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Abstract

Structural response to earthquakes has to be definitely considered a multidisciplinary subject, depending on many factors among
which local site effects and dynamic interaction between soil, foundations and structures. The present paper deals with the
multidisciplinary Dynamic Soil Structure Interaction (DSSI) analysis concerning the INGV building in Catania (Italy) by means
of FEM 2D modelling. The building is a masonry structure situated in an area characterized by a high seismic hazard. The dynamic
analysis was performed by adopting seven different accelerograms, scaled at the same PHA with reference to the estimated
seismicity of the investigated area. Linear visco-elastic constitutive models were adopted for both the soil and the structure;
nevertheless, soil non-linearity is taken into account according to EC8, adopting degraded shear modulus and increased damping
ratio. The dynamic response of the system was analysed in the time and frequency domains. The main goals of the paper are: i) to
investigate the amplification input effects, considering and not considering the DSSI; ii) to highlight the influence of soil layer
variation in the coupled system response; iii) to compare the obtained results with the ones given by simpler 1D free-field soil
analyses; iv) to compare the acceleration spectra obtained by 1D and 2D analyses with those provided by Italian technical code,
NTCO8. The performed analyses show the influence of DSSI in the seismic response of the system in terms of PHA and frequency
contents.

© 2016 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016

Keywords: FEM modelling; masonry structure; amplification ratios; Fourier amplitude spectra; national technical codes

* Corresponding author. Tel.: +39 095 7382209; fax: +39 095330309.
E-mail address: mmassimi@dica.unict.it

1877-7058 © 2016 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016

doi:10.1016/j.proeng.2016.08.458


https://core.ac.uk/display/82180666?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2016.08.458&domain=pdf

Glenda Abate et al. / Procedia Engineering 158 (2016) 374 — 379

1. Introduction

Structural response to earthquakes has to be definitely considered a multidisciplinary task, depending on many
factors among which local site effects [1,2,3] and dynamic interaction between soil and structures [4,5,6,7]. Dynamic
Soil-Structure Interaction (DSSI) phenomena have been widely investigated since the 1970s by means of theoretical
approaches [8,9], field and laboratory studies [10] as well as numerical modelling [11,12]. In particular, FEM
modelling allows us full-coupled soil-foundation-superstructure analyses.

The present paper deals with the FEM 2D modelling of a full-coupled soil-structure system concerning the INGV
(Istituto Nazionale di Geofisica e Vulcanologia) building in Catania (Italy), which is characterized by a high seismic
hazard [13,14]. The building is a masonry structure of strategic importance. The involving soil is characterized by
inclined layers, so the 2D modeling allowed us to highlight the possible influence of soil layer variation. The dynamic
analysis was performed by adopting seven different accelerograms, scaled at the same PHA with reference to the
estimated seismicity of the investigated area. The response of the system was analysed in the time and frequency
domains. The main goals of the paper are to investigate the amplification input effects considering and not considering
the DSSI; comparing the results obtained by 2D analyses with those of simpler 1D analyses [15] and with that of
Italian technical code, NTCOS8 [16]. Soil non-linearity was taken into account according to EC8 [17].

2. The case-history

The INGV building is located in the historic center of Catania and it was built at the end of 1800. The building and
its subsoil were subjected to recent investigations in the framework of the Research Project POR-FESR Sicilia 2007-
2013 finalized to the reduction of the seismic risk in the Eastern Sicily. The building is a masonry structure (Fig. 1)
whose bearing walls were built of lava stone; the foundations are an enlargement of these walls, and they were
embedded for a depth equal to 2.5 m. The floors are in brick and concrete downloading on curbs in reinforced concrete
resting on the walls. As for the soil, in 2010, the red boreholes reported in Figure 1a were executed and laboratory and
in situ tests were carried out. In 2014 the blue boreholes were executed (Fig. 1a). SPT, DH, CH and SDMT were also
performed. Finally, laboratory tests for soil description and classification, direct shear tests, oedometer tests, resonant
column tests and torsional shear tests were carried out on undisturbed samples. Then two cross-sections were defined:
the red and blue lines in Figure 1a. A third cross-section (green line) was considered in the analyses, in order to take
into account a section corresponding to the Northeast facade of the building (Fig.1b). The bedrock was at about 200
m from the ground level. But in the presented analyses it was fixed at 40 m (conventional bedrock), according to
previous 1D analyses, which showed no significant amplification from z = 200m to z = 40m. The adopted soil profile
is shown in Fig. 1b. The main geotechnical properties are summarized in Tablel, where the main mechanical
parameters of the structure are also reported.
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Fig. 1. INGV building: (a) plan view; (b) analysed section (see green line in Fig. 1a); (c) photo.
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Table 1. Mechanical parameters for all the involved materials (o, B = Rayleigh coefficient)

