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Abstract

We propose a site classification scheme based on the predominant period of the site,
as determined from the average horizontal-to-vertical (H/V) spectral ratios of ground
motion. Our scheme extends Zhao et al. (2006) classifications by adding two classes, the
most important of which is defined by flat H/V ratios with amplitudes less than 2. The
proposed classification is investigated by using 5%-damped response spectra from Italian
earthquake records. We select a dataset of 602 three-component analog and digital
recordings from 120 earthquakes recorded at 214 seismic stations within an hypocentral
distance of 200 km. Selected events are in the moment-magnitude range 4.0 < Mw < 6.8
and focal depths from a few kilometers to 46 km. We computed H/V ratios for these data
and used these to classify each site into one of six classes. We then investigate the
impact of this classification scheme on empirical ground-motion prediction equations by
comparing its performance with that of the conventional rock/soil classification.
Although the adopted approach results in a only a small reduction of overall standard
deviation, the use of H/V spectral ratios in site classification does capture the signature of

sites with flat frequency-response, well as deep and shallow soil profiles, characterized
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by long- and short-period resonance, respectively; in addition, the classification scheme
is relatively quick and inexpensive, which is an advantage over schemes based on

measurements of shear-wave velocity.

Introduction

Ground-motion prediction equations (GMPEs) are a fundamental tool in seismic
hazard assessment. For the same magnitude and distance, however, variations due to site
conditions can be very large and must be properly taken into account in deriving
coefficients of the GMPEs. Many recent GMPEs use the value of shear wave velocity in

the uppermost 30 m (V) to assign sites to a few classes. Table 1 gives the definitions

of two commonly used sets of classes: the American (BSSC, 2000) and European
(Eurocode 8, 2004) classes. These velocity-based classifications do have some problems,
not least of which is the limited availability of near-surface shear-wave models at strong-
motion sites in many countries. In addition, the cost of obtaining the information can be
quite high, especially if based on borehole measurements. A more affordable alternative
are velocity profiles inferred from dispersion curves, but they are strictly applicable to 1D
situations (see Xia et al., 2002; Di Giulio et al., 2006; Boore and Asten, 2008,

Sandikkaya et al., 2010). Even if Vg, values are available, however, the site classes
based on these values do not capture the role of the thickness of soft sediments (Steidl,
2000), nor do they capture site resonances in narrow period bands. The limitation of V.,
classes is particularly relevant in deep basins where predictions based on V,,, may

overestimate ground-motion amplitudes at short periods and underestimate long periods
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(Park and Hashash, 2004). Including the depth of the uppermost resonant layer in site
classification has been recently proposed by Rodriguez-Marek et al. (2001) and Pitilakis

et al. (2006). Cadet et al. (2010) investigate whether combining Vg, and the

fundamental resonance frequency (fp) is a better way of characterizing sites than using

V¢, alone. The fundamental frequency of the resonant layer has been used as well by

Luzi et al. (2011) to propose a site classification for Italian stations.

An alternative to V,,-based classes was proposed by Zhao et al. (2006), based only

on the site predominant period inferred from H/V spectral ratios. This criterion is used in
Japan for the seismic design of highway bridges (Japan Road Association, 1980 and its

1990 revision).

Fukushima et al. (2007) applied Zhao's classification scheme to a database composed
primarily of European earthquakes with a partial contribution of near-source Californian
and Japanese earthquakes; the stations that provided the data had originally been
classified as rock or soil. While Fukushima et al. (2007) were able to unambiguously
classify 64 % of the total stations, they expressed some concerns on whether there were
enough stations that represented the classes that amplify intermediate periods. More
recently, a study performed by Ghasemi et al. (2009) tested the feasibility of Zhao's
classification scheme on Iranian strong-motion stations, attempting three different
automatic classification methods but maintaining the same period-range subdivision

among the various site classes.

In this paper, we adopt the site-classification method used by Zhao et al. (2006) and

Fukushima et al. (2007), with a few changes. The main difference is the introduction of a
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new class characterized by flat H/V spectral ratios with amplitudes less than 2. This new
class helps in the recognition of reference rock sites. We apply our site classification to
the strong-motion stations of the Italian Accelerometric network (RAN), managed by the
Italian Department of Civil Protection (DPC). In addition to assigning a predominant
period class to each recording site, we also classify each site as rock or soil, based on
available geotechnical and geological information. The available information for the
station characterization presents different refinement levels: it varies from measurements
of Vs at 102 sites (45 using cross-hole or down-hole invasive measurements, and 57
using non-invasive methods) in the best cases (Di Capua et al., 2011), to subjective
characterization based on geological considerations in the worst cases. Our study is part
of a research project, sponsored by the Department of Civil Protection of Italy (see

Acknowledgments section) to investigate alternatives to the conventional Vg, criteria,

with the goal of providing a more homogeneous description of geotechnical and
geophysical features at each station to be included as metadata in the strong-motion

database (ITACA, Italian Accelerometric Archive, see Data and Resources section).

In this paper we first present the proposed site classification scheme and use the
scheme to classify many sites in Italy that recorded earthquake motions. We then evaluate
the new model by applying regression analysis in order to derive GMPEs and to study the
inter- and intra-event residuals as well as the standard deviations. Comparison with
predicted spectra based both on predominant-period and commonly used classification

criteria in which site classes are based on general geology (e.g. rock or soil) or on V,,

are also shown. Finally, we discuss to what extent recorded data from the April 6, 2009,

L’Aquila earthquake are matched by our proposed GMPEs (these recordings were not
4
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included in the original dataset used to derive our GMPEs and are used only for
verification purposes); we find that the site class variations for the L’Aquila earthquake
are consistent with those predicted from our GMPEs. This suggests that the site

classification scheme is stable and useful.

