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ABSTRACT

We describe an Italian database of strong ground motion recordings and databanks delineating
conditions at the instrument sites and characteristics of the seismic sources. The strong motion
database consists of 236 corrected recordings from 86 earthquakes and 101 recording stations.
Uncorrected recordings were drawn from public web sites and were processed on a record-by-
record basis using a procedure utilized in the Next-Generation Attenuation (NGA) project to
remove instrument resonances, minimize noise effects through low- and high-pass filtering, and
baseline correction. The number of available uncorrected recordings was reduced by 52%
(mostly because of s-triggers) to arrive at the 236 recordings in the database. The site databank
includes for every recording site the surface geology, a measurement or estimate of average
shear wave velocity in the upper 30 m (Vs30), and information on instrument housing. Of the 86
sites, 39 have on-site velocity measurements (17 of which were performed as part of this study
using SASW techniques). For remaining sites, we estimate Vg3 based on measurements on
similar geologic conditions where available. Where no local velocity measurements are
available, correlations with surface geology are used. Source parameters are drawn from
databases maintained (and recently updated) by Istituto Nazionale di Geofisica e Vulcanologia
and include hypocenter location and magnitude for small events (M < ~5.5) and finite source
parameters for larger events.

Ground motion prediction equations (GMPES) have recently been developed in NGA project
that are intended for application to shallow crustal earthquakes in tectonically active regions. We
investigate the compatibility of those models with respect to magnitude-, distance-, and site-
scaling implied by Italian strong motion data. This is of interest because (1) the Italian data is
principally from earthquakes in extensional regions that are poorly represented in the NGA
dataset and (2) past practice in Italy has been to use local GMPEs based on limited data sets
which cannot resolve many source, path, and site effects known to be significant. We find that
the magnitude scaling implied by the Italian data is compatible with the NGA relations.
However, the Italian data attenuate faster than implied by the NGA GMPEs at short periods, and
the differences are statistically significant for three of four relations. Three regression
coefficients are re-evaluated for the three affected NGA GMPEs to reflect the faster attenuation;
a constant term, a geometric spreading and anelastic attenuation term, and a source depth term.
The scaling of ground motion with respect to site shear wave velocity is consistent between the



NGA models and Italian data. Moreover, the presence of nonlinearity in the Italian data is
confirmed and found to be generally compatible with what is provided by NGA site terms. The
scatter of Italian data is much higher than in the NGA models, although only the intra-event error
is sufficiently well established by the data to justify modification of NGA models. On the basis
of these findings, we recommend that NGA relations, with the aforementioned minor

modifications, be used to evaluate median ground motions for seismic hazard analysis in Italy.
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1 Introduction

11 MOTIVATION AND SCOPE

The characterization of earthquake ground motions for engineering applications generally
involves the use of empirical models referred to as ground motion prediction equations (GMPES)
or attenuation relations. GMPEs describe the variation of particular intensity measures (such as
peak acceleration, spectral acceleration, or duration) with magnitude, site-source distance, site
condition, and other parameters.

Because most GMPEs are empirical, they are dependent on the databases utilized in their
development. The development of GMPEs requires a database of strong motion accelerograms
and their intensity measures, a databank of site conditions for accelerometers, and a databank of
earthquake source parameters.

In Italy there has been a strong preference towards the use of local GMPEs derived solely
from data in that region. The current national hazard map for Italy (Working Group, 2004) was
developed using slightly modified versions of an Italian GMPEs (Sabetta and Pugliese, 1996), a
European GMPE (Ambraseys et al., 1996), and GMPEs for particular regions within Italy (e.g.,
Malagnini and Montaldo, 2004). These relations are based on relatively small databases — for
example the Sabetta and Pugliese (1996) GMPE was derived from an Italian database of 95
recordings from 17 earthquakes. Local databases such as this are naturally smaller than world-

wide databases, meaning that error in individual data points have greater influence on the GMPE.



Many of these local European GMPEs suffer from other deficiencies as well. Because of
the small size of the European database, earthquake effects that are well established in other
areas are not represented in the European models. A prominent example of this is nonlinear site
effects, which are well known to be particularly significant for soft soils at levels of ground
motion with peak accelerations stronger than about 0.2 g (e.g., Choi and Stewart, 2005).
European models use a linear site term, which is established from relatively weak motion data
(i.e., average site-source distances that are relatively large). Since engineering design often
involves relatively small site-source distances and strong levels of ground motion, application of
those linear site terms for engineering design is expected to introduce significant levels of
overconservatism. This is but one example of the types of problems encountered with current
European GMPEs that can be addressed through a careful analysis of the data. Many other
specific effects are described in the chapters that follow, especially Chapter 4.

The scope of this project involved two principal tasks. The first task concerned clean up
and enhancement of the strong motion database and related metadata for Italian earthquakes. Our
goal was to bring the Italian strong motion database and the site and source databanks to
standards comparable to those established during the Next Generation Attenuation (NGA)
project in California. That work is described in Chapter 2 of this report. The resulting database is
freely accessible via the web. Chapter 3 describes the organization of the web site.

The second principal task involved analysis of the data relative to the NGA GMPEs,
which is described in Chapter 4. Our goal was to evaluate whether the magnitude-scaling,
distance-scaling, and site effects implied by the Italian data are consistent with the respective
aspects of the NGA models. This then allows us to define the over-arching project vision. Those

aspects of the NGA models found to be consistent with the Italian data are retained for use in



Italy, while any aspects found to be deficient are corrected relative to the Italian data. In this
way, modified GMPEs applicable to Italy are developed. This is extremely useful, because many
of the relatively sophisticated source-, path-, and site effects inherent to the NGA models can

then be applied with confidence for the Italian region.

1.2 PROJECT ORGANIZATION

This was a highly collaborative project involving U.S. and Italian investigators from multiple
institutions. The work described here represents the principal findings of the doctoral research of
the second author, who worked under the technical direction of the first author. The data
collection involved assistance from many individuals, as noted in the Acknowledgments. In
particular, the strong motion data processing was performed under the direction of Dr. Walter
Silva at Pacific Engineering and Analysis, who also performed the data processing for the NGA
project. Secondly, site-specific shear wave velocity profiling was performed by Dr. Robert
Kayen of USGS in collaboration with the first and second authors. That work is described in
detail in Kayen et al. (2008) and in Chapter 2.

The data analysis described in Chapter 4 benefitted significantly from technical
discussions between the first author and numerous individuals with related expertise, such as

Brian Chiou, Robert Graves, and Julian Bommer.



2 Database for Earthquake Strong Motion
Studies in Italy

2.1 INTRODUCTION

The characterization of earthquake ground motions for engineering applications generally
involves the use of empirical models referred to as ground motion prediction equations (GMPES)
or attenuation relations. GMPEs describe the variation of particular intensity measures (such as
peak acceleration, spectral acceleration, or duration) with magnitude, site-source distance, site
condition, and other parameters. A review of GMPEs for peak acceleration and spectral
acceleration available in the literature prior to 2006 is presented by Douglas (2003a, 2006). The
most recent GMPEs for crustal earthquakes in active regions were developed as part of the Next
Generation Attenuation (NGA) project (http://peer.berkeley.edu/products/nga_project.html).
Because most GMPEs are empirical, they are dependent on the databases utilized in their
development. The development of GMPESs requires a database of strong motion accelerograms
and their intensity measures, a databank of site conditions for accelerometers, and a databank of
earthquake source parameters. Most of the available GMPEs utilize inconsistent databases and
databanks, in the sense that the data are derived from different sources of variable quality. One of
the major thrusts of the NGA project was to compile consistent strong motion, site, and source
databases for the development of GMPEs applicable to shallow crustal earthquakes in

tectonically active regions. This consistency took the form, for example, of consistent



processing of all recordings, classification of geologic site conditions in uniform formats, and the
compilation of source parameters developed in a uniform format by a single agency.

The NGA GMPEs (Abrahamson and Silva, 2008; Boore and Atkinson, 2008; Campbell
and Bozorgnia, 2008; Chiou and Youngs, 2008; Idriss, 2008) are intended to be applicable to
geographically diverse regions — the only constraint being that the region is tectonically active
and the earthquake hypocentral depth is relatively shallow. The database involved is therefore
large, consisting of 3551 recordings from 173 earthquakes (Chiou et al., 2008). In some regions,
there has been a preference towards the use of local GMPEs derived solely from data in that
region. This practice has been particularly common in Europe (Bommer, 2006), with Italy and
Greece being prominent examples. The current national hazard map for Italy (Working Group,
2004) was developed using slightly modified versions of an Italian GMPEs (Sabetta and
Pugliese, 1996), a European GMPE (Ambraseys et al., 1996), and GMPEs for particular regions
within Italy (e.g., Malagnini and Montaldo, 2004). These relations are based on relatively small
databases — for example the Sabetta and Pugliese (1996) GMPE was derived from an Italian
database of 95 recordings from 17 earthquakes. Local databases such as this are naturally smaller
than world-wide databases, meaning that error in individual data points have greater influence on
the GMPE.

A second major application of ground motion databases linked to site/source databanks
(beyond the development of GMPES) is for dynamic analyses of structural and geotechnical
systems. Major recent research efforts have been directed towards providing guidance on ground
motion selection and scaling (Goulet et al., 2008) — the ground motion database utilized in those
studies is generally the NGA database described by Chiou et al. (2008). In Italy, dynamic

analysis and design using accelerograms has been allowed for civil infrastructure since 2003



(OPCM 3274, 2003), although a recent seismic code (NTC, 2007) specifically requires the use of
natural recordings in lieu of synthetic motions for geotechnical applications. There is an urgent
need for a database/databank to facilitate such ground motion selection in Italy.

In this chapter, we critically examine the data resources available for the Italian region
with respect to the above three attributes: ground motion, site, and source. We also describe the
results of recent work to enhance the breadth, quality, and consistency of the strong motion
database and site and source databanks. Our focus is the database itself, not the development or

validation of GMPEs for Italy nor ground motion selection and scaling procedures.

2.2 STRONG MOTION DATABASE

The first large Italian accelerometer network was installed starting from the mid-1970s by ENEL

(Ente Nazionale Energia Elettrica). The array, acquired and developed by the Civil Protection

Department (DPC: www.protezionecivile.it) since 1998, is now defined as RAN (Rete
Accelerometrica Italiana). Of the 298 RAN accelerometers, 130 are analogue (i.e., Kinemetrics
SMA-1 or RFT250) and the others are relatively modern digital instruments (i.e., Kinemetrics
Altus ETNA, Altus Everest). Over time, the RAN analogue instruments are being replaced with
digital instruments, with the goal being a fully digital network. Other than RAN, additional,
relatively small arrays are operated by various agencies including a research institute (Ente
Nazionale Energia Ambiente, ENEA) and the University of Trieste.

Despite the increasing prevalence of digital instruments, most of the available strong
motion recordings are from older analogue instruments. Noise can significantly affect these
recordings (especially analogue) and limit their usable bandwidth, and data processing in the
presence of this noise can significantly affect ground motion intensity measures evaluated from

waveforms. Potential sources of noise and other errors in analogue recordings include


http://www.protezionecivile.it/

digitization noise, incorrect baseline, instrument resonance, and unknown initial conditions
associated with unrecorded first arrivals of seismic waves (e.g., Boore and Bommer, 2005).
Many of these noise sources are significantly reduced for digital instruments, but noise is still
present and the useable bandwidth is finite. Hence, it is vital that consistent, rational protocols be
employed during digitization, filtering, and baseline correction of recordings so that the
processed signal is as reliable as possible, at least within a defined frequency range. Lacking
such uniform procedures, the resulting signals have unknown, and inconsistent levels of noise
affecting the supposedly “corrected” signals.

Italian strong motion recordings can be found from a number of online sources and on
compacts disks. Perhaps the most widely recognized source is the European Strong Motion

Database ESD (Ambraseys et al., 2004; http://www.isesd.cv.ic.ac.uk/), which includes Italian

data from ENEA, University of Trieste, and ENEL. Processed records by ESD are high-pass
filtered at corner frequencies that are selected on a record-by-record basis, but a single low-pass
corner frequency of 25 Hz is applied to all records. Another unpublished source of data was
developed by SSN (Servizio Sismico Nazionale) and ENEA (Paciello et al., 1997) and contains
ENEA and ENEL recordings that were processed by filtering using high-pass and low-pass
corner frequencies selected on a record-by-record basis so as to optimize signal-to-noise ratio
(Rinaldis, 2004). Since the formation of RAN, data from major earthquakes in Italy (namely,
1997-1998 Umbria-Marche and 2002 Molise seismic sequences) are distributed by CDROMSs
published by SSN (2002) and DPC (2004). All of the available data (except University of Trieste
stations) has recently been assembled by INGV and DPC (Working Group S6, 2007), who also

re-processed the data according to a procedure that included baseline correction, instrument


http://www.isesd.cv.ic.ac.uk/

correction (for analogue signals), and record-by-record filtering (although a consistent low pass
filter was applied at 25-30 Hz for all analogue instruments).

For this study, a total of 509 uncorrected (but digitized) 3-component recordings from
100 earthquakes with magnitude > 3.7 and 160 different recording stations were downloaded in
March 2005. Those data are derived from the ESD database for events from 1972 to 1998 (479
three-component recordings) and from DPC (2004) for recordings of the 2002 Molise seismic
sequence from the RAN array (30 three-component recordings). Our database is comprised
solely of data that was available from the aforementioned sources in March 2005.

The downloaded data were then processed in 2005 by the same seismologists responsible
for the NGA data processing (Dr. Walter Silva and colleagues). This was done so that the Italian
strong motion data set would be compatible with the NGA data in terms of data quality and in
the definitions of usable bandwidth on a record-by-record basis. This processing was performed
on uncorrected (Volume 1) data and included filtering (including instrument corrections),
integration of accelerograms to velocity and displacement histories, and baseline correction
according to procedures described by Darragh et al. (2004). Pseudo-acceleration response
spectral ordinates at 5% damping were also computed.

This processing reduced the size of the usable database to 236 recordings from 86
earthquakes and 101 different recording sites. Figure 2.1 shows the distribution of the recording
sites. This reduction of the number of recordings (by 52%) relative to the uncorrected data results
from delayed triggering of analogue instruments during shaking associated with shear waves
(referred to as S-triggers). Figure 2.2 shows an example of an S-triggered record from the 1997
Umbria-Marche earthquake. As shown by Douglas (2003b), such records can have biased

response spectral accelerations, and hence it is preferred to exclude such records.
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In Figures 2.3-2.6 we compare several recordings processed as part of this study (labeled
as “PEER”) to the processed records from the ESD database. Figure 2.3 shows an example of
“wobble” of the displacement history from the processed ESD data. The differences in baseline
correction do not significantly affect peak acceleration, but produce noticeable differences in
peak velocity and displacement, which represent intensity measures sensitive to longer-period
components of the waveform. Figure 2.4 shows Fourier amplitude spectra and 5%-damped
pseudo acceleration response spectra for these same recordings. The Fourier spectra show similar
amplitudes across the frequency range of 1-15 Hz. At higher frequencies, the PEER amplitudes
generally exceed those from ESD due to a higher Nyquist frequency (100 Hz for PEER versus 25
Hz for ESD). However, these differences occur at relatively low values of Fourier amplitude (<
10™* gxsec), and do not significantly affect intensity measures of typical engineering interest such
as peak quantities (acceleration, velocity, displacement) or spectral accelerations. On the other
hand, at lower frequencies, the PEER amplitudes are significantly smaller than ESD due to
differences in baseline correction and high-pass filtering, and the effected Fourier amplitudes are
relatively large (approximately 10 gxsec). Those differences in the low frequency components
of the waveform result in different values of peak velocity and displacement (Figure 2.3) and
spectral acceleration for periods T > 0.8 sec. Because the ESD waveform is richer in low-
frequency energy, the long-period spectral accelerations are higher for ESD than for PEER
processing. Akkar and Bommer (2007) had similar observations regarding ESD data processing

to those noted above.
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Figure 2.3. Comparison between ESD- and PEER-corrected waveforms using accelerometer recording at
the Genio Civile station during the 1972 M, =4.7 Ancona earthquake

Some of the uncorrected data contain multiple events within the acceleration histories.
Waveforms from secondary events were generally removed in the PEER processing but were
retained in ESD processing. This situation is evident in recordings of the M,,=6.9 1980 Irpinia
Mainshock, as shown in Figure 2.5. It is not clear that the second event in the ESD data affected
amplitude-related parameters (PHV, PHD, spectral acceleration) beyond the previously noted

effects related to low-frequency energy content. However, the duration is clearly affected.
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Figure 2.4. Comparison between Fourier and pseudo acceleration response spectra calculated from
ESD- and PEER-corrected accelerograms using data from the Genio Civile station during the 1972
M. =4.7 Ancona earthquake
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To evaluate potential for bias between the two datasets, we compare intensity measures
calculated using the ESD and PEER databases in Figure 2.6. Peak accelerations and velocities

are generally comparable. The scatter in peak displacements is larger, with values from ESD

mostly exceeding those from PEER.

2.3  SITE DATABANK

Attributes of the recording sites that are important for the development of GMPEs and ground
motion selection include the geotechnical site conditions and the instrument housing. These
attributes are discussed in the following sub-sections. The site databank compiled for this study
is for Italian strong motion stations that have produced the 236 recordings referenced in the
previous section (98 sites) plus selected additional sites that have been characterized but had s-

triggered accelerograms. The total number of sites in the databank is 104.

2.3.1 Geotechnical Site Characterization for GMPEs: General Considerations

Wave propagation theory suggests that ground motion amplitude should depend on the density
and shear wave velocity of near-surface media (e.g., Bullen, 1965; Aki and Richards, 1980).

Density has relatively little variation with depth, and so shear wave velocity is the logical choice
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for representing site conditions. Two methods have been proposed for representing depth-
dependent velocity profiles with a single representative value. The first takes the velocity over
the depth range corresponding to one-quarter wavelength of the period of interest (Joyner et al.,
1981), which produces frequency-dependent values. A practical problem with the quarter
wavelength Vs parameter is that the associated depths are often deeper than can economically be
reached with boreholes. A practical alternative is the average shear wave velocity in the upper 30
m of the site (Vs30), which has found widespread application.