Type H (m) Vim/s)  p (kNs’m*) G (kPa) v E (kPa) D (%)
sandy silt 6.7 107.4 2.04 23531 0.3 61180 10
clayl 2.8 115.8 2.01 26953 0.4 75469 10
clay2-1 1.56 118.2 2.01 28082 0.4 78630 10
clay2-2 6.6 133.2 2.01 35662 0.4 99853 10
clay2-3 7.2 151.8 2.01 46317 0.4 129687 10
clay2-4 7.2 166.2 2.01 55521 0.4 155459 10
clay2-5 7.2 186 2.01 69538 0.4 194706 10
Masonry - - - - 0.25 861000 8
Concrete Curb - - - - 0.3 28757x10° 5

3. Seismic inputs

Seven accelerograms were adopted as seismic inputs at the base (40 m from the ground level) of both 1D and 2D
models:six synthetic accelerograms evaluated assuming the source to be along the Hyblean-Maltese fault and
generating the seismic ground motion scenario (1693 earthquake) [18]; one accelerogram recorded during the 1990
earthquake at the Sortino station (Fig. 2). In order to fit the accelerograms at the reference area, they were scaled at
the same maximum expected acceleration (PHA = 0.282 g), corresponding to the SLV state and considering the
building as "strategic" type, according to NTCO08 [16].
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Fig. 2. Adopted inputs scaled to the same PHA = 0.282g.
4. 2D DSSI analyses
4.1. FEM modelling

In order to evaluate the seismic response of the described soil-building system, a 2D finite element modelling was
developed using the ADINA code [19]. The width of the soil deposit was chosen in order to minimize as much as
possible boundary effect. The height of the soil deposit derives from the previously discussed considerations about
the conventional bedrock. Figure 3 shows the adopted mesh, including the geometry and the boundary conditions.
The soil was divided into 6layers, some of which are inclined, according to the stratigraphy described in Figure 1. As
regards the boundary conditions, the nodes of the soil vertical boundaries were linked by “constraint equations” that
impose the same horizontal translation at the same depth [20]; all the nodes of the base of the mesh were restrained in
the vertical direction. Special contacts were modeled between the building and the soil, in order to model possible
foundation sliding and/or uplifting. Both the soil and the structure were modeled by the linear visco-elastic constitutive
model. Nevertheless, soil non-linearity, extremely important in soil mechanics [21,22,23] is taken into account as
suggested by EC8 [17]: thus, G/Gs=0.36 and D= 10% were fixed, with reference to the above-mentioned estimated
peak acceleration at the soil surface. For the masonry the conventional properties values were adopted, according to
NTCO08 [16]: E,, was degraded by 50% according to [24]; D,, = 8% was chosen. Table 1 summarizes all the adopted
mechanical parameters.
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4.2. Results of the FEM 2D analyses

With reference to the three different alignments shown in Figure 4, the results of the 2D FEM analyses are presented
in terms of amplification ratio R, (Fig. 5a) and amplification function 4 (Fig. 5b): two on the left and on the right of
the structure, i.e. in free-field conditions (named FFiert and FFrign, respectively) and one under the structure (named
SSI). Figure 5a shows no significant amplification from 40 m up to 35 m, for all the three alignments. Then, in the
FFieri and FF g alignments, quite all the inputs de-amplify from 35m to 10m and suffer a strong amplification in the
last 10m up to ground level. At the FF,.; alignment there are values greater than those achieved for the FF,;,, alignment
(about 10%); this result is due to the major thickness of the first two layers “sand” and “clayl” on the left of the
structure and to the absence of the “clay2” layer, that has better mechanical characteristics than the first two ones. In
the SSI alignment, the trends of R, are similar to those obtained in free-field conditions, but the existence of the
structure increases the amplification of all the signals. The computed amplification ratios are generally significantly
higher than that suggested by NTCO8[16], equal to 1.29. As for the comparison shown in Figure 5b, it is evident that,
for the free-field conditions, the natural frequency of the soil is 0.94 Hz regardless of the soil profile, which slightly
changes from right to left. Along the SSI alignment, the soil changes its frequency content: the first two fundamental
frequencies of the system are f; = 0.88 Hz and f, = 3.5 Hz.

