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Abstract. Performance-Based Design (PBD) is a more rational and general de-

sign approach, particularly for seismic regions, in which the design criteria are 

expressed in terms of achieving stated performance objectives. In this approach 

it is relevant the performance required to structures and to geotechnical works 

subjected to stated levels of seismic hazard, as well as the geotechnical constitu-

tive model used to predict the performance. The parameters of the constitutive 

models are related in turn to soil properties. Earthquake hazard zonation in ur-

ban areas is the first and most important step towards a seismic risk analysis in 

densely populated Regions. The Seismic Microzonation is nowadays a world-

wide accepted tool for the mitigation of seismic risk. It is a complex process in-

volving different disciplines ranging from Geology and Applied Seismology to 

Geotechnical and Structural Engineering. The aim achieved in seismic hazard 

microzonation studies throughout the last 20 years performed at the presented 

typical case histories in Italy was to quantify the spatial variability of the site 

response on some typical historical scenario earthquakes that would be ex-

pected in the area. In order to quantify the expected ground motion, the manner 

in which the seismic signal is propagating through the subsurface was defined. 

Propagation was particularly affected by the local geology and by the ge-

otechnical dynamic ground conditions. Large amplification of the seismic sig-

nals generally occurs in areas where layers of low seismic shear wave velocity 

overlie material with high seismic wave velocity, i.e. where soft sediments cov-

er bedrock or more stiff soils. Therefore, essential key issue here is to obtain a 

good understanding of the local subsurface conditions. The study builds on the 

recent experience of seismic microzonation studies in Sicily (Italy), after the ef-

fects of the 2018 seismic sequence. Examples of ground response analysis are 

presented by using some 1-D and 2-D codes, including methodologies taking 

into account soil uncertainties for site characterisation.  

Keywords: Seismic Microzonation Studies, Spectrum Compatibility, 1D and 

2D Numerical Analyses 
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1 Introduction 

This paper describes the Performance Based Design (PBD) methodology for the 

Seismic Microzonation (SM) of ground motion and site effects. One of the most im-

portant aspects is the definition of the input motions at the seismic outcropping bed-

rock based on the reference response spectra provided by the Italian seismic code[1] 

from probabilistic seismic hazard analysis. The suites of spectrum-compatible accel-

erograms can be used for 1D or 2D ground response analyses.  

Another important aspect is the knowledge of the geological, geotechnical and ge-

ophysical characteristics of the areas under consideration in order to define the subsoil 

models [2]. On the basis of this methodology, it is possible to obtain a detailed deline-

ation of the spatial variability in seismic responses, which can be used for the seismic 

microzonation mapping [2-3].  

Although probabilistic hazard analyses could be helpful in selecting sets of accel-

erograms, a deterministic evaluation is preferred in areas where large and rare earth-

quakes are observed [4-7]. The use of advanced methods capable of generating syn-

thetic seismograms can give a valuable insight into the evaluation of a seismic ground 

motion scenario [4]. 

After the intense Etna seismic activity that began on 23 December 2018 and char-

acterized by about seventy events with a magnitude M > 2.5, seismic microzonation 

studies were performed in Sicily (Italy) with the aim of supporting the structural de-

sign of buildings and the urban planning.  

The studies have been carried out in several municipalities located in the region of 

Sicily (Riposto, Acireale, Piedimonte Etneo, Zafferana Etnea, Milo, Termini Imerese, 

Cefalù, Finale di Pollina, Trabia, Campofelice di Roccella, Alì Terme, Salaparuta, 

Balestrate and Caronia). 

2 Historical earthquakes in Sicily 

Sicily is one of the Italian regions with high seismic risk. It was shaken in the past by 

large destructive events (1169, 1542, 1693, 1818, 1848, and 1990) [8-9].  A repetition 

of events with similar characteristics would provide the additional risk of a damaging 

tsunami, as well as, liquefaction phenomena around the coastal areas of Sicily [10-

11]. 

