic tree in Fig. 2 (only 

felt data), whereas higher values are obtained in branches 5 and 6 (felt and 

―virtual‖ data). Such results are in good agreement with the observations of 

Albarello et al. (2007), pointing out that ―virtual‖ intensities affect the SHA 

especially in areas where seismic site histories are particularly poor.  

The hazard curves for all branches, at exceedance probability in 50 years (Fig. 

3.7), were obtained taking into account the site intensity (IS) values and the 
 

Table 3.2. Iref, obtained for nine exceedance probabilities (E.P.) in 50 years, for each branch of 

the logic tree site adopted for Catania and Siracusa. 

Catania 

E.P. 0.81 0.63 0.57 0.43 0.34 0.3 0.22 0.18 0.10 

Branch 1 5 6 6 6 7 7 7 7 8 

Branch 2 5 6 6 6 7 7 7 7 8 

Branch 3 6 6 7 7 7 7 7 8 8 

Branch 4 6 6 7 7 7 7 7 8 8 

Branch 5 7 7 7 7 7 7 8 8 8 

Branch 6 7 7 7 7 7 7 8 8 8 

Siracusa 

E.P. 0.81 0.63 0.57 0.43 0.34 0.3 0.22 0.18 0.10 

Branch 1 4 5 5 5 6 6 6 7 8 

Branch 2 4 5 5 5 6 6 6 7 8 

Branch 3 5 6 6 6 6 6 7 7 8 

Branch 4 5 6 6 6 6 6 7 7 8 

Branch 5 6 6 7 7 7 7 7 8 8 

Branch 6 6 6 7 7 7 7 7 8 8 

 

 

Fig. 3.7. Hazard curves in PGAref (upper panels) and IS (MCS) (lower panels) for each branch of 

the logic tree site. 
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corresponding PGAref provided by the code, using the Gomez Capera et al. (2007) 

and the Faccioli and Cauzzi (2006) relationships. The higher values of PGAref and 

IS were obtained when branch 5 of the logic three is followed, whereas lower 

values are observed for branches 1 and 2, both in Catania and Siracusa. 

Table 3.3 summarizes the 16th, 50th, 84th percentiles and the mean values 

obtained by the logic tree for the site approach at nine exceedance probabilities in 

50 years. Figure 3.8 shows the mean and the percentile hazard curves, putting in 

evidence the fact that both PGAref and IS attain slightly higher values in Catania 

rather than in Siracusa.  

 

Table 3.3. Mean, 16th, 50th (median) and 84th percentile values of PGA and IS (MCS) for nine 

exceedance probabilities(E.P.) in 50 years. 

  

   E.P. 

Catania Siracusa 

PGA (g) Intensity (MCS) PGA (g) Intensity (MCS) 

16th 50th 84th Mean 16th 50th 84th Mean 16th 50th 84th Mean 16th 50th 84th Mean 

0.10 0.35 0.38 0.46 0.42 7.6 8.1 8.9 8.4 0.25 0.30 0.33 0.32 7.3 7.9 8.4 8.0 

0.18 0.21 0.26 0.28 0.27 7.2 7.5 8.2 7.8 0.14 0.18 0.24 0.20 7.0 7.2 7.6 7.4 

0.22 0.17 0.22 0.25 0.23 7.1 7.3 7.9 7.6 0.12 0.15 0.21 0.17 6.7 7.0 7.3 7.2 

0.30 0.13 0.18 0.20 0.18 6.9 7.0 7.5 7.3 0.09 0.12 0.17 0.13 6.3 6.7 7.1 6.9 

0.34 0.12 0.16 0.18 0.16 6.8 6.9 7.4 7.2 0.08 0.11 0.15 0.12 6.2 6.6 7.0 6.7 

0.43 0.09 0.13 0.15 0.13 6.5 6.8 7.0 6.9 0.06 0.09 0.13 0.10 6.0 6.3 6.8 6.4 

0.57 0.07 0.09 0.11 0.10 6.1 6.5 6.7 6.5 0.04 0.06 0.09 0.07 5.6 6.0 6.5 6.0 

0.63 0.06 0.08 0.10 0.09 6.0 6.3 6.5 6.3 0.04 0.06 0.08 0.06 5.4 5.9 6.3 5.8 

0.81 0.04 0.05 0.07 0.06 5.4 5.8 6.0 5.8 0.02 0.04 0.05 0.04 4.6 5.4 5.8 5.2 

 

 

Fig. 3.8. Mean, median (50th percentile), 16th and 84th percentiles hazard curves in PGAref (upper 

panels) and IS (MCS) (lower panels) for Catania and Siracusa. 
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Seismic hazard, using the Esteva-Cornell approach, was computed for each 

branch of the logic tree considering rock and soft soils (Fig. 3.9). In Table 3.4, the 

mean and median PGA values obtained for the whole logic tree, as well as for 

SZ4-9 or SZ9 are shown, together with the related uncertainty, quantified through 

the 16th and 84th percentiles.  

 

 

Fig. 3.9. Hazard curves in PGA for each branch of the logic tree for rock (A, B) and soft soil (C, 

D). 

 

The mean, median, 16th and 84th percentiles hazard curves obtained for 

Catania and Siracusa on rock and soft soils, that in other words represent the 

reference hazard estimate, are shown in Figure 3.10. Inspection of the hazard 

curves puts in evidence small differences (±0.03 g) in PGA values. In particular, 

for exceedance probability smaller than 0.43 in 50 years, Catania has a slightly 

higher hazard than Siracusa, which, on the other hand, shows a slightly higher 

hazard for exceedance probability in 50 years greater than 0.43 (Fig. 3.10 and 

Tab. 3.4). Such results are, in my opinion, significantly affected by the location of 

the two towns with respect to the seismic zones considered. Catania is also very 

close to SZ936 that has a high seismicity rate at a relatively small magnitude with 

respect to SZ79 or SZ 935. 
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Table 3.4. Mean, 16th, 50th (median) and 84th percentile values of PGA (g) for rock and for soft 

soil conditions obtained considering the whole logic tree, SZ4-9 and SZ9 seismogenic zonations.   

   E.P. 

CATANIA SIRACUSA 

ROCK SOFT SOIL ROCK SOFT SOIL 

16th 50th 84th Mean 16th 50th 84th Mean 16th 50th 84th Mean 16th 50th 84th Mean 

L
O

G
IC

 T
R

E
E

 

0.10 0.227 0.252 0.300 0.255 0.292 0.327 0.393 0.331 0.243 0.274 0.315 0.271 0.315 0.352 0.393 0.349 

0.18 0.174 0.203 0.231 0.199 0.231 0.260 0.302 0.260 0.193 0.217 0.241 0.213 0.245 0.278 0.301 0.271 

0.22 0.158 0.187 0.216 0.182 0.213 0.240 0.277 0.239 0.178 0.191 0.221 0.194 0.225 0.254 0.275 0.248 

0.30 0.135 0.156 0.193 0.156 0.186 0.213 0.243 0.209 0.146 0.157 0.192 0.163 0.187 0.220 0.241 0.214 

0.34 0.126 0.144 0.179 0.146 0.175 0.199 0.229 0.196 0.133 0.143 0.176 0.149 0.171 0.204 0.227 0.199 

0.43 0.111 0.127 0.154 0.127 0.156 0.175 0.204 0.173 0.111 0.121 0.149 0.126 0.143 0.173 0.201 0.169 

0.57 0.091 0.107 0.122 0.105 0.132 0.145 0.166 0.145 0.086 0.095 0.116 0.098 0.112 0.137 0.160 0.132 

0.63 0.083 0.100 0.111 0.097 0.123 0.134 0.151 0.133 0.074 0.083 0.103 0.086 0.100 0.122 0.144 0.118 

0.81 0.064 0.079 0.085 0.076 0.099 0.107 0.117 0.106 0.049 0.056 0.071 0.059 0.065 0.085 0.107 0.082 

S
Z

4
-9

 

0.10 0.216 0.230 0.251 0.233 0.280 0.298 0.318 0.299 0.246 0.262 0.282 0.263 0.313 0.332 0.355 0.335 

0.18 0.167 0.178 0.202 0.182 0.221 0.236 0.258 0.237 0.189 0.208 0.229 0.209 0.243 0.259 0.285 0.261 

0.22 0.150 0.166 0.181 0.167 0.204 0.217 0.240 0.219 0.174 0.189 0.215 0.191 0.222 0.239 0.264 0.240 

0.30 0.127 0.145 0.155 0.144 0.178 0.190 0.214 0.192 0.145 0.156 0.180 0.160 0.188 0.209 0.234 0.208 

0.34 0.117 0.136 0.145 0.135 0.167 0.179 0.201 0.181 0.133 0.143 0.166 0.147 0.173 0.192 0.222 0.194 

0.43 0.102 0.119 0.129 0.119 0.149 0.159 0.178 0.161 0.112 0.121 0.141 0.125 0.148 0.163 0.196 0.167 

0.57 0.085 0.099 0.109 0.100 0.127 0.135 0.149 0.136 0.086 0.095 0.112 0.098 0.119 0.129 0.154 0.131 

0.63 0.078 0.092 0.101 0.092 0.119 0.125 0.137 0.126 0.075 0.083 0.098 0.086 0.107 0.116 0.138 0.117 

0.81 0.062 0.072 0.081 0.073 0.096 0.101 0.109 0.102 0.050 0.056 0.069 0.059 0.072 0.081 0.099 0.082 

S
Z

9
 

0.10 0.254 0.292 0.356 0.289 0.333 0.389 0.449 0.378 0.246 0.288 0.353 0.284 0.321 0.382 0.444 0.370 

0.18 0.203 0.223 0.266 0.224 0.263 0.298 0.345 0.294 0.196 0.220 0.264 0.220 0.250 0.293 0.341 0.285 

0.22 0.187 0.202 0.236 0.204 0.242 0.272 0.315 0.269 0.180 0.199 0.236 0.199 0.229 0.267 0.312 0.260 

0.30 0.157 0.177 0.195 0.175 0.211 0.236 0.272 0.234 0.148 0.169 0.194 0.166 0.191 0.228 0.270 0.222 

0.34 0.144 0.165 0.183 0.162 0.197 0.221 0.255 0.218 0.134 0.154 0.178 0.152 0.174 0.213 0.253 0.205 

0.43 0.122 0.142 0.156 0.140 0.172 0.194 0.223 0.192 0.112 0.130 0.150 0.128 0.144 0.179 0.216 0.173 

0.57 0.098 0.115 0.128 0.114 0.142 0.159 0.182 0.157 0.086 0.100 0.117 0.098 0.111 0.140 0.171 0.134 

0.63 0.089 0.105 0.117 0.104 0.130 0.145 0.166 0.144 0.074 0.088 0.103 0.086 0.095 0.126 0.154 0.119 

0.81 0.067 0.080 0.090 0.080 0.102 0.112 0.129 0.112 0.049 0.059 0.071 0.058 0.062 0.085 0.111 0.081 

 

The choice of the source zone model for south-eastern Sicily seems to affect 

the hazard computation (Fig. 3.9 and Tab. 3.4) significantly. The trend of the 

Catania hazard curves, referring to the branches of SZ4-9 (see dashed lines in Fig. 

3.9 A, C), points out a lower hazard than that obtained when SZ9 is considered 

(see continuous lines in Fig. 3.9 A, C). As matter of fact the b-values and the 

activity rates () of SZ935 are slightly higher than those obtained for SZ79 (Tab. 

3.1).  The seismogenetic zones was extend (SZ935) to include all seismic data of 

the area, which provides an increase in the hazard estimates and smoothes the 

local differences. On the other hand, the use of small zones, with a minor seismic 

activity (SZ79) can imply a decrease in the hazard assessment. This is the 

consequence of the well known ―hazard spreading effect‖ of the Cornell approach. 

The assumption of homogenous seismicity rates in a seismogenic zone tends, in 

actual fact to ―distribute‖ throughout the entire zone extension, the hazard 

associated to the seismic activity observed in a limited portion (Del Gaudio et al., 

2009). Despite such considerations, the PGA values obtained by considering SZ4-
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9 are not very different from those obtained when SZ9 is taken into account and 

the differences do not exceed ±0.05 g for all considered exceedance probabilities 

in 50 years. 

 

 

Fig. 3.10. Mean, median (50th percentile), 16th and 84th percentiles hazard curves obtained for 

Catania and Siracusa on rock (A, B) and soft soil (C, D). 

 

Moreover, uniform hazard response spectra in acceleration (UHRSA), 

assuming rock-site conditions, were computed at both the Catania and Siracusa 

sites for 11 spectral periods ranging between 0.05 and 2.0 seconds. The mean 

UHRSA for the whole logic tree (Fig. 3.11a, b) were obtained for return periods 

of 475 and 975 years. It is generally found that large magnitude events affect the 

long period portion (>0.5 s) of a UHRSA whereas, small magnitude events affect 

the short-period section of the spectrum (Tselentis et al., 2010). The graphs in 

Figure 3.11 a and b, show a high content at the short period in UHRSA, with 

picks ranging between 0.1-0.3 s.  This indicates that both in Catania and Siracusa, 

the UHRSA are influenced by a great number of earthquakes having moderate 

magnitude and short source-to-site distance. A comparison of the UHRSA with 

the ones of the Italian hazard map (Working Group MPS04, 2004) shows that the 

response spectral accelerations for Catania are smaller than those obtained by the 
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Working Group MPS04, at periods greater than 0.2 s (see dotted lines in Fig. 3.11 

a, b). The UHRSA computed for Siracusa are higher than the response spectra 

acceleration of  Working Group MPS04 (2004) in short periods (<0.40 sec).  

Similarly to Catania, the UHRSA of the Working Group MPS04 (2004) exhibits 

larger values at long periods (>0.4 sec), therefore indicating a greater contribution 

over long periods due to larger magnitude events and to greater source-to-site 

distance. Such a difference, in my opinion, could be related to the fact that in the 

present study, only seismogenic sources located within a distance of about 300 km 

from south-eastern Sicily were considered. A suitable selection of the source zone 

models for south-eastern Sicily strongly influences the UHSRA as well. It is 

indeed evident (Fig. 3.11c and d) that the acceleration response spectra referring 

to SZ9 (full lines) always show PSA values greater than those referring to SZ4-9 

(dashed lines). 

 

 

Fig. 3.11. Mean UHRSA for 475- and 975-year return periods for the whole logic tree, 

corresponding UHRSA obtained by Working Group MPS04 (2004) (a, b) and UHRSA taking into 

account SZ4-9 and SZ9 separately (c, d). 
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The UHRSA gives an appropriate probabilistic representation of the seismic 

action but does not, generally, correspond to the spectrum of a specific 

earthquake. For this reason a disaggregation analysis of the PSHA is necessary 

(Bazzurro and Cornell, 1999). A two dimensional disaggregation in magnitude 

and epicentral distance (Repi) was performed for a 475-year return time. Such 

procedure permits to identify the design earthquake that characterizes the local 

seismic hazard. Similarly to the procedure used for obtaining the hazard curves 

and the response spectra, the disaggregation charts were obtained for the whole 

logic tree, for  SZ4-9 and for SZ9 models (Fig. 3.12a, b). The dominant scenario 

earthquake can be defined using either the mean or the modal value of its 

magnitude (M) and source-to-site distance (Repi) (see Tab. 3.5) coming out from 

the use of the different branches of the logic tree. Using the mean values, although 

they are simple to understand and to compute, not always represent a realistic 

 

 

Fig. 3.12. Disaggregation of the seismic hazard for Catania (a), and Siracusa (b) considering an 

exceedance probability of 10% in 50 years. 
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scenario whereas, the mode corresponds to the M-R group that gives the largest 

contribution to the hazard and, consequently, corresponds to a more realistic 

source (Barani et al., 2009). Inspection of the disaggregation graphs (Fig. 3.12) 

shows that, for all considered models, the major contribution to the dominant 

scenario is given by an earthquake having magnitude M=6.4 and Repi= 22 km. 

Both mean and modal values obtained (see Tab. 3.5) do not show significant 

differences for all models unless the source-distance (Repi) is taken into account. 

The mean values of M and Repi obtained in the present study were compared with 

the ones calculated by the Working Group MPS04 (2004). The results obtained in 

this study are higher than those provided by the Working Group MPS04 both as 

concerns the magnitude (about 0.2 units) and the epicentral distance (about 5 km). 

It is, however, worth noting that as observed by Barani et al. (2009), these results 

show that the attenuation equation used in the hazard computation strongly affects 

the parameters of the dominant scenario earthquake. 

 

Table 3.5. Mean and modal values of magnitude (M) and distance (Repi), obtained by considering 

10% exceedance probability, for SZ4-9, SZ9, for the complete logic tree and mean values found by 

the Working Group MPS04 (2004). 

CATANIA 

SZ4-9 SZ9 LOGIC TREE MPS04 

Mean Modal Mean  Modal Mean Modal Mean Modal 

10% 10% 10% 10% 

M D M D M D M D M D M D M D M D 

5.9 15.7 6.2 14.4 6.2 15.6 6.3 14.4 6.0 15.7 6.3 14.4 5.8 9.3 - - 

SIRACUSA 

SZ4-9 SZ9 LOGIC TREE MPS04 

Mean Modal Mean Moda Mean Modal Mean Modal 

10% 10% 10% 10% 

M D M D M D M D M D M D M D M D 

6.2 18.8 6.4 19.1 6.1 16.7 6.4 16.9 6.2 18.0 6.4 18.2 5.9 11.4 - - 



 

 

 

Chapter IV 

 

Seismic Urban Scenario and Seismic Site Response in Catania, Italy 

 

 

4.1. Issues of the chapter 

The town of Catania is located in the eastern coast of Sicily (southern Italy) to 

the south of Mt. Etna. The high level of seismicity that affects the city, together 

with the considerably high density of inhabitants living in its urban area, 

contributed to classify it as one of the town having the highest seismic risk in 

Italy. It is also not negligible the high potential damage to which its historic-

architectural patrimony could undergo even at moderate to small magnitudes. The 

seismicity of this area is linked to the collisional processes between African and  

European plates. In particular, the earthquakes occurred in 1169, 1542, 1693, 

1818, 1908 and more recently in 1990, having intensity ranging between VI and 

XI MCS scale (Working Group MPS, 2004) testify the high level of hazard in this 

area. The information on damage distribution during the past earthquakes is 

available for downtown Catania only. In the past 20 years residential areas were 

erected in the northern and southern parts of the town. It is therefore evident the 

importance of evaluating the local seismic effects in the whole Catania area 

assessing the ground motion amplification and damage distribution during 

earthquakes having different magnitude and source-to-site distance. A reliable 

evaluation of ground motion requires the analysis of the following three 

fundamental steps: seismic radiation released by the source; path and attenuation 

effects in the wave propagation from the source to the city; local effects linked to 

elastic and anelastic properties of soil deposits interposed between the bedrock 

and the ―receivers‖ at the ground surface. Most of the researches about the seismic 

response of the Catania area were performed in the frame of two national research 

projects (see Faccioli and Pessina, 2000; Mucciarelli and Pacor, 2007). Seismic 
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sources in eastern Sicily were studied by several authors who estimated, also 

through numerical simulations, potential shaking parameters for different 

earthquake inputs (Langer et al., 1999; Zollo et al., 1999; Azzaro and Barbano, 

2000; Barbano and Rigano, 2001; Laurenzano et al., 2004; Laurenzano and 

Priolo, 2005). As regards the evaluation of the seismic input at the bedrock, taking 

into account both the source features of a scenario earthquake and the attenuation, 

studies were carried out by De Lorenzo et al. (2004), Giampiccolo et al. (2002, 

2003, 2004). A significant improvement to the knowledge of the seismotectonic 

setting in south-eastern Sicily was achieved by the analysis of the 13 December 

1990 earthquake and its aftershocks. These events are, indeed, the first digital set 

of seismic data for the area, therefore allowing investigations on the spectral 

source parameters and the estimate of attenuation and seismic scaling laws in 

south-eastern Sicily (Amato et al., 1995; Di Bona et al., 1995; Giardini et al., 

1995; Scognamiglio et al., 2005). As a result of all these studies, reference 

seismic inputs at the bedrock were assessed and both the 1693 and 1818 shocks 

were taken into account as reliable scenario earthquakes for modelling seismic 

inputs in the Catania area (Laurenzano et al., 2004; Lombardo et al., 2004). The 

estimate of ground motion features at the surface was performed using numerical 

modeling as well as noise measurements. In particular, Biondi and Maugeri 

(2005), Lombardo et al., (2004, 2006), Catalano et al., (2005), Lombardo and 

Rigano (2007) evaluated the local seismic response in test sectors of the urban 

area, whereas preliminary estimates of site response in the whole Catania area 

were obtained by Giampiccolo et al., (2001), Lombardo et al., (2001), Priolo et 

al., (2005). Further investigations on the local effects due to fault zones (Rigano et 

al., 2008) as well as to natural cavities (Lombardo and Rigano, 2009; Lanzo et al., 

2006; Sgarlato et al., 2011) have been recently performed and others are still in 

progress. All these studies, besides identifying the coarse features of the elements 

needed to assess the seismic hazard of the area, have focused their attention on 

some modelling of geological site conditions and interpreting ambient noise 

recordings. Nevertheless, studies so far performed do not consider exhaustively 

the complexity of phenomena causing site amplification. The contribution of 
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topographic effects and the existence, in the sedimentary deposits, of engravings 

filled up by quaternary and historic lava flows, are often neglected. Moreover, 

none of the afore mentioned studies carried out a comparison and validation of 

obtained results with findings coming from earthquake recordings. Present study 

therefore aims at dealing with such aspect combining numerical and experimental 

approaches as well, in order to validate the findings so far obtained. 

