Proceedings of the XVIII| ECSMGE 2024
GEOTECHNICAL ENGINEERING CHALLENGES

TO MEET CURRENT AND EMERGING NEEDS OF SOCIETY
© 2024 the Authors

ISBN 978-1-032-54816-6

ECSMGE 24

/ XVIII EUROPEAN CONFERENCE
ON SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

——
DOI 10.1201/9781003431749-365
Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

Assessment of seismic ground amplification at the Chieti
courthouse site
Evaluation de I’amplification sismique du sol au palais de justice de Chieti

N. Salvatore”
University of Catania, Italy

A. Pagliaroli, F. Di Buccio, A. Pizzi, S. Amoroso
University of Chieti-Pescara, Italy

“nadia.salvatore@phd.unict.it

ABSTRACT: During the 2009 L’ Aquila earthquake (Mw = 6.1), the Chieti courthouse was partially damaged by the ground
shaking. To better understand the reasons why the damage affected essentially the southern portion of the structure, a study
on local seismic response effects was carried out. The historical center of Chieti is located on the top of a hill (330 m a.s.1.),
in the Periadriatic sector of Central Apennines, consisting of Pleistocene clays to sands and conglomerates deposits of the
Mutignano formation (FMT), carved by Pescara and Alento rivers. The courthouse area is located above landfill deposits
rich in historical artifacts, up to 10 m thick, covering sub-horizontal sandy-conglomerate deposits, about 30 m thick, which
in turn overlay mostly pelitic lithofacies of the FMT several hundred meters thick. In this study, we reconstruct a geotech-
nical model of the Chieti hill mainly through in-situ (boreholes, SPT, DMT and SDMT) tests. Moreover, we performed a
2D FEM site response analysis to evaluate the ground motion spatial pattern in the courthouse site in terms of main ground
motion parameters. An input motion representative of the 2009 L’Aquila earthquake was derived through a deconvolution
of the 2009 recordings at the RAN accelerometric station of Chieti Scalo and applied at the seismic bedrock. Physical
phenomena responsible for site effects are discussed by comparing 1D and 2D site response analyses at selected points.

RESUME: Lors du séisme de 2009 a L’ Aquila (Mw = 6.1), le palais de justice de Chieti a été partiellement endommagé par
les secousses du sol. Pour mieux comprendre les raisons pour lesquelles les dommages ont affecté essentiellement la partie
sud de la structure, une étude sur les effets de la réponse sismique locale a été réalisée. Le centre historique de Chieti est
situé au sommet d’une colline (330 m d’altitude), composé d’argiles aux sables et aux dépots de conglomérats, sculptés par
les riviéres Pescara et Alento. La zone du palais de justice est située au-dessus de dépdts d’enfouissement riches en artefacts
historiques, jusqu’a 10 m d’épaisseur, couvrant des dépots sub-horizontaux de conglomérat sableux, d’environ 30 m
d’épaisseur, qui recouvrent a leur tour les lithofacies principalement pélitiques. Dans cette étude, nous avons procédé a une
reconstruction du modéle géotechnique du col de Chieti obtenu par des essais in situ. De plus, nous avons effectué une
analyse 2D FEM de la réponse du site pour évaluer le modele spatial du mouvement du sol sur le site du palais de justice en
termes de parametres principaux du mouvement du sol. Un mouvement d’entrée représentatif du tremblement de terre de
L’Aquila en 2009 a été obtenu par déconvolution des enregistrements de 2009 a la station accélérométrique RAN de Chieti
Scalo et appliqué au socle rocheux sismique. Les phénoménes physiques responsables des effets sur le site sont abordés en
comparant les analyses de réponse 1D et 2D du site a des points sélectionnés.

Keywords: 2009 L’ Aquila earthquake; site response analysis; in-situ tests; numerical modelling.

1 INTRODUCTION

In 2009 a Mw 6.1 earthquake affected the area of
L’Aquila, Central Italy, causing 309 victims and
extensive damage to buildings and infrastructure.
During this event, the courthouse of Chieti, an L-
shaped masonry 3-storeys building, approximately 70
km far from the epicenter, was partially damaged. In
this respect, a detailed site investigation of seismic
dilatometer (SDMT) tests, foundation boreholes and
cyclic laboratory tests were performed in 2011 on
Chieti hill to restore this historical building. According

to Amoroso et al. (2013), the geotechnical campaign
allowed to detect weak zones in the Southern part of
the building when compared to the Northern part of the
structure in terms of constrained modulus and
horizontal stress index in the upper 8 m of depth. This
information resulted in agreement with the earthquake
observations since the structure appeared to be
considerably fissured in its Southern part, while
approximately intact in the Northern area.