Proposed Site Classification

Zhao et al. (2006) and Fukushima et al. (2007) proposed a classification criterion
based on the predominant period of each station identified through the average H/V
spectral ratio of the 5%-damped response spectra. In this paper, we apply a similar

classification criterion to the Italian dataset.

Our predominant period classification scheme consists of seven classes. The first
four classes (CL-I to CL-IV) are the same as those defined by Zhao et al. (2006) (Figure
1). We further introduce three classes to take into account stations that could not be
classified as a function of a unique peak in H/V. Independently of the originally available
site-category description in terms of geological setting and/or geophysical parameters, we
classify a station as generic rock (CL-V) if it displays an almost flat average H/V
response spectral ratio with no clear peak and a small overall H/V ratio (< 2), whereas we
classify it as generic soft soil (CL-VI) if there is a broad amplification at periods longer
than 0.2 s or if there is more than one peak and all peaks occur at periods longer than 0.2
s. If multiple peaks are present both before and after the 0.2 s period threshold, the station

cannot be unambiguously classified and therefore it is referred to as “unclassifiable” (CL-
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VII). Figure 2 shows examples of stations that were classified according to our proposed

classification scheme.

In addition to the classifications based on the predominant-period, we also used the
geologic information to place each site into one of two classes based on the European
(Eurocode 8, 2004) classification (where we have lumped A and B and C and D classes

together): AB and CD (V,, 2360 m/s andV,, <360 m/s, respectively; see Table 2). The

few sites of class E, as defined in Eurocode 8 (2004), were included in the AB category.
In this way, each site has been classified on the basis of its predominant period and of its

resemblance to rock (AB) or soil (CD).

Data Used

We study the proposed site classes by using the available digital and digitized analog
accelerograms of Italian earthquakes from 1972 to 2004 collected in ITACA strong-
motion database (Luzi et al., 2008; Pacor et al., 2011). Additional accelerometric signals
for selected recent (2005-2008) events with Mw > 4.0 were also included. We
supplemented the accelerograms with a small percentage (4%) of broad-band velocity-
sensor seismograms (converted to acceleration time series via differentiation for the
computation of response spectra). The addition of ground motions derived from broad-
band seismograms helps to better constrain ground motions at distances larger than 100
km, where some GMPEs (e.g. Sabetta and Pugliese, 1996; Bindi et al., 2010) in use for
the Italian territory are not applicable, because of the small number of accelerograms
available at those distances before the April 2009, L’ Aquila earthquake.
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After the removal of some stations that were suspected of having soil-structure
interaction (see Deliverable D8 of the aforementioned Project S4, whose link is available
in the Data and Resources section), the time series and Fourier spectra were carefully
inspected to make sure that the strongest part of the motions was well recorded and that
the signal/noise ratio was greater than a factor of 3 in the frequency range 0.5 to 20 Hz.
The final dataset consists of 602 three-component digital and analog recordings from 120
earthquakes recorded at 214 seismic stations within hypocentral distances of 200 km. The
moment-magnitudes (Mw) range from 4.0 to 6.8. The largest events have focal depths in
the range 5 to 32 km; only one earthquake was deeper (46 km), and it was included in the
analysis because its spectral ordinates were consistent in shape and amplitude with those
from the shallower earthquakes. Some of the smaller events were at depths less than a
few kilometers. The distribution of the records versus magnitude and hypocentral

distance is shown in Figure 3.

About 50% of the dataset are from the Friuli, Irpinia, Umbria-Marche, and Molise
earthquakes, whose mainshocks had Mw magnitudes of 6.4 (Pondrelli et al. 2001), 6.8
(Cocco and Rovelli, 1989), 6.0 (Ekstrom et al., 1998), and 5.7 (Chiarabba et al., 2005),

respectively.

All signals were pre-processed to remove the pre-event mean from the whole record
(the zeroth-order correction as defined in Boore et al., 2002; the whole-record mean was
used if no pre-event portion was available). A Butterworth fourth-order acausal high-pass
filter was then applied to signals after cosine tapering and zero-padding both at the
beginning and the end (Boore, 2005, and Boore and Bommer, 2005). The length of the

zero-padding depends on the order of the filter and on the cut-off frequency according to
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Converse and Brady (1992). We did not apply low-pass filtering because the Italian
accelerometric stations used in this study do not have low kappa values (Rovelli et al.,
1988), and therefore response spectra at periods around 0.05 s should not be controlled by

higher frequency ground motions (Douglas and Boore, 2011, and Akkar et al., 2011).

In order to maintain a consistent filtered dataset and to reduce the influence of the
filter cut-off on the usable frequency range, we chose to use response spectra for periods
less than 2 s. This choice is consistent with the recommendations by Akkar and Bommer
(2006) on the factors that control the useful period range of processed recordings. In
particular, 2 s corresponds to the 70% of the minimum cut-off period used in the filters
(Abrahamson and Silva, 1997, and Spudich et al., 1999). Although Paolucci et al. (2008)
demonstrated that digital accelerograms provide reliable response spectra up to longer
periods, the choice of a 2 s upper limit is conservative and conditioned by the use of
many analog records (including analog records is necessary if the largest magnitude
events in Italy are included in our dataset, as these events were only recorded on analog

instruments).

Results of Classifying Italian Strong-Motion Stations

We assigned a classification based on predominant period for all 214 selected
stations. We used the complete dataset for the regression computation, but we considered
a subset of 111 stations that recorded more than one event for statistical purposes (see
Tables 3 and 4, and Figures 4a and 4b). The determination of the predominant period of

each station was made after computing the average H/V spectral ratio over the events
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recorded at the station (or over the two horizontal components treated as independent in
the case of stations that only recorded a single event). We used ratios of response spectra
rather than Fourier spectra (as in Yamazaki and Ansary, 1997) because they do not need
subjectively chosen smoothing. The dominant period was determined using the
identification procedure proposed by Zhao et al. (2004), based on a quadratic function fit
to the H/V spectral ratios at three samples around the peak. At the end of this process, we
visually inspected the results, and we manually classified some stations for which Zhao’s

identification procedure gave ambiguous results.