The Val di Noto earthquake of January 11, 1693, struck a vast territory of south‐
eastern Sicily and caused the partial, and in many cases total, destruction of 57 cities 

and 60,000 casualties [12–13]. The Etna earthquake that took place on February 20, 

1818, was a moderate earthquake, but its effects were noticed over a vast area [14-

16]. The largest damage was observed in Augusta, where almost two-thirds of the 

buildings collapsed [9, 17].  On December 1908, a devastating earthquake occurred 

along the Strait of Messina between eastern tip of Sicily and the western tip of Ca-

labria in the south of Italy. The Southern Calabria-Messina earthquake (Intensity 

MSC XI, Mw 7.24)  was the strongest seismic event of the 20th century in Italy with 

the most ruinous in term of casualties (at least 80,000) [18]. 
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More recently, the 26 December, 2018, earthquake (Mw 4.9) occurred at shallow 

depth (<1 km) on the eastern flank of Mount Etna. It was the most energetic event that 

hit the volcanic area during the last 70 years [19]. Figure 1 shows the intensity maps 

for the 1693, 1818, 1908 and 2018 earthquakes. 

  

 (a)                                                                    (b) 

   

(c)                                                                    (d) 

Fig. 1. Intensity maps: a) earthquake of 11 January, 1693; b) earthquake of 20 February, 1818; 

c) earthquake of 28 December, 1908; d) earthquake of 26 December, 2018 [20-21] 

3 Geology and site characterization programme 

Sicily, located on the Pelagian promontory of the African plate, is formed by the 

Iblean foreland, the Gela foredeep, the thick Sicilian orogen and the thick-skinned 

Calabrian-Peloritani wedge. The topography and geomorphology of Sicily is the re-

sult of constructive and destructive forces following the collision between the African 

and European plates [22]. The geological map of Sicily is reported in Figure 2. 
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Fig. 2. Geological map of Sicily (data compiled from various Authors [23-24] and simplified 

from [22]; modified) and location of the study areas.  

The geotechnical and geophysical characterization of the study areas, whose locations 

are shown in the Figure 2, has required an accurate field investigation that reached the 

depth of 30 m.  Moreover, laboratory tests have been also performed on undisturbed 

samples. Laboratory and in situ investigations include the following tests: Boreholes, 

Down Hole Tests (DH), Multichannel Array Surface Wave Tests (MASW), Seismic 

Tomographies, Horizontal to Vertical Spectral Ratio Tests (HVSR) and Direct Shear 

Tests (DST). 

Shear wave velocity, Vs, plays a fundamental role in Seismic Microzonation Stud-

ies. Therefore, in order to summarize Vs profiles against depth obtained by geophysi-

cal tests, the equivalent shear wave velocity (Vs,eq)  has been calculated for each test 

sites according to the Italian seismic code [1]. Vs,eq values and the corresponding soil 

types [1] are reported in Table 1.  

Table 1. Equivalent shear wave velocities and soil types obtained from geophysical tests ac-

cording to the NTC 2018[1]  

 Test sites Vs,eq [m/s] Soil Types 

1 Milo 384 B 

2 Zafferana Etnea 449 B 

3 Acireale 343 C 

4 Piedimonte Etneo 504 B 

5 Riposto 458 B 
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6 Termini Imerese 466 B 

7 Campofelice di Roccella 389 B 

8 Finale di Pollina 397 B 

9 Trabia 486 B 

10 Cefalù 365 B 

11 Salaparuta 291 C 

12 Balestrate 261 C 

13 Caronia  388 B 

4 Selection of sets of input ground motions 

The Italian seismic code [1] adopts the performance-based seismic design for the 

calculation of seismic actions on structures from probabilistic seismic hazard analysis 

(PSHA). The structural performance is verified against ground motions (GM) that 

have predetermined exceedance return periods at the site of interest. The correspond-

ing GM is represented by the uniform hazard spectrum (UHS) [25]. 

The Italian seismic code [1] is based on the work of the National Institute of Geo-

physics and Volcanology (INGV) [26]. The INGV (http://esse1-gis.mi.ingv.it) evalu-

ated the probabilistic seismic hazard for each node of a regular grid that covers the 

Italian territory. This resulted in hazard curves that are lumped in nine probabilities of 

exceedance in 50 years (2%, 5%, 10%, 22%, 30%; 39%, 50%, 63% and 81%) [26-

27]. The interactive seismic hazard map of Sicily (Figure 3) has been obtained from 

http://esse1-gis.mi.ingv.it considering the 10% probability of exceedance in 50 years 

(return period of 475 years) that is the case of design for life-safety structural perfor-

mance (SLV) [1].  

The disaggregation data have been also derived (Figure 4) considering the latitudine 

and longitudine of each test site. Disaggregation, expressed in terms of magnitude 

(M), source to site distance (R) and standard deviations (ε), identifies the values of 

some earthquake characteristics providing the largest contributions to the hazard in 

terms of exceeding a specified spectral ordinate threshold [26]. 

