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ABSTRACT

On April 6, 2009, a 6.3 moment magnitude earthquake hit the city of L’ Aquila, Italy, approximately 100
km east of Rome. Unusually high acceleration values were recorded in the area close to the epicenter,
where most of the effects concentrated. A wide group of researchers was involved in soil characterization
for seismic microzonation as well as to asses the sites selected to host base-isolated temporary houses for
homeless people (the so called “C.A.S.E. project”).

This paper reports the results of in situ surface wave tests (i.e., MASW tests) and of laboratory resonant/
column torsional shear tests on undisturbed specimens.

1D linear equivalent analyses were performed to verify if the design spectra (both in terms of acceleration
and displacement) specified by the current Italian Building code were compatible with the corresponding
site specific spectra obtained by the seismic response analyses.

Keywords: Surface waves, MASW tests, 2009 L’ Aquila earthquake, Seismic response analysis, Response
spectrum

INTRODUCTION

On April 6,2009, a 6.3 moment magnitude earthquake hit the city of L’ Aquila, Italy, approximately 100
km east of Rome. The earthquake caused a death toll of 308 and extensive damages over an area of
almost 600 square kilometers. Both civil and industrial structures were involved and visible effects in the
natural environment were reported (GEER, 2009; Monaco et al., 2010). Heavy damages in the historical
city of L’ Aquila were due to the closeness to the earthquake source, the large acceleration field recorded
in the epicentral area and partially to the inadequate aseismic design of some constructions.

The area where most of the effects concentrated is a narrow valley, surrounded on both sides by limestone
mountains underlying alluvium deposit, located within the central section of the Apennines, the mountain
chain which traverses most of the length of the Italian peninsula.
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A wide group of researchers was involved in soil characterization aimed at both seismic microzonation’
(Work Group, 2010) and to define sites suitable to host temporary houses for homeless people (the so
called “C.A.S.E. project™®.

In this paper the results of geotechnical tests carried out by researchers of the University of Napoli
Federico II and University of Molise are reported. Particularly, several in situ Surface Wave Tests (i.e.,
MASW tests) and laboratory Resonant Column - Torsional Shear (RCTS) test on undisturbed specimens
were performed. Due to the high heterogeneity of the geological setting of the area, various type of
geotechnical and geophysical methods have been used to joint all the information collected, especially in
the sites characterized by an insufficient a priori-knowledge. Based on the available information a rational
methodology (see for instance d’Onofrio et al., 2010) was adopted comparing the frequency response,
calculated from Vg profiles, to locate the bedrock depth, with experimental results obtained from HVSR
method.

The C.A.S.E. project (Calvi, 2010), comprising 185 of three storeys building located in 19 areas of the
municipality of L’ Aquila. These buildings were conceived to be seismically isolated, so that a preliminary
requirement for the construction site was that its natural frequency, experimentally recorded from
microtremors or aftershock, should be larger than 0.5 Hz.

In few cases, some potentially selected construction locations had to be discarded, because of their
misappropriate hydrogeological and/or geo-morphological characteristics. For an accurate yet quick
dynamic subsoil characterization, Surface Wave Tests were planned in most sites, Down-Hole (DH) and
laboratory tests were carried out only where the top of the seismic bedrock was not apparently shallow.
The shear wave velocity measurements were then used for standard site classification to provide the
seismic design spectra for the isolated buildings.

This paper, after a short overview of the geotechnical characterization of the sites throughout the results
of field and laboratory tests, reports some consideration about the seismic response characteristics of two
specific sites, initially selected for the location of the emergency houses.

OVERVIEW ON GEOTECHNICAL INVESTIGATIONS IN THE AREA

The study area is placed in the tectonic Aterno valley within the central section of the Apennines, whose
current geological framework, characterized by an high heterogeneity of the fluvio-lacustrine soil
deposits, is the results of a complex sequence of depositional events, due to erosion and tectonics (Bosi
and Bertini, 1970, Bertini et al., 1989). The geological setting of the L'Aquila basin is illustrated in the
map and the schematic section of Figure 1. The deposits filling the valley are dated from Middle
Pleistocene to present: the older lacustrine deposit, placed on the calcareous bedrock, are formed by a
complex alternation of silt, sand and conglomerate units. They have been buried by the recent deposits,
constituted by alluvial soils (mostly sands and cobbles, less frequently sands and silts). The relationship
among the sedimentary styles is very complex, also due to the interplay of tectonics and climate changes.
The bedrock is constituted of limestone formations, generally outcropping along the sides of the valley
and on ridges located within the Aterno River basin.