The statistics of the classifications are summarized in Tables 3 and 4, which show
cross-tabulation of the stations into the two sets of site classes. Most “rock-like” AB sites
correspond to the new categories CL-I and CL-II, although some are in the more “soil-
like” classes CL-IV and CL-VI. Similarly, “soil-like” CD sites fall into all but the CL-V
classes, with the CL-IV class being the most common. Note that we were able to classify
79 sites out of 91 AB sites and 18 sites out of 20 CD sites using the predominant period
criterion (87% in total, Table 3). The percentage of successful classifications in terms of

numbers of records is similar (89%, Table 4).

We computed the geometric mean H/V response spectral ratio and its standard
deviation for each site class (Figure 4a and 4b). The shape of the mean H/V response
spectral ratios are comparable to the results obtained by Zhao et al. (2006) for data from
Japanese stations (see their Figure 3a and 3b), at least for the common classes: the
periods of the peaks in the mean spectral ratios are consistent with what they found, that
is around 0.15 sec, 0.25 sec, 0.4 sec, and 1.0 sec for CL-I, CL-II, CL-III, and CL-IV sites,

respectively (of course, given that entries in each class are based on the predominant
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period, it is no surprise that the peaks of the mean ratios are consistent with the site class
definitions). As expected on the basis of the class definitions, class CL-V exhibits an
almost flat mean H/V response spectral ratio, as we expect for generic rock sites, while
class CL-VI displays a broader mean H/V response spectral ratio shape without
predominant peaks. The standard deviations have reasonably small values, ranging from
0.2 in natural logarithm scale for class CL-V up to about 0.4 for all the other classes but
CL-IV (Figure 4b). The standard deviation for the latter class is about 0.7 at 0.9-sec
period. The analysis of the skewness reveals that this high standard deviation value is due
to few sites characterized by very high H/V spectral ratios, up to 16, for stations located
in basins like the Aterno Valley and the Po and Garigliano Plains, both characterized by
hundreds of meters of alluvial sediments (see De Luca et al., 2005, and Malagnini et al.,
1993, respectively). Apart from class CL-IV, in the remaining classes there is a
substantial reduction of our standard deviations (20 - 40 %) compared to the results by
Zhao et al. (2006) and Fukushima et al. (2007), both of whom used a larger dataset. For
the sake of example, in the class that amplifies at short period, our study finds standard
deviation below 0.4 in natural logarithm scale, whereas both Zhao et al. (2006) and
Fukushima et al. (2007) find peak values around 0.5. A similar behavior is noted for the
class that amplifies at intermediate period, where our study finds values below 0.35

whereas both Zhao and Fukushima finds values on the order of 0.5 — 0.6.

The variations of the H/V spectral ratios between different magnitude and distance
ranges are in general not significant. More results are given in Figures E1 and E2, and in

Tables E2 and E3 available as an electronic supplement to this paper.
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Application of the Proposed Site Classifications

Our evaluation of the proposed site classifications is based on ground-motion
prediction equations fit to the data, both with the new site classes and with the simplified
rock/soil classification. Figure 3 shows a scatter plot for the distribution of data from
different predominant period classes with respect to moment magnitude and hypocentral
distance. A subjective analysis of this figure indicates a relatively uniform distribution of
data with respect to moment magnitude and hypocentral distance, where no significant
trends can be recognized. This assertion is not based on formal statistical tests, but we
feel comfortable asserting that each site class is well represented in the database for a
wide range of magnitudes and distances, and therefore there should be no bias in deriving
the coefficients for the magnitude and distance dependencies in our GMPE. We adopted a

similar functional form proposed by Fukushima et al. (2007), that is

logyo Sa(T)= a(T)+ (T )M +c(T)M? +d(T)R - log,, [R + e(T)lOf(T)M)J +5,(r)5;, (1)

where Sa(T ) is the elastic absolute response spectral acceleration for 5% damping. The
functional form (1) includes magnitude saturation at close distances and a quadratic
magnitude dependence of the motions at a fixed distance. Sa(T ) was computed from the
602 selected records as the geometric mean of the two horizontal components. In

equation (1), a, b, ¢, d, e and S ; are period-dependent regression coefficients,

and M and R are moment magnitude and hypocentral distance (in km), respectively. The
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suffix j corresponds either to the AB and CD classes or to the seven site classes proposed
in this study based on the predominant period. A summation of all site classes (except for
AB or CL-I classes, which are taken to be the reference conditions for the site response

terms S, (7') ) is assumed in the term §,(T)J;, and J, is a dummy variable, which is
equal to 1 if data are observed at j-th site category and 0 otherwise.

Fukushima et al. (2003) used a selection procedure in their dataset in order to
exclude small magnitude events at larger distances. We checked this effect in our dataset
and realized that such winnowing does not make a strong difference in terms of overall
results and standard deviation. Therefore, in order to keep as much as possible data, we

decided to not apply any winnowing as a function of distance and magnitude.

Coefficients of Eq. (1) are available as an electronic supplement to this paper. Details
of the coefficient computation and comparison with other existing predictive equations at
regional and global scale using different site classification criteria are discussed in the
Appendix. In that Appendix we find a satisfactory agreement with predictions of other
regressions that used much larger data sets; we want to stress, however, that the main
goal of this study is not the publication of a new GMPE with a limited regional
applicability but a check of our new classification scheme comparing its prediction
performance with a conventional classification when the same data and same statistics are

used.