The software REXEL v. 3.5 (http://www.reluis.it) [27] allows to search for suites of 

waveforms, from the European Strong-motion Database, compatible to the reference 

spectrum in a defined range of periods according to the Italian seismic code [1]. A 

combination of seven accelerograms has selected for each test site in a way that their 

average is in an interval between 10% (lower threshold) and 30% (upper threshold) of 

the reference spectrum. The range of periods is equal to 0.1-1.1 s that is representative 

of the vibration periods of the structures target. The Magnitude-Distance  Criterion 

has been used considering the disaggregation data derived from http://esse1-

gis.mi.ingv.it website. The accelerograms have not been scaled. 
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Fig. 3. Interactive seismic hazard map of Sicily considering the 10% probability of exceedance 

in 50 years (from http://esse1-gis.mi.ingv.it; modified)  

 

Fig. 4. Disaggregation data for Campofelice di Roccella (lat. 38.005; lon. 13.905) (from 

http://esse1-gis.mi.ingv.it; modified) 
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Table 2 and Figure 5 report the suites of waveforms compatible to the reference spec-

tra (Soil Class A) [1] for Campofelice di Roccella (lat. 38.005; lon. 13.905), as an 

example, considering the 10% probability of exceedance in 50 years, the minimum 

event magnitude Mmin=4.0, the maximum event magnitude Mmax=6.5; the minimum 

epicentral distance Rmin[km]=0 and maximum epicentral distance Rmax[km]=20. 

Table 2. Combination of waveforms obtained from REXEL v. 3.5. for Campofelice di Roccella 

(lat. 38.005; lon. 13.905) 

Wave-

form ID 

Earth-

quake ID 

Station 

ID 

Earthquake Name Date Mw R[km] 

982 72 ST309 Friuli (aftershock) 16/09/1977 5.4 9 

4675 1635 ST2487 South Iceland 17/06/2000 6.5 13 

242 115 ST225 Valnerina 19/09/1979 5.8 5 

5079 1464 ST2552 Mt. Hengill Area 04/06/1998 5.4 6 

6115 2029 ST1320 Kozani 13/05/1995 6.5 17 

2025 710 ST1357 Kremidia (aftershock) 25/10/1984 5 16 

4674 1635 ST2486 South Iceland 17/06/2000 6.5 5 

mean     5.9 10.1 

 

Fig. 5. Combination of waveforms obtained from REXEL v. 3.5. for Campofelice di Roccella 

(lat. 38.005; lon. 13.905) 

A deterministic evaluation has been preferred for a slope located in Caronia test site, 

also because it can better account the complex heterogeneity of  the area. Seven dif-

ferent inputs have been used, consisting of six synthetic seismograms related to the 
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Messina and Reggio Calabria 1908 earthquake (Bottari et al. [29]; Tortorici et al. 

[30]; Amoruso et al. [31]; DISS Aspromonte Est; DISS Gioia Tauro; DISS Messina 

Strait) and one related to the 1693 Catania scenario earthquake [32–33]. The seismo-

grams have been scaled to the PGA of 0.176 g provided by the NTC2018[1].  

5 Definition of the subsoil models 

The definition of the subsoil model requires the knowledge of the depth of bedrock 

and the characterization of the soil layers in terms of geometry, geophysical and ge-

otechnical properties. Moreover, laws of shear modulus and damping ratio against 

strain have to be considered in order to take into account the soil non linearity.  For 

the estimation of the local site responses, 1D and 2D numerical analyses have been 

carried out. 

5.1 1D Numerical Analyses  

Local site response analyses have been performed using 1-D linear equivalent code 

STRATA [34] assuming the geometric and geological models as 1-D physical mod-

els. The equivalent linear analysis consists in the execution of a sequence of complete 

linear analysis with subsequent update of the parameters of stiffness and damping 

until the satisfaction of a predetermined convergence criterion [35].  

The VS profiles used for soil response analyses have been derived from geophysi-

cal tests reported in Paragraph 3. The value of the other parameters have been taken 

from the geotechnical characterization obtained through in situ and laboratory tests. In 

order to consider the degradation of the shear modulus and the increase of the damp-

ing ratio with the shear strain levels, Equations (1) and (2) suggested by Yokota et al. 

[36], calibrated to the soil under consideration, have been used. 