Based on empirical studies by Borcherdt and Glassmoyer (1994), Borcherdt (1994)
recommended Vg3 as a means of classifying sites for building codes, and similar site categories
were selected for the NEHRP seismic design provisions for new buildings (Dobry et al., 2000).
GMPEs have since been developed that incorporate Vs as the site parameter, including each of
the NGA GMPEs except Idriss (2008). To develop those GMPEs, each site in the NGA database
was assigned a Vg3 value, with approximately 1/3 coming from on-site measurements and 2/3
coming from correlations with other, more readily available site information.

In the development of the NGA database, protocols were followed for estimating Vsso
when on-site measurements (extending to a depth of at least 20 m) are not available. Those
protocols are as follows (Borcherdt, 2002):

1. Velocity estimated based on nearby measurements on same geologic formation (site
conditions verified based on site visit by geologist).

2. Velocity estimated based on measurements on same geologic unit at site judged to have
similar characteristics based on site visit by geologist.

3. Velocity estimated based on average shear wave velocity for the local geologic unit;

presence of the unit verified based on site visit by geologist.
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4. Velocity estimated based on average shear wave velocity for the geologic unit as

evaluated from large-scale geologic map (1:24,000 to 1:100,000).

5. Velocity estimated based on average shear wave velocity for the geologic unit as

evaluated from small-scale geologic map (1:250,000 to 1:750,000).

We adopt similar procedures for estimation of Vg3 values at Italian strong motion stations with
the results given in Table 2.1. Each site has been assigned V3o value in the table along with an
index pertaining to how the value was derived. Those indices are defined as:
e Category A: Velocity measured on-site using cross-hole, down-hole, or spectral
analysis of surface wave methods;
e Category B: Velocity estimated based on nearby measurements on same geologic
formation (site conditions verified based on site visit by geologist). This is similar
to Categories (1)-(2) by Borcherdt (2002).
e Category C: Velocity estimated based on measurements from the same geologic
unit as that present at the site (based on local geologic map). This is similar to
Categories (2)-(3) by Borcherdt (2002).
e Category D: Velocity estimated based on general (non-local) correlation
relationships between mean shear wave velocity and surface geology.

The following three sections describe how velocities were assigned to strong motion
sites. As described in the next section, for 36 sites, velocity profiles from the literature and the
files of practicing engineers, geologists, and public agencies are used to assign Vs values that
are assigned as Categories A, B, or C. We then describe velocity profiling performed for 17
additional sites as part of this study (Category A). Next, we describe how Vg3, values are

assigned on the basis of surface geology for the remaining 51 sites.
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Table 2.1. Data on geologic condition, seismic velocity, and instrument housing at selected Italian strong motion recording sites

Station Geology V30 (M/sec) Housing
# Name Agency Latitude | Longitude Age Description Scale Wills- Our Source | Type Measured Estimated Preferred Reference 2
(plan/section) Clahan class. 1)
class.

1 Ancona-Palombina ENEA 43.602 13.474 Pleistocene clay with silt and sand 1:50000 / 1:2000 QT A CH 256 455 256 Woking group (1981) SB
2 Ancona-Rocca ENEA 43.621 13.513 Miocene marls 1:50000 / 1:2000 m A CH 549 600 549 Woking group (1981) SB
3 Aquilpark-Citta DPC 42.346 13.401 Pleistocene coarse alluvium local QT C 455 455 FF
4 Aquilpark-Galleria DPC 42.346 13.401 Pleistocene coarse alluvium local QT C 455 455 T

5 Aquilpark-Parcheggio DPC 42.346 13.401 Pleistocene coarse alluvium local QT C 455 455 SB
6 Arienzo DPC 41.027 14.469 Pleistocene cinerities, piroclastic and conid material (5m), campanian 1:50000 / 1:2000 Mv A CH 905 1000 905 Palazzo (1991) CA

ignimbrite, overlying limstones of campano-lucana platform
7 Assergi DPC 42.42 13.52 Terziario sandy clay and marls 1:50000 / 1:2000 m C 600 600 CA
8 Assisi-Stallone DPC 43.075 12.607 Cretacico limestone and marls 1:50000 / 1:2000 Mi C 1000 1000 SB
9 Atina ENEA 41.620 13.801 Giurassico dolomitic limestone 1:50000 / 1:2000 MI Cc 1000 1000 CA
10 Atina-Pretura Piano Terra ENEA 41.645 13.783 Miocene clay and clay with marls with layers of gray and yellow sandstone | 1:50000 / 1:2000 Tm C 600 600 SB
11 Atina-Pretura Terrazza ENEA 41.645 13.783 Miocene clay and clay with marls with layers of gray and yellow sandstone | 1:50000 / 1:2000 m C 600 600 SB
12 Auletta DPC 40.556 15.395 Pliocene lacustrine and deltaic polygenic conglomerate with sandy-clay 1:50000 / 1:2000 Pc A CH 1156 1000 1156 Palazzo (1991) CA
cement
13 Avezzano DPC 42.03 13.43 Quaternario Alluvium 1:100000 Qal,deep B CH 120 280 120 A.G.l. (1991) CA
14 Bagnoli-Irpino DPC 40.831 15.068 Cretacico limestone 1:50000 / 1:2000 MmI A CH 1163 1000 1163 Palazzo (1991) CA
15 Barcis DPC 46.187 12.554 Olocene debris on marls 1:50000 / 1:2000 | Qal,coarse D 354 354 CA
16 Barga DPC 44.068 10.461 Pleistocene coarse non cemented alluvium deposit on gravel and 1:50000 / 1:2000 Qoa D 387 387 CA
conglomerate
17 Bevagna DPC 42.932 12.611 Olocene clay, clay/sand and sand deposit on "bisciaro” 1:50000 / 1:2000 Qal,deep A SASW 182 280 182 This study CA
18 Bisaccia DPC 41.010 15.376 Pliocene cemented conglomerate with sandy thin layers 1:50000 / 1:2000 Pc A CH 972 1000 972 Palazzo (1991) CA
19 Borgo-Cerreto Torre ENEA 42.814 12.915 Terziario limestone 1:50000 / 1:2000 Ml C 1000 1000 SB
20 Bovino DPC 41.249 15.342 Pliocene sand and sandstone with conglomerate and sandy clay 1:50000 / 1:2000 QT A CH 356 455 356 Palazzo (1991) CA
21 Brienza DPC 40.472 15.634 Olocene recent alluvium on red flysch 1:50000/ 1:2000 | Qal,coarse A CH 516 354 516 Palazzo (1991) CA
22 Buia ENEA 46.222 13.090 Olocene alternance of gravels and pebbels, mix of gravely sand and silty 1:50000/ 1:2000 | Qal,coarse A CH 254 354 254 Fontanive et al. (1985) CA
sand
23 Cairano 1 DPC 40.890 15.296 Pliocene marls 1:50000 / 1:2000 Tm C 625 600 625 Faccioli (1992) CA
24 Cairano 2 DPC 40.887 15.312 Pliocene marls 1:50000 / 1:2000 m C 625 600 625 Faccioli (1992) CA
25 Cairano 3 DPC 40.887 15.334 Pliocene marls 1:50000 / 1:2000 Tm C 625 600 625 Faccioli (1992) CA
26 Cairano 4 DPC 40.886 15.348 Pliocene marls 1:50000 / 1:2000 Tm C 625 600 625 Faccioli (1992) CA
27 Calitri DPC 40.898 15.439 Pliocene sandstone, sand with levels of marls 1:50000 / 1:2000 Tss A CH 518 515 518 Palazzo (1991) CA
28 Cascia DPC 42.719 13.013 Oligocene marls 1:50000 / 1:2000 Tm A SASW 540 600 540 This study SB
29 Cascia-Cabina Petrucci DPC 42.755 13.004 Pleistocene sandly and gravely deposit 1:100000 Qoa A SASW 339 387 339 This study SB
30 Cassino-Sant' Elia ENEA 41.523 13.864 Miocene clay and clay with marls with layers of gray and yellow sandstone | 1:50000 / 1:2000 m C 600 600 CA
31 Castelnuovo-Assisi DPC 43.007 12.591 Olocene recent alluvium of clayely layers on sands an silt 1:50000 / 1:2000 Qal,deep A SASW 293 280 293 This study CA
32 Castiglione Messer Marino DPC 41.868 14.449 Miocene marls 1:100000 m C 600 600 CA
33 Catania-Piana DPC 37.447 15.047 Olocene alluvium clayely and sandy deposit on Pleistocene clay 1:50000 / 1:2000 Qal,deep A CH 261 280 261 Frenna & Maugeri (1993) CA
34 Chieti DPC 42.36 14.14 Quaternario gray clay and marls 1:100000 Qoa D 387 387 CA
35 Codroipo DPC 45.959 12.984 Quaternario coarse grevely alluvium 1:50000 / 1:2000 Qoa D 387 387 CA
36 Colfiorito DPC 43.037 12.921 Pleistocene lacustrium deposit 1:50000 / 1:2000 Qoa A SASW 317 387 317 This study CA
37 Colffiorito-Casermette DPC 43.028 12.900 Olocene lacustrium and fluviolacustrum sandy-clayely sediments 1:100000 Qal,coarse A SASW 405 354 405 This study SB
38 Conegliano Veneto DPC 45.883 12.288 Quaternario gravely alluvium 1:50000 / 1:2000 Qoa D 387 387 CA
39 Contrada Fiumicella-Teora ENEA 40.881 15.255 Pleistocene alluvium 1:100000 Qoa D 387 387 FF
40 Conza-Base DPC 40.875 15.327 Pliocene marls and clay 1:50000 / 1:2000 m C 625 600 625 Faccioli (1992) CA
41 Conza-Vetta DPC 40.872 15.329 Pliocene gravely and sandy conglomerate on Pliocene clay 1:50000 / 1:2000 QT D 406 455 406 Faccioli (1992) CA
42 Cosenza DPC 39.304 16.247 Pleistocene gray clays 1:50000 / 1:2000 QT D 455 455 CA
43 Feltre DPC 46.019 11.912 Olocene recent sandy-silty alluvium on Quaternary deposit 1:50000/ 1:2000 | Qal,coarse D 354 354 CA
44 Ferruzzano DPC 38.051 16.132 Miocene varicoloured clay 1:100000 m C 600 600 CA
45 Foligno Santa Maria ENEA 42.955 12.704 Olocene recent alluvium 1:50000 / 1:2000 Qal,deep A SASW 395 280 395 This study SB
Infraportas-Base
46 Forgaria-Cornino ENEA 46.221 12.997 Pleistocene Pleistocene alluvium deposit (50 m) on Miocene marls and 1:50000 / 1:2000 Qoa A CH 454 387 454 Fontanive et al. (1985) CA
sandstone

47 Garigliano-Centrale Nuc. 1 DPC 41.258 13.833 Olocene alluvium deposit 1:50000 / 1:2000 Qal,deep A CH 187 280 187 Palazzo (1991) CA
48 Garigliano-Centrale Nuc. 2 DPC 41.258 13.833 Olocene alluvium deposit 1:50000 / 1:2000 Qal,deep A CH 187 280 187 Palazzo (1991) CA
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49 Gemona-Li Furmie trieste univ | 46.267 13.115 Oligocene gravel, sand and silt 1:50000/ 1:2000 | Qal,coarse D 354 354 n.r.
50 Gemona-Scugelars trieste univ | 46.283 13.142 Oligocene gravel, sand and silt 1:100000 Qal,coarse D 354 354 nr.
51 Genio-Civile DPC 43.623 13.516 Miocene marls local Tm B 549 600 549 Woking group (1981) SB
52 Gubbio DPC 43.357 12.602 Miocene marls with levels of sandstone 1:50000 / 1:2000 ™ A SASW 922 600 922 This study CA
53 Gubbio-Piana DPC 43.313 12.589 Pleistocene alluvium 1:50000 / 1:2000 Qoa A SASW 492 387 492 This study CA
54 Lab.Gran Sasso DPC 42.436 13.554 Eocene limestone 1:100000 Mi C 1000 1000 SB
55 Lauria-Galdo DPC 40.021 15.89 Giurassico limestone 1:50000 / 1:2000 MI C 1000 1000 CA
56 Maiano-Piano Terra DPC 46.187 13.069 Olocene gravely alluvium with sand and silt 1:50000/1:2000 | Qal,coarse A CH 344 354 344 Palazzo (1991) SB
57 Maiano-Prato DPC 46.187 13.069 Olocene gravely alluvium with sand and silt 1:100000 Qal,coarse A CH 344 354 344 Palazzo (1991) FF
58 Matelica DPC 43.249 13.007 Pleistocene gravely and sandly alluvium 1:50000 / 1:2000 Qoa A SASW 437 387 437 This study CA
59 Mazara del Vallo DPC 37.653 12.611 Pleistocene cemented deposit 1:100000 Pc C 1000 1000 CA
60 Mercato San Severino DPC 40.789 14.763 Olocene recent alluvium (20m) on vulcanic rock(20m) on recfent alluvium 1:50000 / 1:2000 Qal,thin A CH 451 349 451 Palazzo (1991) CA
(20m) on limestone
61 Messina 1 DPC 38.207 15.516 Pretriassico vulcanic and metamorfic rock 1:100000 Mg B CH 1800 1000 1000 Baldovini et al.(1993) CA
62 Milazzo DPC 38.232 15.244 Pretriassico metamorfic rock 1:50000 / 1:2000 Mg B CH 1800 1000 1000 Baldovini et al. (1993) CA
63 Moggio trieste univ | 46.406 13.189 Triassico limestone 1:100000 M C 1000 1000 CA
64 Naso bpPC 38.119 14.786 Pliocene clayely sand and conglomerate 1:100000 QT B DH 223 455 223 Dott.Copat. Personal CA
com.

65 Nocera Umbra DPC 43.113 12.785 Miocene sandstone on marls 1:100000 Tss A SASW 428 515 428 This study CA
66 Nocera Umbra 2 DPC 43.113 12.785 Miocene sandstone on marls 1:100000 Tss A SASW 428 515 428 This study CA
67 Nocera Umbra-Biscontini DPC 43.103 12.805 Miocene sandstone on marls local Tss A SASW 442 515 442 This study n.r.
68 Nocera Umbra-Salmata DPC 43.149 12.797 Olocene detritus 1:50000/ 1:2000 | Qal,coarse A SASW 694 354 694 This study CA
69 Norcia DPC 42.791 13.096 Pleistocene sandy and gravely alluvium and detritus 1:50000 / 1:2000 Qoa A SASW 678 387 678 This study CA
70 Norcia-Altavilla ENEA 42.796 13.089 Quaternario recent alluvium, palustrium and lacustrium deposit 1:50000 / 1:2000 Qal,thin A SASW 218 349 218 This study SB
71 Norcia-Zona Industriale ENEA 42.775 13.097 Quaternario lacustrium and fluvio-lecustrium deposit 1:50000 / 1:2000 Qal,thin A SASW 551 349 551 This study CA
72 Ortucchio DPC 41.953 13.642 Olocene sandy-clayely recent alluvium, locally gravely 1:50000/ 1:2000 | Qal,coarse D 354 354 CA
73 Patti-Cabina Prima DPC 38.134 14.976 Miocene sandy limestone 1:50000 / 1:2000 ™ Cc 600 600 CA
74 Pellaro DPC 38.024 15.654 Olocene weak alluvium fixed by vegetation on marls 1:100000 Qal,thin D 349 349 CA
75 Poggio-Picenze DPC 42.322 1354 Pleistocene alternation of silt and brecce 1:50000 / 1:2000 QT D 455 455 CA
76 Ponte Corvo DpPC 41.499 13.683 Pleistocene limestone and sandstone 1:50000 / 1:2000 Mi c 1000 1000 CA
7 Pradis trieste univ | 46.248 12.888 Cretacico limestone 1:50000 / 1:2000 MI Cc 1000 1000 CA
78 Procisa Nuova ENEA 40.87 15.19 Pleistocene recent alluvium 1:100000 Qoa D 387 387 CA
79 Rieti DPC 42.430 12.821 Olocene alluvium deposit 1:100000 Qal,deep D 280 280 CA
80 Rionero in Vulture DPC 40.927 15.669 Pleistocene vulcanic silt and gravel 1:50000 / 1:2000 Qoa A CH 539 387 539 Palazzo (1991) CA
81 Roccamonfina DPC 41.287 13.980 Olocene weakly cemented detritus (10m) on vulcanic rock 1:100000 Qal, coarse D 354 354 CA
82 Roggiano-Gravina DPC 39.619 16.171 Pliocene sand and conglomerate weakly cemented 1:100000 QT D 455 455 A

83 San Agapito DPC 41.567 14.233 Pleistocene aluvium deposit local QT B DH 553 455 553 Isernia Adm: CA

Microzonation

84 San Francesco trieste univ | 46.309 12.935 Triassico limestone 1:100000 Mi Cc 1000 1000 CA
85 San Marco dei Cavoti DPC 41.306 14.88 Miocene yellow sand and sandstone 1:100000 Tss D 515 515 CA
86 San Rocco ENEA 46.221 12.997 Cretacico limestone 1:50000 / 1:2000 MI C 600 1000 600 Fontanive et al. (1985) FF
87 Sannicandro DPC 41.833 15.572 Pleistocene silty clay loacal Tm A CH 865 600 865 Palazzo (1991) CA
88 Sellano Ovest DPC 42.87 12.92 Miocene marls local m A SASW 509 600 509 This study CA
89 Sirolo DPC 43.517 13.619 Miocene marls with weak level on top 1:50000 / 1:2000 Tm C 600 600 CA
90 Sortino DPC 37.163 15.030 Miocene sup vulcanic rock (15m) on limestone 1:50000 / 1:2000 Mv C 1000 1000 CA
91 Spoleto DPC 42.736 12.737 Pleistocene cemented conglomerate borehole Pc C 1000 1000 CA
92 Sturno DPC 41.021 15.115 Oliogocene clay and marls 1:50000 / 1:2000 Tm A CH 1134 600 1134 Palazzo (1991) CA
93 Tarcento DPC 46.226 13.210 Olocene sandly deposit (10m) on marls and sandstone 1:50000/ 1:2000 | Qal,coarse A CH 843 354 843 Brambati et al (1979) CA
94 Tolmezzo-Diga Ambiesta DPC 46.382 12.982 Cretacico limestone 1:50000 / 1:2000 MI A CH 1092 1000 1092 Fontanive et al. (1985) D

95 Torre del Greco DPC 40.797 14.383 Olocene weak vulcanic rock (high voids presence) 1:50000 / 1:2000 Mv C 1000 1000 CA
96 Tregnago DPC 45.525 11.134 Cretacico limestone 1:50000 / 1:2000 MI C 1000 1000 CA
97 Tricarico DPC 40.619 16.156 Miocene fractured limestone and marls 1:50000 / 1:2000 ™ A CH 446 600 446 Palazzo (1991) CA
98 Valle trieste univ | 46.158 13.393 Eocene marls and sandstone in alternation with limestone brecce 1:100000 Tm c 600 600 CA
99 Vasto DPC 42.111 14.71 Pleistocene yellow sand in alternation with sandy clay 1:100000 Qoa D 387 387 CA
100 Villa San Giovanni DPC 38.216 15.647 Pleistocene conglomerate 1:50000 / 1:2000 Pc C 1000 1000 CA
101 Villetta Barrea DPC 41.759 13.989 Cretacico limestone 1:50000 / 1:2000 Mi c 1000 1000 D

@) A= direct investigation (Cross-Hole, Down-Hole, SASW)
B=info from investigations on same area and same material
C= info from investigfations on same formation
D = info from literature

@) FF = Free Field
CA = ENEL/ENEA Cabin (3<H<5 m; 1.5x1.5<A<3x3 m2)
SB = Structure Basement
D =Dam

T = Tunnel
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2.3.2 Site Conditions for Italian Strong Motion Stations — Data from Others

Previous site characterization for Italian strong motion stations can be grouped into the following
major categories: (1) site investigations at selected instruments that recorded the 1976 Friuli
earthquake (Fontanive et al., 1985) and 1980 Irpinia earthquake (Palazzo, 1991a, 1991b;
Faccioli, 1992); (2) microzonation and other studies for local municipalities such as Ancona
(Working group, 1981), Tarcento (Brambati et al., 1979), and San Agapito (Isernia
Administration, 1998); and (3) individual site studies documented in the literature (e.g., Catania-
Piana site, Frenna and Maugeri, 1993) and from the files of consulting engineers and geologists
with local experience (e.g., Naso station; personal communication, G. Copat, 2007).