 

4.2. Tectonic features and geologic setting of Catania 

At regional scale, the tectonics of Eastern Sicily is quite complex. 

Seismotectonic information and interpretations available for south-eastern Sicily 

suggest the existence of two groups of possible sources for the seismicity that 

affected the town of Catania in different time. The sources are located either close 

to the Ionian coast (Messina Straits and Malta-Hyblean escarpment), or inland, 

both in the Hyblean foreland and Etnean areas (Fig. 4.1). The Malta-Hyblean 

escarpment, a normal fault system trending NNW-SSE, is in particular considered 

(Azzaro and Barbano, 2000) as the possible source of the destructive earthquakes 

(M ≈ 7.0) that struck in past centuries the Catania area. 

The geo-lithologic map of the Catania urban area is shown in Fig. 4.1. It is the 

result of assembling information coming from data and surveys performed by 

several authors (Monaco and Tortorici, 1999; Monaco et al., 2000; Lombardo et 

al., 2001; Carbone et al., 2009). The surface geology of the town derives from the 

combination of three processes linked to the volcanic, tectonic and human 

activities. As a consequence of this, the main feature of the area is a complex 

sedimentary sequence interbedded between a clay basement and an upper volcanic 

formation with lava flows and pyroclastics that sometimes is surmounted by 

detritus and ruins due to past earthquakes. The bedrock of the area is composed of 

a Lower-Middle Pleistocene succession of marly clays, having thickness up to 

about 600 m. In the upper part of this succession, levels of sand and sandy clays 

are frequently present. These deposits are indeed followed upwards by some tens 

meters of fluvial-deltaic yellowish sandy clay, sand and coarse gravel, referred to 

the Middle Pleistocene, called “Terreforti” formation.  This  formation  is alluvial 
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Fig. 4.1. Geolithologic map of Catania urban area . The inset map shows the main structural 

features in Eastern Sicily (modified from Lavecchia et al., 2007 and Galadini et al., 2001) and the 

location of the considered scenario earthquakes. 
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deposits (Middle Pleistocene—Holocene), that outcrop in some places in the 

northern and western part of the urban area, and are characterized by several 

meters thick sands, gravels and silty clays. Recent alluvial deposits (Holocene) 

formed by levels of sands, silt and sometimes gravelly sands, outcrop in the 

southern part of the urban area and pertain to the Simeto river plain. Such deposits 

grade upwards to Holocene coastal sand deposits. However, the lithotype more 

frequently cropping out in the study area is the basaltic lava that in pre-historical 

and historical times flowed onto the valleys originally existing in the sedimentary 

formations. The flows have an  extremely variable thickness and often are formed 

by alternating levels of massive lava and more or less weathered scoriae. Finally, 

in several parts of the historic centre, discard building materials, having thickness 

up to ten–fifteen meters, mostly resulting from ruins due to historical earthquakes, 

are present. These materials were not distinguished from the slope detritus in the 

geo-lithologic map of  Fig. 4.1. 

 

4.3.  Methodology 

The evaluation of local seismic response was performed by combining a 

numerical approach with experimental observations. The numerical study was 

carried out using equivalent-linear earthquake site response analyses (EERA, 

Bardet, 2000). This code requires: (a) simplified geological model to individuate 

macro-layers, down to the bedrock; (b) shear wave velocity profile for the elastic 

properties of the macro-layers and bedrock; (c) the shear strain (γ ) non linearity 

of the shear modulus G and damping ratio D of macro-layers and bedrock. 

Moreover, a reference earthquake has to be chosen. In this study, based on the 

seismic history of Catania (Azzaro et al., 1999), three scenarios earthquakes were 

selected as examples of destructive (return period ≈500 years), strong (return 

period ≈200–250 years) and moderate (return period ≈ 50–60 years) inputs for 

hazard evaluation. Table 4.1 lists the parameters of the 1693, 1818 and 1990 

earthquakes that were selected as representative of a destructive, strong and 

moderate scenario, respectively. The Malta-Hyblean escarpment was considered 

as the seismic source for both 1693 and 1990 earthquakes. As regards the 1693 
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earthquake, in particular, the seismic source was selected according to recent 

studies based on the results coming from seismic prospecting at sea and to 

tsunami modeling which suggest the rupture of a segment of the Malta-Hyblean 

fault escarpment (Gerardi et al., 2008; Brancato et al., 2009). The Sicilian basal 

 

Table 4.1. Features of scenario earthquakes; h = hypocentral depth; MW = moment magnitude. 

Epicentral distance (Repi), hypocentral distance (Rhyp), focal mechanism and fault strike were taken 

from studies quoted in the reference column. 

 

Earthquake 
h* 

(Km) 
MW** 

Repi 

(Km) 

Rhyp 

(Km) 

Focal 

Mechanism 

Fault 

Strike 
Reference 

1990-Dec-13 13 5.68 25 28.18 Strike slip E-W Amato et al., 1995 

1818-Feb-20 13 6.20 12 17.69 Thrust 
ENE-
WSW 

La Vecchia et al., 2007 

1693-Jan-11 13 7.00 15 19.85 Normal fault 
NNW-

SSE 
Priolo, 1999 

*Working Group MPS, 2004; **Working Group CPTI, 2004 

 

thrust was considered as the possible source for the 1818 earthquake, as stated by 

Lavecchia et al. (2007), through the analysis of structural and geophysical data 

(see epicentre locations in Fig. 4.1). The magnitude (MW), the hypocentre distance 

(Rhyp) and the focal mechanism (Table 4.1) stand for the input of the Cauzzi and 

Faccioli (2008) attenuation law in order to define the target spectra. The authors 

calibrated this attenuation law using intraplate events, focal depth within about 22 

km and moment magnitude ranging from 5.0 to 7.2. Such features are consistent 

with the seismic activity of the Italian region. The authors derived an empirical 

equation for the prediction of displacement response spectra (DRS) in the range 

0.05–20 s, considering the geometric mean of the horizontal components of 

motion at a given period. The empirical equation for the prediction of the DRS 

ordinates, considering an outcropping bedrock and the focal mechanism, was 

taken in the form:  

                                                    (4.1) 

where ai (i = 1. . .S) are the numerical coefficients depending on the period (T) 

and the damping ratio (  ) to be determined through regressions, R is the focal 

distance in km, Ex (x = N, R, S) are dummy variables for normal, reverse, and 
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strike-slip fault mechanisms, respectively, and ε denotes a random error term. 

Using the relation: 

           
  

 
 
 

                  (4.2) 

pseudo-acceleration spectra (PSA) were obtained. The PSA and the spectral 

acceleration (Sa) were found by the authors to be substantially coincident in the 

range 0.05–10 s. Seven strong motion accelerograms, for each considered 

scenario, were selected from the European Strong Motion Database (Ambraseys 

et al., 2002) through the REXEL code (Iervolino et al., 2010) (see Fig. 4.2). 

 

 

Fig. 4.2. Compatible combination of accelerograms found for the considered scenarios; upper 

panel refers to the destructive scenario (1693), middle and lower panels refer to strong (1818) and 

moderate (1990) scenarios, respectively. 
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The use of real seismic inputs was preferred to synthetic ones since the basic 

problem with spectrum-compatible artificial records is that they have an excessive 

number of cycles of strong motion and consequently they possess unreasonably 

high energy content (Bommer and Acevedo, 2004). According to Cauzzi and 

Faccioli (2008) a scaling factor of 1/Rhyp was adopted to correct the peak ground 

acceleration (PGAref) and the spectral acceleration (Sag(ref)), obtained at the 

bedrock through parameters reported in Table 4.1. This procedure allowed to 

scale the selected accelerograms at each site. The elastic parameters of main 

geological formations coming out as a result of the ―Catania Project‖ of CNR-

GNDT (Faccioli and Pessina, 2000) were used in order to model the input 

stratigraphic sequence (Table 4.2). Experimental curves of the shear modulus 

reduction (G) and the material damping (D) as a function of shear strain (γ ) are 

shown in Fig. 4.3. They were taken from Carrubba and Maugeri (1988) for 

cohesive soils (clay) and from Cavallaro et al. (2001) for weathered lava and non 

cohesive soils (sand). As regards the compact lava, strain-dependent damping and 

shear modulus degradation curves were taken from Seed and Idriss (1970), 

 

Table 4.2. Elastic parameters of main geological formations in the Catania area. The acronyms in 

the first column refer to the soil deposits listed in the legend of Fig. 1: MC=Marly Clay; 

Y=Yellowish sandy clay, sand and coarse gravel; AT=Alluvial and terraced deposit; L=Lava 

deposit; S=Sand; D=Discard material and detritus. 

  Lithotype  (Kg/m
3
) VP (m/s) VS (m/s)  Q (s-1) 

MC Marly Clay  2000 1235 650 0.308 35 

Y 

Sandy Clay 1950 490 250 0.324 15-20 

Coarse Sand and Gravel  2000 2000 450 0.31 20 

Gravelly Sand/Sandy Clay 1940 640 330 0.319 22 

AT 
Fine Alluvial deposits 1900 370 190 0.321 15 

Coarse Alluvial deposits 1850 408 210 0.32 12 

S Beach deposits (Sand) 1830 430 220 0.323 12 

L 

Massive Lava 2300 2300 1000 0.249 50-100 

Scoriaceous/fractured Lava 1800 1800 230 0.267 15 

Pyroclastics  1700 1700 300 0.288 30 

Massive/Scoriaceous Lava 1950 750 400 0.301 20 

D Discard material - Detritus 1800 1800 210 0.31 12 
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according to Bessason and Kaynia (2002) that estimated site amplification in lava 

rock on soft sediments sites. The local seismic response with EERA was 

calculated in 194 sites randomly distributed in the Catania urban area. The 

stratigraphy of selected sites was inferred from data of the ―Catania Project‖ 

 

 

Fig. 4.3. Behavior of shear modulus, G, and damping factor, D, dependent on shear strain, γ used 

in this study. 

 

dataset. The most representative of main lithotypes as well as those drilled to a 

depth reaching the bedrock were selected from a dataset formed by 860 boreholes. 

The EERA code provides as output results the PGA values, at different depth, and 

both the theoretical transfer function and the response spectra. The iso-

acceleration maps for the considered scenarios were drawn using the computed 

value of PGA and acceleration spectra at the 5% critical damping, for the periods 

0.2, 0.5 and 1.0 s, at the surface (Figs. 4.4, 4.5 and 4.6). The above mentioned 

periods were selected since they represent the range of natural periods commonly   

observed   for   2–3  storeys  up  to  tall  buildings  (about  10 storeys). 
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Fig. 4.4. Contour of PGA and ground motion distribution in term of acceleration response 

spectral ordinates at 0.2 sec, 0.5 sec and 1 sec period, 5% damping, obtained for a destructive 

scenario (1693 earthquake). 

 

Further maps were drawn in order to summarize the local amplifications, 

considering three classes of increments and decrements with respect to PGAref  and 

Sag(ref) (Fig. 4.7). Statistical analysis shows that the probability distribution of 

ground-motion spectral acceleration at individual periods can be well 

approximated by log-normal distributions (e.g. Wang 2010). These maps were 

therefore obtained by calculating the log-normal mean deviations, at each site, for 

the three considered scenarios. The contouring of all maps was performed through 

the Kriging algorithm. It is a widely adopted geo-statistical gridding method that  

produces   reliable   maps   from   irregularly   spaced   data.   Since  for  a  correct 



Approaches to earthquake scenarios validation using seismic site response Chapter IV 

 

60 
 

 

Fig. 4.5. Contour of PGA and ground motion distribution in term of acceleration response 

spectral ordinates at 0.2 sec,0.5 sec and 1 sec period, 5% damping, obtained for a strong scenario 

(1818 earthquake). 

 

application of Kriging an appropriate variogram model has to be defined, the 

Variowin software (Pannatier 1996) was used for estimating the variogram 

parameters ruling the contouring procedure. Moreover, in the frame of a 

collaboration between researchers of the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) of Rome and of the Department of Geological Science of 

the University of Catania, ten sites were instrumented with broad-band 

seismometers (Fig. 4.1). Stations were located taking into account the outcropping 

lithology and the logistics facilities. The stations were deployed in groups of four 

that  were  simultaneously  recording  for  some  months.  The  area  was  however 
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Fig. 4.6. Contour of PGA and ground motion distribution in term of acceleration response 

spectral ordinates at 0.2 sec, 0.5 sec and 1 sec period, 5% damping, obtained for a moderate 

scenario (1990 earthquake). 

 

monitored for about 2 years and half, from 1999 till 2001. A set of about 850 local 

and regional seismic events was collected for data processing through different 

experimental techniques. The location and magnitude of recorded events was 

taken from the INGV bulletin. The signal-to-noise ratio, in a 10 s time window 

close to the S-waves onset, was calculated for the whole set of recorded 

earthquakes. In order to select good quality events, only those having a ratio 

greater than three, in the frequency band 0.5–10 Hz, were taken into account. The 

considered interval (0.5–10 Hz) accounts for the frequency boundaries which are 

significant for engineering purposes. The 172 seismic events that went through the 
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Fig. 4.7. Map of increments/decrements with respect to the reference peak ground acceleration 

(PGAref) and acceleration response spectral ordinates at 0.2 sec, 0.5 sec and 1 sec period, 5% 

damping (Sag(ref)) at the bedrock obtained for the three considered scenarios. 

 

above mentioned selection (Table 4.3), were processed using the standard spectral 

ratio (SSR) and earthquake‘s horizontal to vertical spectral ratio (HVSR). Time 

windows of 10 s, starting from S-waves onset, were considered and both a base-

line correction and a high pass filter (>0.05Hz) were used in order to remove 

spurious offsets and low-frequency trends. The signals were cosine-tapered before 

using the FFT algorithm. Spectra obtained were smoothed with a 0.15 Hz running 

frequency box. Finally, all the spectral ratios obtained at each site, were averaged 

in order to get the mean spectral ratio in the NS and EW component of motion.  
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Table 4.3. List of selected events recorded at each seismic station located in the geolithologic 

map; MD = duration magnitude. 

# yy-mm-dd hh/mm Lat. N Long. E Depth (Km) MD CITT  FERL GENI LIBR MINO MUNI POLI PROC UNIV ZILI 

1 1999/02/08 19:24 37.66 14.99 5 2.7 *             * *   

2 1999/02/08 21:06 37.65 14.98 10 2.3 *                   

3 1999/02/09 05:24 37.66 14.99 10 2.6 *             *     

4 1999/02/13 22:58 38.19 15.02 10 3.3 *               *   

5 1999/02/14 06:23 38.15 15.05 7 3.0 *             * *   

6 1999/02/14 11:45 38.09 15.06 9 4.3 *             * *   

7 1999/02/14 15:10 38.21 15.03 7 3.3 *               *   

8 1999/02/14 15:43 38.17 15.04 12 3.2 *                   

9 1999/02/16 08:54 37.59 15.11 10 2.4 *             * *   

10 1999/02/16 10:29 37.61 15.16 10 2.1 *             * *   

11 1999/02/16 10:34 37.60 15.13 10 2.6 *               *   

12 1999/02/16 10:36 37.63 15.09 10 2.8 *                   

14 1999/02/16 10:58 37.62 15.10 10 2.5 *               *   

16 1999/03/09 00:17 37.77 14.92 5 2.4               *     

17 1999/03/12 01:50 37.93 14.11 12 2.6               *     

18 1999/03/18 10:47 37.75 15.09 6 3.1               *     

19 1999/05/23 11:53 37.90 14.99 4 3.3 * *         *   *   

20 1999/05/23 12:33 37.68 14.99 5 2.8 *           *       

21 1999/05/24 02:50 37.76 14.55 16 2.7 *                   

22 1999/06/02 10:37 38.50 14.08 21 4.0 * *         *   *   

23 1999/06/02 11:52 38.56 14.01 11 3.8 *                   

24 1999/06/02 11:56 38.55 13.99 7 3.8 *                   

25 1999/06/02 18:14 37.70 14.96 5 2.8 *                   

26 1999/06/07 03:37 38.55 14.17 18 3.5 *                   

27 1999/06/13 17:46 37.79 15.96 44 3.2 * *         *   *   

28 1999/06/13 18:10 37.72 15.12 3 2.8 *           *       

29 1999/06/14 20:36 37.29 15.00 10 2.1 *           *       

30 1999/06/20 23:06 37.67 15.01 6 2.7 *           *   *   

31 1999/06/22 04:11 37.68 14.95 10 2.5 *           *       

32 1999/07/02 22:40 37.68 14.95 10 2.4 *                   

33 1999/08/21 01:38 37.75 15.16 10 3.3 * *         *       

34 1999/08/26 08:50 37.79 15.15 10 3.3 *           *       

35 1999/08/26 08:56 37.78 15.16 10 3.2 *           *       

36 1999/09/16 13:23 37.58 14.92 5 2.7 *           *       

37 1999/09/20 06:57 38.42 15.65 173 3.4 * *         *       

38 1999/09/24 04:57 37.74 15.13 10 2.5 *                   

39 1999/09/25 00:51 38.57 16.62 26 3.6 *                   

40 1999/09/27 20:46 38.64 16.43 24 3.6 *                   

41 1999/09/28 10:55 37.72 14.95 10 2.5 *                   

42 1999/09/30 14:52 37.73 15.18 4 2.9 *           *       

43 1999/10/01 07:27 37.76 15.20 10 2.7 *           *       

44 1999/10/12 01:21 37.70 15.01 5 2.9 *           *       

45 1999/10/12 01:56 37.69 15.01 5 2.8 *           *   *   

46 1999/10/12 03:27 37.70 15.00 5 2.8 *           *   *   
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# yy-mm-dd hh/mm Lat. N Long. E Depth (Km) MD CITT  FERL GENI LIBR MINO MUNI POLI PROC UNIV ZILI 