In this study, we reconstruct a geotechnical model
of the Chieti hill mainly through the available in-situ
(boreholes, SPT, DMT and SDMT) tests. Moreover,
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we performed a 2D FEM site response analysis to
evaluate the ground motion spatial pattern in the
courthouse site. An input motion representative of the
2009 L’Aquila earthquake was derived through a
deconvolution of the 2009 recordings at the RAN
accelerometric station of Chieti Scalo and applied at
the seismic bedrock. Physical phenomena responsible
for site effects are discussed by comparing 1D and 2D
site response analyses at selected points.

2  GEOLOGICAL SETTING

The historical center of Chieti is located on the top of
a hill (330 m a.s.1.), in the Periadriatic sector of Central
Apennines, consisting of Pleistocene clays to sands
and conglomerates deposits of the Mutignano

formation (FMT), carved by Pescara and Alento rivers.
The courthouse area is located above landfill deposits
rich in historical artifacts, up to 10 m thick, covering
sub-horizontal sandy-conglomerate deposits, about 30
m thick, which in turn overlay pelitic-sandy (mostly
grey clay) lithofacies of the FMT (Fig. 1a).

Courthouse

Ewo
0. 250 500-
[

Figure 1. Geological map of Chieti (modified from CARG
361 Chieti
https://www.isprambiente.gov.it/Media/carg/361 CHIETI/
Foglio.html); FMT is Mutignano formation, when d is the
sandy-conglomerate lithofacies, ¢ is the sandy-pelitic
lithofacies, and a is the pelitic-sandy lithofacies; the blue
line depicted the EE’ cross section; the red circle identifies
the courthouse area (a). Cross section EE’; landfill deposits
are represented only in the courthouse area and their
position and thickness derived from available in-situ tests

®).

The geological cross section (Fig. 1b) shows a
simplified version of the stratigraphic setting of Chieti
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hill. Landfill and Holocene slope deposits are only
reported in the area of the Courthouse, due to the
availability of data from boreholes, SDMT, DMT and
SPT performing in previous studies. The seismic
response is therefore analyzed in detail in the
following only in this area.

3 SUBSOIL MODEL

The soil characterization for site response analyses
was essentially based on the results of six seismic
dilatometer (SDMT) tests, in virgin soil and in
boreholes filled with sand, reaching a depth up to 50
m from ground level, carried out around the
Courthouse (Amoroso et al., 2013). Average values for
each lithotype were defined (Table 1); the Poisson
ratio was assumed as 0.35 for all material with the
exception of grey clay (0.43). Nonlinear normalized
shear modulus (G/Go) and damping (D) curves from
literature were employed (Table 1). Cyclic simple
shear tests were available for grey clays; however,
given the high stiffness, a visco-elastic linear
behaviour has been assumed for these materials. As
matter of fact, the grey clays are characterised by shear
wave velocity (Vs) values equal to 450-500 m/s in the
upper part increasing with depth to 600 m/s as reported
by down-hole (DH) tests available in the area of Chieti
campus of the University of Chieti-Pescara (Italy) at
the toe of the hill. No information is available on deep
Vs profile in the FMTa. For this reason, the grey clays
were characterized with an average value of 600 m/s
and assumed as seismic bedrock in the deconvolution
and direct site response analyses reported in the
following.

Table 1. Reference subsoil model for Chieti hill with related
mechanical parameters for each lithotype used in the
analyses.

Lithotype v Vs Nonlinear
(kN/m®)  (m/s) curves
1 Landfills 17.1 260 Rollins et al.
(anthopogenic 1998 average
deposit) curves
2 colluvium 18.7 400  Amoroso et al.
2015
3 Alluvial soils 18.5 300 Seed e Idriss
1970 upper
bound
4 Silty sands 20.0 560 Seed e Idriss
1970 upper
bound
5 Silty clay 20.6 700 Linear D=1%
6  Dense sands 20.6 900 Linear D=1%
7  FMTa (grey 20.5 600 -
clays)
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4  SEISMIC RESPONSE AT THE CHIETI
COURTHOUSE

4.1 Definition of input motion

For the definition of the seismic input, reference was
made to the L'Aquila earthquake recordings of April 6,
2009 earthquake at the CHT permanent station located
at the Chieti campus of the University of Chieti-
Pescara. The subsoil model at the station (Table 2) has
been defined using existing borehole logs and DH tests
in the area as well as multichannel analysis of surface
waves (MASW) and single station noise
measurements carried out at CHT in the framework of
the present study.

Table 2. Subsoil model at CHT for deconvolution analyses
(h: thickness of soil layers).

Lithotype h Y Vs Nonlinear
(m) (kN/m’) (m/s) curves
cover 2 17.1 160 Rollins et al.
1998 avg.
Alluvial 10 18.5 280 Seed e Idriss
soils (sands 1970 upper b.
and silts) 8 18.5 310 Seed e Idriss
1970 upper b.
Alluvial 6 20.0 460 Rollins et al.
soils 1998 avg
(gravels)
Grey clays - 20.5 600 -
0.12
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Figure 2. Recorded vs deconvoluted response spectra for
April 6, 2009 earthquake.