The Friuli and Irpinia site investigations were generally performed at the recording sites
and are listed in Table 2.1 as Category A. The work in the Friuli region examined seven
accelerograph sites. For each site, two boreholes were drilled to 60 m depth and cross-hole
measurements were made to evaluate shear wave velocity profiles. Additional on-site tests
included seismic refraction measurements to estimate the p-wave profile. The Irpinia
investigation examined 16 strong motion stations. Two boreholes were drilled to 100 m depth at
each site and cross-hole measurements were made to profile shear wave velocity. Additional in
situ and geotechnical laboratory testing was also performed.

The microzonation and individual site studies were used to assign velocities to strong
motion stations that are listed as Categories A-C depending on the proximity of the measurement
to the strong motion station and the verification (or not) of similar geologic conditions at the two
locations from a site visit by a geologist. Most of these velocity profiles are from cross-hole or

down-hole measurements.
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2.3.3 Velocity Measurements from this Study at Italian Strong Motion Stations

The 1997-98 Umbria-Marche earthquake sequence produced a significant number of recordings,
but prior to this study velocity profiles had been evaluated and disseminated for relatively few of
the recording sites in that region. Accordingly, on-site measurements were performed at
numerous sites using a controlled sine wave source and the spectral analysis of surface waves
(SASW) method (Heisey et al., 1982; Nazarian and Stokoe, 1983). The SASW method of
testing is a portable, inexpensive, and efficient means of non-invasively estimating the stiffness
properties of the ground. The equipment utilized in the present work can typically be used to
profile velocities to depths of approximately 100 m. Although the SASW technique is widely
known, we describe in some detail here the specific procedures used for this study since it has
not been published previously outside of the grey literature.

The testing program investigated 17 sites in Umbria and Marche. Typically, the strong
motion recording (SMR) stations are located in residential or light industrial sites outside the
town center, in parks, or on private farm land. We located next to the SMR stations, or the GPS
location of the site if we could not observe the SMR.

We performed profiling using a surface wave testing system to collect dispersion data. The
equipment consists of 1-Hz seismometers, a low frequency spectrum analyzer, two computer
controlled electro-mechanical harmonic-wave sources (shakers) and their amplifiers, cables, and
approximately 4.0 kW of total electrical output from generators made available in each test
region. The 1-Hz Kinemetrics receivers we used are designed for capturing vertical motions and
cover the frequency range of interest in the active-source surface-wave test (1 to ~100 Hz). The
source consists of two APS Dynamics Model 400 electro-mechanical shakers that produce in-

phase continuous harmonic vertical excitation of the ground. The shakers are controlled by the
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spectrum analyzer, which produces a sine wave signal that is split into a parallel circuit through
two separate power amplifiers that interface with the shakers. Two receivers record the waves
and in near-real time, the Fourier spectra, cross power spectra, and coherence are computed. The
ability to perform near real-time frequency domain calculations and monitor the progress and
quality of the test allows us to adjust various aspects of the test to optimize the capture of phase
data. These aspects include the source-wave generation, frequency step-size between each sine-
wave burst, number of cycles-per-frequency, total frequency range of all the steps, and receiver
spacing.

The dual shaker-sources are arrayed orthogonally to the SASW seismometer line. The test
steps through a suite of frequencies, and for each frequency phase computations are made. This
method of swept-sine surface wave testing sweeps through a broad range of low frequencies in
order to capture the surface wave-dispersion characteristics of the ground. This approach is a
modification of the Continuous Sine Wave Source Spectral Analysis of Surface Waves (CSS-
SASW) test procedure presented by Kayen et al. (2004; 2005).

Spacing of the receivers stepped geometrically from 1-160 m. The two seismometers are
separated by a given distance, d, and the source is usually placed at a distance of d from the inner
seismometer. Rayleigh wavelengths (1) are computed by relating the seismometer spacing (d)
and the phase angle (6), in radians determined from peak of the cross-power spectrum) between
the seismometer signals:

A=27d/6 (2.1)
The Rayleigh wave surface wave velocity, V,, is computed as the product of the frequency and
its associated wavelength:

V. =f4A (2.2)
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Computing the average dispersion curve for a site requires a suite of individual data sets
relating Rayleigh wave phase velocities to their corresponding frequencies and wavelengths.
Regardless of the array dimensions, we routinely compute phase velocities for phase angles
between 120 degrees and 1080 degrees, corresponding to wavelengths of 3d and d/3
respectively. If the data are noisy, the range is narrowed to 180 degrees and 720 degrees, or 2d
and d/2. For example, if the array separation was 3 m, velocities are inverted for Rayleigh
wavelengths of 1-9 m. Low frequencies produce long wavelengths that sound more deeply into
the ground, and hence are used to characterize deeper layers. Figure 2.7 presents a plot of a
group of eight individual dispersion curves that together cover a range of wavelengths from 0.6-
400 m for the Cascia site in Umbria. The averaged dispersion curve from these eight profiles is
used to invert the velocity structure.
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Figure 2.7. A group of eight dispersion curves covering a wavelength range of 1-400 m (Site 267CSC,
Cascia, Umbria)
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The inversion process is used to estimate a soil velocity model having a theoretical-
dispersion curve that fits the data. The “best-fit” velocity profile minimizes the sum of the
squares of residuals between the theoretical and experimental dispersion curves. The inversion
algorithm, WaveEqg of OYO Corp. (Hayashi and Kayen, 2003) uses an automated-numerical
approach that employs a constrained least-squares fit of the theoretical and experimental
dispersion curves. Typically, a 10-15 layer model was used for the inversion, with layer
thicknesses geometrically expanding with depth. The increasing layer thicknesses correspond
with decreasing dispersion information in the longer wavelength (deeper) portion of the
dispersion curve. The profiles generally increase in stiffness with depth, though low velocity
layers are present at depth in several profiles. Figure 2.8 shows the inverted shear wave velocity
profile for the Cascia, Umbria site, in which velocity rapidly climbs from less than 300 m/s at the
surface to >1900 m/s at 40 m. Values of Vg3, calculated as 30 m divided by shear wave travel
time through the upper 30 m, are given in Table 2.1 and range from 182 to 922 m/s (NEHRP

categories B to D).
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Figure 2.8. Shear wave velocity profile for Cascia, Umbria site 267CSC (V30 = 540 m/s, Site Class C).
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2.3.4 Estimating Velocities for Sites without Measurements

For sites for which no local measurements of seismic velocities are available, we estimate Vs
values based on correlations with surface geology. Correlations to estimate Vg3 from surface
geology are not available in the literature for geologic units in Italy. Accordingly, we evaluate
the effectiveness in Italy of correlations developed for California and develop preliminary
additional correlations for geologic units not represented in the California models.

The geology maps available for Italy include large-scale maps (1:100,000) by Servizio
Geologico d’Italia (Working Group, 2004) that provide coverage of the entire country (and hence
all recording stations) and local geologic maps/sections (typical scale 1:2000) by ENEL. The
local maps/sections are derived from a site visit by an ENEL geologist and are available for 77 of
104 strong motion sites. Additional geologic information is available for a few sites from local
microzonation reports or geologic reports for individual sites (references given in Table 2.1). The
geologic classifications included in Table 2.1 are based on the largest map scale that is available
for the site. The map scale from which the classification was taken is indicated in the table, with
“local” referring to the aforementioned microzonation studies or geologic reports.

We judge the best available correlations for California to be those of Wills and Clahan
(2006). A number of the Wills-Clahan geologic categories are descriptive of conditions
encountered at Italian sites. Among these are Quaternary alluvium categories segregated by
sediment depth and material texture (Qal,thin; Qal,deep; Qal,coarse), older Quaternary alluvium
(Qoa), Quaternary to Tertiary alluvial deposits (QT), and Tertiary sandstone formations (Tss).
The relatively firm rock categories used by Wills-Clahan are generally not descriptive of Italian

firm rock sites, which are often comprised of limestone, marls, and volcanic rocks.
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# of occurrences

Wills and Clahan (2006) provide mean and standard deviation values of Vg3, for each
geologic category based on California data. We evaluate the applicability of those estimates to

Italian sites by calculating V3 residuals as:

R = (VsSO )m,i _(V530 )wc (2.3)
where Rj = V3o residual for site i, (Vs3o)mi = value of Vg3 from measurement at Italian site i, and
(Vss0)we = mean value of Vg3 from Table 1 of Wills and Clahan (2006). Due to the small number
of sites falling in individual categories, we group sites into two general categories for analysis of
residuals — Quaternary alluvium (combination of the thin, deep, and coarse sub-categories) and
late Quaternary and Tertiary sediments (combination of Qoa, QT and Tss). Figure 2.9 shows
histograms of residuals grouped in this manner. Also shown in Figure 2.9 is the range of
velocities within + two standard deviations of zero using average values of standard deviation

from Table 2.1 of Wills and Clahan (2006) for the grouped categories (taken as owc=85 m/s for

the Qal categories and owc=170 m/s for the Qoa/QT/Tss categories).
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Figure 2.9. Histograms of Vg3 residuals and normal distribution fits for (a) Quaternary alluvium categories
and (b) older Quaternary, Quaternary-Tertiary, and Tertiary sandstone categories. The +2cyc limits
indicate two standard deviations above and below zero from the Wills and Clahan (2006) correlation.
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The histogram for Qal categories (Figure 2.9a) shows that the mean of residuals is nearly
zero, but only 78% of the data fall within the £ 2owc bands (approximately 95% should fall
within this range if the Italian data shared the standard deviation of the California data). The
histogram for the Qoa/QT/Tss categories (Figure 2.9b) similarly shows a nearly zero mean, and
85% of the data fall within the £ 2owc bands. Similar results are obtained if the grouped
categories are broken down to smaller sub-categories (e.g., Qal,deep from Qal). Hence, our
preliminary conclusion is that the Wills-Clahan recommendations provide an unbiased estimate
of Vg3 for Italian alluvium sites of Quaternary to Tertiary age. However, the standard deviation
of the Italian data is different, being larger for the Qal categories are perhaps slightly smaller for
the older alluvium and Tertiary categories.

As mentioned above, many of the rock sites listed in Table 2.1 have conditions
geologically dissimilar to California such as limestone, marls, and volcanic rocks. Since we are
unaware of existing correlations to Vg3 for these types of materials, we assembled rock
categories descriptive of Italian conditions that seem to generally have similar seismic velocities.
These categories are listed in Table 2.1 and are summarized as follows:

e Tm: This category consists of Tertiary Marl, often with surficial overconsolidated clays.

It is common along the central-southern Apennines, and 13 sites in our database have this

classification. A histogram of the Tm velocities is given in Figure 2.10a, showing a mean

Vs30 = 670 m/s and standard deviation = 190 m/s.

e Pc: This category consists of Pleistocene to Pliocene cemented conglomerate. Its
occurrence is widespread in Sicily and the Apennines. Five sites in our database have this

classification, two of which have velocity measurements with Vg = 972 and 1156 m/s.

We use Vs3o =1000 m/s for sites without measurements.
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MI, Mv, and Mg: This category comprises Mesozoic limestone (MI), volcanic rocks
(Mv), and gneiss (Mg). We group these three together for velocity characterization
because the available data is inadequate to justify further discretization and the seismic
velocities are generally high (> 1000 m/s). The MI category includes 14 sites located in
the Alps and Apennines. The Mv category applies to three sites located near the active
volcanoes of Mt. Etna (Sicily) or Mt. Vesuvio (near Napoli). The Mg category is
encountered only at the Messina and Milazzo Station in Sicily. A measured shear velocity
of 1800 m/s is reported in Table 1 for Messina, but this measurement was made in a
tunnel deep in the ground. Shallow velocities should be slower and hence the preferred

V3o Value is given as 1000 m/s to be consistent with other the other Mesozoic categories.
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Figure 2.10. Histograms of V3o values and normal distribution fit for (a) Tm category and (b) M
categories

2.3.5

Instrument Housing

The characteristics of the structure housing a strong motion accelerometer are an important

component of the site databank because soil-foundation-structure interaction (SFSI) affects the

recording. Whether the SFSI effect is significant on ground motion intensity measures of

engineering interest (e.g., spectral acceleration) depends principally on the embedment of the
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foundation, the size (in plan view) of the structure, and the structural mass (Stewart, 2000).
Instrument housings considered “free-field” for the NGA project and previous similar work in
California have generally consisted of small (1 m square) instrument huts or small 1-2 story
structures without basements.

Housing information for the 104 strong motion stations is given in Table 2.1. Most of the
buildings (75) are in small cabins (CA), which are described further below. Fifteen stations are at
the foundation level of small buildings (typically single story buildings, 3-5 m in height, with
footprint areas ranging from 10-30 m® Four instruments are on small slabs with no overlying
structure, similar to the instrument huts used widely in California — these are denoted as FF in
Table 2.1. Remaining instruments have either unknown housing conditions or are located on
dams (D) or in tunnels (T).

The small cabins (CA designation) are typical of ENEL instruments. The cabins are
electrical substations of masonry construction approximately 3-9 m square in plan view and 3-5
m tall. A typical example is shown in Figure 2.11. The instrument is mounted on a short pillar 20
cm in height above the floor slab and 60 cm in diameter. The pillar extends into the natural
ground approximately 0.3-1.0 m and is isolated from the floor slab by a gap (Berardi et al.,
1991). Analysis by Berardi et al. (1991) indicates that this configuration would not be expected
to introduce any significant modification to the recording from SFSI. Based on those analyses
and empirical studies (e.g., Stewart, 2000), we believe that recordings from structures of this

type can be assumed to provide a reasonable approximation of free-field conditions.
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Figure 2.11. ENEL electrical substation housing a recording instrument in Gubbio-Piana site (Umbria)

24  SOURCE DATABANK

Attributes of the seismic source that are important for the development of GMPEs and ground
motion selection for response history analysis include magnitude, source location and
dimensions, and focal mechanism. We compile in Table 2.2 available source characteristics
extracted from publications and internal files of the Istituto Nazionale di Geofisica e
Vulcanologia (INGV; F. Mele and B. Castello, personal communication, 2007).

Point source information such as seismic moment and hypocenter location is extracted
from a web site (INGV, 2007a) that reports the results of an INGV study termed “Project S6.”
As described by Pondrelli et al. (2006), the Project S6 source parameters are available for most
events between 1972 and 2004. Pondrelli et al. take CMT solutions from the Harvard moment
tensor catalogue (e.g., Elkstrém et al., 2005) where available, which is for M,, > 5.5. For events
since 1977, Pondrelli et al. (2002, 2006) extend the Harvard dataset with the European-
Mediterranean Regional CMT (RCMT) catalogue for 4.5<M,<5.5. Both Harvard CMT and

RCMT solutions are based on model fits to medium and long period seismograms. Moment
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magnitudes are taken in Project S6 based on CMT and RCMT solutions. As explained by
Pondrelli et al. (2006), additional magnitudes are obtained as follows: surface wave magnitude
(M) is from the IRIS data management center (IRIS, 2007); body wave (m,) and local
magnitude are taken from the USGS National Earthquake Information Center

(http://wwwneic.cr.usgs.gov/neis/epic/) with some modifications by INGV.

For events not characterized by Project S6, hypocenter locations and magnitudes were
taken, in order of preference, from the Parametric Catalogue of Italian Events (Working Group
CPTI04, 2004) or from the ESD database (Ambraseys et al., 2004).

