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ABSTRACT

This study is part of a more extensive research aimed to the seismic risk mitigation in Eastern Sicily. The earthquakes that occurred in
Sicily in 1169, 1542, 1693, 1818, 1908 and more recently in 1990, testify the high level of seismic hazard in this region. It is well rec-
ognized that local seismic effects can exert a significant influence on the distribution of damage during earthquake. Traditionally, these
effects are studied by means of simple one-dimensional (1-D) models of seismic wave propagation, which take only the influence of the
stratigraphic profile and soil proprieties into to account for the site seismic response. It is known that the seismic response is strongly
influenced by stratigraphic and topographic features that can reduce or amplify the earthquake induced ground motion depending on
the soil stiffness and on the ground topography. This paper concerns the results of a two-dimensional (2-D) finite element analysis car-
ried out to evaluate the response of the site where the National Institute of Geophysics and Volcanology (INGV) building is located in
the town of Catania. The analysis, performed using as seismic input the accelerogram recorded in 1990 during the Santa Lucia earth-

quake, allowed to make some considerations about the expected accelerations at that the site and some comparison with the peak ac-

celerations prescribed by Italian seismic code.

1. INTRODUCTION

The town of Catania is located in the eastern coast of
Sicily (Italy) at the south of Mt. Etna. The high level of
seismicity that affects the city, and the considerably
high density of people living in its urban area, con-
tributes to classify it as one of the town having the high-
est seismic risk in Italy [e.g. Biondi and Maugeri, 2005].
At the same time it is also high the potential damage to
which its historic-architectural patrimony could undergo
even in the case of small magnitude events [Imposa et al.,
2016]. In order to analyse the hazard level of some his-
torical building, a seismic response study of the site in
which the “Istituto Nazionale di Geofisica e Vulcanolo-
gia” (INGV) building is locatedwas carried outby means
of 1-D and 2-D numerical analyses, also to clarify the
role played by both stratigraphic and topographic ef-
fects.The INGV building in Catania is located on a
slightly sloping area at the south/south-east of the town
(Figure 1). The area lies in the middle of a terraced allu-
vial deposit (Figure 2), wide around 300 m and develops

in the direction NNW-SSE for about 700 m. This forma-
tion consists of silty-clayey sands or sandy silts and
gravels with sandy-loam and clay. The thickness of the
most superficial layer has been deduced from results of
various geotechnical surveys [Capilleri and Maugeri,
2008; Capilleri et al., 2014]. Figure 2 shows the geolog-
ical map of the Catania urban area. This is the result of
data and surveys performed by several authors [Monaco
and Tortorici, 1999]. In this study, the seismic hazard of
the site where the INGV strategic building is located, has
been evaluated and the main results are presented in
terms of amplification factors.

2. SEISMIC AND GEOLOGICAL SETTINGS

Considering recent and past seismic history, the east-
ern coast of Sicily is one of the high seismic risk areas in
Italy. The seismic history of the Sicily is eventful and the
earthquakes that involved the area are registered in many
seismic catalogues. Most earthquakes that damaged or de-
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FIGURE 1. View of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) building in Catania.

Earthquake date

Month Epicentre Magnitude
1125 6 7 Siracusa 37,070 15,300 5.8
1169 2 4 Eastern Sicily 37,333 15,200 7.3
1542 12 10 Sortino 37,250 15,067 6.4
1693 1 9 Val of Noto 37,170 15,070 5.9
1693 1 11 Eastern Sicily 37,443 15,192 7.0
1727 1 7 Noto 36,913 15,045 5.1
1818 2 20 Catanese 37,616 15,099 6.2
1846 4 22 Catania 37,500 15,083 4.2
1848 1 11 Augusta 37,217 15,233 5.5
1903 2 10 Noto 36,903 15,014 4.3
1908 12 28 Calabro Messinese 38,133 15,667 7.3
1990 12 13 Southern Eastern Sicily 37,270 15,070 5.3

TABLE 1. Historical earthquakes in the Eastern Sicily.
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FIGURE 2. Geological map of INGV area (after Monaco and Tortorici, 1999, modified) and detail with the location of the
boreholes, realised in the 2010 and 2014 survey.

stroyed the eastern Sicily are reported in Table 1 [Bar-
bano et al., 2000].