Relative amplifications were computed for our classes with respect to a reference
class, which was assumed to be the CL-V site class or the AB site class; these
amplifications are shown in Figure 5a (although CL-I was chosen as the reference
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condition in doing the regression, the amplifications can be presented relative to any
class; in Figure 5a we have chosen to use CL-V as the reference condition). As shown in
that figure, classes CL-I, CL-III, and CL-IV show a comparable amplification factor with
respect to CL-V of about 2.5 around 0.13s, 0.35s and above 1s, respectively, whereas CL-
IT class shows a lower amplification (1.8 at 0.25s). This amplification level is similar to
the one attained by CL-VI class, even though the latter maintains a broad amplification
up to longer periods. Figure 5a also shows interesting high-frequency amplification for
CL-I class. Figure 5a also shows that the relative amplification of CD class with respect
to AB resembles closely the one for CL-IV with respect to CL-V, both in terms of
spectral shape and amplitude. The fact that both amplifications peak at longer periods is

not surprising, but the similarity of the two curves may be a coincidence.

Figure 5b shows relative amplifications between the two types of classes. To
compute the predicted relative amplifications for simplified site classes AB and CD with
respect to CL-V, we needed to take into account the different magnitude and distance
dependencies in the GMPEs for the two ways of classifying sites; therefore, we created a
matrix of magnitude-distance couples compatible with our dataset, computed the motions
for AB, CD, and CL-V sites, formed the ratios of motions for each magnitude and
distance pair, and averaged the ratios over all pairs of magnitude and distance (this
procedure was not necessary for Figure S5a because the magnitude and distance
dependency for the predominant period classes is the same). Figure 5b shows the average
+ 1 standard deviation for the predicted relative amplification between AB and CD site
classes when CL-V is used as a reference class. Since the AB class includes hard/stiff and

shallow soft sites mixed together, Figure 5b shows that, when CL-V is used as the
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reference, the AB class is amplified up to a factor of 1.5 with a broad shape, and this
indicates that the rock class CL-V better captures the main feature of a rock/stiff
behavior. Furthermore, relative amplification of the CD class with respect to CL-V has a
comparable shape to the one for CD with respect to AB (repeated from Figure 5a to better

allow comparison) but displays higher amplitudes.

Figure 6 shows the effect of our proposed predominant period classification on
corresponding predicted response spectra, compared to the trend shown by our regression
using the simplified AB and CD classification and by the GMPEs of Zhao et al. (2006)
and Fukushima et al. (2007) (these were used because they employ a similar site
classification criterion, based on predominant period). For the sake of example we plot
spectral ordinates for moment magnitudes Mw 4.5 and 6.0 (panels from the bottom to the
top) at a hypocentral distance of 50 km. For each magnitude, response spectra for each
site class are grouped in terms of the predominant period used to define the site class
(amplification at short-, intermediate- and long periods, for the left, middle, and right
columns of graphs, respectively). Considering only our GMPEs, with respect to the
original AB site class the predicted response spectrum for CL-V class shows lower
values, especially at short periods (up to 1 second). Conversely, the predicted response
spectrum for CL-I class displays higher values. It is worth noticing that the predicted
response spectrum for CL-I class has the highest peak value. This effect can be due to
weathering of rock or the presence of thin soft layers with strong impedance contrast
(usually referred to class E in Eurocode 8, 2004). The high amplitude of the class CL-1 as
defined in Fukushima et al. (2007) was also noticed by those authors; given that their

data were mostly from the western Eurasia area, whereas ours are from Italy, the
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similarity in the results suggests that the high-frequency CL-I amplification could be a
global feature. With respect to the original CD site class, the predicted response spectrum
for CL-IV class is smaller but maintains a very similar shape. It is typically bimodal, with

the longer period lobe that increases in importance as magnitude increases.

In terms of comparisons between GMPEs, Figure 6 indicates that there is satisfactory
agreement in the spectral shape of all the GMPEs based on predominant period in H/V
spectral ratios, although there are some differences in amplitudes. The comparison with
the Zhao et al. (2006) and the Fukushima et al. (2007) GMPEs shows fairly good
agreement at Mw 6.0, whereas our predicted spectral amplitudes tend to be somewhat
lower at Mw 4.5. We are aware that magnitude uncertainty in small magnitude events
may also play a role about the observed discrepancy for Mw 4.5 comparisons. However,
all these variations are less than a factor of 2 and do not exceed the usual uncertainty of
0.3 (log base 10). This is an interesting result if we consider the smaller numbers in the
Italian dataset, of the order of hundred records against thousands of Zhao et al. (2006).
The most noticeable amplitude differences are confined within the classes that amplify at
short period. For instance, at Mw 6.0, the amplitudes of SA for our class CL-I are
comparable to those for Fukushima et al.’s CL-1 but are larger than Zhao ef al.’s SA for
SC-I; in contrast, the latter is in better agreement with our curves for CL-V class at the
same Mw 6.0. The peculiar high amplitude at short periods for class CL-I is also evident
when comparing predicted spectra with other non-predominant-period based GMPEs

(these results are shown in the Appendix).

In order to help judge the impact of the new site classification on predicted response

spectra, we evaluated whether and to what extent we can achieve a reduction of
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uncertainty in ground motion prediction. Overall standard deviation obtained using

predominant period classification and original AB-CD site classes in log,, logarithms are

compared in Figure 7a. Figure 7a also shows the inter- and intra-event terms deviation as
derived from the regression analysis. Although there is a reduction at short periods when
using the period-based site classes, it is small (but comparable to that found by
Fukushima et al. (2007), as shown in Figure 7b). Achieving only a small reduction in the
variance with the use of more complex site classes is not unexpected and is not a
definitive test of the efficacy of a site classification scheme. In studying a relative small
number of motions, Boore (2004) found that the overall variance of individual
observations about predicted values decreased only slightly in going from no

classifications to classification based on continuous/V,,,

with the largest reduction
coming from a rock/soil classification to a NEHRP class classification. The more

complex schemes, however, did remove systematic trends in the residuals.