The finite fault parameters shown in Table 2.2 (strike, dip, rake, along-strike length,
down-dip width, depth to top of rupture) have been compiled by INGV into the Database of
Individual Seismogenic Sources (DISS; INGV, 2007b, Basili et al., 2007). Those finite source
parameters were compiled from the literature, and hence were developed using a variety of

techniques (surface faulting, geologic investigations, magnitude-area scaling relationships, etc.).
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Table 2.2. Source parameters for selected Italian earthquakes

Date Time Point Source Parameters Finite Source Parameters
Focal
Focal Depth center center L w z-top
Earthquake Name dd/mmiyyyy (UTC) Mw Ms ML Mb lat long Mech. {km) ref. lat long strike dip (km) (km) (ikm) rake slip ref.
Ancona 250MMET2 232217 40 4.0 43 4370 13.41  normal 10 ESD
Ancona 21411872 24218 5.2 48 48 45 4363  13.55 oblique 8 CPTInd
Ancona 2141572 9:18:30 43 4.4 43 4373 13.38 obligue 8 ESD
Ancona 2141572 181725 40 4.1 43 4370 13.40  normal 10 ESD
Ancona 2151972 1:26:30 42 43 43 4372 1340 obligue 10 ESD
Ancona 281572 1:341% 41 43 45 4370 13.43 obligue 5 ESD
Ancena 281872 21:44:45 3.0 4370 13.40  normal 10 S6_D5
Ancona 2IBMETZ 12:18:10 39 4368 13.40  normal 12 56 D5
Ancona 14/06/M5872 18:55:5 438 52 47 49 43865 13.60 strike slip 8 56 D5
Ancena 14061972 21:01:02 42 4367 13.42  normal 8 S6_D5
Ancona 21/06M572  15:08:53 4.0 43.82 13.60 normal 4 56 D5
Friuli 581976 20:00:13 5.4 8.5 5.4 59 46.35 13.26  thrust T 56 D5 4825 13.14 2580 30 15 9 2 105 1.32 DISS-IS
Friuli (aftershock) S/71978 0:23:49 49 49 4524 1327  thrust 9 S6_D5
Friuli (aftershock) SM1M8TE 2244 5.0 53 49 4529 12.5%  thrust -] 56 D5
Friuli (aftershock) 18/05M576  1:30:08 4.1 4.1 4525 12.857 thrust T 56 D5
Friuli (aftershock) 9/6M1978 184817 43 41 4835  13.067 thrust 13 S6 D5
Friuli (aftershock) 8111976 17:16:36 45 43 45267 12957 thrust 9 56 D5
Friuli (aftershock) 1TI06METE  14:28:51 47 45 45177 12798 obligue 15 56 D5
Friuli (aftershock) 971976 11:08:18 42 4.1 453 12983 thrust 5 S6_D5
Friuli (aftershock) 9111876 16:31:11 53 55 5.5 5.0 4529 13.18  thrust 3 56 D5
Friuli (aftershock) 5111576 56 54 5.8 5 453 13317 thrust 12 56 D5
Friuli (aftershock) 13091976 18:54:47 48 43 45283 132 thrust 8 S6_DS
Friuli (aftershock) 15/08M876 31519 59 5.0 6.1 45.30 13.19  thrust 15 56 D5 4827 13.22 274 35 8 5.5 2 50 0.83 DISS-IS
Friuli (aftershock) 15/09M576  4:38:53 49 438 : 4527 13.17  normal peal 56 D5
Friuli (aftershock) 15/09M976  9:21:18 £9 59 6.0 5.4 4628 1320  thrust 2 S6_D5 4528 1320 276 35 10 6.4 65 110 075 DISS-IS
Friuli (aftershock) 16/09M1977  23:48:07 53 51 53 51 4528 1288  thrust 1 S6_DS
Calabria 3111978 1920048 52 51 53 3758 1618 normal 15 S6_DS 3|01 1598 25 45 5.4 4 DISS-MSw
Basso Tirreno 15/04M978  23:33:48 6.0 58 55 55 3827 1511 strike slip 15 S6 D5 3826 1505 147 a3 121 88 15 180 06 DISS-IS
Marche 21051878 14:34:19 36 4305 1296 n.r. 4 S6 DS
Walnerina 19/09M5979  21:35:37 5.8 59 5.5 58 42.80 13.04 normal 4 56 D5 4271 13.07 156 45 97 5 DISS-MSw
Umbria 21081878 (:52:45 42 4273 13.03  normal 10 56 D5
Umbria 28091879 44121 36 4273 1310 normal 5 S6_D5
Toscana B/7TM580 18:35:1 45 41 43 4405 10.60  normal 30 56 D5
Campano Lucano 2Z311MBB0 18:34:52 6.9 5.8 6.5 5.0 4078 15.31  normal 16 56 D5 40.80 15.29 310 &0 28 15 1 270 1.65 DISS-IS
Campano Lucano (aftershock) | 24111980 3:.03:58 50 45 40.85 15.37  normal pal SE DS
Campano Lucano (aftershock) | 25111880 21:533:37 3.8 40.99 15.22 normal 32 56 D5
Campano Lucane (aftershock) | 26M1/1980 14:55:43 4.3 40.54 1527  normal 24 S6_D5
Campano Lucane (aftersheck) | 12M/1880  15:04:31 48 . 40.89 1531 normal 9 S6_D5
Campano Lucano (aftershock) | 16/01/1981  0:37.47 52 53 48 5.0 40.24 15.44  normal 5 SE DS
Campano Lucane (aftershock) | 16/01/1981 4:36:51 39 40.78 noermal 5 S6_D5
Campaneo Lucane (aftershock) | 16/01/1831 6:31:28 3.8 40.83 noermal 4 S6_D5
Campano Lucane (aftershock) | 14/02/M1981 172748 459 438 47 41.08 noermal 10 S6_D5
Arpicla 30221984  16:25 35 4427 nr. 22 S6_D5
Umbria 29/04/M584  5:02:5% 56 52 52 5.1 4321 normal 9 56 D5 4323 12.57 140 peal 10 7 4 270 0.5 DISS-IS
Lazio Abruzzo 571534 17:45:42 59 58 59 5.4 41.70 normal 11 56 D5 41.70 13.95 152 50 10 7.5 5 264 0.27 DISS-IS
Lazio Abruzzo (aftershock) 51111984 10:41:50 55 52 57 52 4171 normal ] SE DS
Lazio Abruzzo (aftershock) SM1M584 13:14:36 438 45 4175 normal 11 56 D5
Lazio Abruzzo (aftershock) SM1M%84 163518 4.4 4168 noermal 10 S6_D5
Umbria Marche 25/09M5587  9:40:30 [ 6.1 5.8 57 43.01 normal -] 56 D5 43.09 12.84 152 40 12 7.5 4 280 0.37 DISS-IS
Umbria Marche 26/09/1897  0:33:16 5. 56 56 55 43.02 normal 7 S6_D5 43.00 12.93 148 40 9 4 277 038 DISSHS
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Umbria Marche (aftershock) 10061987 23:24:00 5.4 5.4 43.03 12.85  normal 7 S6_D5
Umbria Marche (aftershock) | 14101997 15:23:00 56 5.6 5.5 53 4250 12.80 normal 7 56 D5 42.91 12.93 144 40 [ -] 25 260 0.z DISS-IS
Umbria Marche (aftershock) 104319597 8:55:22 52 5.0 43.04 12.82  normal [+ S6_D5
Umbria Marche (aftershock) 10/4M997 161333 47 4.5 4292 12.81  normal 2 56 D5
Umbria Marche (aftershock) 10719597 1:24:34 42 4.1 43.04 12.85  normal 10 S6_D5
Umbria Marche (aftershock) 107997 45 43 43.04 12.86 strike slip 3 56 D5
Umbria Marche (aftershock) | 10011/1997 a7 43.10 1279  normal 10 S6_D5
Umbria Marche (aftershock) | 10M2/1987 11:08:38 52 5.1 4291 12.82  normal [ S6 D5
Umbria Marche (aftershock) | 10/12M%87  20:15:29 4.0 n.r n.r. normal 10 ESD
Umbria Marche (aftershock) | 14M0/1997 23:23:28 4.1 4296 12.87  normal 10 SE DS
Umbria Marche (aftershock) | 16/M10M1%97  12:00:31 43 45 43.04 12.88 strike slip 2 S6_D5
Umbria Marche (aftershock) 11/8M1997 15:31:54 4.1 4235 1287  normal 10 SE DS
Umbria Marche (aftershock) 1191987 19:07:33 459 45 4285 12.89% normal 2 S6_D5
Umbria Marche (aftershock) 12MM987 223705 3.5 4288 1298 normal 10 S6_D5
Umbria Marche (aftershock) | 21/03/19%98 15:4510 5.0 4.4 4295 1291  normal 10 S6_D5
Umbria Marche (aftershock) | 26/03/1998 53 42 4315 12.81  normal 41 S6_D5
Umbria Marche (aftershock) 4/31998 5.1 53 4319 1278  normal [+ S6_D5
Umbria Marche (aftershock) 4/5/1998 43 45 4319 1277 normal 10 S6_D5
Umbria Marche (aftershock) | 13/M10M1%97  13:09:21 4.4 4.1 4288 1294  normal 10 S6_D5
Norcia 11/8M8TS  18:44:43 4.1 42.81 13.04 nr. 4 ESD
W of Cosenza 200021980 234 44 42 39.29 16.15 oblique 12 56 D5
Norcia 351580 §:23:37 3.4 4279 13.08 nr. 21 56 D5
Morcia 11880 S20:08 3.4 42.81 13.08 nr. 13 S6 DS
Norcia 24/03M980 20:16:05 43 42.82 13.13 nr. 15 56 D5
Campano Lucano (aftershock) | 2&M1/1580 0:24:02 5.0 49 40.81 1527 normal 18 56 D5
Campano Lucano (aftershock) | 30411/1980 74158 45 40.76 1532 normal 19 S6_D5
SW of Campobello di Mazara 671881 13:01:00 48 48 3763 1272 thrust 45 S6_D5
Near coast of Scalea 211031982 9:44:02 5.0 38.70 1564 n.r. 17 S6_D5
N of Reggio di Calabria 14/05/1985  5:44:36 38 3823 1567 n.r. 10 S6_D5
Casamaina 200051985  10:00:23 42 4227 13.37 nr. 5 56 D5
Off coast of Numana 2206M986 14:07:51 37 4357 13.75 nr. 7 SE DS
Potenza 5I5M1550 72117 58 5.6 52 52 40.54 15.86 strike slip 8 56 D5 40.68 15.85 95 88 78 6.2 148 175 0.25 DISS-IS
Sicilia-Orientale 13121980 12425 56 52 5.4 53 32T 15.32 strike slip 5 56 D5
Colle 1TI06M9TS 3.8 4315 12.88 nr. 1 56 D5
Campano Lucano (aftershock) | 26/11/1980 40.86 1571 normal n.r. ESD
Trasaghis-Friuli 28051998 4530 13.05 nr. 1 ESD
Maolize 1112002 5.6 55 4174 14.84 strike slip 10 56 D5 41.70 14.81 2581 86 9.4 8 12 195 DISS-IS
Malise 1003112002 57 5.6 5.4 5.2 41.7167 14.853 strike slip 10 56_D5 41.69 14.94 257 82 10.5 =] 12 203 DISS-I15
Reference Legend:

ESD= Ewropean Strongmotion Database

CPTI04 = Parametnic Catalogue of Italian Earthquakes

DISS = Database of Individual Seismogenic Sources (£5 = ndividual Seismogenic Sources
Method; MSw = Macroseimic Sources-well constrained)

36_D5= Working Group, 2007. Project 6: Database of Italian accelerometric data related to
the 1972-2004 period -Deliverable 6. INGV-Milano, DPC-USSN
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25 SUMMARY AND CONCLUSIONS

In this chapter, we describe the development of a strong motion database as well as site and
source databanks for strong motion studies utilizing Italian data. Our intent was to assemble and
disseminate Italian data in a format that is similar to that used in the Next Generation Attenuation
project, which applies to world-wide active tectonic regions (but which only sparsely sampled
Italian data). The principal users of these data resources are expected to be researchers
performing empirical ground motion studies and engineers selecting ground motions for dynamic
analyses of structural and geotechnical systems in Italy.

The ground motion database developed here includes only about half of the available
recordings due to various issues such as s-triggers that can bias ground motion intensity
measures evaluated from the data. We document these biases, which affect principally long-
period measures of ground motion as well as duration-related parameters.

A databank of site conditions at Italian ground motion recording stations is compiled that
includes geologic characteristics and seismic velocities at 104 sites with strong motion
recordings. Geologic characterization is derived principally from local geologic investigations by
ENEL that include detailed mapping and cross sections. For sites lacking such detailed study,
geologic characterization is from 1:100,000 scale maps by Servizio Geologico d’lItalia. Seismic
velocities are extracted from the literature for 22 sites with on-site measurements and 14
additional sites with local measurements on similar geology. Data sources utilized include post
earthquake site investigations (Friuli and Irpinia events), microzonation studies, and
miscellaneous investigations performed by researchers or consulting engineers/geologists.
Additional seismic velocities are measured using a spectral analysis of surface wave (SASW)

technique for 17 sites that recorded the 1997-1998 Umbria-Marche earthquake sequence. The
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compiled velocity measurements provide data for 53 of the 104 sites. For the remaining sites, we
estimate average seismic velocities in the upper 30 m (Vs30) using a hybrid approach as follows
(1) for sites on Quaternary alluvium and Quaternary-Tertiary sediments, we assign Vszo-values
based on regional correlations for California validated against the available Italian data; and (2)
for sites on Tertiary Limestone, conglomerate, and Mesozoic-age rocks, we assign Vssp-values
based on average velocities from similar units elsewhere in Italy.

A source databank is compiled from the results of recent projects by INGV. Moment
tensor solutions derived from instrumental recordings are available for most events, providing
estimates of source location, seismic moment, and moment magnitude. For earthquakes with M,,
> ~ 5.5, finite source parameters include fault strike, dip, rake, along-strike rupture length, down-

dip width, and depth to top of rupture.
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3 Distribution of Strong Motion and Site Data
Via the Web

3.1 INTRODUCTION
Two important web sites for accessing strong motion data online are maintained by COSMOS

and PEER. The COSMOS web site (http://db.cosmos-eq.org ) contains more than 4,000 records

from around the world, although most are derived from the western US, Japan and New Zealand.

The PEER database (http://peer.berkeley.edu/smcat) includes 1557 records from 143 shallow

crustal earthquakes in active tectonic regions. However, few accelerograms from Europe are
currently available in the PEER and COSMOS sites. The most important source of European

records is the ESD (European Strong Motion Database) website (http://www.isesd.cv.ic.ac.uk )

which includes more than 3,000 strong motions accelerograms recorded in Europe and Middle
East along with associated earthquake-, station- and waveform-parameters. Those records have
not been uniformly processed and generally lack the source and site metadata that is typical of

records in the PEER database.

In Italy, interest has recently been generated in the development of a national database of
strong motion accelerograms. This interest is derived from the fact that recent seismic codes in
Italy allow the use of natural accelerograms for the design of structural and geotechnical systems.
To meet this need, two web databases have recently been developed. One of these databases was

developed for strong motion data only and is of a format and quality that is compatible with the
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NGA database. The development of this database was described in Chapter 2. The second was
developed in parallel to the database described in Chapter 2. That database was developed in the
framework of the 2004-2006 DPC -INGV agreement, project S6. The resulting database is

referred to as the ITACA (ltalian Accelerometric Archive) website (http://itaca.mi.ingv.it).

ITACA contains 2182 waveforms from 1004 earthquakes with magnitude ranging from very low

values up to 6.9.

In this chapter we describe the website generated in this project to disseminate the database
described in Chapter 2. The website is called SISMA, i.e. Site of Italian Strong Motion

Accelerograms (http://sisma.dsg.uniromal.it). It is expected that the same data will subsequently

be archived at the PEER web site. Unlike ITACA, the database developed in this study does not
include a large number of weak records of limited engineering interest (M<4) and all data are

processed according to PEER/NGA standards.

The principal objective of the SISMA website is to provide high quality Italian strong
motion records whose associated parameters are consistent and reliable and can be used for most
engineering applications. This chapter mainly focuses on the principal search criteria in SISMA

for the selection of records according to seismological, ground motion and site parameters.

3.2 SEARCHING, DISPLAYING AND DOWNLOADING DATA
The design of SISMA allows records to be located according to three different search criteria:

“Search Eqgk”, “Search Station” and “Search Recording.”

3.2.1 Earthquake Search

Clicking on the button “Search Eqgk” will display the page shown in Figure 3.1, which currently

includes six search options: earthquake name, year of occurr36ence, region, fault mechanism,
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local magnitude and focal depth. Other magnitude values (Mw, Ms, my) are also provided, where

available, in a detailed information page for a given earthquake.

| Search Station | Search Recording

Search Eqk tab

Euk Name Region Enk Fault Mechanism

Al Al

=Ml = = Focal Depth [km] =

< Year <

Figure 3.1. SISMA: “Search earthquake” screenshot

Once chosen values are inserted in the Search Egk Tab window, the list related to that selection
will appear by clicking on the Search button on the left-downer corner of the page, with the

typical results shown in Figure 3.2.