47 1999/10/12 04:59 37.69 15.02 5 2.8 *           *       

48 1999/10/21 10:40 37.48 14.92 5 3.0                 *   

49 1999/12/26 14:19 37.67 15.18 5 3.0 *               *   

50 1999/12/27 04:54 38.41 14.24 10 3.3 *               *   

51 2000/12/06 06:13 37.79 15.14 3 2.6     * * *         * 

52 2000/12/27 20:57 37.55 14.95 5 3.2     * * *         * 

53 2001/01/04 22:20 38.73 14.95 356 3.5     * *         * * 

54 2001/01/08 14:33 37.78 14.93 5 3.0     * *             

55 2001/01/09 02:51 37.67 15.13 5 3.3     * * *         * 

56 2001/01/09 03:32 37.67 15.13 5 2.7     * * *         * 

57 2001/01/09 04:31 37.66 15.17 5 2.8     * * *         * 

58 2001/01/23 16:55 37.13 15.33 15 3.3     * * *       * * 

59 2001/01/26 08:20 37.75 14.98 10 2.8     * *         * * 

60 2001/01/26 08:20 37.73 14.99 5 3.2     * *         * * 

61 2001/01/28 14:40 37.53 15.28 10 2.3     * *         * * 

62 2001/02/10 17:46 37.16 14.99 12 2.1                   * 

63 2001/02/24 01:23 37.72 14.98 5 2.8     * *         * * 

64 2001/03/07 17:20 37.89 14.87 27 2.9                   * 

65 2001/03/27 18:12 37.78 15.14 5 2.5                   * 

66 2001/03/30 18:40 37.69 15.06 5 2.8     *           *   

67 2001/04/06 07:52 37.74 15.12 5 2.6                 *   

68 2001/04/18 17:35 37.73 15.01 5 3.0                 *   

69 2001/04/22 13:56 37.70 15.02 5 3.5                 *   

70 2001/04/23 00:36 37.71 15.01 5 2.9                 *   

71 2001/04/23 22:26 37.73 14.99 5 2.4     *               

72 2001/04/24 04:03 37.71 15.02 5 2.8     *           *   

73 2001/04/25 19:33 37.72 15.10 2 3.0     *           * * 

74 2001/04/27 21:08 37.71 15.02 7 2.4     *           *   

75 2001/04/27 21:09 37.70 15.10 5 3.1     *           * * 

76 2001/04/29 20:00 37.77 14.96 11 3.1     *           * * 

77 2001/05/03 21:41 37.59 15.03 5 3.3     *   *       *   

78 2001/05/03 21:46 37.62 15.01 10 2.8     *   *       *   

79 2001/05/04 04:42 37.61 15.11 10 3.0     *   *       *   

80 2001/05/07 20:07 37.79 14.98 8 2.4     *               

81 2001/05/08 03:52 38.14 14.91 9 3.3     *               

82 2001/05/19 16:15 37.76 14.89 14 3.0     *   *       *   

83 2001/05/19 20:47 37.74 14.92 9 2.9     *   *       *   

84 2001/05/20 20:08 37.74 14.92 5 2.9     *               

85 2001/05/26 06:02 37.45 16.05 13 3.6     *   *       *   

86 2001/06/09 17:50 37.73 15.20 5 2.9     *               

87 2001/06/21 01:26 37.75 14.72 9 2.6     *           *   

88 2001/07/08 06:29 38.52 16.79 48 3.3     *               

89 2001/07/12 22:45 37.62 15.17 5 2.7     *           *   

90 2001/07/13 00:09 37.77 15.05 5 2.8     *               

91 2001/07/13 01:30 37.67 15.09 5 2.5     *           *   

92 2001/07/13 01:36 37.64 15.13 5 2.7     *           *   

93 2001/07/13 01:39 37.65 15.03 5 2.4     *               
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# yy-mm-dd hh/mm Lat. N Long. E Depth (Km) MD CITT  FERL GENI LIBR MINO MUNI POLI PROC UNIV ZILI 

94 2001/07/13 02:51 37.51 15.17 5 2.5     *               

95 2001/07/13 03:12 37.65 15.11 5 4.0     *           *   

96 2001/07/13 03:15 37.67 15.01 5 3.9     *           *   

97 2001/07/13 03:24 37.66 15.04 5 2.5     *               

98 2001/07/13 04:34 37.66 15.09 5 2.8     *           *   

99 2001/07/13 04:46 37.68 15.06 5 2.9     *           *   

100 2001/07/13 04:49 37.66 15.11 5 2.7     *           *   

101 2001/07/13 04:56 37.68 15.06 5 3.3     *           *   

102 2001/07/13 05:11 37.66 15.06 5 3.2     *           *   

103 2001/07/13 05:25 37.69 15.13 5 3.0     *           *   

104 2001/07/13 05:49 37.64 15.08 5 2.6     *               

105 2001/07/13 11:55 37.66 15.09 5 2.6     *               

106 2001/07/13 12:33 37.66 15.11 5 3.0     *           *   

107 2001/07/14 01:20 37.68 15.05 5 2.6     *               

108 2001/07/14 03:04 37.65 15.10 5 3.0     *           *   

109 2001/07/14 04:19 37.67 14.99 5 3.0     *           *   

110 2001/07/14 04:41 37.65 15.00 5 2.7     *               

111 2001/07/14 04:47 37.64 15.01 5 2.9     *           *   

112 2001/07/14 05:53 37.63 15.02 5 3.3     *           *   

113 2001/07/14 07:38 37.66 15.09 5 3.1     *           *   

114 2001/07/14 08:54 37.65 15.15 5 2.8     *               

115 2001/07/14 08:57 37.63 15.09 5 2.5     *               

116 2001/07/14 10:42 37.52 15.04 5 2.9     *           *   

117 2001/07/14 13:36 37.67 15.03 5 3.0     *           *   

118 2001/07/14 16:52 37.67 15.10 5 2.7     *           *   

119 2001/07/14 18:50 37.64 14.98 5 2.7     *           *   

120 2001/07/15 00:09 37.84 15.01 5 2.7     *           *   

121 2001/07/15 07:45 37.69 15.05 5 3.6     *           *   

122 2001/07/15 08:06 37.72 15.07 5 2.9     *           *   

123 2001/07/15 09:00 37.70 14.93 5 3.3     *           *   

124 2001/07/15 13:25 37.84 15.15 4 3.1     *           *   

125 2001/07/15 15:02 37.65 15.05 5 2.9     *           *   

126 2001/07/15 23:38 37.68 15.12 5 2.5     *               

127 2001/07/16 00:37 37.83 14.98 5 2.8     *           *   

128 2001/07/16 02:44 37.68 15.12 5 2.9     *           *   

129 2001/07/16 04:00 37.67 15.04 5 2.8     *           *   

130 2001/07/16 07:27 37.71 15.08 5 2.8     *               

131 2001/07/16 09:24 37.76 15.09 5 3.2     *               

132 2001/07/16 15:08 37.47 15.12 10 2.9     *               

133 2001/07/16 17:04 37.68 15.14 5 3.4     *               

134 2001/07/16 20:27 37.67 15.05 5 3.2     *               

135 2001/07/16 23:19 37.67 15.03 5 3.3     *               

136 2001/07/17 00:59 37.63 15.13 5 2.8     *               

137 2001/07/17 02:39 37.64 15.09 5 2.5     *               

138 2001/07/17 05:33 37.67 15.05 5 3.5     *               

139 2001/07/17 08:25 37.54 14.94 5 2.6     *               

140 2001/07/17 10:08 37.89 15.00 5 2.6     *               
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# yy-mm-dd hh/mm Lat. N Long. E Depth (Km) MD CITT  FERL GENI LIBR MINO MUNI POLI PROC UNIV ZILI 

141 2001/07/17 13:46 37.73 15.17 5 2.6     *               

142 2001/07/18 20:00 37.71 14.92 5 2.7     *               

143 2001/07/18 21:38 37.67 14.88 5 2.7     *               

144 2001/07/22 12:32 37.63 15.11 5 3.2     *           *   

145 2001/07/23 20:42 37.61 15.04 10 2.4     *           *   

146 2001/07/31 18:47 38.49 15.16 6 3.5     *           *   

147 2001/08/17 03:15 38.34 14.73 232 3.1                 *   

148 2001/08/20 22:44 37.67 15.13 5 3.4                 *   

149 2001/09/14 18:53 37.52 16.11 17 3.4           *     *   

150 2001/10/05 13:29 37.24 15.8 10 3                 *   

151 2001/10/15 20:44 37.58 15.17 5 2.6                 *   

152 2001/10/18 11:02 39.26 16.28 5 3.6                 *   

153 2001/10/18 18:08 38.49 15.13 246 3.7                 *   

154 2001/10/26 05:38 37.59 15.18 5 2.7                 *   

155 2001/10/28 09:03 37.59 15.17 5 3.7           *     *   

156 2001/10/28 11:00 37.62 15.19 10 2.4                 *   

157 2001/10/28 15:05 37.61 15.14 5 3.3           *     *   

158 2001/10/31 22:06 37.61 15.18 5 2.5                 *   

159 2001/10/31 23:44 37.62 15.14 5 2.5                 *   

160 2001/11/01 02:46 37.74 14.66 21 2.5                     

161 2001/11/03 14:53 37.75 14.73 6 2.7                     

162 2001/11/03 18:29 37.76 14.76 12 2.6                     

163 2001/11/05 10:17 37.12 14.77 19 2.7                   * 

164 2001/11/25 18:26 37.81 13.95 7 3.3                   * 

165 2001/11/25 19:33 37.76 13.98 1 4           *       * 

166 2001/11/28 10:43 37.79 13.95 5 3.5                   * 

167 2001/11/29 16:36 37.92 14.9 27 2.4                   * 

168 2001/12/02 04:08 37.41 16.53 14 3.2           *         

169 2001/12/07 04:05 37.2 16.71 100 2.8                 *   

170 2001/12/12 11:06 37.6 15.16 10 2.5                 *   

171 2001/12/22 10:42 37.85 14.72 26 2.6                 *   

172 2001/12/26 08:43 37.78 16.11 49 2.9                 *   

Total number of seismic event for each stations 44 5 89 12 12 5 19 9 90 22 

 

The analysis of the modifications to which the seismic input undergoes, when 

it propagates from the bedrock to the surface through the shallower deposits, was 

performed, in the frequency domain, using the SSR and HVSR approaches. The 

SSR technique (Borcherdt, 1970) consists in computing the Fourier‘s spectral 

ratio of the same seismic waves simultaneously recorded by the horizontal 

components of two seismic stations, one of which is located on a bedrock outcrop. 

The earthquake‘s HVSR, or receiver function technique, do not need a reference 

station and consists in the computation of the spectral ratio between horizontal 

and vertical components of motion recorded at one seismic station only (Lermo 
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and Chavez-Garcia, 1993). The correct use of the SSR technique implies that the 

distance (d) between test and reference sites has to be significantly smaller than 

the epicentral distance. Steidl et al. (1996) demonstrated that a distance d of about 

20 km can be considered acceptable, providing that regional events are taken into 

account. In this study, all seismic stations have d less than 5 km from the 

reference site, except station FERL (d ≈ 9Km). However, only regional events, 

having their source located at about 150–200 km from Catania, were used in 

evaluating the standard spectral ratio at FERL. The station UNIV, which was 

installed on a 30 m thick compact lava rock overlaying the marly clays formation 

that can be considered as the bedrock in the Catania area, was selected as 

reference site (Fig. 4.8). According to Steidl et al. (1996), the features of the 

reference site were tested performing the Fourier spectral analysis of the 

horizontal components as well as the HVSR spectral ratio. Figure 8a shows that 

in the frequency band 0.5–10 Hz the Fourier spectrum  of  a  sample  earthquake  

is  free  from  both  spectral  holes and peaks, and the average HVSR, obtained  by 

 

Fig. 4.8. Litho-stratigraphic sequence at the reference station UNIV with an example of Fourier 

spectrum (a), HVSR (b) and theoretical transfer function (c). 
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91 seismic events, shows no significant amplification (Fig. 4.8b). A further 

validation of this choice comes out from the average of all the theoretical transfer 

functions obtained through the EERA numerical code for all considered scenarios 

(Fig. 4.8c). According to these results, only peaks having amplitude greater than 3 

units in the HVSRs were considered as significant for local seismic effects. 

 

4.4. Results and discussion 

T he local seismic response in Catania was evaluated through the EERA 

software using several borehole data although their distribution do not spreads 

homogeneously over the study area. The obtained maps show the contouring of 

PGA and Sag at the 5% critical damping, for the periods 0.2, 0.5  and 1.0 sec, 

values (Figures 4.4 to 4.7) that are in good agreement with results of various 

authors (Langer et al., 1999; Priolo, 1999; Zollo et al., 1999; Laurenzano et al., 

2004) which evaluated the local response in Catania area through numerical 

approaches based on synthetic seismic inputs.  

The PGA distribution obtained for destructive scenario shows values ranging 

between 0.16-0.50 g (Fig. 4.4) whereas, PGA values ranging in the intervals 0.12-

0.44 g and 0.02-0.10 g, are observed for strong and moderate scenarios, 

respectively (Figs. 4.5 and 4.6). It is worth noting that the site-to-source distance 

strongly affects the PGA values. The destructive and the strong reference shocks 

used in the present study have epicentral distance of about 15 Km and 12 Km, 

respectively, from downtown Catania (see Tab. 4.1). This implies that the 

obtained values of PGA are sometimes comparable (Fig. 4.9), although the 

difference of magnitude is high (Mw=7.0 for the destructive event and Mw=6.2 for 

the strong one). However, the accelerogram of the 1990 earthquake, recorded on 

the Catania alluvial plane, showed a PGA of 0.21 g (Working group ITACA, 

2008). Such a value, although is far greater than that obtained through EERA 1-D 

numerical modelling (0.06-0.10 g), could be explained as linked to the existence 

of 2D or 3D site response effects connected to the complexity in the alluvial 

deposits. Although  instrumental  records  of  seismic  events  having  a magnitude  
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Fig. 4.9. PGA values and Sag ordinates at 0.2 sec, 0.5 sec and 1.0 sec period, 5% damping (left 

column). PGA to PGAref ratio and Sag to Sag(ref) (right column) obtained at each borehole site; 

black circles, gray squares and light gray triangles, respectively refers to destructive, strong and 

moderate scenario earthquakes. 
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comparable with that of 1818 and 1693 shocks are not available, the above 

mentioned PGA estimates suggest that, in the Catania area, the shaking level 

might be greater than that obtained in a theoretical approach. 

Peak spectral acceleration, for considered periods, varies from 1.37 to 0.17 g 

for destructive scenarios (Fig. 4.4), 1.10 to 0.07 g for strong scenarios (Fig. 4.5) 

and 0.20 to 0.01 g for moderate scenarios (Fig. 4.6). Spectral acceleration 

response values appear quite dependent on the frequency content of the scenario 

earthquakes. As a matter of fact, they decrease more rapidly with increasing 

period (from 0.2 to 1.0 sec, see left panels in Fig. 4.9), when strong and moderate 

earthquake scenarios are taken into account, with respect to the destructive 

scenario which produce larger ground motions and longer periods. Moreover the 

observed amplification ratio (right panels in Fig. 4.9) increases as the magnitude 

decreases, especially in soft soils. This might be explained in terms of non-linear 

behavior connected to the soil typology, the magnitude of the earthquake and the 

different source-to-site distances of selected scenarios (Fig. 4.10). 

 

 

Fig. 4.10. Normalized response spectra for each considered scenario that show non-linearity and 

magnitude dependence. 

 

It is interesting to observe that amplification factor calculated for PGA and Sag 

(Fig. 4.9), for the periods 0.2, 0.5  and 1.0 sec, never exceeds 3. The amplification 

factor at each site mainly depends on the impedance ratio (I). In the Catania area, 

frequently the impedance ratio is relatively low, as in the case of the soil deposits 

overlaying the marly-clay bedrock (I ≈ 2-3). In a few cases, when the soil deposits 

cover the compact lava, I exceed 2-3 up to 5-6.  
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Despite such considerations, it is quite evident that the accelerations coming 

out from the three scenario maps spread in a similar way throughout the study 

area and show a quite comparable distribution of both maximum and minimum 

values. 

Preliminary to the description of PGA and Sag distribution, the information 

coming out from both surface geology and available boreholes has to be 

summarized. Five ideal stratigraphies (Fig. 4.11a) describing the most widespread 

sequences of lithotypes present in the Catania urban area, were therefore drawn. 

Figure 4.11b shows the theoretical transfer functions obtained, through the EERA 

numerical code, for such ideal stratigraphies. 

In the southern part of the urban area, the clayey basement is mostly covered 

by sandy and gravelly sediments together with alluvial deposits (A and B in Figs. 

4.1 and 4.11a). The theoretical transfer functions (A and B in Fig. 4.11b) show 

fundamental frequencies in the range 1.0-3.0 and 1.5-4.5 Hz that appear linked to 

the presence of soft sediments laying on the clayey basement. The not pronounced 

amplification peaks observed, could be related to the low impedance ratio 

between such sediments and the clayey basement underneath. However, the PGA 

values in this part of the area, are quite pronounced in all the three scenarios maps 

(0.05-0.10 g moderate, 0.20-0.36 g strong and 0.24-0.48 g destructive shocks) 

especially where terraced alluvial deposits outcrop. The spectral amplitude 

observed in this area are among the highest values for the destructive (0.57-1.53 g 

for T=0.2 sec, 0.44-1.16 g for T=0.5 sec and 0.25-0.50 g for T=1.0 sec) and 

moderate scenarios (0.08-0.19 g for T=0.2 sec, 0.056-0.12 g for T=0.5 sec and 

0.02-0.04 g for T=1.0 sec), whereas they are the lowest values for the strong 

scenario (0.27-0.63 g for T=0.2 sec, 0.15-0.28 g for T=0.5 sec and 0.07-0.13 g for 

T=1.0 sec). The distribution of Sag in the southern part of the urban area, 

therefore, sets into evidence the important role played, besides the lithologic 

setting, also by the different azimuth and the source-to-site distances (see inset 

map in Fig. 4.1 and Tab. 4.1). 

In the northern part of Catania, the basement is mostly covered by volcanic 

soils  having  thickness  up  to  50  m (C in Figs. 4.1 and 4.11a). Field surveys and   
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Fig. 4.11.  a) Ideal stratigraphies describing the main lithotype sequences characterizing the study 

area; in brackets are reported the same acronyms quoted in Table 2. b) Theoretical transfer 

functions, for each considered scenario, obtained taking into account the ideal stratigraphic 

sequence. 