In addition, we notice in Figure 7 that the aleatory variation tends to decrease at
longer period, opposite to what Fukushima ef al. (2007) found with their regression. With
either site classification scheme, our standard deviations are higher than those found in
number of other studies. Others have observed this feature of Italian strong-motion data
(e.g. Bindi et al., 2010; Scasserra et al., 2009). Cauzzi and Faccioli (2008) have
suggested that the relatively high values of standard deviation at shorter periods could

possibly be related to the scatter introduced by site-related amplification effects.

16
C:\di_alessandro\site classification_italy\final version_of paper\bssa-d-11-
00084 _di_alessandro_etal final revisions.doc



Relative differences in amplifications from the GMPEs and from recordings

of the L’ Aquila earthquake

We completed the computation of the coefficients in equation (1) before the
occurrence of the April 6, 2009, Mw 6.3 L'Aquila earthquake in central Italy (Chiarabba
et al., 2009, Celebi et al., 2010). It was a normal faulting earthquake that ruptured a
10x25 km” fault oriented along the Apennine trend beneath the town of L'Aquila (Cirella
et al., 2009, Anzidei et al., 2009, Atzori et al., 2009). Fifty four accelerometers were
triggered, with hypocentral distances from 11 to 277 km. These records gave us the
opportunity of investigating how the new recorded ground motions compare to the
predicted values using the predominant period site classification, including a test on the
performance of the site correction terms. Eighteen of the stations that recorded the
L’Aquila earthquake had been previously classified in our study; we used the L’Aquila

recordings to assign site classes at 36 other stations.

Figure 8 shows the residuals from L’Aquila earthquake for the different site classes.

We grouped the residuals according to their hypocentral distance (within or beyond 100
km, respectively) and we show results in terms of PGA and spectral ordinates at two
selected periods (0.2 and 1.0 sec). In Figure 8 cross and open circle symbols are used to
distinguish stations whose source-to-station azimuth measured clockwise from north is in
the range 57° — 187° and 200° — 330°, respectively. We borrow these ranges from Ameri
et al. (2009), who, in common with other studies (Pino and Di Luccio, 2009; Chioccarelli
and Iervolino, 2010, Bindi, Pacor et al., 2009), found increasing ground motion southeast
of the epicenter and decreasing motion for stations in the opposite direction (this pattern
might be due to directivity associated with the propagation of the mainshock rupture). For
17
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the purpose of our study, the most important findings from Figure 8 are the similarities in
the mean residuals for each class, thus suggesting that the site effect corrections are
proper, as they are not producing class-to-class differences in the residuals. The overall
negative residuals for this peculiar earthquake are not of concern, and they have been
already reported in other papers that studied the event (e.g., Ameri et al., 2009, Akinci et
al., 2010 and Celebi et al., 2010).

Finally, the average residuals computed for L’Aquila earthquake are similar to the
inter-event residuals at Mw 6.3 from our GMPE regression analysis (see Figure Al), so
we can argue that adding the April 6, 2009, L’Aquila earthquake to the dataset used to

compute the regression coefficients would have had little effect on the regression results.

Conclusions and Discussion

In this paper we present a new site classification scheme for Italian stations, based on
the predominant period of the site, as derived from the average horizontal-to-vertical
(H/V) spectral ratios of ground motion. This classification scheme is the same as
proposed by Zhao et al. (2006), with the addition of two classes that account for cases not
included in Zhao et al. classes. One (which we call CL-V) is defined as a site for which
H/V does not exhibit any predominant peaks, with an overall H/V ratio less than 2; the
other (CL-VI) also has broad amplifications or multiple peaks in the average H/V ratio at
period larger than 0.2 seconds. In addition, we include another class (CL-VII) not
included in Zhao et al. (2006): a catchall class for any site which cannot be placed in the
other sites. We then use the new scheme to classify stations in Italy that recorded strong
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motions, and we then derived ground-motion prediction equations (GMPEs) for these

motions (GMPEs were also derived using a simple rock/soil classification scheme).

Despite the relatively small reduction of standard deviation at shorter periods when
we use the predominant-period classification, our scheme has the advantage of
recognizing well distinguished behavior of the proposed classes, both in terms of relative
amplification with respect to rock site (i.e. AB or CL-V sites) and of predicted spectral

shape.

The new CL-V site is useful to classify rock stations to be used as reference sites in
site response studies and in the development of GMPEs. Neither Zhao et al. (2006) nor
Fukushima et al. (2007) included a comparable classification. As a matter of fact, when
they were unable to identify a predominant period they used the available geological
information to distinguish generic rock or generic soil classes. Figure 5 confirms the
validity of our classification criterion: when CL-V is used as reference, the relative
amplification tends to unity at short periods for CL-II to CL-VI, and at long periods for

CL-I.

The predominant-period classification shows interesting results also for class CL-I
(predominant period of less than 0.2 s in H/V). The motions for this class have large
amplification at short periods relative to CL-V. Zhao et al. (2006) assumed that their SC-I
is consistent with a stiff class in a geology based classification. The cross reference
between site geologic conditions and predominant period classification in our study
suggests that rock weathering can play a role in high-frequency amplifications observed
at rock sites. Also complications in surface topography can amplify ground motions at

stiff sites (Pischiutta ez al., 2011). Similarly, thin-soft-layer sites (e.g. class E of Eurocode
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8, 2004) can also fall in CL-I, contributing to large amplitudes. Weathered rock and class
E are quite pervasive and difficult to avoid in practice, and conventional classification

criteria are not able to simply recognize them.