The “INGV” site is located in the historical center of
Catania. The tectonics of eastern Sicily is quite complex.
Available seismic information for south-eastern Sicily
suggest the existence of two groups of possible sources
for the seismicity that affected the town of Catania in
different times.

The sources are located either close to the Ionian
coast (Messina Straits and Malta-Hyblean escarpment),
or inland, both in the Hyblean foreland and Etna areas.
The Malta-Hyblean escarpment, a normal fault system
trending NNW-SSE, is considered as the possible source
of the destructive earthquakes with estimated magni-
tude M=7.0 that struck in past centuries the Catania
area [Azzaro and Barbano, 2000]. The soil outcrop of
the town comes from the combination of three pro-
cesses linked to volcanic, tectonic and human activities.

Consequently, the main feature of the area is repre-
sented by a complex sedimentary sequence interbedded
between a clay basement and an upper volcanic layer
made of lava flows and pyroclastic products that some-
times are covered by detritus and ruins due to past
earthquakes. The bedrock of the area is composed of a
Lower-Middle Pleistocene sequence of marly clays,
having thickness up to about 600 m. In the upper part
of this succession, sand and sandy clays levels are
found frequently. These layers are followed upwards by
some tens meters of fluvial-deltaic sandy clay or sand
and coarse gravel. Geological, geomorphological and

topographical conditions are usually very important
sources of information for the assessment of the seis-
mic potential hazard. These factors play a fundamen-
tal role on earthquake ground motions and distribution
of damage.

This aspect becomes even more critical in areas with
sharp transitions between stiff surface formations and
softer soil materials. This condition is typical in a vol-
canic zone, like Catania, which lies at the base of the
Mt. Etna and was affected by many eruptions in his-
torical times.

3. SITE GEOTECHNICAL CHARACTERIZATION

To define the seismic response of “INVG” site, two
geotechnical investigations were carried out. The first
survey in 2010 consisted in four boreholesand labora-
tory and in situ tests. Laboratory tests, included soil
classification, direct shear tests and oedometer tests.
Two Multichannel Analysis of Surface Waves tests
(MASW) were also carried out in that site.

Additional investigations, conducted in 2014, con-
sisted in three boreholes with standard penetration
tests (SPT), down-hole tests (DH), cross-hole tests (CH)
and Seismic Dilatometer tests (SDMT). Also laboratory
tests for soil description and classification, direct shear
tests, oedometer tests, resonant column tests and tor-
sional shear tests were carried out on undisturbed sam-
ples [Castelli et al., this issue].

The main results of the geotechnical properties deduced
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FIGURE 3. Plan view of geotechnical cross sections developed from site investigation results [after Capilleri et al., 2016,

modified].
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FIGURE 4. Shear wave velocities profile vs depth for dif-
ferent tests.

by laboratory tests in 2014 are shown in Table 2. Figure
3 shows location of boreholes and of the in situ tests car-
ried out during the geotechnical investigations. Two cross
sections, named section 1 and section 2, were drawn up
from site investigations. Section 1 was traced using S1
and S3 soil profiles deducedfrom site investigation in
2010, while section 2 was deduced utilizing S1 and S3
profiles from the site investigation in 2014. Results of
the shear wave velocities from DH, CH, SDMT tests are
shown in Figure 4. From the comparison between in
situ measurements of shear wave velocities it can be ob-
served that the velocities of S3- DH test are significantly
greater than the other measurements. For this rea-
sonS3- DH test was excluded in the determination of
shear wave profile adopted in the numerical analysis.
To confirm the insitu results, the shear wave profile de-
duced from SPT data and utilizing the Otha and Goto
[1978] expressions are also reported in Figura 4. Except for
S3-DH, both in situ measurements and Otha and Goto re-
sults are in a good agreement. The adopted profile is also
shown in Figure 5 and it is drawn in red. The relationship
between the depth and the shear wave velocities of the
adopted profile is given by the following equations:

z=0,1823 - v - 24,537
z =0,0006 - v?- 0,1316 - v, + 17,829 per z < 40,0 m (2)

per 0,0 m < z < 40,0 m (1)



sample U gl [

S1C1 4.0-4.5 20.4 1 29 -

S1C2 9.0-9.5 20.1 38 16 55
S1 C3 34.0-34.5 20 51 20 -

S2 C1 5.0-5.4 18.6 14 26 -

S2 C2 7.2-7.7 19.6 28 22 104

TABLE 2. Geotechnical parameters from laboratory tests
performed in 2014.

4 TWO-DIMENSIONAL DYNAMIC FINITE ELE-
MENT ANALYSIS

A 2-D FEM analysis was carried out to evaluate the
seismic response. To this aim a scenario seismic input was
selected. Guidelines on procedures for the selection of ap-
propriate acceleration time-series are given by Bommer
and Acevedo [2004]. The accelerogram utilised for the
seismic response refers to the main shock of 13 Decem-
ber 1990 [Boschi et al., 1997] that was considered sig-
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scaling factor 2.5 while the input for the collapse limit
state analysis required a scaling factor about 4, thus the
results concerning the collapse limit state must be taken
with caution. A dynamic model using the two-dimen-
sional Plaxis code [Brinkgreve et al., 2002], was imple-
mented. The finite element mesh was modelled to ensure
theaccuracy of the dynamic analysis. The mesh was
4800 m in width and 200 m in depth.This depth was
considered as the bedrock since, according to the ve-
locity profile of shear waves, at that depth the velocity
of shear wave was almost 800 m/s.The lateral and ver-
tical extensions of the mesh were considered enough to
minimize wave reflection. In addition, at the lateral
sides of the mesh, absorbent boundary conditions were
applied to avoid wave reflection. Viscous adsorbent
boundaries have been introduced, based on the method
described by Lysmer and Kuhlmeyer [1969]. The mesh
was modelled with horizontal layers to take the change
in shear wave velocity and damping with depth into ac-
count. [Rizzitano et al., 2015].

The material damping was simulated with the well-
known Rayleigh formulation. The damping matrix C was
assumed proportional to the mass matrix M and the
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FIGURE 5. Seismic input of Sortino earthquake: a) E-W component accelerogram; b) Fourier spectrum.

nificant, having caused severe damage and recently.Both
the N-S and E-W horizontal components of the Sortino
records were adopted for the analysis, however in the
present paper, only the results for Sortino E-W compo-
nent are presented. The accelerogram is shown in Fig-
ure 5. For this component of the record, the strong mo-
tion duration and the Arias intensity are D 4. = 10.98
sand I, = 5.54 cm/s, respectively; the number of equiv-
alent loading cycles, evaluated according to the proce-
dure proposed by Biondi et al. [2012], is N, =54

The analyses were carried out scaling the accelerogram
at the peak values prescribed by theltalian code for dif-
ferent limit states that is damage, life and collapse.
Bommer and Acevedo [2004] suggest to not exceed a

stiffness matrix K by means of two coefficients, oz and
Bg according to:

[Cl=a,[M]+p:[K] (M

The constants oy and By are obtained by the follow-
ing expression:

op _ 2D {wnwm} 2)

ﬁR wn+wm 1

where D is the soil damping ratio, o, and w, are the
control angular frequencies. In particular, w, is the
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SECTION 1

SECTION 2

FIGURE 6. Geometrical models for FEM analysis.

system fundamental frequency and w,, is the later fre-
quency to m, [Sica et al., 2007]. In the analysis a ini-
tial damping ratio D = 5% was utilized, while the fre-
quencies o, and o, were evaluated by utilizing the
spectrum determined by one-dimensional EERA code
[Bardet et al., 2000].