 

borehole data (Monaco et al., 2000), as well as both geotechnical (Faccioli, 1997) 

and  geophysical evidences (Lombardo et al., 2001) point out that lava flows are 

not homogeneous and usually massive lavas alternate with several meters of 

fractured and scoriaceous levels and pyroclastic deposits (see C1 and C2 in Fig. 
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4.11a) This implies some variability in the resulting theoretical transfer functions 

(Fig. 4.11b), so that, even if the lava formations overlaying the clayey basement 

generally do not show significant amplifications (C1 in Fig. 4.11b), the presence 

of fractured and scoriaceous lavas can cause the amplification peaks observed at 

about 6 Hz in the transfer function C2 in Fig. 4.11b. As a consequence of this, the 

lowest PGA values observed in the three maps (0.02-0.04 g, 0.12-0.24 g and 0.16-

0.28 g, for the moderate, strong and destructive scenarios, respectively), account 

for the presence of quite compact lavas, whereas the relatively higher acceleration 

values (0.04 g, 0.24 g and 0.28 g) observed in some spots of the northern area 

(Figs. 4.4 to 4.6), can be referred to significant thickness levels of highly fractured 

and scoriaceous lavas. A similar behavior is observed for the spectral acceleration 

with the lowest values for destructive (0.25-0.57 g for T=0.2 sec, 0.20-0.56 g for 

T=0.5 sec and 0.17-0.29 g for T=1.0 sec), strong (0.15-0.51 g for T=0.2 sec, 0.10-

0.24 g for T=0.5 sec and 0.07-0.13 g for T=1.0 sec) and moderate scenarios 

(0.025-0.065 g for T=0.2 sec, 0.020-0.044 g for T=0.5 sec and 0.010-0.017 g for 

T=1.0 sec) The lithologic setting, in this part of the study area, seems to have a 

prevailing role with respect to the different azimuth and the source-to-site 

distances. 

In the historic centre of the city, discard material and either gravelly sands or 

volcanic product overlay the clayey basement (D and E in Figs. 4.1 and 4.11a). 

The existence of discard materials and ruins, having thickness up to 12 metres, 

above either coarse sand deposits or scoriaceous lava levels overlaying the 

basement, can account for the pronounced amplification peaks (D in Fig. 4.11b) 

at frequencies between 4.0 and 5.0 Hz. In some cases  the existence of alternating 

soft and rigid lithotypes (see E in Fig. 4.11a) was proved by borehole data and 

this may produce the slightly reduced amplification peaks observed in the 

associated theoretical transfer function. In downtown Catania, however, the 

highest values of peak ground accelerations (0.05–0.07 g, 0.32-0.40 g and 0.36-

0.50 g) are observed for the three considered scenarios (Figs. 4.4 to 4.6). 

Similarly, the spectral accelerations obtained in Catania downtown are higher than 

the ones observed in all the study area, especially for 0.2 and 0.5 sec. It is worth 
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nothing that most of the masonry buildings erected in downtown consist of 2-4 

stories so that their fundamental period is in the range 0.2-0.5 sec (Grasso et al., 

2004). Consequently, they might suffer significant damage especially when 

destructive and strong scenario earthquakes are considered. 

In order to summarize previous results and interpret them in a geological sense, 

the maps of Figure 4.7 were drawn. Such maps set into evidence a strong 

relationship between the spreading of the log-normal mean deviations of 

increments/decrements of the above mentioned values and the near surface 

geology. The highest increments are observed in the historic centre and in some 

spots where discard materials and detritus outcrop, as well as in some sedimentary 

deposits prevailing to the south of the study area. Medium and low increments 

prevail in the sectors not covered by lava flows. On the other hand, higher 

decrements are typical of areas where massive lavas overlay the basement (see 

Fig. 4.7). Hence, major increments of peak ground acceleration and spectral 

acceleration are linked to sites where detritus, loose sediments and/or alluvial 

deposits outcrop. Conversely, decrements and consequently low potential damage, 

attain to sites where the outcropping compact lava flows directly overlay the 

basement. 

In order to check and validate the reliability of the results so far described, a 

comparison was made with experimental findings from earthquake recordings. 

The use of spectral ratio techniques (SSR and HVSR) allowed a trustworthy 

estimate of fundamental frequencies in the selected sites, although the inferred 

spectral amplitudes do not give univocal clues. The spectral ratio amplitudes from 

the HVSRs are indeed often lower than the SSRs. According to Fäh et al., (2001) 

this finding is a consequence of the moderate velocity contrast between the 

bedrock and the overlaying soft sediments, as observed in this area by Lombardo 

et al., (2001) from ambient noise measurements. Moreover, the vertical 

component could be strongly affected by local amplification effects when 

pronounced heterogeneities characterize the local geology (Riepl et al., 1998; 

Raptakis et al., 1998 and 2000; Triantafyllidis et al., 1999; Bindi et al., 2009). 
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In Figure 4.12a the litho-stratigraphic sequences of the sites where the seismic 

stations were located, are shown. These characteristics were used as input data in 

EERA code for the theoretical transfer function evaluation. The comparison 

between the experimental results, obtained through spectral ratios, and the 

theoretical 1D transfer function provided by the EERA code are shown in Figure 

4.12b.  

The seismic stations FERL, LIBR and ZILI are located in the southern part of 

the area, where alluvial deposits and gravelly sands are present. In the three 

stations, both experimental spectral ratios and the 1D modelling approach set into 

evidence the existence of amplification effects in the frequency range 1.5-5.0 Hz, 

therefore confirming the findings previously described for the southern part of 

Catania urban area. It is interesting to point out that differences between SSR and 

HVSR are mainly observed at FERL. Such station is located in the Catania 

alluvial plain which, as demonstrated by field and borehole data (Accordi and 

Francaviglia, 1960; AGIP, 1977; Carbone et al., 2008) is formed by highly 

heterogeneous sediments characterized by pronounced lateral discontinuities. 

These irregularities can affect the amplitude of the vertical component of motion, 

because of the presence of diffracted Rayleigh waves (Field and Jacob, 1995; 

Raptakis et al., 1998 and 2000), thus causing differences between the SSRs and 

HVSRs. Moreover, the spectral ratios at both LIBR and ZILI show amplifications 

gradually increasing in a wide frequency range. Such effect could be interpreted 

as a consequence of the already mentioned low velocity contrast that characterizes 

the sedimentary sequence. A strong impedance contrast, between hard and soft 

soils is indeed needed to obtain pronounced fundamental frequencies either when 

earthquakes or ambient noise (Fäh et al., 2001) are used as input signals. 

The results of the experimental approach at the stations CITT and GENI, 

located on the central and northern part of the town, show moderate 

amplifications in the range 1.5 – 4.0 Hz. These values, which are in quite good 

agreement with the ones of the theoretical transfer function, could be interpreted 

as amplification effects linked to soft soils, having thickness of about 15-20 m. 

Such  amplifications  appear  in  the ―sedimentary windows‖ remaining among the 
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Fig. 4.12. a) Litho-stratigraphic features of the recording station site; in brackets are reported the 

same acronyms quoted in Table 2. b)..Experimental and theoretical transfer functions at each 

seismic station; solid and dotted black lines refer to the N-S and E-W components of motion of the 

SSR respectively; solid and dotted grey lines refer to the N-S and E-W components of motion of the 

HVSR respectively; dashed black line refers to the 1D theoretical transfer function. 
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lava flows covering the clayey basement (GENI) as well as when a scoriaceous 

component prevails in the lava flows (CITT). On the other hand, when the basaltic 

lavas are somewhat compact and directly lay over the bedrock, they do not 

produce amplification effects as observed for the reference site UNIV (Fig. 4.8). 

 As far as the other recording sites are concerned, they are located either on 

spots of soft sediments and pyroclastics surrounded by lava flows (POLI, MINO), 

or they are sited on fairly fractured and scoriaceous basaltic lavas (PROC) 

sometimes covered by coarse detritus and sand (MUNI). Therefore, quite 

pronounced amplification peaks are observed. At POLI and MINO stations, peaks 

in the ranges 2.5-5.0 Hz and 3.0-8.0 Hz, respectively, are shown in both SSR and 

HVSR. Such ranges of values, observed in the theoretical transfer function too, 

are more pronounced in the SSR rather than in the HVSR. It has to be specified 

that both stations are located almost at the top of a small sedimentary hill 

surrounded by lava flows. This topographic setting could be responsible for the 

pronounced amplification effects, therefore, in my opinion, further investigations 

are needed to corroborate the hypothesis of such effects in the ground motion. 

A good match between the experimental and theoretical approach is also found 

at station PROC. Here, spectral peaks in the 2.5-7.0 Hz frequency band occur. 

This, as the results of 1D modelling indicate, can be interpreted as linked to the 

presence of alternating massive and scoriaceous/fractured lavas. A similarly good 

match is found between the experimental and theoretical transfer functions 

obtained at MUNI, where moderate amplification peaks in the range 2.0-6.0 Hz, 

related to about 35 m thick alternating levels of  soft materials and fractured lavas, 

are observed. 



 

 

 

 

Chapter V 

 

Seismic properties of lithotypes cropping out in the Siracusa city, Italy  

 

 

5.1. Issues of the chapter 

In recent years, a number of methodologies aims at evaluating the shear wave 

velocity profile, down to about thirty meters of thickness, have been proposed and 

tested. Not invasive geophysical prospecting techniques, based on surface wave 

dispersion properties in vertically heterogeneous media, were largely adopted. As 

well known, the surface waves velocity varies as a function of frequency and 

wavelength, therefore controlling their penetration depth (Aki and Richards, 

2002). This dispersion property can be used to derive Vs versus depth through 

inversion processes (Herrmann, 1994; Wathelet et al., 2005). 

The spectral analysis of surface waves (SASW), introduced by Nazarian and 

Stokoe (1984), is amongst the most used methods, together with the MASW 

technique (Multichannel Analysis of Surface Waves, proposed by Park et al. 

(1999). More recently, the passive source method ReMi (Refraction 

Microtremors), proposed by Louie (2001), combines the most effective 

components of the SASW and MASW methods with microtremor techniques. 

A quick estimate of the surface geology effects on seismic motion is provided 

by the horizontal to vertical noise spectral ratio technique (HVNR). This 

technique firstly introduced by Nogoshi and Igarashi (1971), was put into practice 

by Nakamura (1989) and became in recent years widely used since it provides a 

reliable estimate of the fundamental frequency of soft soil deposits (Lermo and 

Chavez-Garcia 1993; Gitterman et al., 1996; Seekins et al., 1996). Although the 

scientific community has questioned the existence of simple direct correlation 

between HVNR amplitude values and the actual site amplification (see 

Mucciarelli, 1998; Al Yuncha et al., 2000; Maresca et al., 2003; Rodriguez and 
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Midorikawa, 2002), such method is widely used since it significantly reduces field 

data acquisition time and costs. The basic hypothesis for using ambient noise is 

that the resonance of a soft layer corresponds to the fundamental mode of 

Rayleigh waves, which is associated with an inversion of the direction of 

Rayleigh waves rotation (Nogoshi and Igarashi, 1971; Lachet and Bard, 1994). 

The  reliability of such an approach has been asserted by many authors (e.g. 

Lermo and Chávez-García, 1993), who have stressed its significant stability in 

local seismic response estimates. It is commonly accepted that, although the 

single components of ambient noise can show large spectral variations as a 

function of natural and cultural disturbances, the HVNR spectral ratio tends to 

remain invariant, therefore preserving the fundamental frequency peak (Cara et 

al., 2003). 

The damage to buildings are tightly linked, besides their vulnerability, to both 

the characteristics of the maximum acceleration and frequency of the ground 

motion, as well as to the features of surface geology. From this point of view, the 

geophysical and geotechnical characterization of the soil conditions, down to the 

bedrock, is very important in order to identify the site effects, in term of 

fundamental frequencies, for a correct planning of earthquake resistant structures. 

In this study the dynamic properties of main lithotypes outcropping in the 

Siracusa area and the features of the local seismic response were investigated. The 

town of Siracusa is located in the south-eastern coast of Sicily and its downtown, 

called Ortigia, forms a low hill, shaped as a peninsula surrounded by the sea. Two 

non-invasive seismic prospecting techniques (MASW and ReMi), using the 

vertical component of surface waves, were applied in four sites, selected among 

the mostly outcropping lithotypes, to estimate the dispersion curves and the shear-

wave velocity profiles through the neighborhood algorithm (Sambridge, 1999; 

Wathelet et al., 2005; Wathelet, 2008). Moreover, the site response was evaluated 

in thirty-two sites, using ambient noise measurements  processed through spectral 

ratio techniques (HVNR).  
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5.2. Geologic Setting 

In the study area the substratum outlines a horst structure formed by a Meso-

Cenozoic carbonate sequence with interbedded volcanics (Grasso and Lentini, 

1982) cropping out in the northern part of Siracusa (Fig. 5.1). The Cretaceous 

volcanics, having thickness up to 500 m, locally represent the deepest term 

(Tortorici, 2000) which is unconformably covered by sub-horizontal carbonate 

sequences that stand for the lithotypes more frequently cropping out in the 

Siracusa town. The above mentioned carbonate sequence is distinguished in two 

main units, having similar geotechnical features, known in the literature as Mt. 

Climiti and Mt. Carruba formations. The former, having thickness ranging 

between 20 and 80 m, lays on the Cretaceous volcanics and consists of compact 

and well cemented calcarenites, the latter, with an average thickness of about 20 

m, is characterized by alternating calcarenites and marlstones. In some sites the 

carbonate sequence is directly overlaid by sub-horizontal poorly consolidated 

calcarenites up to 20 m thick (Tortorici, 2000), whereas, in the southern part of 

the study area, sands and sandy clays, up to 20 m thick, overlay the Meso-

Cenozoic carbonate bedrock. Finally, alluvial deposits fill out the graben of the 

―Pantanelli‖ plain (see Fig. 5.1) whilst detritus, having thickness of about 6-8 m 

due to anthropic activity and historical ruins, is mainly outcropping in the 

downtown Ortigia area. 

 

5.3. Methodology 

The dynamic properties of the main lithotypes outcropping in the study area 

were evaluated through the non-invasive techniques MASW and ReMi. 

According to suggestions of Park et al. (2005) a combined use of both methods 

has been made to compare and check the obtained results trying to overcome the 

limitations of each approach.  

The MASW technique needs a suitable location of the seismic source as well 

as a correct choice of transducers spacing in order to define a reliable wave-length 

range in the measurements. The dispersion curves are always obtained in a 

relatively  high  frequency  range  (5–50 Hz),  that  implies  a  maximum  depth of 
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Fig. 5.1. Geo-lithologic map of the Siracusa area (modified from Lentini et al., 1986) and cross 

section of Piana dell’Anapo-Ortigia (modified from Aureli et al., 2010).  
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investigation usually not exceeding 30 m, depending on the lithotype features and 

the active sources used. It is also of crucial importance to adopt the ideal distance 

for the nearest offset (source-to-nearest receiver distance) and for the maximum 

offset (source-to-farthest receiver distance) for a correct investigation depth (Park 

et al., 2002). A longer receiver spread is, indeed, necessary for the lower 

frequencies component of surface waves, but if the maximum receiver offset is 

too large (> 100 m), the high-frequency components of surface-wave energy will 

be poorly defined in the spectrum (Park et al., 1999). MASW tests, in this study, 

were performed using a 12-channel seismograph equipped with 4.5 Hz 

geophones. A linear array having a length of 36-48 m, depending on the available 

free space at each site, was deployed using a 2-4 m interval pitch between the 

sensors. A 8 Kg hammer source, with a fixed 8 m offset distance was used, 

recording five shots, 3 s length, with a sample rate of 512 Hz.  

The same kind of linear array was used for the ReMi measurements, recording 

10 minutes of ambient noise. The passive techniques based on ambient noise 

recordings, such as the ReMi, provide reliable dispersion curves in the low 

frequency range as well, taking advantage from the use of natural sources and 

cultural noise having wavelengths ranging from a few kilometers to a few tens or 

hundreds of meters, respectively (Okada, 2003). The refraction microtremor 

technique offers the advantage of not requiring triggered source of wave energy 

and it will work best in a seismically noisy urban setting, analyzing the surface 

waves produced by traffic vehicles, wind responses of trees and buildings (Louie, 

2001). However, special care must be used in processing the ReMi data because 

the presence of a omni-directional source may lead to the estimation of apparent S 

waves velocities not coincident with the real shear wave velocity (Louie, 2001; 

Park and Miller, 2008).  

MASW and ReMi experimental dispersion curves were carried out using the 

Grilla 6.1 software (www.tromino.it). The software calculate the f-k spectrum of a 

seismic section, having the travel time (t) and the distance (x) as the vertical and 

the horizontal coordinates, respectively. The transform of t gives the frequency 

spectrum and the transform of the x coordinate gives the wavenumber k spectrum 

http://www.tromino.it/


Approaches to earthquake scenarios validation using seismic site response Chapter V 

 

83 
 

(Lacoss et al., 1969; Kvaerna and Ringdahl, 1986). From the f-k spectrum the 

phase velocity vs. frequency contour plot, was obtained. This analysis was carried 

out to calculate dispersion curves of the fundamental mode on the recorded 

seismograms for MASW (Fig. 5.2a, b, c and d). In the ReMi technique, time 

windows of 5, 10, 15 and 20 s were considered in order to test the effect of 

increasing record length. The dispersion curves were computed by a simple 

average (Fig. 5.2a’, b’, c’ and d’), not including in the computation all the curves 

showing a not clear dispersion and/or dominant higher modes. The obtained 

dispersion curves were automatically picked from the displayed trends, sampling 

a large number of apparent phase velocities.  

 

 

 

Fig. 5.2. Phase velocity vs. frequency contour plot spectra for MASW (a, b, c, d) and ReMi (a’,b’, 

c’, d’) tests. 
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The derivation of one-dimensional shear-wave velocity profiles from surface 

wave dispersion curves is a classical inversion problem in geophysics. The 

inversion of dispersion curves is known to be strongly nonlinear and is affected by 

non-uniqueness of solutions (Dal Moro et al., 2006). In this study, the Rayleigh 

wave dispersion curves, obtained from the experimental setup, were inverted 

using the DINVER software (www.geopsy.org) which provided a set of 

dispersion curve models compatible with the observed dispersion curve. This 

inversion tool uses a directed-search method, called “neighbourhood algorithm” 

(Sambridge, 1999; Wathelet et al., 2005; Wathelet, 2008), for nonlinear inversion 

that employs the Voronoi cells to investigate the multidimensional model and to 

compute the misfit function across the parameter space. The misfit function 

between experimental and computed dispersion curves is defined for each 

inverted model as: 

          
           

 

  
   

 
  
   

            

where xexp and xcal are the phase velocities of the experimental and the calculated 

curves at frequency fi, i is the uncertainty of the considered frequency samples 

and nf is the number of frequency samples. As suggested by Wathelet (2005), 

since in this study the uncertainty was not considered,i was replaced by xexp.  

The experimental dispersion curves were inverted following a method similar to 

the one proposed by Coccia et al. (2010). The automatic picking of the dispersion 

curve of each site was approximated through a regression to a polynomial curve 

of fifth/sixth degree according to the observed trend (Fig. 5.3). To invert the 

dispersion curve, a set of 1 to 8 uniform layers with homogeneous properties was 

considered, taking into account five parameters: shear waves velocity (VS), 

thickness, compressional waves velocity (VP), Poisson‘s ratio and density (). The 

most influent parameter in the surface wave inversion proces is VS, that for all 

layer was considered as ranging between 100-2000 m/s. The influence of the other 

parameters is relatively small (Xia et al., 1999; Xia et al., 2003; Wathelet, 2008). 

For this reason, consistently with its low influence on surface wave dispersion, the  

http://www.geopsy.org/
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Fig. 5.3. Rayleigh waves phase velocities as a function of wavelength and corresponding 

polynomial regression curves obtained from the automatic picking of Figure 2 spectra plots at 

each site. 

 

density () was fixed at a constant value of 2000 kg/m
3
 in each layer. The 

compressional velocity (Vp) was varied from 200 to 5000 m/s and the Poisson‘s 

ratio () was ranging between 0.2 and 0.5. As regards the thickness (H) it was 

constrained by fixing the bottom depths of some layers. Generally, the thickness 

limits are defined through the wavelengths (λ) derived from the frequencies and 
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phase-velocities of the experimental dispersion curves. The thickness range was 

obtained considering λ/4 and λ /2 for the minimum and maximum bottom depth, 

respectively. In Table 5.1 the inversion parameters used for each layer are 

reported. 