The table can be exported in various formats as indicated at the bottom of the list in Figure
3.2. Details on each event are provided in a dedicated page accessed by clicking the “More Info”
button on the right-end of the subject earthquake row in the list. The earthquake information page
is saveable in pdf format, with a typical result shown in Figure 3.3. Information provided
includes epicenter location ( D ), locations of recording stations ( Q@ ), and locations of local
cultural  objects. This feature makes wuse of the GoogleMap web service

(http://www.google.com/apis/maps). Recording stations on the map are listed in the end of the form

with their identification code.
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| Search Station | Search Recording

Search Eqk Result Tab

849 Records found, listed from 1 to 20,

MNAME  DATE  TIME  LAL  LONG.  FAULTMECH  FOCALDEPTH M

Ancona 280111972 23227 43.700 13.410 Marmal 10.0 4.00  dore Info
Ancona 04/0211972 02:42:18 43,633 13.550 Obligue 8.0 460 More Info
Ancona 04/0211972 09:18:30 43730 13.380 Obligue 8.0 440 More Info
Ancona 04021972 18:17:25 43.700 13.400 Marmal 10.0 410 hare Info
Ancona 05/0211972 01:26:30 43720 13.400 Obligue 10.0 430 More Info
Ancona 06/02/1972 01:34:19 43.700 13.430 Obligue 5.0 430 More Info
Ancona OB/0201972 21:44:45 43.700 13.400 Marmal 2.8 3.00  More Info
Ancona 080201972 121910 43683 13.400 Marmal 2.5 380  Mare Info
Ancona 140611972 18:55:53 43.650 13.600 Strike - Slip 3.0 470 More Info
Ancona 14061972 21:01:02 43667 13.417 Marmal 21.0 420  ore Info
Ancona 210061972 14:06:53 43.817 13.600 Marmal 4.0 4.00  dore Info
Friuli 06/05/1976 20:00:13 46.350 13.260 Thrust 12.0 640  More Info
Friuli (aftershock) 07/05/1976 00:23:49 46.240 13.270 Thrust 26.0 490  More Info
Friuli (aftershock) 11/05/1976 22:44:01 46.290 12,990 Thrust 13.0 530  More Info
Friuli {aftershock) 181051 976 01:30:09 46.250 12867 Mormal a0 410  More Info
Friuli {aftershack) 0906 976 184817 46.350 13.067 Marmal 16.0 410 Mare Info
Friuli {aftershaock) 11006 976 171636 46,267 12967 Marmal 18.0 430  Mare Info
Friuli {aftershack) 1706 97 6 14:28:51 46177 12798 Marmal 15.0 480  Mare Info
Friuli {aftershaock) Q70591 976 11:08:16 46.300 12983 Marmal a.0 410 Mare Info
Friuli (aftershock) 11/09/1976 16:31:11 46.290 13.180 Thrust 10.0 550  More Info

Export: 4z] ©5v | ] Excel | €] ¥ML | 2] PDF | @k RTF

Figure 3.2. SISMA: “Search earthquake Result Tab” screenshot
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Legend: @Th\s Earthquake oTriggered Stations

GENERAL DATAH
Lazio-Abruzzo -
Eqk Name (aftershock) Latitude 41.708 Longitude 1389
Fault Mechanism Mormal Mw 8.8
H Eqgk Date 11/05M1 984 Focal Depth 121 Ms 5.2
H Eqk Time 10:41:560 H Epicentral intensity Unknowm M 67
Region Lazio b 5.2
FAULT soLuTioNE
Center Latitude 0o Length [km] 0o
Center Longitude 0o Width [km] 0o
Strike o Min Depth [km] 0o
Dip 1) Max Depth [km] 0o
Rake o Ship 0o
REFEREMNCES

Watking group S (2007) Data base of the Ralian strong-motion data (187 2-2004) htta ffitaca mi ingy it

EGK RELATED STATIONS

? Site Vs 30
“ S -m class.(ECE)

Atina-Pretura

Basarian 41 645 13783 Lazin Enea Analogic
Atina-Pretura Roof 41.645 13.783 Lazio Enea Analogic SR B 600
Cassino-Sant” Elia 41.523 13.864 Lazio Enea Analogic CA B 600

Figure 3.3. SISMA: “Earthquake details” screenshot
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3.2.2 Station Search

Station information can be searched in a manner similar to that for the seismic sources. By
clicking on the button “Search Station”, the window shown in Figure 3.4 is displayed. In this case
the searchable station parameters are station name and region, instrument type and housing,

agency, and site classification according to EC8 or Vs3o.

Home |Search Egk | | Search Recording

Search Station tab

Station Name H Instrument housing H Agency
~| A
Region Instrument Type H Site classification
Al Al Al
=%530 [mfs] =

Figure 3.4. SISMA: “Search Station” screenshot

Figure 3.5 shows of the window recovered after writing “Ancona” in the Station Name tab.
The window shows basic information on stations associated with this text string. The table can be

exported in several formats.

Home |Search Eqk | | Search Recording

Search Station Result Tab

2 Records found, listed 2 Records
1

Ancaona-Palomhbina 43.602 13.474 Marche Enea Analogic 5B [ 2496 Maore Info
Ancona-Rocea 43.621 13.613 Marche Enea Analogic g8 B 549 Maore Info

Export 2] C3V | K] Excel | 2] ¥ML | 2] PDF | fals RTF

SELITLLATA e

Figure 3.5. SISMA: “Search station results table” screenshot
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Clicking on the button “more info” at the right side of the table, a pop-up window appears
containing more detailed information about the station, the instrument and the main geological
and geotechnical data. An example of this information is given in Figure 3.6. Note that a link to

the V; profile is given on this page.

Station Details - code Anco_72

foco 0 k| Recording [ _map T satene | thiid |

Rconding by Etavon. Anco_F2

PaA 003
Fp. Bistanca: 13

Legend: O'rms Station '.l!acmdad!nmnmn

GENERAL DATA
Name: Ancona-Palombing  Agency. Enda
Lakitude 43802 B bstrumment housing 50
Longitude 13474 Kl site classifcation [ECH) <
Ragion Marcha [ Morphatogy Urdmaram
INSTRUMENT DATA
instrumental Type Analogic i oded EMA
Sensimaty [emial 40 b
Nagural Fraquancy Pz 105 189
[ g s
Fusl Scate Aemplirde [l LY} 0.0
[Bsampia Pariod fs] 999909 [l Working Stats. Ho
sl Date 1H06NOTY Hemoving Dale 1Inzngs
GEOLOUIT AND GEOTECHNICAL INFO
Hage Feistocens B vs Source A
T Lindt Vs Prodie Dwpthy &0
H Description Chay with sill and sand Vs 20 fms] 58
il Borahole Uikt Kl Site classifcation £ CH) <
Borahols Depth 0 & st Test oH
KLan rest

REFERENCES

1) Ambrasoys, N, Sit, P Sigbiomason, R, Buhadole, P. and Margars, B (2002, nlemet-Si6 for Européan Sirong-Mation Data, Europban
) kaciatais H Climate Programme. - i Ay e

Dt 430

ASSOCIATED RECORDINGS

T EqkTime | mw | Ep. Distance [km]

207226 Ancona 082N 0T 214885 on 120 003
73T Ancona ORI 8T LEREAT) an 100 o167
prirsi} Ancors 141061972 18:55:53 48 1o 0133
Farrsa ] Ancona 146N G2 am0z on a0 o217
247230 Ancona 2061972 150653 on %0 o291
Qs S

Figure 3.6. SISMA: “Station details” screenshot
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A list of all recordings made at the station is available from the page shown in Figure 3.6
along with a link to the details about the recordings. A map of earthquake epicentres near the

station can also be accessed, as shown in Figure 3.7 for the Ancona Palombina station.

Vs Profile | PDF | Close

Station Details - code Anco_72

[ Mo | sateie | oo |

Figure 3.7. Map showing location of the earthquakes recorded by Ancona Palombina station

3.2.3 Recording Search

In the “Search recording” window, the search parameters can be a combination of earthquake,
fault mechanism, distance, site classification and ground motion parameters, as displayed in
Figure 3.8. SISMA offers a large number of searchable strong motion parameters such as peak
ground acceleration (PGA), peak ground velocity (PGV), peak ground displacement (PGD),
significant duration, Arias intensity (l,), mean period (Tm), predominant periods (T,), spectral

acceleration at T=1s and Housner Intensity (SI).

An example search result is shown in Figure 3.9, the search criteria being all the records

having PGA=0.1-0.3g on type C soil according to EC8. Figure 3.9 lists all the records identified
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by this criteria grouped by earthquake in ascending magnitude order along with additional basic

information.

Home |Search Egk |Search Station |

Search Recording tab

Eqgk Station Eqk Fault Mechanism H station Housing H Station Soil

|AII |AII |AII |AII IAI
| |
| |

= Epi-distance [km] = = Hypo-distance [km] = |

< P4 [g] < <Sail.0s)fol=

= PGV [cmifs] =

= il =

=v¥=30 [mig] =

[
[
| | <PGD [cm] <
[
[
[

I
I
=< Predominant Period [s] < |
I
I

< Arias Intensity [mis] < < Significant duration [s] <

L1 I
L1 I
L1 I
L smemPenoags |
[ ] I
L1 I
[ I

< Housher Intensity <

Figure 3.8. SISMA: “Search recording” screenshot
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Home | Search Eqk | Search Station |

Search Recording Result Tab

57 Records found, listed from 1 to 20 H
[FirstPrevious] 1| 2 | 3 [ NextLast]

EOK M FAUTMECH. STATION NSTRTWPE EP.DIST. SITE(ECR) PGAmean PGAUP

Anco_21 3490 MNormal Ancona-Palombina Analogic 10.81 (o 0.107 0.028 More Info
Anco_22 470 Strike - Slip Ancona-Palombina Analogic 11.47 c 0.139 0.066 Mare Info
Anco_23 420 MNormal Ancona-Palombina Analogic 8.87 s 0.217 0119 Mare Info
Anco_24 400 MNormal Ancona-Palombina Analogic 25498 (o 0.281 0.129 More Info
Anco_24 400 MNormal Ancona-Rocca Analogic 2291 B 01 0113 More Info
Umhbr_79 580 MNormal Aszsisi-Stallone Digital 19.86 A 0177 0.07e Mare Info
Umbr_78 560 MNormal Assisi-Btallone Digital 2505 A 0.132 0.041 Mare Info
Umbr_82 540 NMNormal Assisi-Btallone Digital 2020 A 0.139 0.083 Mare Info
Lazi_BY 590 MNormal Alina Analogic 1307 A 0.107 0.083 More Info
Lazi_70 570 MNormal Atina-Pretura Roof Analogic 11.32 B 0112 0.036 More Info
Irpi_53 6490 MNormal Bagnoli-Irping Analogic 2284 A 0187 0107 Mare Info
Umbr_78 560 MNormal Borgo-Cerreto Torre Unknown 2419 A 0.1849 0111 Mare Info
Umbr_86 510 MNormal Borgao-Cerreto Torre Unknown 1025 A 0.166 0.083 Mare Info
Irpi_53 650 MNormal Brienza Analogic 4482 B 0.200 0.203 More Info
Friu_46 580 Thrust Buia Analogic 18.50 (o 01587 0.089 More Info
Friu_47 610 Thrust Buia Analogic 1712 c 0.102 0.078 Mare Info
Irpi_61 460 MNormal Cairano 1 Analogic 4.65 B 0.152 0.036 Mare Info
Irpi_61 460 Normal Calrano 2 Unknown 482 B 0143 0042 Mare Info
Irpi_B1 460  MNormal Cairano 3 Analogic B.13 B 0.130 0.049 More Info
Irpi_53 650 MNormal Calitri Analogic 1336 A 013 0170 More Info

Export: £2] C8V | X Excel | €] xML | 2] POF |k RTF

For a new search click here

Dlzaire]

SHULLUTA(E]

Figure 3.9. Table listing records having PGA=0.1-0.3g on type C soil according to EC8

For a given recording, clicking on “more info” produces the pop-up window shown in
Figure 3.10, which contains details concerning the earthquake, station, and strong motion

parameters. Acceleration, displacement, and velocity histories can be plotted along with Fourier

and pseudo-acceleration response spectra (5% damping) by clicking on the button
located at the lower right of the window. This information is also downloadable as a two-page
pdf file including recording details and plots. An example is shown in Figure 6.11. Acceleration

histories and pseudo-acceleration response spectra for the three components can be downloaded

as an ASCII format in a zip file ( button at the lower right in the window).
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General Data

Egkt Mama Ancona Srauon Mame Ancona-Falomblra
Eqk Dara DEMZSTZ Epicentral Distance [km] 12.43
Egk Tima 21:44:45 J&B Disiance [km] 0.0
MI 30 Hypocenmral Distance 1£7
[km]
Local inmensity 6.0 Closast Distance [km] 0.0
Azimuorh 181
Ground Motion Parameter Values
i3 WE HS-WE Maan ue
PEA fgl 0.044 0.035 0.053 4
PEV [ems] 1.138 1.38 1.259 0.378
PED fem] LR 0.103 0101 oz1
5a1.05) fig) 00050 L0050 00050 0.0010
Fregominant Period (5] 1 0.18 .13 0.0s
Mean Perod (5] o417 0.25 0.2 018
Arnas Inmansiy fmds] 0ooss Duooa3 0.0043383 B 233E-4
Housnar iensiny 0a L111] 0.0 oo
Uniform Duramon (57 421 54 477 6.41
Significant Durazon [s] 2093 5.18 505 50

Figure 3.10. Recording details for one of the Ancona Palombina station records
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Figure 3.11. Ground motion records and spectra for one of the Ancona Palombina station recordings
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4 Comparison of Italian data to Ground
Motion Prediction Equations

4.1 INTRODUCTION

The characterization of earthquake ground motions for engineering applications generally
involves the use of empirical models referred to as ground motion prediction equations
(GMPEs). GMPEs describe the variation of the median and lognormal standard deviation of
particular intensity measures (such as peak acceleration, spectral acceleration, or duration)
conditional on magnitude, site-source distance, site condition, and other parameters. A review of
GMPEs for peak acceleration and spectral acceleration published prior to 2006 is given by
Douglas (2003a, 2006).

A number of GMPEs have been introduced in recent years that are re-defining the state of
practice for probabilistic seismic hazard analysis (PSHA) in many earthquake-prone regions
world-wide. For European applications, Ambraseys et al. (2005) and Akkar and Bommer (2007a,
b) have introduced GMPEs that are considerably more sophisticated than previous relations that
have seen widespread use in Europe such as Ambraseys et al. (1996) and Sabetta and Pugliese
(1996). A series of GMPEs have been developed as part of the Next Generation Attenuation
(NGA) project that are intended to be applicable to geographically diverse regions — the only
constraint being that the region is tectonically active and earthquakes occur in the shallow crust.

The NGA GMPEs are presented by Abrahamson and Silva (2008), Boore and Atkinson (2008),
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Campbell and Bozorgnia (2008), Chiou and Youngs (2008), and Idriss (2008). These are referred
to subsequently as AS, BA, CB, CY, and L.

An important issue for many practical applications is whether ground motions or GMPEs
for one region can be applied to another. For example, this issue prompted considerable study for
the SSHAC Level 4 PSHA (Budnitz et al.,, 1997) performed for the PEGASOS project in
Switzerland (Abrahamson et al., 2002). The region of the PEGASOS project site has relatively
few ground motion recordings, and hence GMPEs are borrowed from other areas for use in
PSHA. Cotton et al. (2006) describe how source characteristics, path effects related to geometric
spreading and anelastic attenuation, and site effects can vary from region-to-region. Those
underlying physics ideally should be manifest in how a GMPE represents the scaling of a
particular ground motion intensity measure (IM) with respect to magnitude, distance, and site
condition. Those issues are explored subsequently in this chapter.

The database used to develop the NGA models is large (3551 recordings from 173
earthquakes) relative to those developed for relatively local regions, as is common in Europe. As
mentioned previously, the NGA database is international, with most recordings derived from
Taiwan, California, and Europe/Turkey (Chiou et al., 2008). As noted by Stafford et al. (2008),
because of the large size and high quality of the NGA database, certain effects are well resolved
in some of the NGA GMPEs that could not be evaluated using the Italian (or European) data.
Examples include the effects of depth to top of rupture and nonlinear site response. The NGA
data also provides the opportunity to constrain relatively complex functional forms for
magnitude and distance scaling as compared to models typically used in Europe, as described

further subsequently in the paper.
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Because the NGA models represent a major advancement in GMPEs for PSHA due to the
quality and size of the database coupled with the relative sophistication of some of the functional
forms, it is naturally of interest to determine if the NGA models can be applied in specific
geographic regions such as Italy. This issue has been examined in a number of previous studies,
the results of which are summarized in the next section. The objective of this paper is to examine
this issue by specifically testing the ability of the NGA models to capture the magnitude-scaling,
distance-scaling, and site effects represented in the Italian dataset. This testing is of interest for
two principal reasons (1) possible application of NGA GMPEs for PSHA in Italy and elsewhere
in Europe and (2) testing the NGA models against a dataset principally populated by extensional
(normal fault) earthquakes, which are poorly represented in the NGA database.

As shown in the following section, previous studies have not specifically tested the
ability of NGA models to capture the magnitude-, distance-, and site-scaling represented by the
European data (at least in a statistically robust way). In the subsequent section, we perform
analysis of residuals to investigate the magnitude-scaling, distance-scaling and site effects issues.
Components of the NGA models that are compatible or inadequate relative to the Italian data are
identified. We then modify components of the NGA models judged to be inadequate, retaining
the other features. The paper ends with an interpretation of the results and conclusions.

Our focus on Italian data is a matter of convenience and does not reflect an opinion on
the part of the authors that ground motions should be examined on the basis of political
boundaries. Our focus on Italy is predicated on the re-evaluation of the Italian dataset according
to standards similar to those utilized for the NGA database, as presented in Chapter 2. As
improvements in the European dataset are made elsewhere, work of this type should be

undertaken for broader regions without regard to political boundaries. In that vein, the work
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presented in this article should be viewed as a progress report on the broader question of

application of world-wide shallow crustal GMPEs in Europe.

4.2 RECENT STUDIES COMPARING EUROPEAN AND CALIFORNIA STRONG
GROUND MOTIONS

There are three general approaches that have been used to compare ground motions or GMPEs
between regions: (1) direct comparison of median predictions of particular IMs from GMPEs for
different regions (Campbell and Bozorgnia, 2006; Stafford et al., 2008); (2) analysis of variance
(Douglas, 2004a,b); and (3) evaluation of the consistency of the data distribution with respect to
the GMPE model (Scherbaum et al., 2004; Stafford et al., 2008) using a maximum likelihood

approach.