                                
β

o (%)αγ1

1
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)γG(

+
=                                             (1) 

where: G(γ) = strain dependent shear modulus; γ = shear strain; α, β = soil constant. 
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where: D(γ) = strain dependent damping; γ = shear strain; η, λ = soil constant. Table 1 

shows the obtained soil constants. The G-γ and D-γ curves are reported in Table 3.  

Table 3. G- γ and D- γ curves used for site response analyses 

Curves     α β η λ 

1 7.5 0.897 90 4.5 

2 6.9 1 23 2.21 

3 16 1.2 33 2.4 
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4 linear linear linear linear 

5 9 0.815 80 4 

6 20 0.87 19 2.3 

7 22 1.05 10 1.05 

5.2 2D Numerical Analyses 

To evaluate topographic and stratigraphic effects, 2-D equivalent-linear site response 

analyses have been also performed by the QUAKE/W [37] code based on a finite 

element formulation with a direct integration scheme in the time domain. 

Local seismic amplification has been studied for a slope located in Caronia area in 

order to determine the topographical contribution on the ground acceleration. 

Figure 6 shows the cross-section used for the finite element analyses. Three-

surface points have been monitored: (1) the first behind the crest of the slope, (2) the 

second at the crest of the slope, (3) the third at a point downstream sufficiently far 

from the foot of the slope.  

 

Fig. 6. Finite element model used for 2-D equivalent-linear site response analyses in Caronia 

area 

6 Main Results 

In the following, the main results obtained by numerical analyses have been summa-

rized for all of the test sites considering the mean of the values calculated using the 

sets of seven input ground motions. Moreover, two case studies have been chosen 

(Campofelice di Rocella and Caronia) to outline specific results. 
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The soil dynamic response has been investigated in terms of accelerations. The 

values of the mean surface maximum accelerations and mean soil amplification fac-

tors, R, for all of the test sites, are reported in Table 4. The stratigraphic amplification 

values, Ss, provided by Italian technical code [1], are also presented for each test sites. 

Table 4.   Mean surface maximum accelerations and the mean soil amplification factors. 

 Test sites PGAm,i PGAm,o R=PGAm,o/PGAm,i Ss  

1 Milo 0.282 g 0.410 g 1.453 1.164 

2 Zafferana Etnea 0.282 g 0.337 g 1.195 1.164 

3 Acireale 0.282 g 0.439 g 1.554 1.345 

4 Piedimonte Etneo 0.282 g 0.480 g 1.701 1.164 

5 Riposto 0.282 g 0.476 g 1.688 1.164 

6 Termini Imerese 0.173 g 0.262 g 1.513 1.200 

7 Campofelice di Roccella 0.184 g 0.269 g 1.460 1.200 

8 Finale di Pollina 0.184 g 0.345 g 1.877 1.200 

9 Trabia 0.173 g 0.270 g 1.561 1.200 

10 Cefalù 0.188 g 0.322 g 1.710 1.200 

11 Salaparuta 0.178 g 0.310 g 1.743 1.463 

12 Balestrate 0.148 g 0.274 g 1.849 1.500 

In Figure 7, results are presented for Campofelice di Roccella in terms of mean re-

sponse spectrum at the surface, obtained by setting a structural damping of 5%. The 

elastic response spectrum provided by the Italian seismic code [1] is also shown. 

Moreover, according to the guidelines for Seismic Microzonation studies [38], FA 

factors have been determined for each test sites from the input and output spectra 

(Table 5) according to the following procedure: 

1. Calculation of the period corresponding to the maximum spectral acceleration of 

the input spectrum (Se,max,i): TAi; 

2. Calculation of the period corresponding to the maximum spectral acceleration of 

the output spectrum (Se,max,o): TAo; 

3. Calculation of the mean value of the input spectrum in 0.5TAi and 1.5TAi: SAm,i: 

SA�,� = 1
TA�


 SA��T�dt
�.����

�.����
                                           �3� 

4. Calculation of the mean value of the output spectrum in 0.5TAo and 1.5TAo: SAm,o: 

SA�,� = 1
TA�


 SA��T�dt
�.����

�.����
                                           �4� 

where SAi(T) is the input spectrum and SAo(T) is the output spectrum; 

5. Calculation of FA= SAm,o/ SAm,i 

Figure 8 shows the amplification functions, A(f), for Campofelice di Roccella evalu-

ated as the ratio between the Fourier spectra at the surface level and the Fourier spec-
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tra of the input motions applied at the base of the model. The main resulting frequen-

cies f(I) and f(II) obtained by numerical analyses for each test site are reported in 

Table 6. 