 

Tab. 5.1. Input parameters used for the inversion of the experimental dispersion curves at each 

investigated site. 

MASW 

SITE N° Layer VP (m/s)  VS (m/s) H (m) (Kg/m
3
) 

MR#1 
1 Linear increase (n° 5) 

2 Uniform 

200-5000 

200-5000 

0.2-0.5 

0.2.0.5 

100-250 

250-1000 

1.0-7.5  

∞ 

2000 

2000 

MR#2 

1 Uniform 

2 Uniform 
3 Uniform 

4 Uniform 

200-5000 

200-5000 
200-5000 

200-5000 

0.2-0.5 

0.2-0.5 
0.2-0.5 

0.2-0.5 

500-700 

500-700 
800-1200 

1000-2000 

1.0-5.0 

2.0-5.0 
5.0-30.0 

∞ 

2000 

2000 
2000 

2000 

MR#3 

1 Linear increase (n° 5) 

2 Uniform  

3 Uniform 

200-5000 

200-5000 

200-5000 

0.2-0.5 

0.2-0.5 

0.2-0.5 

750-950 

900-1000 

1200-2000 

1.0-5.0 

5.0-20 

∞ 

2000 

2000 

2000 

MR#4 

1 Uniform 

2 Uniform 

3 Uniform 

4 Uniform 

200-5000 

200-5000 

200-5000 

200-5000 

0.2-0.5 

0.2-0.5 

0.2-0.5 

0.2-0.5 

150-250 

130-150 

100-200 

150-400 

1.0-3.0 

2.0-4.0 

10.0-30.0 

∞ 

2000 

2000 

2000 

2000 

ReMi 

SITE N° Layer VP (m/s)  VS (m/s) H (m) (Kg/m
3
) 

MR#1 
1 Linear increase (n° 5) 

2 Uniform 

200-5000 

200-5000 

0.2-0.5 

0.2.0.5 

100-250 

250-1000 

1.0-7.5  

∞ 

2000 

2000 

MR#2 

1 Linear increase (n° 5) 

2 Uniform  

3 Uniform 

4 Uniform 

200-5000 

200-5000 

200-5000 

200-5000 

0.2-0.5 

0.2-0.5 

0.2-0.5 

0.2-0.5 

500-800 

800-1000 

900-1200 

1200-2000 

1.0-5.0 

5.0-10.0 

5.0-30.0 

∞ 

2000 

2000 

2000 

2000 

MR#3 

1 Linear increase (n° 5) 

2 Uniform 
3 Uniform 

200-5000 

200-5000 
200-5000 

0.2-0.5 

0.2.0.5 
0.2-0.5 

900-1100 

900-1400 
1400-2000 

1.0-5.0  

10-20 
∞ 

2000 

2000 
2000 

MR#4 

1 Uniform 

2 Uniform 

3 Uniform 

4 Uniform 

200-5000 

200-5000 

200-5000 

200-5000 

0.2-0.5 

0.2-0.5 

0.2-0.5 

0.2-0.5 

150-250 

100-150 

100-200 

150-500 

1.0-5.0 

5.0-10.0 

10.0-40.0 

∞ 

2000 

2000 

2000 

2000 

 

The HVNR method is a common tool, used for site effect investigations, based 

on the ratio of horizontal over vertical components of motion. Generally, this 

spectral ratio exhibits a peak, that corresponds more or less to the fundamental 

frequency of the site (Bonnefoy et al., 2006). However, the ambient noise 

wavefield is the result of the combination of unknown portions of both body and 

surface waves. If the first are prevailing, the ratio is mainly induced by SH 
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resonance in the superficial layers whereas, if Rayleigh surface waves 

predominate, the theoretical ellipticity dictates the observed curves (Nogoshi and 

Igarashi, 1971; Fäh et al., 2001; Scherbaum et al., 2003). This is especially true 

when a great shear-wave contrasts between the shallow layer and the bedrock 

does exist, as theoretically confirmed by Malischewsky and Scherbaum (2004). 

Although experimental data peaks usually fit quite well the frequency of the 

theoretical curves and are poorly reliable in amplitude, the HVNR however 

contains valuable information about the underlying structure, especially as the 

relationship is concerned between VS of the sediments and their thickness (Ibs-

Vonseth and Wholenberg, 2000; Scherbaum et al., 2003).  

The ambient noise was recorded in thirty-two sites (Fig. 5.1) using Tromino 

(www.tromino.it), a compact 3-component velocimeter. Time series of ambient 

noise, having a length of 30 minutes, were recorded with a sampling rate of 128 

Hz. Following the guidelines suggested by the SESAME project (2004) the 

recorded signal was divided in time windows of 30 s not overlapping. For each 

window a 5% cosine taper was applied and the Fourier spectra were calculated in 

the frequency range 0.5 - 64.0 Hz. The spectra of each window were smoothed 

using a Konno-Ohmachi window (Konno and Ohmachi, 1998) fixing the 

parameter b to 40. Finally the resulting HVNR was computed estimating the 

logarithmic average of the spectral ratio obtained for each time window, selecting 

only the most stationary and excluding transients associated to very close sources. 

Moreover, the HVNR obtained for selected sites (#17, #21, #24 and #32), were 

used to estimate the ellipticity curves to improve the final solution of the MASW 

and ReMi dispersion curve inversion. It is well known that the HVNR information 

usually controls the deeper part of the estimated Vs profiles, but because the 

absolute amplitude of the curve cannot be directly compared to the SH transfer 

function amplitude or to the ellipticity, only the fit with the frequency of the peak 

is here taken into account.  

The HVNR were also subdivided into groups showing a similar shape using the 

cluster analysis. Several studies have tried to correlate the information coming out 

from the HVNR to identify homogeneous areas in term of site response and local 

http://www.tromino.it/
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geology in order to find relationships with the damage pattern due to ground 

shaking (Rodriguez and Midorikawa, 2002; Bragato et al., 2007; Cara et al., 

2008; Strollo et al., 2011). In particular, Bragato et al., (2007) and Cara et al., 

(2008), clustered the sites by considering the similarities in the HVNR function, 

without associating to each cluster any site response function obtained from 

earthquake data. Strollo et al. (2011), tested the reliability of the HVNR with a 

general inversion technique and standard spectral ratio obtained by analyzing 

earthquake data. 

The clustering technique includes different algorithms and methods for 

grouping objects in a set of categories with relatively homogeneous 

characteristics. In this study, the cluster analysis was computed in the frequency 

range 0.5 – 10.0 Hz, not including the higher frequency values, being not 

interesting from the engineering point of view. The analysis was performed taking 

into account the thirty-two HVNR (i=1…32) whose amplitude was computed at 

sixty-three frequency values (M) in the range 0.5-10.0 Hz, expressing them by a 

vector yiM. The degree of similarity between the HVNR observed at two sites (e.g. 

i and j) was calculated using the Euclidean distance: 

               
 

  

   

 

Finally, the use of k-means clustering approach (MacQueen, 1967) led to the 

recognition of the clusters. This technique consists in ranking into NC clusters, 

chosen by the user, the NK measurement points and evaluating the quality of the 

clustering by computing the sum of the squared error (SSE):   

                
 

 

   

  

   

 

where yCk is the centroid of the vectors yi in the cluster, calculated through: 
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The k-means algorithm directly attempts to minimize the SSE, assessing each 

measurement point to its nearest cluster and repeating the computation until the 

points do not change the cluster any longer. 

The detection of the optimal number of clusters in a dataset is a general 

problem (Burnham and Anderson, 2002), that can be solved through several 

methods. In this study the identification of the best solution from a group of 

acceptable models was achieved through the Akaike Information Criterion (AIC, 

Akaike, 1974). This procedure does not require particular assumptions on the 

experimental data and it is suitable for solving the model decision problem in 

many applications (Burnham and Anderson, 2002). To find the optimal partition, 

the cluster analysis was run for increasing values of NC (ranging from 5 to 15) and 

selecting the NC value for which the AIC is minimized. Assuming that the model 

error is normally distributed, the AIC formula is: 

         
   

  
     

       

       
      

where NK is the total number of HVNR, ln indicates the natural logarithm, RSS is 

the residual sums of squares and k indicates the number of free parameters as NC-

1. In this study RSS is defined as the sum of the SSE of all the clusters of each 

partition. Eventually, each group of the HVNR so far obtained by the analysis, 

was associated to the features of the main lithotypes outcropping in the Siracusa 

area. 

 

5.4. Results and discussion 

Inspection of the dispersion curves for MASW and ReMi (Fig. 5.2), obtained 

at each considered site, shows that only slight differences in the quality of the 

obtained phase velocity – frequency plots, are present. The comparison of the two 

methodology clearly shows the contribution of high frequencies in the definition 

of the dispersion curves obtained with the MASW technique, while the phase 

velocity - frequency curves obtained by ReMi approach, appear to be better 

defined at lower frequency. In the MASW technique, being an active source 

method, it is generally difficult to generate low frequency waves, whereas the 
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passive source method (ReMi), which makes use of microtremor, has a wide 

range of low frequencies. The various plots of the ReMi dispersion curves, 

obtained for different window length, were also compared and no significant 

differences in their definition was observed. In some cases (i.e. Fig. 2b’ and d’ for 

time windows greater than 15 s), a slightly poor quality of the dispersion curves 

could be explained as due to a transient increase of the background ambient noise 

energy at certain frequencies, rather than the result of the time window recording 

lengths changes (Pancha et al., 2008). A further important aspect in the surface 

wave method interpretations, is that these techniques tend to overestimate of about 

5-15% the average VS with respect to other techniques such as the down-hole 

(Stephenson et al., 2005). For these reason the soil category assessment, 

performed at each investigated site, following the EC8 code, was made by 

considering a 15% reduction of the VS,30 value.  

The dispersion curves estimated by MASW and ReMi methods for the site 

MR#1 show comparable results, although the ReMi dispersion curve, obtained 

considering a 20 s time window, appears less clear at low frequencies (between 10 

to 17 Hz) (Fig. 5.2). The curves are well defined in the frequency range 10-40 Hz, 

with velocities approximately between 150 and 450 m/s (Fig. 5.3). In Figure 5.4, 

the results of the dispersion curve inversion with “neighborhood algorithm” 

method are shown. A good fit between experimental and theoretical dispersion 

curves was obtained and the VS,30 values,  414.31 m/s and 429.89 m/s, obtained 

from the MASW and the ReMi prospections, respectively, so that the site was 

classified in the B soil category. Reducing this value by the 15%, make possible to 

classify this lithotype in a C soil category. At the MR#1 site, the resonance 

frequency is clearly indicated by a pronounced peak in the HVNR curve at about 

6.5 Hz and the ellipticity of the theoretical fundamental mode of Rayleigh waves, 

obtained considering the best inverted model from both MASW and ReMi, is 

consistent in terms of fundamental frequency with the HVNR peak (Fig. 5.4). 

This indicate that the MR#1 site is characterized by a simple 1D layering with a 

strong velocity contrast between the soft sediments outcropping, belonging to the 

detritic-clay formation, and the bedrock boundary formed by the limestone. 
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Fig. 5.4. Dispersion curves, shear wave velocity profiles and ellipticity curves obtained from the 

joint inversion of the experimental phase velocities (black circles) and the HVNR curves (grey 

lines); black line in the Vs profiles indicates the best estimated model.  

 

At the site MR#2 both the MASW and ReMi dispersion curves cover the 

frequency range 10-80 Hz and the shear waves velocity ranges from 500 to 1800 

m/s (Fig. 5.3). The results of the two techniques show significant differences at 

high (50-80 Hz) and low frequencies (10-20 Hz). In particular, the ReMi 

dispersion curve appears better defined at about 10-20 Hz, especially considering 

10-15 s time window, whereas the MASW one is more detailed at higher 

frequencies (50-80 Hz) (Fig. 5.2). The inversion in terms of the fundamental 

Rayleigh mode indicates for this site the A class soil category, with a VS,30, 
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obtained from the inverted models, of 983.18 m/s and 980,01 m/s for the MASW 

and the ReMi, respectively. The soil class category does not change after the 15% 

reduction, giving values of 833.01 m/s and 835.71 m/s, respectively (Fig 5.4). The 

experimental HVNR curves are not fully matched from the theoretical ellipticity, 

especially at low frequency, mainly because there is lack of phase velocities 

estimates at low frequency values (Fig. 5.4). This site seems to be characterized 

by the presence of a relatively soft thin layer (3-4 m) having a VS of about 500 

m/s, overlaying the limestone bedrock.  

The phase velocity–frequency spectrum obtained for the site MR#3 ranges 

from 10 to 120 Hz with a phase velocity between 800-2000 m/s (Fig. 5.3). The 

ReMi dispersion curve appears better defined for the time window of 15 s, 

whereas a poorer quality is observed for the other time windows (Fig. 5.2). A 

good match between experimental and theoretical dispersion curves is observed 

(Fig. 5.4) and the inverted model provides a VS,30 of 1300 m/s for the MASW and 

1283 m/s for the ReMi experiments. The 15% reduction of the VS,30 values gives 

1090.73 m/s and 1130.52 m/s, therefore confirming the A class soil category for 

this site. The results of ellipticity are similar to those obtained for the site MR#2 

with a low quality matching at low frequency and a better match at high frequency 

(Fig. 5.4). The results of both the HVNR and the S waves velocity profile, 

confirm that this site is characterized by outcropping limestone.    

The MASW and ReMi dispersion curves obtained for the site MR#4 (Fig. 5.3), 

appear quite unclear. The observed frequency ranges are 1-80 and 1-30 Hz, for the 

MASW and ReMi dispersion curves, respectively, with velocity phase ranging 

between 150-300 m/s. Moreover, a mode splitting phenomenon, affecting mainly 

the ReMi dispersion curves (Fig. 5.2), seems to be present in this site. Such effect 

is typical of a complex energy distribution due to velocity inversions and high 

values of the Poisson ratio (O'Neill and Matsuoka, 2005). The shape of both 

MASW and ReMi experimental dispersion curves (Fig. 5.3) suggest the presence 

of a low velocity layer. As a matter of fact, in this area a lithologic sequence 

formed by alluvial deposits overlaying about 10 m thick calcarenites, having 

higher shear wave velocity with respect the underlying sandy clays, is present. 
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The results of the dispersion curves inversion suggest a D class soil category for 

this site (Fig. 5.4). A VS,30 of 173.98 m/s for the MASW and 166.88 m/s for the 

ReMi data, is indeed observed, and reducing them by the 15% they became 

147.89 m/s and 141.85 m/s, respectively. The MASW and ReMi dispersion curves 

constrain the estimated models to depths of  about 20–40 m and the obtained 

ellipticity do not totally fit the HVNR peak. This could be explained as a 

consequence of a bedrock depth greater than that obtained through the 

experimental dispersion curve. Underneath a 30-40 m depth, the inverted velocity 

profile is not well constrained, considering the used experimental setup. A longer 

linear array spacing and the use of lower frequency geophones could have 

improved the resolution of the obtained dispersion curve. 

The HVNRs obtained from measurements performed in the Siracusa area were 

subdivided in different groups through a cluster analysis. The optimal partition, 

for which the AIC is minimized, was obtained for NC equal to 12 (see lower right 

panel in Fig. 5.5). 

The cluster (a) consist of six measurement points (#1, #2, #3, #4, #12 and #13), 

performed in the Ortigia area on outcropping limestone, characterized by peaks in 

the frequency range 1.0-3.0 Hz (see panels (a) in Figs. 5.5 and 5.6). In a recent 

work by Panzera et al. (2011a) these peaks appeared to be consistent with a 

topographic effect. Such HVNR peaks, indeed, cannot be justified in terms of 

stratigraphic features, considering also the physical properties of the limestone 

(VS > 900 m/s), as obtained from both the MASW and ReMi experiments (see 

MR#2 and MR#3 in Fig. 5.4). The HVNRs obtained for the sites #5, #9, #14 and 

#15 form the clusters (b) and (e) (see Figs. 5.5 and 5.6). They show two dominant 

peaks in the frequency ranges 1.0-3.0 and 4.0-10.0 Hz. Following Panzera et al. 

(2011a), the first frequency range can be ascribed to the particular seismic site 

response observed in the Ortigia peninsula, similarly to the cluster (a) whereas the 

spectral ratio peaks in the frequency range 4.0-10.0 Hz could be linked to some  

local  shallow  lithologic   features.   It   has  to be remembered, indeed,  that  high 

frequency ground motion can be controlled by the vibration of smaller blocks 

therefore  implying  different  resonant  frequencies  (Burjànek et al., 2010). In the  
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Fig. 5.5. HVNRs forming each cluster (continuous and dotted thin lines) found out for the Siracusa 

area; thick black lines show the average HVNR for each cluster, grey area delimitate the 

corresponding ±standard deviations (a, b, c, d, e, f, g). Akaike Information Criterion parameter 

vs. the number of clusters for the Siracusa area (h). 
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 Fig. 5.6. HVNR and the corresponding ±for the clusters (a), (b) and (e).  

 

cluster (c) the spectral ratio curves show a tendency towards a slight and  constant  

increase in amplitude that reach a value of 2-3 units at frequencies greater than 7.0 

Hz (see in Figs. 5.5 and 5.7). This moderate amplitude increases, in my opinion, 

could be related to the modest velocity contrast existing between the calcarenites 

(#18 and #19) or the slightly fractured limestones (#6, #7, #10, #23 and #24) with 

respect to the massive limestone forming the underlying bedrock. Slightly 

fractured  limestones  are characterized by a VS of about 500 m/s, as shown in site 

MR#3, whereas  no experimental values of VS were calculated for the calcarenites  

 

 

Fig. 5.7. HVNR and the corresponding ±for the cluster (c). 

 



Approaches to earthquake scenarios validation using seismic site response Chapter V 

 

96 
 

but an average VS value of about 350 m/s is available from literature (Tortorici, 

2000). The HVNRs obtained for the carbonate sequence (#8, #11, #20, #30, #31 

and #32) and the volcanics (#25), constitute the cluster (d) which shows a flat 

spectral ratio plot (see Figs. 5.5 and 5.8). After all, these formations represent the 

local bedrock as confirmed by the shear waves velocities obtained through the 

MASW and ReMi experiments (see MR#2 and MR#3 in Fig. 5.4). The cluster (f) 

is formed by the Nakamura spectral ratios obtained from measurements points 

#16 and #21. They show pronounced spectral peaks at about 1.0 Hz (see Figs. 5.5 

and 5.9) which can be related to the presence of thick (40-50 m) alluvial deposits 

and soft sandy-clay sediments having a VS of about 170-180 m/s (see MR#4 in  

Fig. 5.4). Finally,  the  group  (g)  includes  all  the measurement points (#17, #22,  

 

 

 

Fig. 5.8. HVNR and the corresponding ±for the cluster (d). 

 

#26, #27, #28 and #29) each outlining a cluster (see Figs. 5.5 and 5.10). The 

measurement point #17 represents an anomaly in the limestone formation, but this 

behaviour could be related to the high velocity contrast existing between the 

detritus and the limestones, as demonstrated by the MASW and ReMi 

measurements performed in the  same  site  of the ambient noise recording (see 

MR#1 in Fig 5.4). The  spectral  ratio  #22 shows a wide standard deviation at low  
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Fig. 5.9. HVNR and the corresponding ±for the cluster (f). 