Sites with deep soil profiles (as CL-IV sites for instance) are easily recognized in our
approach, which also offers the advantage of providing quick and inexpensive site
characterization without the necessity of performing time consuming and invasive

analysis.

As the predominant period classification implicitly contains both velocity and
thickness of the upper resonant layers in its definition, it may be intrinsically better than

using V,, alone. In this sense it is consistent, at least in spirit, with criteria that require

the depth of soft upper layers in the site classification, as proposed by Rodriguez-Marek

et al. (2001), Lang and Schwarz (2006), Pitilakis et al. (2006) and Cadet et al. (2010).

We also noted that many Italian stations are affected by topographic effects that
produce amplification over a broad range of periods (Pischiutta et al., 2011); for this

reason there is not a straightforward correlation between site classification based on Vg,

and our predominant period based classification (for example, a number of EC8 sites A

are distributed relatively uniformly over all of our classes).

A requirement in the application of our method is that a good mean estimate of the
predominant period at a given site is available. Because of the inherent variability in H/'V
due to such things as angle of incidence and source back-azimuth, a number of recordings

at a specific site should be used to obtain stable mean H/V.
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Another potential limitation is that we use the predominant period rather than the
fundamental period for the whole sediment cover, and therefore the classification based
on the proposed method could be controlled by large impedance contrast at shallow
depths rather than deeper velocity variations. Class CL-VI deals with this, at least
partially, because it allows for classification of sites for which several significant
impedance contrasts in the underlying velocity structure lead to multiple peaks at periods
longer than 0.2 sec. For engineering applications the higher frequency resonances due to
shallow impedance contrasts may be more important than the fundamental mode
resonance due to a deeper impedance contrast, and for such sites we prefer to use the
predominant period instead of the fundamental period as the basis for the site

classification.

We are also aware that our site classifications do not account for sites with very long
resonant periods (greater than 2 s). It would be easy to include a class for this case, but
Italian sites underlain by deep basins will probably have shallower impedance contrasts,
such that there will be predominant periods less than the period of the fundamental mode.
Station GBP, installed in the middle of the Gubbio basin over several hundred meters of
sediments (Bindi, Parolai et al., 2009), is a typical example where both the deep alluvium-
limestone contrast and an uppermost very soft layer cause both short (around 0.3 s) and long-
period (around 3 s) amplification. According to our classification criteria, GBP station is
assigned to a CL-II class if we analyze the range 0<T<2 s; however, it would be
classified as CL-VI if we analyze the range 0<T<10 s in a predominant period criterion

(allowing the upper limit of the period range in the class definition to be 10 s rather than
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2 s), whereas looking at the fundamental frequency GBP can be classified as a thick

sediment site.

Notwithstanding these possible limitations, an encouraging feature of the proposed
method relies on the fact that we find a good degree of similarity of our derived GMPEs
to those using many more data from other parts of the world, even though deriving

GMPEs was not a main goal for this paper.

Finally, we believe that future work should be done to explore the feasibility of using
ambient noise to estimate predominant period from Fourier H/V spectral ratios, thus

allowing classification of sites with no earthquake recordings.

Data and Resources

The strong-motion data used in this study have been recorded by the Rete
Accelerometrica Nazionale (RAN). The data, as well as their metadata, are available

through the Italian Accelerometric Archive (ITACA) at http://itaca.mi.ingv.it/ItacaNet/

(last accessed June 2011). Both corrected (Massa et al., 2009) and uncorrected

waveforms are available for download.

ITACA is the Italian strong-motion database, developed from 2004 in the framework
of the 2004-2006 DPC-INGV agreement and includes strong-motion data (1972-2004)
from the National Accelerometer Network (RAN), presently operated by the

Dipartimento Protezione Civile (DPC), available at http://www.protezionecivile.it (last

accessed November 2011); the database includes as well revised earthquakes, recording

sites and instrument metadata. An updated and improved release of ITACA has been
22
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recently released, including strong-motion data from 2005 to 2007 and records from the
latest major earthquakes occurred in Italy (among others, the 2008, Mw 5.4, Parma

earthquake and the 2009 L’ Aquila seismic sequence).

The supplemental velocity-sensor (Trillium 40-s) seismograms for the selected
recent events with Mw > 4.0 were recorded by seismological stations of the Italian
Seismic Network run by Istituto Nazionale di Geofisica e Vulcanologia (INGV). These

waveforms are available at http://iside.rm.ingv.it (last accessed November 2011).

Origin times, epicenters location and focal parameters of earthquakes are from the

INGV-CNT website at http://cnt.rm.ingv.it (last accessed August 2011).

More general information on site classification adopted for the strong-motion

stations can be found on the DPC-INGV S4 project at http://esse4.mi.ingv.it (last

accessed November 2011).
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Tables

Table 1: Classification criteria based on Vg,, and soil properties *

CLASS Average Shear-Wave Velocity (V) (m/s)
NEHRP EUROCODE 8

A > 1500 > 800

B 760 — 1500 360 — 800

C 360 — 760 180 — 360

D 180 — 360 <180
Surface alluvium layer with Vs values of type C

E <180 or D and thickness between 5 and 20 m,
underlain by stiffer material with Vs > 800 m/s

* Comparison between the European Seismic Code classes (Eurocode 8, 2004) and

the NEHRP scheme (BSSC, 2000).
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Table 2: Simplified classification adopted in this paper *

Combined Soil | Average Shear-Wave | EUROCODE 8
) NEHRP Classes
Classes Velocity (V) Classes
AB Vs 2360 m/s A,Band E B+C
CD Vs <360 m/s Cand D D+E

*Correspondence of the simplified combined soil classification AB and CD with the

standard classifications based on Vj,, for European Seismic Code classes (Eurocode &,

2004) and NEHRP scheme (BSSC, 2000).