B=33,25m
48 - -

40 m

Boundary Conditions

H

Fig. 3. Adopted mesh with geometry and boundary conditions.
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Fig. 4. Location of the three investigated alignments (different soil layer colours refer to the stratigraphy shown in Fig. 1b).
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Fig. 5. Results of 2D FEM analyses: (a) amplification ratios; (b) amplification functions.
5. 1D free-field analyses

The results of the FEM 2D analyses were compared with simpler and widely used 1D analyses, here performed by
means of STRATA numerical code [15]. All the three alignments FFier, SSI and FFyigne were considered, obviously
ignoring the structure. Linear-equivalent-elastic analyses were performed, taking into account the soil non-linearity
as before explained (Section 4.1).As in Section 4.2, the achieved results are presented in terms of amplification ratio
R, (Fig. 6a) and amplification function 4 (Fig. 6b).
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By 1D analyses there are not evident differences among the alignments, because all represents free-field conditions
and, moreover, it is not possible to model the inclination of the soil layers. The natural frequency of the soil is 1.04
Hz, which is similar to that obtained by the FEM-2D modeling in free-field conditions (f = 0.94 Hz), but different to
that estimated including the structure (Section 4.2). This is one of the big limits of 1D modeling.
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Fig. 6. Results of 1D analyses: (a) Amplification ratios; (b) amplification functions.
6. Comparison between 1D and 2D analyses

Figure 7 shows the average spectra achieved by FEM-2D modeling (red line), by 1D-modeling (green line) and
according to NTCO08 [16] (blue line), obtained by setting a structural damping of 8%. It is possible to notice that
between the average spectra achieved for the free-field conditions (FFierr and FFig) there are not substantial
differences: a first fundamental period T = 0.42 s and a second fundamental period T = 1.27s can be observed in 1D
and 2D analyses. For the central alignment, the fundamental period moves towards T = 1.27 s considering DSSI,
highlighting once more the importance of multidisciplinary studies.

In general, for T ~ 0.8-3 s, the average spectra given by the 1D and 2D analyses are more conservative then that
given by NTCO8 [16]. Along the central alignment (SSI alignment), by the 2D full-coupled soil-structure analysis the
maximum spectral acceleration Semax = 1.03 g at T = 1.28 s is obtained, while by the 1D analysis Semax = 1g at T =
0.42 s is obtained. The period of the structure fixed at the base is Trg = 0.4 s. The period of the structure including the
subsoil is Tpssi = 0.88s. Thus, according to Trs 1D analysis is more severe than NTCO08, while 2D analysis is less
severe than NTCO08. According to Tpssi both 1D and 2D analysis are more severe than NTCO8 and in any case 1D
analysis is the most severe. Moreover, considering 2D full-coupled analysis moving from TFB to TDSSI the spectral
acceleration decreases, thus neglecting DSSI is conservative. Nevertheless, for values of T slightly higher than the
computed Tpssi the situation changes drastically. Thus, a very careful evaluation of the design period and DSSI
phenomena has to be performed through a multidisciplinary approach.

—— NTCO8

Fig. 7. Comparison among average elastic response spectra by NTC08, FEM-2D analyses and 1D analyses, along the three alignments.
7. Conclusions

The paper deals with 2D full-coupled soil-structure analyses for the strategic INGV building in Catania (Italy).
Simpler 1D free-field response analyses were also performed. The comparisons of the achieved results, by the 1D
analyses ignoring the structure and by the full-coupled soil-structure FEM-2D approach, shows that the computed
stratigraphic amplification ratios are always greater than the value provided by NTCO08. This result is more noticeable
towards the southwest side of the investigated INGV site, because on the southwest side there is a soil layer with
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poorer mechanical properties. Moreover, the responses in frequency domain highlight the importance of performing
numerical analyses that take into account DSSI phenomena, in order to observe the changes due to DSSI in terms not
only of peak acceleration but also of predominant frequencies. The 1D analysis gives average response spectra more
severe than that of NTCO8 for all the significant periods and more severe than that given by the FEM-2D analysis for
periods less than 1.2 s. The DSSI analyses provide lower values of spectral acceleration for period less than 0.7 sec,
but it presents larger values for high periods, typical of structures without unrealistic fixed-base.
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