To ensure the numerical accuracy of wave trans-
mission, that is affected by both the frequency content
of input wave and the wave velocity characteristics of
system, the spatial element size was chosen smaller than
1/10 to 1/8 of the wavelength (A) associated with the

Tr
0,
State [years] PVR [%] ag [g] Ss
Damage 101 63% 0.102 1.50
Life 949 10% 0.282 1.29
Collapse 1950 500 0.397 1.13

TABLE 3. Seismic parameters according to Italian code.
[Capilleri et al., 2016].

highest frequency component of input wave [Kuhle-
meyer and Lysmer, 1973]. According to the above men-
tioned criteria, the element size AL was defined small
enough to allow the seismic wave propagation through-
out the analysis:

AL=S=i o)

On the basis of the shear wave profile adopted (Fig-
ure 4) and geological settings, the bedrock was esti-
mated at a depth of about 200 m. However, some anal-
ysis performed with bedrock located up to 600 m did
not give results significantly different in terms of am-
plification factors.Although two-dimensional FEM
analysis is widespread used in geotechnical engineer-
ing, in this work the two-dimensional numerical anal-
ysis has been carried to evaluate the seismic response
in terms of both the stratigraphic and the topographic
effects [Capilleri et al., 2005; Biondi et al., 2004].

In order to detect accelerations at the ground sur-
face, five investigation points, named A, B, C, D and E,
were selected. The INGV building is located at the point
C in Figure 6. The Mohr-Coulomb elasto-perfectly plas-
tic constitutive model with a non-associate flow rule
was considered for the soil. Computed amplification
factors S in the five selected points and for different re-
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FIGURE 7. Amplification factors at the different selected
points (A, B, C, D, E) to vary the return period
(Tr): a) Section 1; b) Section 2.

turn periods (T,) are shown in Figure 8. It should be
pointed out that a 2D- FEM analysis gives both strati-
graphic and topographic effects; however on the basis
of the low slope of the site it is evident that topo-
graphic effect was negligible in this case. Details for
amplification factors areshown in Figure 7 for all the
selected points. Referring to point C, results give av-
erage amplification factors S=1.48 for the damage
limit state, S=1,41 for the life limit state and S=1,32 for
the collapse limit state. These values are in a fair
agreement with numerical and experimental data
available in the literature [e.g. Massimino and Biondi,
2015].For comparison, Table 3 shows the acceleration
at bedrock (ag) and the amplification factors (S) for the
different limit states prescribed by Italian code (NTCO8).

A comparative study was also performed between 1-
D and 2-D analysis. The 1-D analysis (Caruso et al., this
issue) was carried out for the life limit state, using
seven accelerograms, concerning the 1693 earthquake
(three synthetic records), the 1818 earthquake (three
synthetic records) andthe 1990 natural earthquake.
Considering all the earthquakes, the average value of
1-D amplification factor was 1.56 while for 2-D FEM
analysis the computed amplification factor for the life
limit state was about 1.5 (Figure 7). Limited to results
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of the present analysis, the amplification factors given
by the analysis and determined for life and collapse
limit states, are greater than the amplification factors
given by Italian code. On the contrary, for the damage
limit state, the Italian code gives an amplification fac-
tor in good agreement with that determined by the
FEM analysis.

5. CONCLUSIONS

Seismic response analysis represents a powerful tool
to evaluate the seismic hazard and to reduce the vul-
nerability of existing and new construction buildings.
In this paper a two-dimensional FEM analysis has been
presented for the evaluation of the seismic response of
the site in the centre of Catania where the INGV strate-
gic building is located. This study is part of a more
extensive activity aimed to “Seismic risk reduction in
eastern Sicily” project, where the seismic hazard was
evaluated both in 1-D and 2-D analysis. Usually the
two-dimensional analysis is to be preferred since it
allows to detect both stratigraphic and topographic
effects for the amplifications of acceleration at the
ground surface. A comparison with the 1-D analysis,
that gave similar amplification factors, indicated that
in this case topographic effects are negligible. This
however was an expected result since the slope of the
analyzed site is very low. Limited to results of both 1-
D and 2-D analysis, some difference in theamplification
factors with respect to Italian code requirements was
found for the collapse and the life limit states while a
good agreement was found for the damage limit state.
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