Table 3: Cross-tabulation of stations into the two sets of site classes.

NUMBER OF STATIONS

CL-I CL-II' CL-Il CL-IV CL-V CL-VI
AB 19 19 16 11 11 3
CD 3 2 2 9 0 2
TOT 22 21 18 20 11 5

CL-VII TOT

12 91
2 20
14 111
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Table 4: Cross-tabulation of records into the two sets of site classes

NUMBER OF RECORDS
CL-1 CL-I' CL-ll' CL-IV CL-V CL-VI CL-VII TOT
AB 142 90 72 45 73 12 58 492
CD 13 23 7 46 0 14 7 110
TOT 155 113 79 91 73 36 65 602
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Figures

ZHAOQ et al. (2006) FUKUSHIMA et al. (2007) OUR PROPOSAL
Site Description Site Description Site Description
SC-1 Tg < 02s SC-1 Tg < 02s CL-I Tg < 02s
SC-1I 02s <Tg<04s CL-1I 02s <Tg<04s
SC-2| 02s<Tg<0.6s
SC-III| 04s<Tg<0.6s CL-III | 04s<Tg<06s
SC-IV 0.6s<Tg SC-3 0.6s<Tg CL-IV 0.6s<Tg
SC-4 Tg ngt.ldentlﬁable. and CL-V Tg not 1dent1ﬁ.able (flat
original Rock site H/V and amplitude < 2)
gC.s | Tgnot identifiable and Broad amplification /
original Soil site CL-VI | multiple peaks @ Tg >
0.2s
Tg not identifiable
CL-vII| (multiple peaks over
entire period range)

Figure 1: Comparison among the class definition criteria adopted for the

predominant period classifications in Zhao et al. (2006), Fukushima et a/. (2007) and this

study. Tg is the site natural period (in seconds) as inferred from the H/V spectral ratios.
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Figure 2: Proposed classification criterion based on the predominant period

identified from the average H/V spectral ratio (thick solid line) of the 5%-damped

response spectra recorded at each site (thin curves). An example is provided for

accelerometer station sites (whose name is displayed at the up right corner of each panel)

that fall into the various classes. The light shaded area indicates the interval of validity in

which each class is defined.
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Figure 3: Distribution of moment magnitude and hypocentral distance for the
selected dataset. Different symbols correspond to the predominant period classification

scheme proposed in this study.
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Figure 4: (a) Geometric mean H/V response spectral ratio for each site class

proposed in this study, and (b) standard deviations in natural logarithm units.
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Figure 5: (a) Relative amplification of predominant period site classes with respect to
class CL-V, as well as of CD with respect to AB. (b) Mean + 1 standard deviation of the
relative amplification of AB and CD sites with respect to CL-V as obtained from
averaging different scenarios compatible with our dataset. Relative amplification of CD

versus in AB is also shown for comparison.
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Figure 6: Predicted response spectra for the classification proposed in this study,
compared to Zhao et al. (2006), Fukushima et al. (2007), whose nomenclature of the site
classes is described in Table 2. Spectral ordinates are for moment magnitudes Mw 4.5
and 6.0 (panels from top to the bottom) at hypocentral distance 50 km. Predicted spectra
according to Zhao et al. (2006) were evaluated for earthquake scenario with focal depths
less than 15 km and for unspecified fault type. “PER. AMPL.” is the abbreviation for
period amplification; site classes that amplify at short periods or have a rock -like
behavior are shown in the left panel, site classes that amplify at intermediate periods or
have a shallow-soil - like behavior are shown in the central panel, and site classes that

amplify at long periods or have a deep-soil - like behavior are shown in the right panel.
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Figure 7: (a) Overall standard deviation obtained using predominant period
classification and original simplified AB and CD site classes in decimal logarithms. Inter
and intra-event terms are also shown for the predominant period classification scheme.
(b) Overall standard deviations from Bindi ef al. (2010) and Fukushima ef al. (2007) in
the same units as above are also provided for comparison. The curve for Fukushima ef al.
(2007) referring to their original rock / soil classification has been kindly provided by the
author and allows to evaluate the reduction in standard deviation those authors achieved

when adopting predominant period classification, analogously to what we show in panel

(a).
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Figure 8: Residuals of PGA and spectral ordinates at 0.2 and 1.0 sec periods during

the April 6, 2009, Mw 6.3 L’Aquila earthquake. In the panels showing the residuals of

predominant-period classes, cross and open circle symbols are used to distinguish stations

with source back-azimuth affected by anti-directive and directive effects (i.e. whose

source-to-station azimuth measured clockwise from north is in the range 57° — 187° and

200° —330°,

respectively).

51

C:\di_alessandro\site classification_italy\final version_of paper\bssa-d-11-
00084 _di_alessandro_etal final revisions.doc




Appendix: Regression Analysis, Residuals, and Comparison between

GMPEs

Method

The regression analysis is performed using the one-step method of Joyner and Boore
(1993). This method provides both inter- and intra-event residuals and estimate of the
corresponding standard deviations. Equation (1) is linearized through a Taylor series and

solved iteratively. Fukushima et al. (2003 and 2007) found that f (T ) was equal to 0.42

using European earthquakes. We used the same value in order to simplify the

linearization problem.

The values found for the coefficients of equation (1) are listed in Table E1 available

as an electronic supplement to this paper.