> http://www.protezionecivile.it/cms/view.php?dir_pk=395&cms_pk=17356
8C.A.S.E. stands for “Anti-seismic Sustainable Eco compatible Complex”
http://www.protezionecivile.it/cms/view.php?dir_pk=395&cms_pk=16397
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An intensive field and laboratory investigation program interested the preliminary selected
C.A.S.E. sites (Figure 1).
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Figure 1: (a) Geological map of the area of L'Aquila showing, among the others, most of the test
sites investigated for the C.A.S.E. Project (Cese di Preturo, Sassa and Pagliare are outside of this
map) (b) schematic section across the town center of L'Aquila (modified after APAT, 2006).

A strict time constraint (two months) was given to construct proper geotechnical models. The
experimental program included measurements of the shear wave velocity, Vs, by different in situ testing
techniques, i.e. Down-Hole tests (DH), Multichannel Analysis of Surface Wave (MASW) test and
Seismic Dilatometer tests (SDMT) (Monaco et al., 2010). Instrumental records of aftershocks,
microtremors and ambient noise also permitted a preliminary classification of the sites with apparently
shallow and deep bedrock (Working Group, 2010).

Table 1 shows a synthesis of the Surface Wave Tests performed in six of the C.A.S.E. sites, which were
carried out by a joint team including University of Napoli Federico II, University of Molise and
Politecnico of Torino, under the coordination of the Italian Geotechnical Society (AGI).
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In three cases, a nearby reliable Down-Hole test was also available; at the sites of Roio Piano and Pianola,
however, the DH did not detect a seismic bedrock because of the limited extension of the boreholes, while
the MASW tests were able to investigate down to higher depths (z, in the table) and identified a seismic
bedrock (its position is indicated with zg). The table also shows the experimental peak frequency (fpvsr),
assessed following the practical guidelines proposed in the European research project SESAME (2004).

For each of the six sites, the frequency value satisfied the preliminary requirement for the C.A.S.E. sites,
being that the natural frequency of the soil deposit should not be lower than 0.5 Hz.

Table 1. Summary of site characteristics where MASW tests were carried out by AGI (Working

Group, 2010).
f , Stiff layer
Bedrock Site HVSR max z Y, Notes
Hz m B S.B
(Hz) (m) (m) (m)
S gg 25 (MASW) 8 (MASW) 500 (MASW)
' no DH test
. 25 (MASW) 16 (MASW) _ 550 (MASW)
Shallow San Giacomo 7.2 a5 ppy) 12 (DH) i DH not reliable
o 27 (MASW) 5 (MASW) 550 (MASW) likely velocity
SantAntonio 9.5 7,4 ppy) 10 (DH) 400 (DH) inversion in gravels
Moo 25 40(MASW) 25(MASW) 800 (MASW)
. no DH test
Roio Piang 2.8 70 (MASW) (,\‘A‘f\'s“\?v) 800 (MASW)  borehole not to
D : :
eep 40 (DH) > 40 m (DH) bedrock
34-35
Pianola 15 503E)I\/ESSH\)/V) (MASW) 1200 (MASW) borigglégﬁt to
> 30 m (DH)

For complete subsoil characterization, in the light of non-linear site response analyses, specimens from 17
undisturbed samples obtained in 8 different sites were subjected to cyclic and dynamic tests carried out
by a network of research laboratories in Italy, again coordinated by AGI. The cyclic/dynamic shear tests
were useful to characterize the non-linear and dissipative behaviour (stiffness and damping) of medium-
to fine-grained soils in a wide strain range. The curves of the normalized shear modulus G/G, and
damping ratio D versus shear strain y obtained for the tested fine-grained materials described by
d’Onofrio et al. (2010) consistently reflect their different grain size distribution and plasticity.

SEISMIC RESPONSE ANALYSIS

Methodology
The seismic response analyses were first addressed to verify the experimental measurements of the
fundamental frequency of the sites, and then to predict the site-specific response spectra.

The analyses were based on equivalent linear approach, using the 1-D code EERA (Bardet et al., 2000)
operating in the frequency domain. The code computes the ground response of horizontally layered soil-
rock system subjected transient and vertically propagating waves. Each layer is assumed to be
homogeneous, visco-elastic and infinite horizontal extent. The soil deposit is crossed by shear waves,
incident vertically to the surface between the layers. All the numerical models were in free-field
conditions.
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Input motions

Two different acceleration time histories have been selected to represent the design rock motion for the
selected sites: (1) a natural time history recorded during the mainshock at RAN station AQG (WG
ITACA, 2009), located in the Aterno Valley (Colle Grilli) on a rock; (2) a artificial acceleration time
history, generated by the Belfagor computer code (Mucciarelli et al. 2004).