4.2.1 Comparison of Medians from GMPEs

Figure 4.1 shows an example of the first approach. Estimates of peak horizontal acceleration
(PHA) and 5%-damped pseudo spectral acceleration from the Akkar and Bommer (2007a) and
Ambraseys et al. (2005) models are compared to those from the NGA models of AS, BA, CB,
and CY. As shown by Campbell and Bozorgnia (2006) and Stafford et al. (2008), the European
and NGA predicted medians generally compare well over the range of distances and magnitudes
well constrained by the data. The bands of results for the two magnitudes generally show
reasonably consistent vertical offsets from model-to-model (e.g., the difference between M7 and
M5 PGA at Rjp = 30 km is reasonably consistent across models). This suggests generally
consistent levels of magnitude scaling. The slopes of the median curves for a given magnitude
are generally steeper for the European relations than the NGA relations for PGA, suggesting
faster distance attenuation of this parameter. This potential difference in the distance attenuation

was not noted by Campbell and Bozorgnia (2006) or Stafford et al. (2008).
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Figure 4.1. Comparison of median predictions of PGA and 2.0 s pseudo spectral acceleration for strike
slip earthquakes and soft rock site conditions from NGA and European GMPEs. AS=Abrahamson and
Silva (2008); BA=Boore and Atkinson (2008); CB=Campbell and Bozorgnia (2008); CY=Chiou and Youngs
(2008); ADSS = Ambraseys et al. (2005); AB = Akkar and Bommer (2007)

4.2.2 Analysis of Variance

The approach termed “analysis of variance” was applied by Douglas (2004a) to compare ground
motions for five local regions within Europe and Douglas (2004b) to compare ground motions
from Europe, New Zealand, and California. The procedure involves calculating the mean (x) and
variance (o) of the log of the data inside of particular magnitude and distance bins (M-R bins)
for two different regions (e.g., Europe and California) and combinations of regions. Individual
data points are adjusted for a linear site factor from Ambraseys et al. (1996) before the

calculation of mean and variance. These results are then used in two ways. First, for a given M-R
bin and pair of regions, the variance across regions [termed (O-z)inter-region] is compared to the
within-region variance [termed (o2 )intra-region] Using statistical tests that evaluate whether the data

sets are significantly distinct. If (O-z)inter-region > (O-z)intra-region in a statistically significant way, there

51



is likely to be significantly different medians between regions. The second use of the binned
results is to plot medians for each M-R bin together for pairs of regions.

Using the above approach, Douglas (2004a) found similar variances for the various
regions in Europe, indicating a lack of regional variations. Accordingly, Douglas (2004b)
combined all of the European data into a single category for comparison to New Zealand and
California data. The Europe-California comparisons indicate that approximately half of the M-R
bins demonstrate significantly different inter- and intra-region variances. The distinction was
towards larger ground motions in California (Douglas, 2004b). Careful analysis of Figure 4.1 of
Douglas (2004b) indicates that the California and European means for most M-R bins have
similar amplitudes in short distance bins (< 20 km), whereas California amplitudes are larger at
larger distances (> 30 km). Thus, Douglas’ (2004b) finding of larger California ground motions
could be alternatively expressed as more rapid distance attenuation in Europe. Offsets between
California and European means within a given well-populated distance category (e.g., 10-15 km)

do not vary significantly across magnitude bins, suggesting similar levels of magnitude scaling.

4.2.3 Overall Goodness-of-Fit of Model to Data

This approach, developed by Scherbaum et al. (2004), provides an overall evaluation of
goodness-of-fit of a GMPE to a dataset. A normalized residual is calculated for recording j from

event i in a dataset as:

In (1M e )~ In (1M

mod, ij )

Z

Tii —

Ot 4.1

where ln(IM ) represents the IM value from the record, ln(IM ) represents the median

obs,ij mod,ij
model prediction for the same magnitude, site-source distance, and site conditions of the record,

and ot represents the total standard deviation of the model (combination of inter- and intra-event
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standard deviations). If the data is unbiased with respect to the model and has the same
dispersion, the normalized residuals (Z7) should have zero mean and standard deviation of one —
i.e., the properties of the standard normal variate. Accordingly, in simple terms, the procedure of
Scherbaum et al. (2004) consists of comparing the actual Zr distribution to that of the standard
normal variate. Note that this procedure tests both misfit of the median and standard deviation.
Stafford et al. (2008) extended this method to consider both inter- and intra-event
variability. They compared European data to the NGA relation of Boore and Atkinson (2008)
and the European models of Ambraseys et al. (2005) and Akkar and Bommer (2007a,b). The
Boore and Atkinson (2008) relation was shown to match the median of the European data nearly
as well as European GMPEs. The Boore and Atkinson standard deviation, however, is lower than
values from the European relations. This discrepancy was attributed to the magnitude-
dependence of the European GMPE standard deviation models whereas the Boore and Atkinson

standard deviation is homoscedastic (constant with respect to magnitude).

4.2.4 Interpretation

It should be emphasized that the Scherbaum et al. (2004) approach assesses model performance
in an overall sense — i.e., all aspects of the model (magnitude-scaling, distance-scaling, site
effects) are evaluated in a lumped manner. If one of these model components was in error, that
effect could be obscured through compensating errors in the analysis of normalized residuals.
Accordingly, while the results of Stafford et al. (2008) are certainly promising with respect to the
application of NGA relations in Europe, they do not specifically address whether individual
components of the NGA models are adequate with respect to European data. Because there is
some evidence of faster distance attenuation of European data relative to California data

(Douglas, 2004b) and active regions generally (Figure 4.1), a formal analysis of the adequacy of
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the NGA relations with respect to magnitude-scaling, distance-scaling, and site effects is needed.

We address these issues in the remainder of this article.

43 ATTRIBUTES OF NGA AND EUROPEAN GROUND MOTION PREDICTION
EQUATIONS

Ground motion prediction equations are formulated with varying degrees of complexity in their
functional form as a result of author preference and the size and completeness of the database
used in the analysis. The NGA models include two relatively simplified models (BA and 1) and
three more complex models (AS, CB, and CY). Attributes of the NGA models and several
European relations with respect to magnitude-, distance, and Vs3p-scaling are summarized below.
The European models considered here are Ambraseys et al. (2005) and Akkar and Bommer
(2007a), which are referred to subsequently as ADSS and AB, respectively.

Table 4.1. Magnitude scaling attributes of NGA and recent European GMPEs

GMPE M-scaling1 Notes> Parameters’
NGA AS 2008 2nd-order polynomial Separate style of faulting term M,,; F
NGA BA 2008 M<My: 2nd-order polynomial M>M,:  Coefficients depend on focal mech; My, set by My; F

Linear regression
NGA CB 2008 Multiple connected line segments, Separate style of faulting term M,; F
slope depending on M,
NGA CY 2008 sum of linear term & c' x In(1-exp{c"- Separate style of faulting term, main shocks only M,,; F
c"M})
NGA 12008 Linear Separate style of faulting term M,,; F
Eur. AB 2007 2nd-order polynomial Separate style of faulting term M,; F
Eur. ADSS Linear Separate style of faulting term M,,; F
2005

! c¢', c", etc. indicate coefficients or combinations of coefficients determined by regression
% In each case, magnitude also affects distance scaling
® M, =Moment magnitude; F=focal mechanism

Table 4.1 summarizes the principal attributes of the magnitude-scaling in the GMPEs
considered here. Magnitude scaling varies from linear (I, ADSS) to nonlinear functions
expressed as 2" order polynomials (AS, BA, AB), piecewise linear relations (CB), and more

complex forms (CY). Figure 4.2 shows the variation with magnitude of PGA and T=2 sec 5%-

54



damped spectral acceleration for a strike-slip, surface rupture earthquake at R=Rj;=30 km and

rock site conditions. The slopes of the curves at a given period are generally similar.
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Figure 4.2. Comparison of magnitude scaling of PGA and 2.0 s S, for strike slip earthquakes and soft rock
site conditions from NGA and European GMPEs.

Table 4.2 shows the forms of the distance attenuation functions in the GMPEs used here.
Many of the models (AS, CB, AB, ADSS) utilize a relatively simple form consisting of the
product of a linear function of magnitude and the natural log of the SRSS (square root of sum of
squares) of distance and a source depth term (denoted h in Table 4.2). The linear term accounts
for the decrease of attenuation with increasing magnitude (the intercept is negative and the
coefficient for the change of slope with magnitude is positive). The BA and CY models account
for the variation of distance attenuation with distance to capture the dominant effects of body
waves at distances < 40-70 km and surface waves at larger distances. Additional anelastic
attenuation terms (represented by ®M)) are included by CY and I. Figure 4.1 compares the

distance attenuation of NGA and European models. As noted previously, the slopes from
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European models are slightly greater. Among the NGA models, the steepening of the slope of the
median curve for PGA at distances exceeding about 70 km is apparent in Figure 4.1 from the BA
and CY models whereas the AS and CB slopes are constant. Also noteworthy is the relative
slopes in the 10-70 km distance range, where much of the data lies. In this range, the steepest
slope is CY, the flattest is BA, and AS and CB are intermediate. These differences have
implications with respect to the Italian data, as discussed further below.

Table 4.2. Distance scaling functions used in NGA and recent European GMPEs

GMPE R-scaling1 Notes Parameters’
NGA AS 2008 [a +a (M M )]x ln( R? +h? ) Additional hanging wall, depth to top of R, Ri, Ry,
2 ' rupture, and large distance scaling terms ZionW, 8
R +h’
ib 2 2
NGA  BA2008 |Gi*C:(M—M.)]xIn R, +C3(\/ij+h _Rref) Rio
ref
None
Additional hanging wall term with functional
NGA  CB2008 [C4+C5M]Xln(\/R2+h2) gIng R, Ry, Zuon 8
dependence on 8 and Z,

c, ln[R+c5 cosh {c, max (M —Mr,O)}J+(C4a—C4)ln(JR2 +C2y )+}/(M)>< R

NGA CY 2008 Additional hanging wall terms with functional R, R Ro Zior 3
dependence on & and Z,,,

NGA 12008 —[B,+B,M|xIn(R+10)+y(T)R  None R

Eur.  AB2007 [b,+bM ]xln(,/be +h? ) None Ry

Eur. 285: [a3 +a,M ]>< In (\/ R,-Zb +h? ) Separate style of faulting term Rib

! a, ¢, and B terms format retained from original model; h and M, variables used here to show compatibility across
models, these terms do not necessarily match those in the source publications. R, is specific to BA (2008)

2 R=rupture distance; Rj,=closest distance to horizontal projection of rupture plane; R, defined in Figure 3; Z,,,=depth
to top of rupture; W=fault width; d=dip angle

The models by AS, CB, and CY include hanging wall terms, which account for the larger
ground motions observed on the hanging wall of dipping faults. As shown in Table 4.2, a
distance parameter used to define this effect for the AS and CY models is Ry, which is defined in
Figure 4.3. Additional terms used to define hanging wall effects include depth to top of rupture

(Ztor), dip angle (0), and down-dip fault width (W).
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Figure 4.3. Schematic illustration of dipping fault and measurement of R, parameter used in hanging
wall terms for the AS and CY GMPEs.

The site terms utilized in the GMPEs vary significantly in complexity. All NGA models
except Idriss (2008) utilize V3o as a site term. As shown in Figure 4.4, the level of amplification
for weak input motions (corresponding to nearly elastic conditions) increases with decreasing

Vs30. In the AS, BA, CB, and CY GMPEs, the reference rock parameter used with the nonlinear
components of the site terms is PGA,IOO, which is the median peak acceleration on rock with
Vs30=1100 m/s. As shown in Figure 4.4, the slope of the amplification function relative to
PCA-]A“O0 flattens with increasing Vszo. While the NGA site terms were developed using different

procedures (simulation-based, empirical, etc.), Figure 4.4 shows that the resulting models from
AS, BA, CB, and CY are generally similar. The Idriss (2008) model does not have a site term.
The ADSS and AB site terms are linear and constant for qualitative site descriptors (soft soil,
stiff soil, rock). In addition to V3o, the AS, CB, and CY site models include a basin depth term,
which is taken as the depth to a particular shear wave velocity isosurface. AS and CY take this

depth as Z; o (depth to Vs=1.0 km/s) whereas CB take this depth as Z; 5 (depth to Vs=2.5 km/s).
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Figure 4.4. Comparison of site terms for PGA and 2.0 s pseudo spectral acceleration from NGA and
European GMPEs

For the analyses conducted in this report, we consider each of the GMPEs listed in Tables
4.1 and 4.2 except Idriss (2008). That model is excluded due its lack of a site term. A significant

fraction of the Italian data are on soil site conditions and hence require the use of a site term.

4.4 DATABASE

The database used in this study is presented in Chapter 2. The strong motion data were corrected
and uniformly processed by the same seismologists (Walter Silva and Robert Darragh) who
prepared the data for NGA. During this process, about 50% of the Italian motions were screened
out because of s-triggers and other problems. Figure 4.5 shows the number of available
recordings with M > 4 as a function of the maximum usable period, taken as the inverse of
1.25xfyp, where fip is the high-pass corner frequency used in the data processing, which varies

from record-to-record according to signal characteristics. Note that there is a significant drop off
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in the data for periods > 2-3 sec and results obtained from the data should not be considered

useful at those long periods.
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Figure 4.5. Variation of number of available recordings with M > 4 in Italian database with the maximum
usable period, which is taken as the inverse of 1.25xf,, (fup = high pass corner frequency used in data
processing)

Source parameters were compiled from databanks maintained by the Italian Institute of
Geology and Vulcanology (www.ingv.it) and include moment magnitude, focal mechanism, and
hypocenter location for 52 of the 89 events. The other 37 events are small magnitude (M;=3-5),
and for those events M is taken as an estimate of My,. For events with magnitudes > ~ 5.5 finite
source parameters were compiled from INGV. Closest distance (R), Joyner-Boore distance (Rjn)
and a hanging wall index were evaluated by Brian Chiou (personal communication, 2008) using
the source parameters and site locations in the database. Distances R and Rj, are taken to the fault
rupture plane where available. For small magnitude earthquakes without a finite fault model, R is
taken as the hypocentral distance and Rj, is taken as the epicentral distance. Since the only events
without finite fault models are small in magnitude and hence have small fault dimensions, this
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approximation was considered to be reasonable. For events with unknown hypocentral depth and
focal mechanism, those parameters were estimated based on available data from the local region.

The hanging wall index compiled by Chiou indicates whether a site is located n the
hanging wall, footwall, or in a neutral (side) position relative to a dipping fault. For hanging wall
sites, parameter Ry is estimated as:

R, ~ R;, +W cos(0) (4.2)

where W = fault width and 6 = dip angle. Parameters W and ¢ are compiled in Chapter 2 for
earthquakes with finite source models. For other events where these parameters were needed,
they were estimate using empirical models for W (Wells and Coppersmith, 1994) and dip angles
for nearby faults (for o). Distance Ry is not needed for footwall or neutral sites. The
approximation in Eq. 4.2 is because Ry is strictly measured normal to the fault strike, as shown in
Figure 4.3. Since the hanging wall region can extend slightly beyond the ends of the fault, there
will be some sites for which the use of Eq. 4.2 is approximate. As indicated in Table 4.2, another
parameter needed for some of the NGA hanging wall terms is depth to top of rupture (Zp). As
with dip angle, this is taken from the finite fault database where available and otherwise is

calculated assuming the hypocenter is at mid-width as follows:

z z

top ~ hyp

W .
?sm(5) (4.3)

where Znp=hypocentral depth. Additional adjustments are made on a case-by-case basis as
needed (i.e., Zip < 0, etc.).

Figure 4.6 shows the magnitude-distance distribution relative to that in the NGA database
described by Chiou et al. (2008). Relative to the NGA data, the Italian data is generally sparse

for R < 10 km and M > 6.5. There is a reasonable degree of overlap in the datasets for R=10-70
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km and M=4.5-6. The Italian data is richer than NGA for M < 4.5. An important distinction
between the NGA and Italian databases concerns the preponderance of normal fault earthquake
in the Italian data (44 of 89 events). In contrast, the PEER database has only 13 normal fault
earthquakes with 87 recordings. Accordingly, comparison of the PEER NGA relations to Italian

data provides the opportunity to test their applicability for a predominantly extensional region.
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Figure 4.6. Distribution of NGA and Italian data with respect to magnitude and rupture distance

In Chapter 2, we present Vs3o parameters for all Italian sites utilized in the present
analysis. Basin depth term Z; g is taken from velocity profiles where available. Otherwise Z; g is

estimated from V3o using the following function proposed by CY:

In(Z,,)=28.5-0.4775In(V5, +387.7") (4.4)

where Z; is in km and Vs3p is in m/s. Data from approximately 100 sites with measured values
of Zio (using the database of Scasserra et al., 2008) suggest that the model in Eq. 4.4
overestimates Z;g for Italian sites with Vs3g < ~ 600 m/s. However, values of Z;o are not

available for deep sites due to the lack of sufficiently deep boreholes. Hence, the validation
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database is biased towards shallow sites and we cannot reliably evaluate the adequacy of Eq. 4.4
for Italian data. Lacking an alternative, we utilize its estimates of Z;o for sites lacking data.
Depth term Z;5 is evaluated from Zj o using the following relation similarly derived from the
NGA data by Campbell and Bozorgnia (2007):

Z,,=0519+3.595Z,, “5)

where both depths are in km. Use of Eq. 4.5 implies similar velocity gradients in rock for
California and Italian sites, which may not be the case.

We recognize that the empirical sediment depth estimates described above may not apply
to Italy. By using medians that are dependent on V3o for the majority of sites, we are essentially
using the average basin effect in the NGA GMPEs. If we are significantly in error, it would be
expected to produce bias at long periods, where the basin effects are most pronounced. This is

evaluated subsequently in the article.

4.5 DATA ANALYSIS

4.5.1 Overall GMPE Bias and Standard Deviation Relative to Italian Data
We begin by evaluating residuals between the data and a particular GMPE referred to with index

k (k=1...6 for the six models from Tables 1 and 2 that are utilized). Residuals are calculated as:

(Rij) =m(IM;; ), ~tn (1M, ;), (4.6)

Index i refers to the earthquake event and index j refers to the recording within event i. Hence,

(Ri’ j)k is the residual of data from recording j in event i as calculated using GMPE k. Term

ln(IMi, i)data represents the geometric mean of the two horizontal components of the data in
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natural log units while term ln(IMi’ i)k represents the median calculated using GMPE K in

natural log units.