 

frequency values (0.5-4.0 Hz), therefore indicating an effect that could be ascribed 

to the interaction between the sea waves and the cliff nearby the measurement 

point, that imply a significant increment of the amplitude (3-4 unit) at  relatively 

small  frequency. The  results  obtained  for  the  site  #26  and  #28  located in the  

 

 

Fig. 5.10. HVNR and the corresponding ±for six measurement sites, each outlining a cluster, 

and forming the group (g). 
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southern part of the study area show pronounced spectral peaks, at about 2.5 Hz 

and 1.5 Hz, respectively. These H/V peaks can be related to the presence of thick 

alluvial deposits and soft sandy-clay sediments. The HVNR #27 was performed 

from records on calcarenites and shows a significant peak at about 2.0 Hz. Such 

peak, as it can be inferred from geologic observations (see cross-section in Fig. 

5.1), could be ascribed to the existence of a thick layer of sandy clays inter-

bedded between the calcarenites and the limestone. Lastly, the HVNR obtained 

from the measurement site #29, located in the sandy clay formation, shows a 

significant peak that could be interpreted as connected to the sharp velocity 

contrast with the underlying limestones.  

Moreover, pronounced spectral peaks at frequencies higher than 10.0 Hz (not 

considered in the cluster analysis) are sometimes observed especially in the sites 

located on limestone and calcarenites (see Figs. 5.6, 5.7 and 5.8). Such feature, in 

my opinion, could be interpreted as a consequence of the high velocity contrast 

existing between the limestones and the thin layers of detritus that often overlay 

them. 



 

 

 

 

Chapter VI 

 

The role of the lithology and topography on the seismic site response  

 

 

6.1. Issues of the chapter 

The structure of surface geology as well as the morphologic setting play a key 

role in controlling ground motion at the surface. Local changes of topography 

imply, indeed, the occurrence of diffraction as well as reflection and conversion of 

the incident seismic waves leading to significant modification of ground shaking. 

Generally, the amplification effects take place at the topmost part of a hill and 

they are frequency dependent so that resonance phenomena occur when the 

wavelength of the incident wave is comparable to the hill width (Bard, 1982). 

Another important aspect concerns the difficulty to distinguish between a purely 

topographic effect and the influence of different local lithology amplification. 

Performing measurements along a cross section in the French Alps, Pedersen et al. 

(Pedersen et al., 1994) observed that ground motion amplitude caused by 

topography variations can be in some instances smaller than the amplification 

linked to stratigraphic effects. Slope inclination is however a sensitive feature of 

site response because it determines the angle of reflection and diffraction of 

seismic waves. Going into more details, steep slopes tend to pack and focus the 

reflected seismic waves at the slope crest, while gentle slopes scatter the diffracted 

seismic waves (Boore, 1973). Moreover, the effect of varying slope angles was 

investigated by numerical models by Ashford et al. (1997) who observed that 

amplification increases with the increase of the slope angle. The sharpness of the 

ridge crest, therefore may significantly influence the local ground motion (Bard 

and Riepl-Thomas, 1999). In recent years, many authors (Bonamassa and Vidale, 

1991; Spudich et al., 1996; Del Gaudio et al., 2008; Rigano et al., 2008; Burjànek 

et al., 2010) have also reported cases of considerable directional variations of the 
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seismic site response linked to different geological and topographic conditions. In 

particular, significant directional effects, transverse to the major axis of the ridge, 

are often observed (e.g. Spudich et al., 1996; Le Brun et al., 1999; Massa et al., 

2010; Pischiutta et al., 2010; Marzorati et al., 2011). 

In this study, a field experiment using ambient noise and moderate magnitude 

seismic events is performed on a small hill, named S. Sofia (see Fig. 6.1), located 

in the northern part of Catania (Italy), where the university campus stands. The S. 

Sofia hill has a gentle topography with a flat surface at the top (Fig. 6.1b), it is 

elongated for about 700 m  in NW-SE direction with a maximum height of 40 m. 

Its longitudinal section (B-B‘ in Fig. 6.1a) is asymmetric, consequently the 

northwestern side is quite gentle with respect to the southeastern part. On the 

other hand, the transverse section is more regular and symmetric (A-A‘ in Fig. 

6.1a), with a base having width of about 500 m. In the past, a preliminary study 

was performed in this area (Lombardo and Rigano, 2007), using ambient noise 

records and a small set of earthquakes recorded on stations operating for a few 

weeks. That study was devoted to investigate the local seismic response linked to 

the features of different lithotypes outcropping in the area. The aim of present 

experiment is to evaluate the effects of the topography on the seismic response of 

the study area, testing at the same time the reliability of the use of ambient noise 

for studying such phenomena in a rather complex geologic and topographic 

setting. The most commonly adopted techniques to evaluate site response 

properties, such as the standard spectral ratio (SSR), the horizontal to vertical 

spectral ratio (HVSR) and the horizontal to vertical noise ratio (HVNR) are 

therefore adopted. Techniques evaluating directional effects are also used as a test 

procedure for the identification of directional site response. 

 

6.2. Geologic setting 

The geo-lithologic map of the study area is shown in Figure 6.1a. The map is 

the result of assembling information coming from pulling together both 

geophysical data (Lombardo and Rigano, 2007) and geologic field surveys 

performed by several authors (Monaco et al., 2000; Carbone et al., 2009).  
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Fig. 6.1. (a) Geo-lithologic map of the study area with cross sections of S. Sofia hill; the insets 

show the local geologic structure across the profiles AA’ and BB’. (b) 3D surface model of the 

investigated area. (c) location of the reference station (UNIV) with respect to the permanent 

stations. 

 

The surface geology of Catania derives from the combination of processes 

linked to the volcanic and tectonic activities. The main feature of the study area is 

a complex sedimentary sequence laying between a clayey basement and an upper 
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volcanic formation with lava flows and pyroclastics. The bedrock of the area is 

represented by a succession of marly clays, having thickness up to about 600 

meters. In the upper part of this formation, levels of sand and sandy clays are 

frequently present. These terrains are followed upwards by some tens meters of 

fluvial-deltaic sands and gravels called ―Terreforti‖ formation. Such a formation is 

unconformably covered by terraced alluvial deposits that outcrop in different 

places inside the urban area. The most recent deposits are formed by slope detritus 

and ruins deriving from historical earthquakes. 

In the study area the most frequently cropping out lithotype is basaltic lava that 

in pre-historical and historical times flowed onto the valleys originally existing in 

the sedimentary formations (see cross section A-A‘ in Fig. 6.1a). The lava flows 

have an extremely variable thickness and often are formed by alternating levels of 

massive lava and more or less weathered scoriae. 

 

6.3. Methodology 

The evaluation of local seismic response in the complex geologic situation of 

the study area was undertaken by integrating different experimental approaches. 

The data used in this study consist of both noise and earthquake recordings that 

were processed through spectral ratio techniques. 

Three sites, located on the top (CITT), along the southwestern slope of the hill 

(POLI) and at about 3 Km from the study area (UNIV) (Fig. 6.1a, 6.1c), were 

selected and instrumented with Reftek seismic stations, equipped with broadband 

seismometers (Guralp40T). 

The area was monitored for about two years, from 1999 till 2000. In this study, 

a set of 44 local and regional seismic events (Tab. 6.1), having a good signal-to-

noise ratio was selected. Data were processed with horizontal to vertical spectra 

ratio (HVSR) and standard spectral ratio techniques considering horizontal 

(HSSR) and vertical (VSSR) components. It has to be noted that in case of 

complex structures there might be a broad range of amplification rather than a 

single frequency and it is also possible the existence of pronounced changes in the  

vertical component of the ground motion. This might therefore indicate that the  
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Table 6.1. List of selected events recorded at each seismic station. 

# yy-mm-dd hh/mm Lat. N 
Long. 

E 

Depth 

(Km) 
MD CITT POLI UNIV 

1 1999/02/08 19:24 37.66 14.99 5 2.7 * 
 

* 

2 1999/02/08 21:06 37.65 14.98 10 2.3 * 
 

 

3 1999/02/09 05:24 37.66 14.99 10 2.6 * 
 

 

4 1999/02/13 22:58 38.19 15.02 10 3.3 * 
 

* 

5 1999/02/14 06:23 38.15 15.05 7 3.0 * 
 

* 

6 1999/02/14 11:45 38.09 15.06 9 4.3 * 
 

* 

7 1999/02/14 15:10 38.21 15.03 7 3.3 * 
 

* 

8 1999/02/14 15:43 38.17 15.04 12 3.2 * 
 

 

9 1999/02/16 08:54 37.59 15.11 10 2.4 * 
 

* 

10 1999/02/16 10:29 37.61 15.16 10 2.1 * 
 

* 

11 1999/02/16 10:34 37.60 15.13 10 2.6 * 
 

* 

12 1999/02/16 10:36 37.63 15.09 10 2.8 * 
 

 

13 1999/02/16 10:58 37.62 15.10 10 2.5 * 
 

* 

14 1999/05/23 11:53 37.90 14.99 4 3.3 * * * 

15 1999/05/23 12:33 37.68 14.99 5 2.8 * *  

16 1999/05/24 02:50 37.76 14.55 16 2.7 * 
 

 

17 1999/06/02 10:37 38.50 14.08 21 4.0 * *  

18 1999/06/02 11:52 38.56 14.01 11 3.8 * 
 

* 

19 1999/06/02 11:56 38.55 13.99 7 3.8 * 
 

 

20 1999/06/02 18:14 37.70 14.96 5 2.8 * 
 

 

21 1999/06/07 03:37 38.55 14.17 18 3.5 * 
 

* 

22 1999/06/13 17:46 37.79 15.96 44 3.2 * *  

23 1999/06/13 18:10 37.72 15.12 3 2.8 * *  

24 1999/06/14 20:36 37.29 15.00 10 2.1 * *  

25 1999/06/20 23:06 37.67 15.01 6 2.7 * * * 

26 1999/06/22 04:11 37.68 14.95 10 2.5 * *  

27 1999/07/02 22:40 37.68 14.95 10 2.4 * 
 

 

28 1999/08/21 01:38 37.75 15.16 10 3.3 * *  

29 1999/08/26 08:50 37.79 15.15 10 3.3 * * * 

30 1999/08/26 08:56 37.78 15.16 10 3.2 * *  

31 1999/09/16 13:23 37.58 14.92 5 2.7 * *  

32 1999/09/20 06:57 38.42 15.65 173 3.4 * *  

33 1999/09/24 04:57 37.74 15.13 10 2.5 * 
 

 

34 1999/09/25 00:51 38.57 16.62 26 3.6 * 
 

 

35 1999/09/27 20:46 38.64 16.43 24 3.6 * 
 

 

36 1999/09/28 10:55 37.72 14.95 10 2.5 * 
 

 

37 1999/09/30 14:52 37.73 15.18 4 2.9 * *  

38 1999/10/01 07:27 37.76 15.20 10 2.7 * *  

39 1999/10/12 01:21 37.70 15.01 5 2.9 * *  

40 1999/10/12 01:56 37.69 15.01 5 2.8 * * * 

41 1999/10/12 03:27 37.70 15.00 5 2.8 * * * 

42 1999/10/12 04:59 37.69 15.02 5 2.8 * *  

43 1999/12/26 14:19 37.67 15.18 5 3.0 * 
 

* 

44 1999/12/27 04:54 38.41 14.24 10 3.3 * 
 

* 

Total number of seismic event for each stations 44 19 18 
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structure of the site exhibits significant lateral variations, which will lead to 

significant 2D or 3D effects. HVSR technique, in particular, was proposed for 1D 

structures, then, the identification of main resonance frequencies through this 

technique can be very difficult in such situation. For this reason the ratios between 

the vertical component spectra of records at the local permanent stations and at the 

reference one were calculated as well. The station UNIV (Fig. 6.1c) was used as 

reference site since, as suggested by several authors (Bouchon and Barker, 1996; 

Catchings and Lee, 1996; Steidl et al., 1996), it is important to adopt a reference 

station not significantly influenced by the topography itself. Such station was 

installed on a 30 meters thick compact lava rock overlaying the marly clays 

formation. The suitability of the reference site was tested, following Steidl et al. 

(Steidl et al., 1996), by performing the HVSR which showed the lack of 

significant resonance phenomena (Fig. 6.2). 

 

 

Fig. 6.2. HVSR of the NS and EW components of motion at the reference site, computed by 

considering three different time window duration.  

 

The signals of the recorded earthquakes were base-line corrected, in order to 

remove spurious offsets and band-pass filtered in the range 0.08-20 Hz, with a 

fourth order causal Butterworth filter. In order to verify the contribution of the 

body and of the surface waves, in the seismic site response assessment, the 

analysis was performed considering different time windows (10, 20, 30 s), starting 

from S waves onset and using a 5% cosine-tapered window. The signal, indeed, 

should be long enough so that any resonant peaks in the spectral ratio can be 

adequately resolved. The obtained Fourier spectra, for each considered 

earthquake, were smoothed using a proportional 10% triangular window. For each 
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windows, the spectral ratio as a function of the frequency was computed, 

eventually  performing the geometric mean.  

The ambient noise was recorded in twenty eight sites (Fig. 6.1a) using 

Tromino (www.tromino.it). It is a compact 3-component velocimeter, designed 

for recording and processing ambient noise, having a response curve almost flat in 

the band of engineering interest (Castellaro and Mulargia, 2009). Time series of 

30 minutes length were recorded using a sampling rate of 128 Hz and processed 

through spectral ratio technique (HVNR). According to the guidelines suggested 

by the SESAME project (2004), time windows of 30 s were considered and the 

most stationary part of the signal was selected excluding transients associated to 

very close sources. Fourier spectra were calculated and smoothed using a 

triangular average on frequency intervals of ± 5% of the central frequency. 

Following the criteria suggested by SESAME project (2004), only the spectral 

ratio peaks having amplitude greater than two units were considered significant. 

The results obtained through the experimental techniques (HVSR, HSSR, 

VSSR and HVNR), at the permanent seismic stations, were compared with those 

coming out from numerical 1D modeling based on the knowledge of the 

subsurface geology. To acquire the theoretical HVSR and the amplification 

spectra, for S and P waves, the ModelHVSR Matlab routines (Herak, 2008) were 

adopted. This software, in its simplest formulation, consider a vertical incidence 

SH-waves and horizontally stratified soil layers. The soil model consists of a 

number of visco-elastic layers, stacked over a halfspace, each of them being 

defined by the thickness (h), the velocity of the body waves (VP and VS), the 

density (), and the Q-factor, which controls the anelastic properties. To compute 

the synthetic HVNR the usually postulated ambient noise properties was adopted, 

therefore, assuming that the microtremor consists of Rayleigh waves in the 

fundamental mode (Fäh et al., 2001), including the presence of Love waves 

(Bonnefoy-Claudet et al., 2008) and adopting a 1-D layered viscoelastic solid, as 

in the Hermann (2002) formulation. The stratigraphy of the seismic station sites 

was inferred from borehole data and the input elastic parameters of main geologic 

formations (Table 6.2) were taken from the results of the CNR-GNDT ―Catania 

http://www.tromino.it/
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Project‖ (Faccioli and Pessina, 2000). Moreover, to improve the solution at low 

frequency (0.5-1.0 Hz), according to Priolo (1999), the presence of Pliocenic 

sediments (flysch, clay, silt and sand) was assumed beneath the marly clay 

bedrock. 

 

Table 6.2. List of elastic parameters of main lithotype outcropping in the study area, used for 1D 

modeling. 

Start 1D model used to compute the numerical  

earthquakes and noise spectral ratios at POLI 

Thickness  

(m) 

VP 

(m/s) 

VS 

(m/s) 


(kg/m3) 
 QP QS 

5 750 390  0.320 42 50 

5 858 450  0.320 10 12 

10 550 300  0.288 13 16 

120 1235 650  0.320 21 25 

∞ 2365 1316  0.260 250 300 

Start 1D model used to compute the numerical  

earthquakes and spectral ratios at CITT 

Thickness  

(m) 

VP 

(m/s) 

VS 

(m/s) 


(kg/m3) 
 QP QS 

1.5 400 210  0.310 8 10 

10 1730 1000  0.249 83 100 

10 370 190  0.320 10 12 

25 640 330  0.320 42 50 

125 1235 650  0.320 21 25 

∞ 2365 1316  0.260 250 300 

 

Experimental spectral ratios (HSSR, HVSR, HVNR) were also calculated after 

rotating the NS and EW components of motion by steps of 10 degrees starting 

from 0° (north) to 180° (south). This approach, firstly applied to earthquake 

recordings in studying the directional effects due to topographic irregularities at 

Tarzana, California (Spudich et al., 1996), has also widely adopted, for similar 

purposes, using ambient noise signals (Del Gaudio et al., 2008; Burjànek et al., 

2010; Panzera et al., 2011a) 

A direct estimate of the polarization angle, for both earthquakes and noise data, 

was achieved by using the covariance matrix method (Jurkevics, 1988). This 

technique is very efficient in overcoming the bias linked to the denominator 

behavior that could occur in the H/V‘s technique, and it is based on the evaluation 

of eigenvectors (u1; u2; u3) and eigenvalues (λ1; λ2; λ3) of the covariance matrix 
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obtained by three-component seismograms. Parameters describing the 

characteristics of the particle motion (rectilinearity L; azimuth A; incidence angle 

I; instantaneous horizontal to vertical ratio HV) are extracted using the attributes 

from the principal axes. In particular, the degree of rectilinearity is defined as: 

     
     
   

  

and it is equal to unity for pure body waves and zero for spherical waves. The 

azimuth of a wave can be estimated by: 

        
            

            
  

where uj1 j=1, 2, 3 are the three direction cosines of eigenvector u1 and the sign 

function is introduced to resolve the ambiguity of taking the positive vertical 

component of u1. The apparent incidence angle of rectilinear motion may be 

obtained from the corresponding direction cosine of u1: 

            . 

The polarization was calculated by running a moving window of 1 s with 20% 

overlap, using the whole noise record and, as concerns the earthquake records, by 

considering the signals from the P waves onset up to the late coda waves. 

 

6.4. Results and discussion 

The results coming out from HSSR, HVSR and VSSR analysis are shown in 

Fig. 6.3. The role of different window length was tested performing the spectral 

analysis using three different time windows (10, 20 and 30 s). It is interesting to 

note that the obtained results do not change significantly, the largest variation 

being observed in their standard deviations. In particular, at low frequencies the 

standard deviations show a tendency to diminish with increasing window length. 

This effect could be explained as a consequence of the low signal to noise ratio at 

frequencies closer to the lower limit of the analyzed frequency range, especially 

for small magnitude events. Therefore, long windows of signal may allow more 

stable spectral amplitudes of stationary low-frequency noise, therefore reducing 

the standard deviation. The test shows that if a 20 s window is used, a good 
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Fig. 6.3. Spectral ratios (HSSR, HVSR and VSSR) at each permanent station (CITT upper panels,  

POLI lower panels),  computed for 10 s, 20 s and 30 s time windows length. 

 

stability of spectral ratios, especially at low-frequency, is achieved. So that for 

further analysis in this study was adopted such window length. 
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Inspection of the HSSR (Fig. 6.3) points out that at the station CITT less 

pronounced spectral ratio peaks are observed with respect to the station POLI. At 

CITT, the horizontal standard spectral ratio do not show pronounced peaks, but a 

broad band of amplification, in the range 0.5-5.0 Hz, reaching 4 and 3 units in the 

NS and EW component of motion, respectively. At POLI, the HSSR highlights 

pronounced spectral ratio peaks, in the frequency band 2.0-5.0 Hz, with greater 

amplitude (about 7 units) in the NS component. 