Deconvolution analyses were therefore executed to
derive the motion at seismic bedrock outcropping
starting from the CHT recorded surface time history
accelerations. Deconvolution analyses were executed
with the 1D equivalent linear STRATA code (Kottke
and Rathje, 2008) working in the frequency domain. It
must be observed that the position of the real seismic
bedrock (i.e. a material characterized by Vs equal or
higher than 800 m/s) is unknown and the FMTa
formation (mostly grey clays) at the bottom of the
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alluvial cover (Vs=600 m/s) were assumed as bedrock.
Recorded and deconvolved response spectra are
reported in Figure 2: as the amplification function is
characterized by peaks at 2-4 Hz and 10-15 Hz, great
reduction in spectral amplitude at outcropping bedrock
is observed in the medium-to-low period range (i.e.
below 0.5s).

4.2 2D seismic response analysis

Bidimensional site response analyses were carried out
on the EE’ cross-section (Fig. 1b) using the 2D finite
element  equivalent linear = LSR2D  code
(https://www.stacec.com/). The computer code is
extensively used in Italy especially for Seismic
Microzonation purposes and it has been validated
using other well-known 2D FEM codes like QUAD4M
(Pagliaroli et al., 2020). The bedrock is constituted by
the grey clays (Vs=600 m/s) and therefore the
deconvolved motion has been assumed as input motion
of the analyses. The physical and mechanical
properties of the materials are reported in Table 1.
Three control points were selected for output motions:
A and B at eastern and western sides of the
Courthouse, respectively and C at the location where
maximum thickness of landfills is reached (Figure 3a).
At these points, additional 1D STRATA analyses were
also executed in order to assess the influence of
morphological and topographic features on the ground
motion through the 2D/1D comparison.

The comparison between 1D and 2D response is
shown for node A in Figure 3; similar considerations
can be made for the other nodes. The 2D analyses
predicts higher spectral acceleration with respect the
1D model in the whole period range. The effects of the
landfills is evident at low periods (0.1-0.2 s) where the
coupling between stratigraphic and morphological
effects leads to higher values in 2D analyses. At longer
periods the response is essentially driven by 2D
effects: in particular the amplification at 2-3s can be
related to the 2D resonance of the upper part of the
Chieti hill according to the model by Paolucci (2002).
Other complex 2D effects take place at 0.4-0.6s.

The comparison of the 2D response in the three
selected nodes (Figure 3) highlights the role of the
landfills: nodes C, characterized by the higher fills
thickness (around 12m) is characterized by major
spectral accelerations exceeding 0.1 g in 0.15-0.25s
range. Slightly higher amplitudes can be found at node
B with respect to A in the same range showing ground
motion variation in the Courthouse area. The spectral
amplitude at 2-3s is the same in all the nodes thus
confirming the 2D resonance of the hill as driving
phenomena. The 2D effects at 0.4-0.6s (showing
differences between A-B and C) are probably related
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to topographic effects at the hill edge (A-B are closer
to hill border than C) or to the buried morphology of
the contact between landfill and the underlying sands.
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Figure 3. Stratigraphy of the courthouse area with the
position of control points and lithotypes numbered as in
Table 1 (a), 1D and 2D computed response spectra
compared with input motion for EW component (b).
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Figure 4. Response spectra computed with 2D analyses at
node A-B-C for EW component.

5 CONCLUSIONS

The paper reports the results of the seismic response of
Chieti hill during the April 6, 2009 earthquake which
induced damage to the Courthouse historical building.
The signal recorded by the CHT station at the toe of
the hill was deconvoluted by means of 1D equivalent
linear analyses to the outcropping of grey clays
assumed as seismic bedrock of the area. Ad hoc
MASW and single station microtremor tests were
carried out for the geotechnical characterization of
CHT site. The subsoil model of the Chieti hill has been
reconstructed using several existing seismic
dilatometer (SDMT) tests performed in the area of the
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Courthouse. The CHT deconvoluted signal was used
as seismic input for 2D finite element modelling of the
Chieti hill. The output results were processed in terms
of acceleration response spectra with particular
reference to the Court area where additional 1D
modelling were executed, in order to highlight the 2D
effects related to the buried and surficial morphology.

The comparison between 1D and 2D modelling
highlighted amplification of ground motion related to
stratigraphic effects of the landfill cover around 0.1s
where spectral accelerations as high as 0.1g are
reached. Additional 2D effects were found around 0.4-
0.6s, including the fundamental period of the
Courthouse, probably related to topographic effects at
the hill edge and to the buried morphology. Finally, 2D
resonance effects of the upper part of the hill is
responsible for further amplification around 2-3 s.

The amplifications linked to the wvariations in
thickness of landfills are relevant for the historical
buildings of few floors located on the top of the Chieti
hill. More efforts should be devoted to reconstruct the
landfills distribution along the Chieti hill for a
comprehensive seismic risk assessment of the building
stock and cultural heritage of city centre.
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