Residuals are calculated using Eq. 4.6 for six GMPEs — AS, BA, CB, CY, AB, and
ADSS. The analysis of residuals with respect to magnitude-, distance, and site-scaling requires
that event-to-event variations be separated from variations of residuals within events. This is
accomplished by performing a mixed effects regression (Abrahamson and Youngs, 1992) of
residuals according to the following function:

(Ros), =+ (m), + (&), (4.7)
where Ci represents a mean offset (or bias) of the data relative to GMPE k, 7; represents the event
term for event i (explained below), and &; represents the intra-event residual for recording j in
event I. Event term 7); represents approximately the mean offset of the data for event i from the
predictions provided by the GMPE median (after adjusting for mean offset cx, which is based on
all events). Event terms provide a convenient mechanism for testing the ability of a GMPE to
track the magnitude scaling of recordings in a dataset, as shown below. Event terms are assumed
to be log-normally distributed, and generally have nearly zero mean and standard deviation (in
natural log units) denoted as 7. Intra-event error ¢ is also assumed to be log-normally distributed
with nearly zero mean and standard deviation=c.

Figure 4.7 shows the distribution of event terms from the Italian data as a function of the
number of recordings per event. The scatter of event terms is large for sparsely recorded events

(1-2 recordings) but is relatively stable for events with three or more recordings. Accordingly,

for subsequent analysis we remove from the data set events with only one or two recordings.
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Figure 4.7. Variation of event terms with number of recordings, showing decrease of scatter for events
with more recordings. Data from 1- and 2-recording events are not used in this study due to large
scatter of event terms.

Using the dataset for earthquakes with three or more recordings, mixed effects
regressions were performed using Eq. 4.7 for the aforementioned six GMPEs for five different
ground motion intensity measures (IMs): peak acceleration and 5%-damped pseudo spectral
acceleration (S,) at periods of 0.2, 0.5, 1.0 and 2.0 seconds. The results are summarized in Table
4.3, which shows for each GMPE and IM values of c, 7, and o. Figure 4.8a plots the average
misfit of Italian data to the NGA GMPEs as expressed by parameter C, along with £95%
confidence intervals on the estimate of C. Parameter C is not generally significantly offset from
zero, nor does it have a significant trend with period. An exception is CB, for which c is
consistently and significantly negative for T>~0.2 s. Negative values of C indicate an average

over-prediction of the Italian data by the CB GMPE.
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Table 4.3. Summary of regression results for NGA GMPEs residuals relative to Italian data

1.0 -0.37
2.0 -0.55

029 076 065| 039030 098] 0.05+0.14 0.53
0.28 0.87 0.57] 0.25+0.26 094]| 0.11 +0.08 0.80

M-scaling R-scaling

GMPE Period (s) c c T by 1-p br 1-p
PGA -0.15+ 032 0.71 0.76 | -0.16 +0.37 0.60 | -0.19 + 0.13  0.99

0.2 -0.14 + 0.31 0.80 0.71| 0.02 +0.36 0.08| -0.16 +0.15 0.96

NGA AS 0.5 -0.23+ 032 086 057 0.20+0.38 0.68]| -0.07 £+0.14 0.70
1.0 -0.11 + 030 0.75 069 0.31+034 092 -0.04 +0.14 0.46

2.0 -0.04 + 0.31 0.86 0.68| 0.24 +0.32 0.85| 0.07 +0.16 0.58

PGA 0.09 + 032 0.73 0.72 ] -0.36 +0.36 094 ] -0.31 +0.14 1.00

0.2 0.10 + 031 0.83 0.68| -0.24 +0.34 083 -0.34 +0.16 1.00

NGA BA 0.5 -0.08 + 029 0.86 0.64| 0.07 +0.32 032 -0.21 +0.14 0.99
1.0 -0.03+ 028 074 064 021+032 0.81]-0.13+0.14 0.93

2.0 -0.06 + 0.29 0.86 0.61| 0.06 +0.30 0.30| -0.05 + 0.16  0.42

PGA -0.17 + 031 0.73 0.70| 024 +0.32 085 -0.24 +0.14 1.00

0.2 -0.25+ 028 081 0.61(-008+030 0.38]|-0.22+0.16 1.00

NGA CB 0.5 -0.37 + 028 088 0.78| 0.19+030 0.77| -0.10 £+0.15 0.81
1.0 -0.28 + 0.26 0.75 058 | 0.26 +0.28 0.93| -0.06 + 0.14 0.62

2.0 -0.26 + 0.25 0.88 050| 0.14 +0.22 0.77]| 0.03 +0.18 0.24

PGA 0.08 + 0.30 0.64 0.69] -0.29 +0.35 0.89| -0.08 +0.12 0.79

0.2 0.16 + 0.28 0.74 0.61] -0.14 +0.30 0.65| -0.08 +0.14 0.72

NGA CY 0.5 0.00 + 0.27 091 057]| 0.05+0.28 0.30]| -0.04 +0.15 0.44
1.0 -0.02 + 025 0.77 052] 0.15+0.24 0.78] -0.02 +0.14 0.19

2.0 -0.12 + 0.27 0.91 053] 0.06 +0.24 0.36] 0.12 +0.17 0.84

PGA 0.04 + 0.30 0.68 0.69] -0.29 +0.34 0.90| -0.11 +0.12 0.90

0.2 0.04 + 0.28 0.80 0.58] -0.10 +0.28 051| -0.14 +0.14 0.95

EU AB 0.5 -1.02 + 031 080 0.69| -022 +0.34 0.78] -0.24 +0.14 0.99
1.0 0.06 + 0.25 0.75 053 0.06 +0.26 0.36| 0.02 +0.14 0.22

2.0 0.02 + 0.25 087 0.49| -0.11 +0.22 0.67| 0.06 +0.16 0.54

PGA -0.17 + 028 068 0.65| -0.04 +0.34 0.21] -0.07 £+0.13 0.70

0.2 -0.29 + 028 080 060| 0.10+0.30 0.49] -0.08 +0.15 0.72

EU ADSS 0.5 -042 + 032 0.76 0.71] 031 +0.34 092] 0.03+0.14 0.36

+
+

Figures 4.8b-c plot the inter- and intra-event standard deviations (7 and o, respectively)
versus period as evaluated from the regressions performed using Eq. 4.7. Results are shown for
the NGA GMPEs only. Also shown in Figures 4.8b-c are the ranges of 7 and o provided by a
representative NGA GMPE (CY) and a European GMPE (AB) for M=5-7. The standard
deviation terms from the Italian data are significantly larger than those provided by CY and the
other NGA relations. Intra-event standard deviation o is similar to values obtained previously by

AB for Europe, but our 7 terms are much larger. This is caused by three events with large
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negative event terms (Molise 31-10-2002 and 01-11-2002, Trasaghis-Friuli 28-5-1998), as
shown in Figure 4.7. If those events were omitted from the calculation, 7 would reduce to values
comparable to those from previous studies. Accordingly, we believe the difference in Figure 4.8b
is likely a result of the poorly sampled database and a corresponding large impact of these
outliers. Differences between the Italian and NGA o terms are relatively well established by the

available data and are discussed further below.
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Figure 4.8. Variation with period of mean bias parameter (c), inter-event dispersion (7), and intra-event
dispersion (o) evaluated from regression of NGA residuals relative to Italian data with Eq. 4.7.
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4.5.2 Magnitude Scaling

We next turn to the question of how well the selected GMPEs capture the magnitude scaling of
the Italian dataset. The event terms are plotted against magnitude in Figure 4.9 for the IMs of
PGA, 0.2 s S5, and 1.0 s S;. To help illustrate trends, we also plot a fit line and its £95%

confidence intervals, the fit being made according to:

1, =2y +by M, +(KM )i (4.8)

In Eq. 4.8, subscript k has been dropped, but the regressions are performed separately for each
GMPE. Parameters ay and by are regression coefficients and (x)i is the residual of the fit for
event i. Slope by is of interest because if significantly non-zero, it suggests the magnitude
scaling in the model does not match the data. The columns with the ‘M-scaling’ heading in Table
4.3 indicate by, its £95% confidence intervals, and results of hypothesis testing described below.

The statistical significance of the magnitude-dependence of event terms is assessed two

ways. The first significance test consists of comparing the absolute value of by to its estimation

error (taken as the £95% confidence intervals shown in Table 4.3). When |bM| exceeds the

estimation error, the nonlinearity is considered significant. Secondly, sample ‘t’ statistics are
compiled to test the null hypothesis that by=0. This statistical testing provides a significance
level = p that the null hypothesis cannot be rejected. For clarity of expression, we show in Table
4.3 and Figure 4.9 values of 1-p, which we refer to as a “rejection confidence for a zero slope
model.” The rejection confidence levels are consistently small (i.e., < 95%), with only one
exception for European GMPE ADSS (at T=1.0 sec). Therefore, while the slope of the trend lines
(bm) in Figure 4.9 are non-zero, we find that they are not statistically significant at the 95%
confidence level. On the basis of this result, we conclude that the selected GMPEs adequately

capture the magnitude scaling of the Italian dataset.
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Figure 4.9. Variation of event terms for Italian data with magnitude for PGA, 0.2 s S,, and 1.0 s S,.

68




4.5.3 Distance Scaling
Distance scaling is tested by examining trends of intra-event residuals &;j as a function of
distance. Recall that per Eq. 4.7, & is the remaining residual after mean error (C) and event term
(7i) are subtracted from the total residual. Figure 4.10 shows & for IMs of PGA, 0.2 s S,, and
1.0 s Sa. To help illustrate trends, we also plot a fit line and its £95% confidence intervals, the fit
being made according to:

&, =ag +hR; +(1<R)i’j 4.9)

Parameters ag and br are regression parameters and &g is the residual of the fit for recording j
from event i. Subscript k has been dropped in Eq. 4.9, which strictly holds for GMPEs using
rupture distance. For BA, AB, and ADSS, Rj, replaces R as the distance parameter in Eq. 4.9.
The slope parameter (bg in this case) represents approximately the misfit of the distance scaling
in the Italian dataset relative to the selected GMPEs. The columns under the heading ‘R-scaling’
in Table 4.3 indicate values of bg, its £95% confidence intervals, and the rejection confidence for
a br=0 model (1-p) from hypothesis testing. Figure 4.10 also shows rejection confidence values
(1-p) for the zero slope null hypothesis.

The results in Figure 4.10 and Table 4.3 indicate mixed findings with respect to misfits
between the NGA distance scaling and the Italian data. The CY GMPE demonstrates no
significant misfit across all tested periods, as evidenced by values of by that are smaller than their
confidence intervals and low rejection confidence for the zero slope null hypothesis (< ~80 %).
On the other hand, the AS, BA, and CB models produce statistically significant values of bg
ranging from approximately -0.2 to -0.3 at short periods (PGA and 0.2 s S;). None of the NGA
models show bias in the distance attenuation for long period (T > 1.0 s). These negative values of

br at short periods indicate faster distance attenuation of the Italian data relative to these GMPEs.
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Figure 4.10. Variation of intra-event residuals for Italian data with distance for PGA, 0.2s S,, and 1.0 s S,.
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Note that the lack of significant bg in the CY model is consistent with the relatively fast distance
attenuation of this model in the 10-70 km range relative to the other NGA GMPEs, as shown in
Figure 4.1. Moreover, the largest bg values are observed for the BA model, which has the
slowest distance attenuation, with AS and CB being intermediate cases.

The European models (ADSS and AB) also indicate mixed results. As shown in Table
4.3, slope parameter bg is insignificant for short periods (PGA and 0.2 sec) for ADSS but
significant (at the 95% level) for AB at 0.2 sec. At T=1.0 sec, AB and ADSS have insignificant
values of bg. Our interpretation of these results is that they are not suggestive of systematic bias
in the European GMPEs with respect to the Italian data, which is expected because Italian data
was used in the development of those GMPEs.

To further examine the distance attenuation misfit of the NGA models, we regress the
Italian data against the AS, BA, and CB functional forms to re-evaluate selected coefficients
controlling the distance attenuation, with the results shown in Table 4.4. These regressions are
not performed for CY because of the lack of trends in the residuals described above. Recalling
the distance attenuation functions given in Table 4.2, the principal coefficient that is re-evaluated
is the term expressing the magnitude-independent slope of the distance attenuation (a, for AS, ¢y
for BA, ¢4 for CB). In general, the constant term must also be changed to fit the data (a; for AS,
Co for CB), which is evaluated through regression simultaneously with the distance attenuation
term. In the case of BA, the constant term depends on focal mechanism, taking on values of e;-
es. The Italian data is not sufficiently voluminous to check the scaling of ground motion with
focal mechanism, so we retain the €;-e4 values and simply provide an additive term (&g) that
could be applied to each (e.g., the new constant term for strike slip would be eg+€;). Finally, we

constrain the resulting modified GMPEs to match reasonably closely the original GMPEs at
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close distance (R or Rjy < 3 km). This is done because the Italian data cannot constrain ground
motions in that range, so we rely on the constraint provided by the NGA models. If the modified
NGA models do not provide this match from the regression on the above coefficients, then we
enforce the match through adjustment of the fictitious depth term, as shown in Table 4.4. All
other coefficients in the GMPEs are fixed at the published values.

Table 4.4. Summary of modified GMPE parameters for constant and distance scaling terms and effect on

trends of intra-event residuals with distance. Original coefficients are shown without primes and
modified coefficients with primes (').

Regression Coefficients R-scaling
GMPE Period (s) Constant term? Slope Term h term AG® (mod GMPE)
a, a, a, a,’ Cy c4 bg 1-p
PGA 080 1.75+0.34[-0.97 -1.30 £0.18 | 4.5 6.5 0.10 | -0.04 £ 0.12 0.49
NGA AS 0.2 169 281 +0.74|-097 -1.34 £0.21| 45 6.5 0.16 | -0.06 + 0.16 0.54
0.5 1.40 n/c -0.85 n/c 45 n/c 0.17 n/a
1 0.92 n/c -0.81 n/c 4.5 n/c 0.16 n/a
2 0.19 n/c -0.80 n/c 4.5 n/c 0.28 n/a
€ e Cy c,' h
PGA 0.00 0.07 £0.60(-0.66 -0.72 +0.18 | 1.35 n/c 0.25 0.00 £0.12 0.00
NGA BA 0.2 0.00 0 -0.58 -0.76 +0.10| 1.98 n/c 0.22 | 0.00 £0.14 0.03
0.5 0.00 0 -0.69 -0.75 £ 0.08 | 2.32 n/c 0.18 | -0.01 £ 0.12 0.12
1 0.00 n/c -0.82 n/c 2.54 n/c 0.09 n/a
2 0.00 n/c -0.83 n/c 2.73 n/c 0.16 n/a
Co Co' Cy (o Cg Cg'
PGA -1.72 -0.18 -2.12 -2.48 +0.80| 5.60 7.14 +3.40| 0.19 | -0.07 £ 0.12 0.73
NGA CB 0.2 -0.49 0.11 -2.22 -2.46 £ 0.90| 7.60 7.6 0.25| -0.12 £ 0.14 0.89
0.5 -2.57 n/c -2.04 n/c 4.73 n/c 0.08 n/a
1 -6.41 n/c -2.00 n/c 4.00 n/c 0.18 n/a
2 -9.70 n/c -2.00 n/c 4.00 n/c 0.31 n/a
C, c, Cy c4 Not used
PGA -1.27 n/c 2.1 n/c 0.10 n/a
0.2 -0.64 n/c 2.1 n/c 0.15 n/a
NGA CY 0.5 -1.47 n/c -2.1 n/c 0.19 n/a
1 -2.25 n/c -2.1 n/c 0.19 n/a
2 -3.41 n/c -2.1 n/c 0.34 n/a

n/c= no change in recommended coefficient
n/a= not applicable
a Modified for AS and CB. Constant term for BA is e, to e, (dependent on source
type); e, is an additive term for any focal mechanism

b Additive intra-event standard deviation term

The modification of the above parameters was performed using mixed effects procedures

with the following equations:

ASI ln(IM )i,j = all + fR, + fSource + fSite +77i’+ gi,,i (410)

BA: M(IM) =R+ Ry +F+n/+5; (4.11)
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In(IM), | = frag + fis + foo + frog +

mag

' ’
hng site + fsed + ni + gi,j

CB: (4.12)
where the prime (') indicates the function is modified and the lack of prime means the functions

are used exactly as given in the published relations. For all models, 77§ and &7; represent newly

determined inter- and intra-event error terms. For AS, a; is a newly regressed constant term; f

is the distance term in Table 4.2 with newly estimated coefficients a, and a4 (referred to as and

a, and a;); fsource indicates the magnitude function in f;, the focal mechanism flag terms,

hanging wall term (f3), top-of-rupture term (fs), and large distance model (fg); fsiee indicates the
Vs3o term (fs) and basin depth term (fip); For BA, F & is the distance term in Table 4.2 with ¢;

replaced with newly regressed ¢/ ; F is identical to the BA magnitude term except for the new
additive constant term noted above, which we will refer to as €;; Fs is the Vs3o-dependent site

term. For CB, f is identical the CB magnitude term except for a new constant term ¢, f is

the distance term in Table 4.2 with C4 and Cs replaced with newly regressed c; and c;, and the

remaining terms are fault type, hanging wall, site, and depth terms that are not modified.