The spectral ratio amplitude obtained through the HVSR method appears 

underestimated in amplitude with respect to those obtained through the HSSR 

approach, however, especially at POLI, a good agreement between the two 

methodology is observed concerning the frequency range of the dominant peaks 

(Fig. 6.3). Moreover, it is interesting to observe that CITT and POLI stations 

show a flat spectral ratio peaks, with HVSR amplitude going down to values 

lower than 1 units at frequencies higher than about 3.0 and 5.0 Hz, respectively 

(Fig. 6.3). This appears related to the presence of a significant amplification of the 

vertical component of motion, as it can be observed in the V/Vref plots (Fig. 6.3). 

Such an effect could be explained in terms of the complexity of the near-surface 

morphology and the existence of pronounced stratigraphic heterogeneities that, as 

postulated by many authors (Chavez-Garcia et al., 1996; Raptakis et al., 1998; 

Raptakis et al., 2000; Bindi et al., 2009), may affect the vertical component of 

motion. The presence of a complex morphologic and  lithologic setting in the 

Catania area and, in the S. Sofia hill in particular, was indeed set into evidence in 

several studies (Lombardo et al., 2001; Lombardo and Rigano, 2007; Panzera et 

al., 2011b). Present results therefore, point out that major differences in the shape 

of HSSR and HVSR at both stations, occur in the higher frequencies portion of 

the spectral ratios. Such observations, as suggested by Parolai and Richwalski 

(2004) can be interpreted as due to both the influence of the incidence angle and 

the S-to-P waves conversion which imply amplification of the vertical component 

in the S-wave window analyzed and deamplification in the HVSR. Moreover, it 

has to be remembered that POLI is located along the slope of the hill whereas 

CITT is located on the top. The results obtain are therefore in contrast with 
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usually expected effects of amplification at the top of a hill. This behavior, in my 

opinion, could be related to the gentle slope of the S. Sofia hill. In such conditions 

the reflection angle between the direction perpendicular to the free surface 

topography and the upward propagating wavefront is smaller than in the case of a 

steep slope. Therefore, the focusing effects at the crest are shadowed by laterally 

propagating waves (Boore, 1973) and it is reasonable to observe only moderate 

amplifications at the top of the hill. Moreover, it must be remembered that POLI 

is set up on the sedimentary terrains whereas CITT is settled down on a compact 

lava flow. Such lithotype generally do not show significant spectral ratio peaks as 

already observed in studies concerning the local seismic response in the Catania 

area (Lombardo et al., 2001; Lombardo and Rigano, 2007; Panzera et al., 2011b).   

Ambient noise was recorded, in different lithotypes, alongside the slopes of the 

hill at decreasing height from the top (Fig. 6.1), to remark possible topographical 

effects. The HVNRs show flat and, at times, deamplificated spectral ratios in 

several recording sites (#8, #9, #10, #11, #12, #13, #14, #15, #16, #18, #22, #26, 

#27, #28) where the local geology consists in a sequence of thick (10-20 m) 

massive lava flows that overlay the sand and coarse gravel sediments laying on 

the marly clay basement (Fig. 6.4a). Conversely, when the sedimentary terrains 

outcrop (#3, #4, #5, #6, #21, #23), significant spectral ratio peaks, are observed 

(Fig. 6.4b). Results obtained by the HVNR confirm the findings coming out from 

earthquake data analysis and set into evidence that the geological setting is more 

complex than a simple 1-D layered structure, for which the noise spectral ratio 

method was originally proposed. The presence of lava flows at the surface imply 

the existence of possible velocity inversions that gives origin to H/V spectral 

amplitude lower than one unit (Di Giacomo et al., 2005; Castellaro and Mulargia, 

2009) and the existence of amplification in the vertical component of the ground 

motion. The influence of lava thickness on the amplitude of HVNR peaks is also 

set into evidence by the results shown at sites #1, #2, #8 and #28 (Fig. 6.5), where 

the amplitude of spectral ratio peaks decreases as the thickness of the lava flow 

increases going from its boundaries to the inner part (top of the hill). A detailed 

study of lava thickness at S. Sofia hill was performed, using borehole data, by 
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Fig. 6.4. Examples of HVNR results at representative recording sites located on lava flows (a) and 

on sedimentary terrains (b); solid black lines refer to the average H/V spectra, dotted grey and 

black lines refers to NS/V and EW/V spectra, respectively. 

 

Lombardo and Rigano (2007). Besides the complex lithologic setting so far 

described, the presence of sedimentary terrains having a modest velocity contrast 

could significantly affect the shape of H/V amplitude (Fäh et al., 2001). In some 

instances (#7, #17, #19, #20, #24, #25), no significant dominant peaks are indeed 

found (Fig. 6.6). This behavior, was already observed in the Catania area 

(Lombardo et al., 2001) and it was ascribed to a fair velocity contrast between the 

sandy clay with coarse gravel layers and the marly clay basement. In the same 

figure are also depicted the results obtained on the marly clay (#17, #20) 

outcropping in the southern part of the study area that, as expected for a bedrock 

formation, show flat HVNRs. 

 

Fig. 6.5. Amplitude of HVNR peaks as observed in sites located on different thickness of lava 

layers. 

 

In Fig. 6.7 the HVNRs obtained from 30 minutes of the pre-event ambient noise, 

recorded at the stations POLI and CITT, are plotted together with the HVNRs 

from the  measurements performed at the two mobile stations (#5 and  
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Fig. 6.6. Examples of HVNR results at some recording sites located on sedimentary terrains 

having a low velocity contrast with respect to the clayey basement. 

 

#28, respectively) close to the permanent ones. It appear quite evident that both 

noise recordings, acquired with different instruments, show similar results. Such 

comparison allows us to assert that the significant differences in amplitude, 

sometimes observed between earthquake and noise data, cannot be ascribed to the 

use of different instruments but to the peculiarities of the noise and earthquake 

wavefields. Bonnefoy-Claudet et al. (2008) have indeed observed, by modeling  

the ambient noise wavefield, that HVNR peaks amplitude depends on the relative 

contribution  of  different types of seismic waves (body and surface waves) and on 

 

 

Fig. 6.7. Comparison of the HVNR from pre-event at the two permanent stations with those 

obtained from records of mobile stations located at the same sites. 
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the impedance contrast between sediment and bedrock. Consequently only an 

indirect correlation between the HVNR peak amplitude and the site amplification 

may exist and it is possible an underestimation of the amplitude with respect to 

the SSR techniques. 

The experimental SSR, HVSR and HVNR at the two permanent seismic 

stations were compared with those obtained by modeling the site response to 

explain the observed spectral features from a lithologic point of view (Fig. 6.8).

 

Fig. 6.8. Stratigraphic sequences, velocity profiles and comparison of experimental spectral ratios 

with 1D theoretical modeling at CITT (a) and POLI (b) stations.  

 

The initial model of body wave velocities and layers thickness was perturbed by 

5% and 25% respectively, to obtain a good fit with the experimental results. 

Despite the use of a simple 1D model, the theoretical results are in good 

agreement with the experimental techniques. At CITT (Fig. 6.8a), the theoretical 

modeling fit quite well the experimental results. The differences that can be 

observed between the SSR, HVSR and HVNR could be explained in terms of the 
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velocity inversion linked to the presence of the lava layer, which determines the 

differences in composition and propagation between the earthquakes and the noise 

wavefield (Di Giacomo et al., 2005; Castellaro and Mulargia, 2009). A quite good 

fit is also obtained at POLI (Fig. 6.8b). The differences observed in amplitude and 

shape between SSR, HVSR and HVNR may be attributed to the presence a 

velocity inversion at depth of about 10 m due to a low velocity layer of 

pyroclastics.  

Although a good fitting between models and experimental data is in general 

observed, some differences in the spectral ratio shape are present. They could be 

related to the use of a simplified layer model, which is based on elastic properties 

valid on a large scale for the Catania area, and to the presence of directional 

effects as pointed out by the different spectral ratio shape of NS and EW 

components of motion. 

To recognize the existence of directional amplifications, the horizontal 

components of each spectral ratio (HVSR, HSSR and HVNR) obtained at the two 

permanent stations, were rotated by steps of 10° starting from 0°N to 180°N (Fig. 

6.9) and a direct estimate of the polarization angle in the time domain was 

performed as well (Fig. 6.10). The results obtained from the earthquakes data 

(Fig. 6.9) show, at the two stations, peaks in the frequency range 1.0 – 5.0 Hz 

with a prevailing direction in the range N0° - 50° that is more evident, both in 

frequency and amplitude, at POLI with respect to CITT which is located at the top 

of the hill. This directional effect is evident in both HVSR and HSSR, so that the 

influence of the reference site (UNIV) in the estimate of rotated HSSR appears 

negligible. The results obtained from the analysis of the pre-event ambient noise 

(HVNR in Fig. 6.9) appear comparable at the station POLI whereas at CITT not 

clear effects can be observed. 

Inspection of the hodograms obtained in the frequency range 1.0 - 10.0 Hz 

(Fig. 6.10), confirms the evidences observed through directional analysis of the 

HVSR, HSSR and HVNR. Evidence of a less pronounced directivity effect at 

CITT are indeed observed, whereas clear polarization effects (at about 40°) appear 

at POLI. Such behavior is still observed in the hodograms obtained from the 
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Fig. 6.9. Contours of the geometric mean of the spectral ratios as a function of frequency (x axis) 

and direction of motion (y axis) for earthquakes and pre-event noise recorded at CITT and POLI. 

 

analysis of pre-event noise although, at POLI station, the rose diagram show 

greater (≈ 60°) azimuth values with respect to those obtained from the earthquake 

data. Slight differences between polarization angles obtained from the analysis of 

either earthquake or ambient noise data can be attributed to the contamination of 

the predominant direction of polarization by the isotropic distribution of the noise 

sources (Zheng and Stewart, 1992; Greenhalgh et al., 2008). In Fig. 6.10 the 

histograms of the occurrence (%) of the parameters describing the characteristics 

of the particle motion (rectilinearity L, incidence angle I, instantaneous horizontal 

to vertical ratio HV), are also reported. It appears evident that the plotted 
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Fig. 6.10. Rose diagrams and histograms of the particle motion parameters (incidence angle I, 

rectilinearity L and instantaneous horizontal to vertical ratio HV) for earthquakes and pre-event 

noise recorded at CITT and POLI. 

 

parameters show similar features at the two seismic stations, both for earthquake 

and pre-event noise. The only exceptions are observed in the I and HV values 

obtained from the analysis of pre-event noise at CITT, where a lack of any 

prevailing incidence I is observed, together with HV at prevailing values smaller 

than 1. This results are in good agreement with the observations coming from 

spectral ratio features (Figs 6.3 and 6.4), that pointed out a significant influence of 

the vertical component, particularly at the station CITT and in all measurement 

sites located on the lavas. The observed behavior, as already mentioned, could be 

interpreted in terms of the velocity inversion linked to the existence of a top rigid 

layer (basaltic lavas) overlaying the soft sedimentary terrains that imply the 

different features between the earthquake and the noise wavefields (Di Giacomo 

et al., 2005; Castellaro and Mulargia, 2009). 

In order to verify that the directional effects observed at the two stations are 
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independent from back-azimuth, depth and distance from the source, the 

polarization parameters of three selected earthquakes (two local and one regional), 

are shown in Fig. 6.11. It is noteworthy to observe that the polarization azimuth 

during earthquakes is independent of the source position and it is well defined, at 

about 220° (equivalent to 40°+180°), at the station POLI with respect to CITT 

where it is more randomly distributed. Therefore, the observation of a persistent 

polarization direction, observed at POLI and a randomly distributed azimuth at 

CITT, using both noise and earthquakes, rules out a source effect and suggests a 

dependence of polarization on local properties of the site. It is also important to 

note that the incidence angle (I) is less stable at CITT rather than at POLI where, a 

few seconds after the P onset, it become stable at about 70°. Such behavior affects 

the instantaneous HV at CITT as well since, it can be observed that when I 

assumes values lower than 70°, HV values become lower than 1, therefore 

confirming, also for earthquake data, the presence of waves having a pronounced 

vertical direction of motion. No particular differences are observed, at the two 

stations, as far as the rectilinearity values are concerned (Fig. 6.11). The 

polarization azimuth, as observed by several authors (Spudich et al., 1996; 

LeBrun et al., 1999; Pischiutta et al., 2010; Panzera et al., 2011a), usually shows 

maxima in a direction perpendicular to the main elongation of the considered hill, 

and are frequently concentrated on the crest top. The present study shows that 

more evident polarization effects take place on the flanks of the hill (station 

POLI) rather than on its crest. Such a peculiar result could be explained, not only 

as due to an incidence angle in a hill with a slight slope, but taking also into 

account the influence of geologic factors. In the S. Sofia hill, the available 

borehole information set into evidence that in some sites, the lower levels of the 

lava flows, laying on the sedimentary terrains, are mostly formed by  fractured 

lava with presence of water. In such conditions, a low layer zone having a modest 

quality factor can be postulated. A strong vertical and lateral variation in 

attenuation, as observed by Spudich et al. (1996), causes a reduction of high-

frequency energy and the presence of scattered waves. These  waves could 

propagate along multiple fractures corridors and therefore can explain the absence   
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Fig. 6.11. Examples of earthquakes recorded at CITT (a) and POLI (b) stations with instantaneous 

values of rectilinearity, polarization incidence, polarization azimuth and HV. 
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of a clear polarization transversal to the hill at the crest. Such findings are not 

uncommon since the shear waves radiation can be deformed as a consequence of 

topographic irregularities and different wave propagation velocities in an 

anisotropic medium with cracks (Cary et al., 2010). 

Directional effects were further investigated, in the whole study are, through 

ambient noise records. The results obtained (see some examples in Fig. 6.12) 

confirm that the S. Sofia hill has not a simple 1D structure and it shows many 

oscillation modes making therefore not possible to find out a fundamental 

frequency of the study hill. The hodograms obtained from noise measurements, in 

 

Fig. 6.12. Examples of contours of the geometric mean of the spectral ratios as a function of 

frequency (x axis) and direction of motion (y axis) for noise measurements at some representative 

recording sites. 

 

the frequency range 1.0–10.0 Hz (Fig. 6.13), show that the polarization azimuths 

are similar to those obtained by processing the earthquake data. It appears indeed 

confirmed that at the top of the studied hill (#9, #12, #14 and #28) the pattern of 

polarization directions is similar to what observed at the station CITT. On the 

other hand, the noise rose diagrams obtained at the other recording sites point out 

polarization azimuths that seem to be in agreement with the slope directions of the 

hill flanks. Only few sites (#17, #21, #22, #25) make an exception to such a trend, 
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Fig. 6.13. Rose diagrams from noise measurements in the S. Sofia hill area. 

 

showing a directional variability that cannot be easily interpreted. However, in my 

opinion, a possible explanation could be linked to the local shallow lithologic 

features since, in the study area, to reduce the hill slope, manmade terraces having 

variable thickness (2-10 m) were often build using massive block in sandy-clay 

matrix. As observed by Burjánek et al. (2010), the vibration of small blocks 

control high frequency ground motion implying both different resonant 

frequencies and directions.  

In order to investigate on the influence of local geology and topographic setting 

of the study area on the noise wavefield, the features of the polarization 

parameters were analyzed  in detail. In Fig. 6.14 the percentage of time windows 

with polarization ellipsoids having high values of incidence angle (I≥45°), 
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instantaneous horizontal to vertical spectral ratio greater than one (HV≥1) and a 

high rectilinearity value (L≥0.5), are plotted, for each measurement site, on the 

geo-lithologic map. In this way all the windows not relevant for the definition of 

the azimuth in the horizontal plane were excluded. The maps obtained show that, 

 

Fig. 6.14. Geolithologic maps of the study area showing the values (%) of incidence angle I≥45°, 

rectilinearity L≥0.5 and instantaneous horizontal to vertical ratio HV ≥1. In the right lower corner 

a simplified sketch of the main polarization parameters is shown. 

 

besides the control of the topographic effects, a significant influence of the geo-

lithologic features has to be taken into account. The results show that, as it is 

usually expected for ambient noise signals, all the measurement sites are 

characterized by high percentage of elliptical and rectilinear waves (L≥0.5 in Fig. 
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6.14). Moreover, it appears evident that the incidence angle and the horizontal to 

vertical spectral ratio (I≥45° and HV≥1 respectively, in Fig. 6.14), seem to be 

controlled by the surface geology. The higher percentage values were, indeed, 

observed along the hill slopes where the sedimentary terrains outcrop whereas, in 

the upper part of the hill and in all the measurement sites located on the lava 

flows, where a velocity inversion take place, their values attain a minimum.  



 

 

 

 

Chapter VII 

 

Evidence of topographic effects analysing ambient noise measurements 

 

 

7.1. Issues of the chapter 

Amplification of the ground motion in a topographic irregularity is generally 

linked to the focalization of seismic waves at its topmost part due to the existence 

of diffraction, reflection and conversion of the incident waves (Bard, 1982). The 

amplification effects at the topmost part of a hill are frequency dependent so that 

resonance phenomena occur when the wavelength of the incident wave is 

comparable to the horizontal dimension of the hill. Besides, the influence of the 

topography on ground motion is linked to the sharpness of the ridge crest (Géli et 

al., 1988; Bard and Riepl-Thomas, 1999). The upper part of a hill shows 

increasing resonant motion with respect to the whole of the structure. Such ground 

motion amplification mechanism taking place at ridge crests, is in principle 

similar to the well-known effects in the seismic design of buildings that therefore 

appears to apply at a larger scale to mountains, as well (Buech et al., 2010). 

Moreover, significant directional effects, transverse to the major axis of the ridge, 

are often observed (Spudich et al., 1996).   

Several analytical and numerical methods have been developed to study the 

interaction of incoming seismic waves with a hill shaped morphology (e.g. 

LeBrun et al., 1999; Paolucci, 2002). On the other hand, experimental studies 

using earthquake instrumental records are relatively few and only in recent time 

data from small array start being commonly used  (e.g. Buech et al., 2010; 

Pischiutta et al., 2010). In a review article, Géli et al. (1988) point out that an 

important disagreement between observed and predicted amplification on a 

topographic feature often occurs. Several studies (Tucker et al., 1984; Catchings 

and Lee, 1996; Steidl et al., 1996; Bouchon and Barker, 1996) have shown that 
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this difference derives from the difficulty of adopting a reference station not 

significantly influenced by the topography itself. To resolve such difficulty for 

evaluating topographic site effects, studies of Spudich et al. (1996) and Chavez-

Garcia et al. (1996 and 1997) propose the use of a non reference technique such as 

the earthquake horizontal-to-vertical spectral ratio (HVSR) and the generalized 

inversion scheme (GIS) method proposed by Andrews (1986) and Boatwright et 

al. (1991). Generally, the use of earthquake data has been shown to be a 

successful tool for the evaluation of topographic effects. However, artificial 

explosions and ambient noise records, processed with the horizontal to vertical 

noise ratio (HVNR) technique (Nakamura, 1989), can be a helpful alternative 

seismic input as supported by several studies (e.g. Borcherdt, 1970; LeBrun et al., 

1999; Poppeliers and Pavlis, 2002; Pagliaroli et al., 2007]. 

The aim of this experiment was to estimate the seismic response in the area of 

downtown Syracuse (Sicily) and to test the reliability of ambient noise recordings, 

processed through HVNR techniques, to estimate topographic effects. Ambient 

noise has become in recent years widespread used for site amplification studies. 