The artificial acceleration time history is compatible with the response spectra on stiff A sites, as
specified by the Italian code for construction (NTC, 2008) for target performance level of Collapse
Prevention (SLC). This corresponds to a return period for ordinary buildings of T, = 975 years, used for
the design of the isolation system. The time history was obtained from the Sabetta and Pugliese (1996)
ground motion prediction equation based a magnitude Myw=6.5 and a distance R.,=10 km. These values
were selected as the most representative couple in the disaggregation analysis for the area, as reported by
the probabilistic seismic hazard map of Italy (Spallarossa and Barani, 2007).

Figure 2 shows the acceleration time histories, together with the elastic acceleration and displacement
response spectra (5% structural damping) for the two above mentioned accelerograms.
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Figure 2. (a) Time-history, (b) acceleration spectra and (c) displacement spectra of the input
accelerograms.

The PGA value of the AQG-NS component, after scaled by a factor 1.2 to remove the topographic effects,
1s 0.43 g very close to that of the NTC-compatible accelerogram equal to 0.41 g. The response spectra
(Figure 2b) appear quite similar, with the maximum spectral acceleration ranging between 0.7 g (AQG)
and 0.8 g (NTC). In Figure 2c it is possible to notice that the main differences between the two selected
accelerograms are in the displacement spectrum: for periods larger than 1 s data from the AQG
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acceleration time history and from the artificial accelerogram diverge the former showing much lower
spectral displacements than the latter, that is instead very similar to the current building code.

Subsoil models
Two sites preliminarily selected for the C.A.S.E. project, Pianola and Cese di Preturo, are considered
here.

At the Pianola, the site-specific geological survey anticipated the presence of sandy-silty layers overlying
a coarse ‘breccia’ formation and a sandstone-claystone bedrock (Cavinato and Di Luzio, 2009).

The borehole logs and the results of geophysical tests (MASW, DH, SDMT and HVSR did not allow to
clearly define the depth of the bedrock.

Therefore, the numerical analyses were performed using two different soil models: model 1 was related to
the Vs soil profile from the MASW test, that detects the seismic bedrock at 35 m (Figure 3a); model 2
was derived from the DH test and integrated with the H/V ratio for the definition of the bedrock depth
(Figure 3b).

In both models a layer sequence was assumed on the basis of the unique borehole log. After a first layer
of man-made ground, sand and silty clays lay above the bedrock. The two in situ tests are in a good
agreement in terms of shear wave velocity until a depth of 25 m from the ground surface: for the clayey
silt (1-6 m) Vg is variable between 150-270 m/s; for the sand (6-25m) the shear wave velocity is equal to
400 m/s; however, for the deeper layers Vg profiles diverge in the two tests results.

The 1D linear amplification functions computed using the Vg profiles resulting from the MASW and DH
tests are plotted in Figure 4. The shaded area represents the range of natural frequency of the site,
experimentally defined according to the SESAME (2004) guidelines, after the interpretation of the H/V
spectral ratio of aftershocks recorded at a nearby site (Working Group, 2010).
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Figure 3. Pianola: layering and Vg profile from: (a) MASW test; (b) DH test.

The numerical fundamental frequency from MASW test (Figure 4a), assuming a bedrock depth equal to
35 m, is quite higher than that evaluated experimentally. The DH profile with a depth of the bedrock
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increasing from 30 to 70 m yielded a numerical frequency compatible with the measurements for the
highest depth (Figure 4b).
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Figure 4. Pianola: experimental HVSR frequency range vs. numerical amplification function (a) from
MASW test; (b) from DH test.

At Cese di Preturo site, the shear wave velocity profile was obtained by a DH test only. The subsoil is
characterized by an inversion of the shear wave velocity (Figure 5) due to the presence of a complex of
alternating silt, clay and sand with organic matters, as thick as about 17 m. This formation is underlain by
sandy soil with Vg increasing up to 500 m/s, overlying the seismic bedrock at a depth of 45 m, for which a
shear wave velocity of 1250m/s was assumed. This subsoil model was validated by the comparison of the
natural frequency computed by 1D linear amplification function and that measured with the HVSR
technique (Figure 6).
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Figure 5. Cese di Preturo: layering and Vs profile from DH test
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Figure 6. Cese di Preturo: experimental HVSR frequency range vs. numerical amplification
function from DH test.