When performing these analyses, we begin with a straightforward mixed effects
regression as described above. We then check the prediction of the modified GMPE at short
distance to check for compatibility with the original GMPE. As shown in Figure 4.6, the Italian
data is sparse at close distance and so cannot constrain short-distance ground motions. Hence, we
enforce compatibility of short-distance ground motions between the modified and original
GMPE. This compatibility occurred “naturally” (i.e., as a direct outcome of the regression) for
the AS model (all periods) and BA (all periods except PGA). For BA (PGA) and CB (all
periods), additional adjustments were necessary to establish this compatibility. For BA (PGA),

an appropriate value of e, was selected and ¢/ then regressed through an iterative process. A
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similar process was used for CB, although the additive distance term (denoted h in Table 4.2 but

taken as c, in the CB model) is also regressed and constant term c; is manually adjusted to

achieve compatibility of short-distance IMs.
In Table 4.4, values established thorough regressions are shown with £95% confidence
intervals whereas values that are fixed manually have no confidence intervals. The absolute

value of the modified distance-attenuation terms (a, for AS, ¢/ for BA, c, for CB) are

consistently larger than the original values, consistent with the faster distance attenuation in the
Italian data. This can also be seen in Figure 4.11, which shows the distance attenuation of the
original and modified GMPEs for PGA, 0.2 s S5, and 1.0 s S; for a soft rock site conditions
(Vs30=620 m/s) and magnitudes of M=5 and 7. Appendix A of this report (in preparation, June
2008) will provide a full list (across all of the periods in the NGA GMPEs) of the recommended

new coefficients.
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Figure 4.11. Variation of median ground motions with distance and magnitude from NGA and modified
NGA relations developed in this study.
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After adjusting the constant and distance terms as described above, the magnitude-

dependence of event terms (7;) and the distance dependence of intra-event residuals (& ;) are

checked. As shown in Figure 4.12, the magnitude-scaling of the modified GMPEs remains
appropriate (results are similar to those shown in Figure 4.9). Figure 4.13 shows that the trends
in the distance-scaling observed in Figure 4.10 are removed with the revised coefficients. This is
also confirmed by the hypothesis test results in Table 4.4, which show a low confidence (1-p) in

rejecting the null hypothesis of zero slope.
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Figure 4.12. Variation of event terms for modified AS, BA, and CB GMPEs with magnitude for PGA and
0.2 s S,. Magnitude dependence of event terms are similar to the original models presented in Figure
4.9.
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Figure 4.13. Variation of intra-event residuals for modified AS, BA, and CB GMPEs with distance for PGA
and 0.2 s S,. The statistically significant distance-dependence of residuals from the original models
presented in Figure 4.10 are removed.

4.5.4 Site Effects

We evaluate the scaling of ground motions with Vs3p in the NGA GMPEs using versions of the
models without distance bias (original CY, modified versions of AS, BA, CB). This is done so
that distance-bias is not mapped into the analysis of Vs3p. We begin by examining in Figure 4.14

trends of intra-event residuals (& or gi” i ) as a function of Vs3g for the IMs of PGA, 0.2 s S5, and

1.0 s S,. Trends are illustrated with a fit line:

& ;=9 +h, (VS30)i,j +(KV )i,j (13)
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Figure 4.14. Variation of intra-event residuals with average shear wave velocity in upper 30 m (Vis).
Residuals shown are for original GMPE when shown without prime (&;) and for modified GMPE when
shown with prime (g;).

Parameters ay and by are regression parameters and xy is the residual of the fit for recording j

from event i. Eq. 4.13 strictly holds for the CY GMPE; for AS, BA, and CB, &/ ; Teplaces & in

Eq. 4.13. Slope parameter by represents approximately the misfit of the Vgzo-scaling in the Italian
dataset and the selected GMPEs. Table 4.5 shows values of by, their £95% confidence intervals,

and the rejection confidence for a bg=0 model (1-p) from hypothesis testing. The results in
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Figure 4.14 and Table 4.5 indicate no statistically significant trends with Vs3o. This suggests that

the Vs3p-based site terms in the NGA GMPEs may be compatible with the Italian data.

Table 4.5. Summary of modified GMPE parameters for constant and distance scaling terms and
effect on trends of intra-event residuals with distance

Vg30-scaling (mod Rock (Vg30 = 800-1100| Soil (Vs30 = 180-300

GMPE) m/s) m/s)
GMPE Period (s) by 1-p | apca  bpea  (1-p)o| apca  bpca (1-p)s
PGA 0.0002 + 0.0004| 0.58 | -0.27 -0.14 | 0.61 | -0.68 -0.34| 0.94
NGA AS 0.2 -0.0002 + 0.0004 | 0.50 | -0.45 -0.24 | 0.84 | -1.34 -0.75| 1.00
1 -0.0003 + 0.0004| 0.81 | -1.16 -0.14 [ 058 | -1.25 -0.43| 0.96
PGA 0.0004 +0.0004] 0.89 | 0.77 0.11 | 0.62| -0.24 -0.23| 0.77
NGA BA 0.2 0.0000 + 0.0005| 0.04 | -0.02 -0.10 | 0.56 | -1.18 -0.70| 1.00
1 0.0000 + 0.0004] 0.09 ]| 0.11 0.06 | 045 -0.56 -0.36| 0.95
PGA 0.0000 + 0.0004| 0.06 | -0.17 -0.15 | 0.71 | -0.82 -0.40| 0.99
NGA CB 0.2 -0.0003 + 0.0004 | 0.78 | -0.57 -0.19 | 0.80| -1.41 -0.75| 1.00
1 0.0004 + 0.0005] 0.91 |-0.24 -0.04 | 0.26 | -0.91 -0.45]| 0.99
PGA 0.0000 + 0.0004| 0.06 | -0.55 -0.34 | 0.97 | -1.11 -0.54| 1.00
NGA CY 0.2 0.0003 + 0.0004| 0.80 |-0.35 -0.40 | 0.99 | -1.12 -0.75]| 1.00
1 0.0003 + 0.0004] 0.76 | -0.59 -0.23 | 0.91 [ -0.33 -0.38| 0.93

Because of the well established practice of using linear site terms in European GMPEs,
we seek to more deeply explore the nonlinearity of site effects implied by the Italian data. This
analysis begins by re-evaluating residuals for recordings in the dataset relative to the NGA

GMPEs with V30 fixed at the reference value of 1100 m/s, basin depth Z; ¢ set to zero and Z, 5 set

1100

to 0.52 km (per Eq. 4.5). Residuals evaluated in this manner are written as ¢&;

.; and are

calculated as:

1100 1100
(6§°), = (1M,,) ,, ~[In(1M!}"), +7, (4.14)
where (IM Y )k indicates the prediction of GMPE k for the reference rock conditions described

above (using modified GMPEs where appropriate) and 7; is the event term evaluated from Eq.

4.7 for CY (which is replaced with 7/ for AS, BA, and CB, per Eq. 4.10-4.12). Those residuals
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are then grouped into two categories, one corresponding to recordings made on firm rock site

conditions (Vs3p = 800 to 1100 m/s) and the other to soft to medium soil conditions (Vs3p = 180 to
300 m/s). Figure 4.15 shows those residuals plotted as a function of PGA,IOO, which is the
median peak acceleration from the respective GMPEs for the magnitude, distance, and other
parameters associated with the recordings. We illustrate trends in the results with fit lines
regressed according to the following equation for data in each category:

gil,ljoo = Apgp + bPGAPGAI,IJ'OO + (K PGA)i,j (4.15)

where apga and bpga are the regression parameters and (xpga)ij is the misfit of the line to the
residual for recording j from event i. Those coefficients are given in Table 4.5.

For each of the GMPEs considered, the results show (1) for low values of PGA1100 , larger

residuals occur for the soil category than the rock category and (2) the slope of the 5&1]-00-

PGAIOO relationship (bpga) is significantly negative, as established by hypothesis test results, for

the soil category but is generally not significantly different from zero for the rock category (CY

is an exception). These results demonstrate a nonlinear site effect for the IMs of PGA and S, for

T < 1.0 s. Moreover, the difference between the gil,ljoo fit for soil and rock represents an implied

site effect inherent to the Italian data relative to the Vs30=1100 m/s site condition adopted as a
reference in Eq. 4.14. That implied site effect is compared to the Vs3p-based site term in the AS,
BA, CB, and CY GMPEs in Figure 16. Although the absolute position of the site term varies
somewhat relative the GMPE site term, the slopes are generally similar. In the few cases where
the slopes appear dis-similar (e.g., BA and CB at T=1.0 sec), the slopes of the implied site term
is not significant, as indicated by the wide confidence intervals. This suggests that the NGA site

terms are providing approximately the correct level of nonlinearity for these Italian soil sites.
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Figure 4.15. Variation of reference-site intra-event residuals (defined using Eq. 4.14) with median

anticipated reference site peak acceleration, PGA,,,, . Residuals shown are for original GMPE when

shown without prime (g;) and for modified GMPE when shown with prime (g;).
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Figure 4.16. Comparison of range of GMPE site terms for V,3,=180-300 m/s sites to approximate site

effect inferred from Italian data relative to V,3,=1100 m/s reference condition.

4.6

INTERPRETATION AND CONCLUSIONS

In this article, we investigate the compatibility of strong motion data in Italy with Ground

Motion Prediction Equations (GMPEs) established by the Next Generation Attenuation (NGA)

project for shallow crustal earthquakes in active regions. Using a mixed effects procedure, we
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evaluate event terms (inter-event residuals) and intra-event residuals of the Italian data relative to
the NGA GMPEs. The event terms do not show a statistically significant trend with magnitude,
indicating that the magnitude-scaling in the NGA GMPEs is compatible with the Italian data.
Two recent European relations are also shown to be compatible with magnitude scaling implied
by the Italian data, which is not surprising given that a large fraction of the European dataset was
recorded in Italy.

Distance scaling is investigated by examining trends of intra-event residuals with
distance. For three of four NGA relations (AS, BA, CB), the residuals demonstrate a statistically
significant trend with distance for short periods (T < 0.2-0.5 s) that is suggestive of faster
attenuation of Italian data. For the fourth NGA GMPE (CY) and the European GMPEs, the
residuals do not demonstrate a trend with distance that we consider to be significant. Parameters
in the NGA GMPEs that account for distance attenuation are adjusted through regression, which
de-trends the residuals. The observed faster attenuation of Italian data relative to many of the
NGA GMPEs is consistent with previous work that has shown faster distance attenuation of
European data relative to California data (Douglas, 2004b). Moreover, as shown in Figure 4.17,
our finding of faster attenuation of Italian data is consistent with higher crustal damping as
represented by lower frequency-dependent Q values from the Umbria/Apennines region of Italy
(which contributes about 2/3 of the Italian recordings) relative to values for central and southern

California (which contributes much of the NGA data).
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Figure 4.17. Comparison of relatively large Q values from California with smaller values from Apennines
region of Italy, indicating higher crustal damping in the Italian region producing most of the recordings in
the present database.

Scaling with respect to site condition is investigated by plotting intra-event residuals
versus average shear wave velocity in the upper 30 m (Vs30). Those residuals are calculated
relative to modified NGA GMPEs as applicable (AS, BA, CB). The results indicate no trend with
Vs30, suggesting that the NGA site terms are compatible with Italian data. Since the NGA site
terms are nonlinear, which is inconsistent with past European practice of using linear site terms,
we also specifically investigate whether the Italian data support of the use of a nonlinear site
term. This is done by examining residuals of Italian data relative to the NGA GMPEs evaluated

for a reference firm rock condition. A group of data on firm rock show no trend of residuals with

PGA”OO , which represents the median amplitude of shaking expected on firm rock. However, a

group of data from soil sites show a statistically significant trend with PGAIOO. The differences
between these trends for firm rock and soil imply a nonlinear site term having a slope relative to
PéAIOO that is generally consistent with the NGA site terms. Accordingly, we conclude that

nonlinear site response should be incorporated into site terms for GMPEs for Europe.
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Whereas many aspects of the NGA GMPEs are compatible with the Italian data, the
scatter of the Italian data significantly exceeds that implied by the NGA standard deviation
models. In particular, event-to-event variability as expressed by the standard deviation of event
terms (7) exceeds values from NGA by amounts ranging from 0.4 to 0.7 in natural log units.
Intra-event standard deviation (o) is also larger in Italian data than NGA, but by amounts on the
order of 0.1 to 0.25. The large 7z terms we interpret to be a by-product of the poorly sampled
dataset, whereas the larger o terms we consider to be more reliable.

In summary, we recommend that NGA GMPEs for median ground motions be utilized
for hazard analysis in Italy. The CY median NGA relation can be used in its current form except
for the increased intra-event error term shown in Table 4.4. The AS, BA, and CB NGA relations
can also be used, but we recommend modification of (generally) two or three parameters in the
evaluation of median ground motions — one being a constant term, the second representing
attenuation from geometric spreading and anelastic attenuation, and the third representing the
source depth term. Those parameters and the recommended new coefficients are given in Table
4.4. The associated functional forms for distance attenuation are given in Table 4.2. With respect
to standard deviation terms, we recommend the use of the 7 terms (representing inter-event
variability) in the original NGA equations. We recommend o (representing intra-event
variability) be taken as the sum of the NGA values and the Ao values given in Table 4.4.

Finally, while this work has focused on Italy, we believe ground motions know nothing
of political boundaries and that the results presented here are likely applicable elsewhere in
Europe. We anticipate that future work will formally evaluate data from other regions in a

manner similar to what is described here.
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5 Conclusions

In this report, we describe work directed towards the enhancement of data resources for strong
motion studies in Italy and utilize those resources to critically evaluate and modify state of the art
ground motion prediction equations for application in Italy.

The ground motion database developed here includes only about half of the available
recordings due to various issues such as s-triggers that can bias ground motion intensity
measures evaluated from the data. We document these biases, which affect principally long-
period measures of ground motion as well as duration-related parameters.

A databank of site conditions at Italian ground motion recording stations is compiled that
includes geologic characteristics and seismic velocities at 104 sites with strong motion
recordings. Geologic characterization is derived principally from local geologic investigations
that include detailed mapping and cross sections. For sites lacking such detailed study, geologic
characterization is from 1:100,000 scale maps. Seismic velocities are extracted from the
literature for 22 sites with on-site measurements and 14 additional sites with local measurements
on similar geology. Data sources utilized include post earthquake site investigations (Friuli and
Irpinia events), microzonation studies, and miscellaneous investigations performed by
researchers or consulting engineers/geologists. Additional seismic velocities are measured using
a spectral analysis of surface wave (SASW) technique for 17 sites that recorded the 1997-1998

Umbria-Marche earthquake sequence. The compiled velocity measurements provide data for 53
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of the 104 sites. For the remaining sites, we estimate average seismic velocities in the upper 30
m (Vs30) using a hybrid approach as follows (1) for sites on Quaternary alluvium and Quaternary-
Tertiary sediments, we assign Vszo-values based on regional correlations for California validated
against the available Italian data; and (2) for sites on Tertiary Limestone, conglomerate, and
Mesozoic-age rocks, we assign Vgso-values based on average velocities from similar units
elsewhere in Italy.

A source databank is compiled from the results of recent projects by INGV. Moment
tensor solutions derived from instrumental recordings are available for most events, providing
estimates of source location, seismic moment, and moment magnitude. For earthquakes with M,,
> ~ 5.5, finite source parameters include fault strike, dip, rake, along-strike rupture length, down-
dip width, and depth to top of rupture.

Using the compiled strong motion database and site and source databanks, we investigate
the compatibility of strong motion data in Italy with Ground Motion Prediction Equations
(GMPEs) established by the Next Generation Attenuation (NGA) project for shallow crustal
earthquakes in active regions. Using a mixed effects procedure, we evaluate event terms (inter-
event residuals) and intra-event residuals of the Italian data relative to the NGA GMPEs. The
event terms do not show a statistically significant trend with magnitude, indicating that the
magnitude-scaling in the NGA GMPEs is compatible with the Italian data.

Distance scaling is investigated by examining trends of intra-event residuals with
distance. For three of four NGA relations (AS, BA, CB), the residuals demonstrate a statistically
significant trend with distance for short periods (T < 0.2-0.5 s) that is suggestive of faster

attenuation of Italian data. For the fourth NGA GMPE (CY), the residuals do not demonstrate a
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trend with distance that we consider to be significant. Parameters in the NGA GMPEs that
account for distance attenuation are adjusted through regression, which de-trends the residuals.
Scaling with respect to site condition is investigated by plotting intra-event residuals
versus average shear wave velocity in the upper 30 m (Vs30). Those residuals are calculated
relative to modified NGA GMPEs as applicable (AS, BA, CB). The results indicate no trend with
Vs30, Suggesting that the NGA site terms are compatible with Italian data. Since the NGA site
terms are nonlinear, which is inconsistent with past European practice of using linear site terms,
we also specifically investigate whether the Italian data support of the use of a nonlinear site
term. This is done by examining residuals of Italian data relative to the NGA GMPEs evaluated

for a reference firm rock condition. A group of data on firm rock show no trend of residuals with

PGA,, , Which represents the median amplitude of shaking expected on firm rock. However, a

group of data from soil sites show a statistically significant trend with PGA,,. The differences
between these trends for firm rock and soil imply a nonlinear site term having a slope relative to
PGA,, that is generally consistent with the NGA site terms. Accordingly, we conclude that

nonlinear site response should be incorporated into site terms for GMPEs for Europe.

Whereas many aspects of the NGA GMPEs are compatible with the Italian data, the
scatter of the lItalian data significantly exceeds that implied by the NGA standard deviation
models. In particular, event-to-event variability as expressed by the standard deviation of event
terms (z) exceeds values from NGA by amounts ranging from 0.4 to 0.7 in natural log units.
Intra-event standard deviation (o) is also larger in Italian data than NGA, but by amounts on the
order of 0.1 to 0.25. The large z terms we interpret to be a by-product of the poorly sampled

dataset, whereas the larger o terms we consider to be more reliable.
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In summary, we recommend that NGA GMPEs for median ground motions be utilized
for hazard analysis in Italy. The CY median NGA relation can be used in its current form except
for the increased intra-event error term. The AS, BA, and CB NGA relations can also be used,
but we recommend modification of (generally) two or three parameters in the evaluation of
median ground motions — one being a constant term, the second representing attenuation from
geometric spreading and anelastic attenuation, and the third representing the source depth term.
Those parameters and the recommended new coefficients are given in Chapter 4. With respect to
standard deviation terms, we recommend the use of the 7 terms (representing inter-event

variability) in the original NGA equations. We recommend o (representing intra-event

variability) be taken as the sum of the NGA values and the Ao values given in Chapter 4.
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