 

Fig. 7. Comparison between the mean elastic response spectrum obtained by numerical anal-

yses and the same provided by NTC 2018[1] 

Table 5. Values of FA factors 

Test sites Semax,i[g] TAi[s] Semax,o[g] TAo[s] SAm,i SAm,o FA 

1 0.73 0.20 0.99 0.40 0.62 0.87 1.41 

2 0.73 0.20 0.91 0.43 0.62 0.72 1.16 

3 0.73 0.20 1.07 0.43 0.62 0.87 1.41 

4 0.73 0.20 1.52 0.20 0.62 1.09 1.75 

5 0.73 0.20 1.21 0.20 0.62 1.04 1.69 

6 0.52 0.22 0.81 0.22 0.45 0.69 1.52 

7 0.51 0.22 0.79 0.23 0.46 0.68 1.46 

8 0.52 0.24 1.34 0.22 0.46 0.98 2.13 

9 0.52 0.22 0.72 0.12 0.44 0.64 1.44 

10 0.47 0.19 0.83 0.06 0.39 0.53 1.36 

11 0.50 0.12 0.86 0.15 0.40 0.72 1.79 

12 0.36 0.15 0.76 0.20 0.33 0.63 1.88 
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Fig. 8. Amplification functions obtained by numerical modelling for Campofelice di Roccella 

Table 6. Main resulting frequencies f(I) and f(II) obtained by numerical analyses 

 Test sites f(I)[Hz] f(II)[Hz] 

1 Milo 2.59 8.34 

2 Zafferana Etnea 2.89 12.65 

3 Acireale 1.99 6.19 

4 Piedimonte Etneo 6.30 15.35 

5 Riposto 4.02 11.06 

6 Termini Imerese 5.26 11.57 

7 Campofelice di Roccella 3.10 7.08 

8 Finale di Pollina 4.81 15.81 

9 Trabia 6.10 13.62 

10 Cefalù 2.99 6.77 

11 Salaparuta 2.29 5.66 

12 Balestrate 2.28 5.58 

Topographic seismic effects have been evaluated for the slope located in Caronia 

area. Three measures of amplifications have been computed [39]: the topographic 

amplification, At; the site amplification, Aa; the apparent amplification, Aa. The fol-

lowing equations have been used: 

�� = ��� − �""#
�""#

                                                     �5� 

�% = �""# − �""�
�""�

                                                       �6� 

�� = ��� − �""�
�""�

                                                     �7� 

where afft is the maximum free field acceleration in front of the toe; affc is the maxi-

mum free field acceleration behind the crest and amax is the maximum crest accelera-

tion (Figure 9). The results of numerical analyses are shown in the Table 7. 
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Fig. 9. Ashford et al. [39] model for topographical amplification evaluation  

Table 7. Measures of amplifications obtain by numerical analyses 

Input At As Aa 

Bottari et al. [29] 0.10 4.29 4.81 

Tortorici et al. [30] 0.29 2.76 3.83 

Amoruso et al. [31] 0.65 0.76 1.91 

DISS Messina Strait 0.22 1.88 2.52 

DISS Gioia Tauro 0.01 0.87 0.89 

DISS Aspromonte Est 0.09 2.16 2.43 

1693 Catania Earthquake 0.16 1.24 1.59 

7 Concluding remarks 

In this paper, the Performance Based Design (PBD) methodology for the Seismic 

Microzonation (SM) of ground motion and site effects has been described. The study 

has been carried out in three main phases: the definition of sets of seven input ground 

motions for each test site, the definition of the subsoil models and the analysis of the 

results. The procedure adopted for selecting the suits of waveforms for outcropping 

and rock conditions has been explained in detail.  For the definition of subsoil model  

in-hole geophysical tests, surface tests and laboratory tests have been carried in order 

to characterize the soil layers in terms of geometry, geophysical and geotechnical 

properties. Ground response analyses have been presented by using 1-D and 2-D 

codes. The main results obtained by numerical analyses have been summarized con-

sidering the mean of the values calculated using sets of seven input ground motions. 

The dynamic response has been investigated in terms of accelerations, response spec-

tra, and amplification functions. Soil amplification factors obtained from site response 

analyses are high and greater than amplification values provided by Italian technical 

code [1]. The outcome is presented in terms of preliminary results for the definition of 

the seismic microzoning map that represents an important tool for the seismic im-

provement of structures, indispensable for the assessment of seismic hazard. 
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