The subsoil models were completed by the curves showing the variation of the equivalent normalized
stiffness, G/Gy, and damping ratio, D, with shear strain, v, plotted in Figure 7.

The curves were obtained by averaging the results of the RC tests on the undisturbed samples taken at the
same site (d’Onofrio et al., 2010).
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Figure 7. Normalised shear modulus (a) and damping ratio (b) versus shear strain from RC tests.

Results
The surface response spectra at each site were evaluated following the design issues of the isolation
system, i.e., in terms of displacement demand at periods as large as 4 s.

In the initial project stage two different hypotheses were considered for the isolation technology,
depending on the soil properties (Calvi, 2010): (1) elastomeric isolators with large displacement capacity
of 30+36 cm and characterized by a small dissipation capacity of the system for an estimated equivalent
damping of 12%; (2) friction pendulum (FPS) isolators with a displacement capacity of 26 cm and
damping of 20% (Calvi, 2010).

Therefore, the results of the site response analysis will be in the following evaluated by considering the
influence of the structural damping on the spectral acceleration and displacement. The computed spectra
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will be also compared with code predictions for events with return periods of 975 years for medium dense
soil B (corresponding to the seismic action assumed in the preliminary design) and for soft soil C
(corresponding to the V3o measured at the specific sites considered in this study, see Figure 3-5).

Figure 8 and 9 show the response spectra in acceleration and displacement for the two input motions
respectively for the soil models considered at Pianola site.

For periods lower than 1 s, it is possible to observe that the spectral accelerations and displacements
predicted by the site response analyses systematically overestimate those specified by the code for the
collapse limit state; the opposite happens in almost all cases for larger periods, i.e., those of interest for
the design of isolated structures. Moreover, the amplitudes reduce with the increase of the structural
damping ratio. The above considerations imply that the choice of the code standard spectra for the
preliminary design was definitely conservative.

Note that the peak spectral accelerations (left plots) for model 1 (Figure 8) are larger than for model 2
(Figure 9). An opposite trend is observed for the peak spectral displacements, which result higher for
model 2. For this latter subsoil model, peak amplitudes as high as 20 cm are attained at higher periods,
consistently with the lower average shear wave velocity and the higher bedrock depth assumed.

The spectral shapes are also significantly affected by the selected input motion. For instance, the vicinity
of the range of the dominant periods of the AQG input motion (up to 1 s, see Fig. 2) to the natural
frequency of subsoil model 2 (1.6 Hz), for lower structural damping (5 to 10%) results into unstable
spectral shapes, with peak spectral displacements in the lower range of periods rather than at the highest.
At increasing damping ratio (15 and 20%), the peak in the low period range reduces and that at the
highest periods increases, approaching that of the standard code spectra. On the other hand, the high-
period displacements predicted for the artificial input motion are poorly dependent on the structural
damping.
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Figure 8. Pianola: response spectra from soil model 1
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Figure 9. Pianola: response spectra from soil model 2

The analyses at Cese di Preturo (Figure 10) provide seismic responses similar to that predicted for
Pianola model 2 (DH profile with deep bedrock), with more pronounced site amplification at periods
around 1 s, being the natural frequency of the site as low as 1.4 Hz. This induces peak spectral
accelerations of the order of 1.5 g and peak spectral displacements higher than 20 cm for the smallest
structural damping values. Nevertheless, even for this site, the predicted displacements are never higher
than 25 cm, i.e. fully compatible with the performance required for the isolating system.

- AQG

_ _ = Belfagor
= NTC SLC (site classfication B)
== NTC SLC (site classfication C)

|
|
|
|
|
|
T
|
|
|

Spectral Acceleration, Sa (g)
oo

Spectral Displacement, Sd (cm)

Period, T (s) 45 Damping (%)

Period, T (s) 05 Damping (%)

Figure 10. Cese di Preturo: response spectra.
CONCLUSION
In this paper, it was shown how the HVSR measurements could usefully integrate the borehole logs and
shear wave velocity profile for the seismic characterization two sites selected for the C.A.S.E. project.
The seismic response analyses allowed to make a comparison between the spectra prescribed by the

current national building code (NTC, 2008) and those derived from 1-D linear equivalent numerical
analyses with different structural energy dissipation (that is a function of the selected isolation system). It
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appears that for the range of low periods the code underestimates the spectral acceleration and
displacements predicted at selected sites; the opposite occurs for the high periods, i.e. those relevant to
the seismic isolated building.
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