Its use appear opportune for significant reductions in field data acquisition time 

and costs. The evaluation of site response using HVNR‘s technique is largely 

adopted since it requires only one mobile seismic station with no additional 

measurements at rock sites for comparison. Besides, it does not require the long 

and simultaneous deployment of several instruments to collect an useful data set 

of earthquake. The basic hypothesis of using ambient noise is that the resonance 

of a soft layer corresponds to the fundamental mode of Rayleigh waves, which is 

associated with an inversion of the direction of Rayleigh waves rotation (Nogoshi 

and Igarashi, 1970; Lachet and Bard, 1994). Thus, the ratio between the horizontal 

and vertical spectral components of motion can reveal the fundamental resonance 

frequency of the site. Reliability of such approach has been asserted by many 

authors (e.g. Lermo and Chavez-Garcıa, 1993; Duval, 1994; Bard, 1999) who 

have stressed its significant stability in local seismic response estimates and the 

reliaility of the H/V spectral ratio in estimating the fundamental frequency peak 

(Cara et al., 2003). Recently the use of HVNR methodologies was adopted for 
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investigating topographic effects, producing rather satisfactory results (Lermo and 

Chavez-Garcìa, 1993; Pagliaroli et al., 2007), although no clear theoretical 

explanation was provided. A possible explanation could be that, contrary to 

alluvial deposits, the basic composition of the wave field is the same for 

earthquake and noise ground motion. There is, indeed, no reason to have Rayleigh 

waves due to the topography in the wave field of the noise and it has to be 

remembered that the topographic effect is much higher in the horizontal 

component of motion rather than in the vertical one (LeBrun et al., 1999). 

 

7.2. Geology of the Study Area 

The study area (Ortigia peninsula) is located in the south-eastern coast of Sicily 

(southern Italy), in downtown Syracuse. It is elongated in the N-S direction, 

reaching a length of about 1500 m, with a maximum height of 30 m a.s.l. and its 

A-B transverse section has a width of about 700 m (Fig. 7.1). 

In the Syracuse area, as previously described, the substratum is characterized 

by a Meso-Cenozoic carbonate sequence with interbedded volcanic levels (Grasso 

and Lentini, 1982) and the Cretaceous volcanics represent the deepest formation 

having a thickness of about 500 meters (Tortorici, 2000). Such formation is 

unconformably overlain by sub-horizontal carbonate sequences that are 

distinguished in two main units known in the literature as Mount Climiti and 

Mount Carruba formations, the latter outcropping in the Ortigia area (Fig. 7.1). 

 

7.3. Experimental Setup 

The dynamic site properties and, in particular, the shear wave velocity in the 

upper 30 m (V(S, 30)) of the carbonate sequences were investigated through non-

invasive techniques such as the Multichannel Analysis of Surface Waves 

(MASW) (Park et al., 1999) and Refraction Microtremor (ReMi) (Louie, 2001). 

The  combined  use of both techniques permit to compare and check the obtained 

results going also all over the limitations of each methodology. In the MASW 

technique, being an active source method, it is generally difficult to generate low 

frequency waves. For this reason, the passive source method (ReMi), which make



Approaches to earthquake scenarios validation using seismic site response Chapter VII 

 

126 
 

 

Fig. 7.1. Geolithologic map of downtown Syracuse. 

 

use of microtremors and microseisms, therefore producing an input signal having 

a wide range of frequencies, was adopted as well. However, special care must be 

used in processing ReMi data because the presence of a omni-directional source 

may lead to the estimation of apparent S waves velocities not coincident with real 

shear wave velocity (Louie, 2001). On the other hand, in the MASW test, a 

suitable location of the seismic source together with an appropriate choice of the 

spacing between the receivers is needed. The offset of the source and the length of 
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the linear array itself, affects the largest reliable wavelength in the measurements 

(near field effects), whereas the receiver spacing and the sampling rate affect the 

smallest reliable wavelength in the test (Park et al., 1999). 

In the study area MASW tests were performed using a 12-channel seismograph 

and 4.5 Hz geophones. A linear array (Fig. 7.2a) having a length of 48 m was 

deployed with a 4 m interval pitch between sensors. Tests were made using a 

hammer source of 8 Kg, with a fixed offset distance of 8 m, recording five shots 

to reduce the possible interference with other sources in the vicinity, with a 

registration length of 3 s and sample rate of 512 Hz. 

 

 

Fig. 7.2. (a) Schematic configuration of the MASW and ReMi prospecting. (b) Phase velocity 

spectrum and theoretical dispersion curve. (c) Shear wave velocity-depth profile from the 

inversion of MASW and ReMi measurements. 

 

The same linear array was used for the ReMi measurements, recording 5 

minutes of noise. Time windows of 10 s were considered to calculate dispersion 

curves of the fundamental mode and the average of the dispersion curves was 
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computed, excluding those not showing a clear dispersion or in which higher 

modes were dominant.  

A V(S, 30) of about 1000 m/s, that is in good agreement with an A soil category, 

as shown by the Italian building code, was obtained as a result of both techniques 

(Fig. 7.2b and 7.2c). 

 

7.4. Methodology 

In this study ambient noise was recorded in fourteen sites (Fig. 7.1) using 

Tromino (www.tromino.it), a compact 3-component velocimeter with a quite 

reliable instrumental response in the frequency range 0.5-10 Hz. Time series, 30 

minutes long, were recorded using a sampling rate of 128 Hz. The signals were 

processed evaluating spectral ratio through the HVNR technique. According to 

the guidelines suggested by the European SESAME (Site EffectS assessment 

using AMbient Excitations) project (SESAME, 2004), time windows of 30 s were 

considered, selecting the most stationary part and not including transients 

associated to very close sources. Fourier spectra were calculated and smoothed 

using a triangular average on frequency intervals of ± 5% of the central frequency.  

HVNRs were also calculated after rotating the NS and EW components of 

motion by steps of 10 degrees from 0° (north) to 180° (south) and the contours of 

such spectral ratios amplitude were plotted as a function of frequency and 

direction of motion. This approach is powerful in enhancing, if any, the 

occurrence of site specific directional effects. It was first applied to earthquake 

data by Spudich et al. (1996) to study the directional resonance due to a 

topographic irregularity at Tarzana, California. A similar procedure was used for 

ambient noise signals by Del Gaudio et al. (2008) and Burjánek et al. (2009) for 

the identification of site response directivity in presence of a slope. A direct 

estimate of the polarization angle, for noise data, was achieved by using the 

method proposed by Jurkevics (1988). This technique is very efficient in 

overcoming the bias linked to the denominator behavior that could occur in the 

HVNR‘s technique. Polarization analysis makes full use of the three component 

vector field to characterize the particle motion and it is based on the evaluation of 
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eigenvectors and eigenvalues of the covariance matrix obtained by three-

component seismograms. Signals at each site were band-pass filtered using the 

whole recordings and considering a moving window of 1 s with 20% overlap, 

therefore obtaining the strike of maximum polarization for each moving time 

windows. 

 

7.5. Results and discussion 

The HVNRs were computed dividing by the vertical component of motion (V) 

the NS and the EW components, separately (Fig. 7.3). It appears evident that the 

EW/V spectral ratios are more pronounced in amplitude than the NS/V ones, 

especially in the range 1.0-3.0 Hz.  

 

 

Fig. 7.3. Spectral ratios (HVNR) obtained from ambient noise measurements performed in the 

Ortigia peninsula. 

 

In Figure 7.4, a direct comparison of the rotated HVNRs and the results of 

noise polarization analysis is shown for all recording sites. Both methodologies 

agree indicating, particularly in the frequency range 1.0-3.0 Hz, that maxima of 

HVNR amplitudes take place at 90-100° and maxima of the horizontal 

polarization strike in E-W direction. Spectral ratio peaks that can be observed in 

the frequency range 3.5-10 Hz (Fig. 7.3) show a more complex pattern of 
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directional effects. In Figure 7.4, for instance, a strong NW-SE directionality (site 

1), as well as a N-S direction (sites 7 and 12) and a N-S direction together with a 

E-W one (site 8) are evident. Such high frequency directional variability cannot be 

easily interpreted. In my opinion a possible explanation could be linked to local 

shallow lithologic features. As observed by Burjánek et al. (2010), high frequency 

ground motion can, indeed, be controlled by the vibration of smaller blocks that 

imply both different resonant frequencies and directions. 

Field data observations were compared with the theoretical resonance 

frequency (f0) expected for the topographic effects in Ortigia hill. So that, the 

relationship f0 = Vs/L, where L is the width of the hill (about 700 m) and Vs is the 

shear wave velocity of the limestone outcropping in the peninsula (1000 m/s) 

(Bouchon, 1973; Géli et al., 1988), was adopted. The predicted value, f0 = 1.4 Hz, 

is consistent with the observed spectral peaks, in the range of 1.0-3.0 Hz. 

In general, the amplification of ground motion connected to the surface 

topography is directly related to the sharpness of the topography (Bard, 1994). In 

such instances topographic effects become clearly detectable with experimental 

and numerical approaches. In present study, the gentle topography and the 

homogeneous lithology of the Ortigia peninsula make it an ideal and simple case 

study for investigating topographic effects using ambient noise records. The 

Ortigia hill has a natural frequency of about 1.4 Hz and shows an E-W 

preferential direction of vibration. The specific directional effects in ambient 

noise, well defined both in space and in a narrow frequency band (1.0-3.0 Hz), are 

signs of a normal mode of vibration of the hill (Roten et al., 2006).  

It seems important to set into evidence that reliability of ambient noise records 

for studying topographic effects is supported by the concept that in a natural hill 

the horizontal component of the ground motion show an amplitude greater than 

the vertical one (LeBrun et al., 1999). This behaviour is similar to what observed 

in civil structures providing that there is not significant soil–structure interaction 

and considering the building as a single-degree of freedom damped oscillator. In 

such  instances  the  vertical  component  of  motion  travels  through  the building  

without amplification, whereas the horizontal components undergo a significant
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Fig. 7.4. Contours of the geometric mean of the spectral ratios as a function of frequency (x axis) 

and direction of motion (y axis) and polarization rose diagrams calculated in the ranges 1–3 Hz 

and 3.5–10 Hz, respectively. 

 

amplification (Gallipoli et al., 2009). It is common practice extracting the 

fundamental frequency of buildings, as well as their preferential direction of 

vibration using ambient noise records (Di Giulio et al., 2005). It can therefore be 

assumed that, especially when a simplified topography and lithology is present, 

data coming from ambient noise measurements can be worthwhile to characterize 

the topographic effects. 



 

 

 

 

Concluding remarks 

 

A detailed study about seismic hazard assessment southestern Sicily was 

performed. It provided interesting results for the Catania and Siracusa areas 

pointing out the differences deriving from the use of either the site or the 

seismotectonic approach. It can be observed that the site approach generally 

assigns a higher hazard for all the exceedance probabilities to Catania rather than 

to Siracusa. Such findings can be interpreted as the consequence of the higher 

damage suffered historically by this town and its average shorter distance from the 

seismogenic sources of major historical earthquakes as located by Azzaro and 

Barbano (2000). The Esteva-Cornell method puts in evidence that the hazard 

estimate for the two towns strongly depends on the size and geometry of the 

source zones postulated for south-eastern Sicily. Such features entail a spatial 

distribution of the seismic rates and a sort of ―spreading‖ of the hazard, as well as 

the effect that all sites located in the inner part of the SZ will show a hazard 

greater than those located at its boundaries. Moreover, it appeared clear that the 

bigger the SZs, the greater the computed average hazard. It is evident that in the 

former instance (SZ9) the town of Catania has a higher hazard rather than in the 

latter case (SZ4-9) where it is located closer to the boundary of the seismogenic 

zone with respect to Siracusa. The ―spreading effect‖ has also to be taken into 

account in order to explain the higher PGA and PSA values when SZ9 is used. It 

is worth noting that the PGA values obtained through the site method are quite 

similar to those computed by the Esteva-Cornell one only when the soft soil 

conditions are taken into account, whereas major differences occur when the rock 

site conditions are considered. Such differences could be a consequence of the 

intrinsic diversity between the two approaches used that makes a realistic 

comparison rather difficult. The site approach, in particular, uses macroseismic 

intensity data that are intrinsically linked to the dominant soil type which, in a 

relatively wide area, is reasonably soft soil. The results obtained from this seismic 



Approaches to earthquake scenarios validation using seismic site response Concluding remark 

 

133 
 

hazard study, compared with those coming from the national hazard map 

(Working Group MPS04, 2004) show some differences that could be referred to 

the use of a different logic tree, as well as to the adoption of different attenuation 

laws and to taking into account local (within about 300 km) seismogenic sources 

only. The use of a combined approach, in the seismic hazard estimation, appears 

however advisable for a mutual validation of the obtained results and any choice 

is strictly linked to the knowledge of the local seismotectonic features. 

The different quality and amount of the data on seismotectonic setting, as well 

as on seismicity and number of felt data at city scale, suggested the use of 

methodologies based on ground motion scenarios and/or on seismic soil 

characterization in the different urban contexts that have been investigated. 

In the complex geological situation of Catania the evaluation of the local 

seismic response was undertaken using a twofold approach based on theoretical 

modelling, through an equivalent-linear numerical code (EERA), combined with 

local borehole information and experimental methods based on spectral ratio 

techniques. The joint use of numerical and experimental approaches allowed us to 

obtain quantitative indications about the site response in the study area and 

granted a mutual validation of results, thus making possible their interpretation 

into a geological framework. Data coming from about two hundred boreholes 

provided reliable stratigraphic sequences for modelling the investigated sites. To 

obtain contour maps of PGA and Sag, three different scenario earthquakes were 

assumed and seven real accelerograms were selected for each considered scenario. 

The numerical approach pointed out that all scenarios show comparable results in 

terms of local distribution of amplifications. The largest PGA and Sag values are 

concentrated in wide areas located in downtown Catania, where coarse materials 

and ruins of historical earthquakes are present, as well as in sectors where soft 

sediments and alluvial deposits outcrop among the basaltic lava flows. On the 

contrary, the lowest values are observed in all sectors of the urban area where lava 

flows directly cover the marly clay bedrock, as long as the basaltic lavas are not 

scoriaceous and/or fractured. The results obtained through spectral ratios 

techniques, processing the earthquake records, confirm the findings previously 
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described. Significant ground motion amplifications are indeed observed in the 

stations located either on spots of soft sediments, such as coarse detritus and sand 

surrounded by lava flows or when they are sited on fairly fractured and 

scoriaceous basaltic lavas. It is worth noting that both the SSR and HVSR 

techniques provide a reliable estimate of the fundamental frequencies at the 

investigated sites. Spectral ratios obtained through the HVSR method often appear 

less pronounced than those obtained through the SSR. Such evidence appears 

related to the role played by the pronounced lateral heterogeneities existing in the 

area, which affect the vertical component of motion, as well as to the complexity 

of near-surface morphology.  

In the Siracusa area a detailed evaluation of the local seismic response was 

carried out using a twofold approach based on the interpretation of the Rayleigh 

waves dispersion curves obtained from MASW and ReMi prospections and on the 

Nakamura‘s technique. The use of techniques based on the propagation of surface 

waves made possible the VS,30 characterization of the main outcropping lithotypes 

and consequently the classification, according to the EUROCODE8 (2003), of the 

investigated sites. As a result of this, a class C soil category was estimated for the 

the detritus, a class D was assigned to the alluvial deposits, whereas an A soil 

category was allocated to the sites placed on the limestone. The comparison of 

MASW and ReMi approaches has shown that the best defined surface waves 

dispersion curves are obtained when the active method is used. In particular, the 

MASW technique should be preferred when, as in the study case, the investigated 

depth do not exceeds about 30 m since, when the investigation has to reach a 

greater depth a longer linear array and a more energetic source are necessary. 

Information about the deeper part of the estimated VS profiles was provided 

through the fitting between the HVNR frequency peaks and the theoretical 

ellipticity. This inversion strategy granted good results providing that the linear 

array configuration was optimal without relatively low velocity contrast between 

the existing lithotypes or not adequate length of the linear array to reach the 

bedrock depth. However, the combined use of prospections based on the surface 

wave analysis, together with the HVNR technique, has shown to be a remarkable 
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tool in order to better constrain possible deep horizons, reducing, at the same time, 

the problems related to non-uniqueness of the solutions in the dispersion curve 

analysis. The results of spectral ratios from measurements performed in thirty-two 

sites, show that pronounced spectral peaks are observed in the recording sites 

located on the alluvial deposits, as well as on the coarse detritus and sandy clay. 

On the contrary, no significant spectral ratio peaks are present both in all sectors 

of the urban area, where limestone and volcanics outcrop, and in all the sites 

where calcarenites directly cover the limestone. We can conclude that the 

limestone can be considered as the local bedrock since the higher shear waves 

velocity values are here observed.  

Nevertheless, it is evident that further investigations are useful to take into 

account the complexity of the geological and morphologic context of Catania and 

Siracusa areas. The theoretical modelling and experimental methods based on 

spectral ratio analysis pointed out in the Catania area, indeed, the presence of 

strong heterogeneities linked to sedimentary paleo-valleys covered by lava flows 

and soft sediments hills surrounded by lava fields. On the other hand the spectral 

ratios obtained from noise measumerents performed in the Ortigia area (Siracusa), 

on outcropping limestone, showed significant spectral ratio peaks (in the 

frequency range 1.0-3.0 Hz) that appear not compatible with the H/V features 

expected for quite stiff lithotypes. For this reason, the S. Sofia hill and the Ortigia 

peninsula were selected as test sites to investigate the peculiar local seismic 

responses connected to the stratigraphic and topographic complexity of the study 

areas. 

The characteristics of the site response at the S. Sofia hill, set into evidence that 

the observed local amplification and the directivity effects of the ground motion 

are strongly affected by the shape of the hill and the complexity of the near-

surface geology. Findings of this study set into evidence that major amplification 

effects take place on the sedimentary terrains which outcrop along the flanks of 

the hill. On the contrary, on the lava flows, a significant amplification of the 

vertical component of motion, is observed as a consequence of velocity inversion 

effects. Although the results coming from processing earthquake and ambient 
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noise data appear comparable, it has to be remarked that the complex geologic 

setting of the study hill, being far from a simple 1D structure as theoretically 

postulated for H/V techniques, implies that such methodology reaches its limits in 

the estimation of the fundamental frequency. Directional resonances and 

polarization analysis have pointed out the existence of pronounced directional 

effects having azimuths that appear controlled by the directions of the hill slopes. 

At the top of the hill not pronounced polarization azimuths are observed. This 

result appears linked to the complex wavefield, generated by waves propagating 

along multiple fractures existing in the lower portion of the compact lava 

formation, and to the wide wedge angle of the hill, that reduces the focusing 

effects at the crest in favour of laterally propagating waves. 

The findings coming out from the Ortigia test site have pointed out a good 

reliability of the HVNR technique for evaluating the influence of topography on 

the local seismic response. The H/V spectral ratios showed dominant frequency 

peaks in the range of 1.0-3.0 Hz that are in good agreement with the theoretical 

resonance frequency of the hill. Moreover, both the directional resonance and the 

polarization analysis, confirm the presence of a directional effect having azimuth 

90-100 degrees, transverse to the major axis of the ridge. These results showed 

that, conversely to what is observed on the S. Sofia hill, the in Ortigia test site, 

being a calcareous ridge with a more homogeneous lithology, the topographic 

effects are predominant with respect to the stratigraphic ones.  

Finally, as a practical implication of present study it can be set into evidence 

that hazard estimate and seismic microzonation investigations require multi-

disciplinary approaches and the use of different tecniques based both on 

numerical and experimental processing of data in order to get a mutual validation 

of the obtained results. The results shown here clarify indeed that the simple use 

of an approach based on a VS,30 study only, would fail to predict the observed site-

response behaviour in the presence of a complex 2D/3D structures. 
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