Residuals

Residuals of the predictive equations are computed as the logarithmic ratio between
observed and predicted response spectra. We plotted the inter-event residuals (e.g., Bindi,
Pacor et al., 2009; Scasserra et al., 2009) for PGA with respect to moment magnitude

(Fig. A1). We also show an example of intra-event residuals for PGA with respect to
52
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moment magnitude (Fig. A2) and hypocentral distance (Fig. A3), distinguishing the
different predominant-period classes. Misfits do not seem to be biased either in
magnitude or in distance, as they oscillate around zero and do not show any significant
trends. Residuals for 0.2 sec and 1.0 sec are available as electronic supplement to this

paper (Fig. E3, E4, E5 and E6).

Comparison with other regressions

Figure A4 shows the effect of our site classification on predicted response spectra,
compared to the trend shown by another predictive equation recently published by Bindi
et al. (2010) for the Italian data using substantially the same dataset (Figure A5 is similar
to Figure 6, but the latter includes a comparison with GMPEs which used predominant-
period-based site classes and data from other parts of the world). The GMPEs by Bindi et
al. (2010) (hereby referred as ITAOS) use three site classes (rock, shallow, and deep soil).
While ITAO8-predicted spectra for rock sites agree fairly well with our predictions for
CL-V sites, ITAO8 predictions for shallow soils agree with our CL-II and CL-III spectra
at short periods but they are smaller than our predictions at longer periods. Furthermore,
ITAO8 spectra for shallow soils are peaked at somewhat shorter periods than our CL-II
and CL-III: the peaked period is more consistent with our CL-I predictions, but ITAOS
spectra show 33% lower amplitudes. Finally, ITAO8 predictions for deep soils agree with
our CL-IV spectra up to 0.5 seconds at Mw 4.5 and 6.0. Notwithstanding the databases
used to derive the predictive equations are fairly similar, the differences in spectral values
can be essentially due to the fact that the classification scheme used is very different,

ITAO8’s one being based on schematic geologic classification Irregularities in surface
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topography and layering, velocity inversions, deep refractors and scatterers, superficial
weathering, and other causes may be responsible for the differences between our

approach and ITAOS.

Figure A5 shows the comparison between our predicted spectra and other global or
regional predictions for which site classes are not based on predominant period: it does
address epistemic uncertainty related to the variability of mean predictions for a
particular site. The comparison is performed among the GMPEs based on European

V.
530 classes

seismic code classes (Cauzzi and Faccioli, 2008, hereby referred as C&F08),
(Boore and Atkinson, 2008, hereby referred as B&AO08) and generic soil description
(Akkar and Bommer, 2010, and Sabetta and Pugliese, 1996, hereby referred as Ak&Bo10
and S&P96, respectively). In order to ensure consistency among the horizontal
component definition for the different GMPEs included in our comparison, the predicted
spectral amplitudes of S&P96 and ITAO8 (which are estimated for the largest horizontal
component) have been corrected according to the simple linear relationship proposed by
Beyer and Bommer (2006). We did not correct the predicted spectral amplitudes of
B&AOS because, as mentioned in Beyer and Bommer (2006), the average difference
between GMRotl and the geometric mean of the two horizontal components is negligible.

In the panels, predicted spectra are computed for the same moment magnitude 6.0,
where all the GMPEs are well constrained. Using a similar criterion to the one of Figure
A4, panels have been arranged in order to separate sites that amplify short periods or
have a rock-like behavior (left panels) from sites that amplify long periods or have deep

sedimentary layers (right panels). The graphs in the central panel show motions for sites

that amplify intermediate periods or have shallow soil layers. In order to ensure
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compatibility between different distance metrics, we exploited the distance conversion
approach proposed by Scherbaum et al. (2004) based on statistical analysis of matching
distance types up to 100 km in terms of Joyner and Boore distance (hereby referred as
Rjb) for three possible faulting styles. We selected the option for generic fault type (dip
angles between 40 and 90 degrees) and computed compatible hypocentral and epicentral
distances for each of the selected magnitudes of Fig. A4, starting from a linear array of
Rjb. In Figure A5, spectral amplitudes are evaluated at distances compatible to a 50-km
hypocentral distance. The same figure shows the distance scaling of the PGA with respect

to Rjb.

The comparison among different GMPEs included in the plot shows a big variability
among the different authors. In general, however, the difference between our GMPEs and
other authors’ does not exceed a factor of 2. The unique exception is class CL-I, which
shows significantly larger spectral ordinates at short periods. As discussed in the text
(Figure 7), we have differentiated spectra of CL-I from the other predicted spectra for
rock/stiff site conditions. This result confirms the necessity to distinguish sites that

amplify at short periods from sites that show limited or no amplification (CL-V).

Plots showing the distance scaling for 0.1 sec, 0.3 sec and 1.0 sec are available as an
electronic supplement to this paper (Figure E7). Despite some minor differences among
the various GMPEs mainly due to different short and long distance attenuation terms in
their functional forms, we can note that at low magnitudes, S&P96 shows the biggest
differences with respect to our predictions. However, we wanted to include their
predictions in the comparisons because their predictive equations have been used

frequently in Italy.
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Figures for the APPENDIX
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Figure Al: Dependence of inter-event PGA residuals on moment magnitude Mw.

The cross symbol shows the average residual computed for all the April 6, 2009 L'Aquila

earthquake records in a predominant-period site classification scheme.
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Residuals vs Mw

Residuals (Log;,)
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Figure A2: Dependence of intra-event residuals on moment magnitude Mw at PGA

for the different predominant-period classes proposed in this study.
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Figure A4: Predicted response spectra for the classification proposed in this study,
compared to Bindi et al. (2010), referred as ITA08. Spectral ordinates are for moment
magnitudes Mw 4.5 and 6.0 (panels from top to the bottom) at hypocentral distance
compatible to 50 km of hypocentral distance. “PER. AMPL.” is the abbreviation for
“period amplification”; site classes that amplify at short periods or have a rock -like
behavior are shown in the left panel, site classes that amplify at intermediate periods or
have a shallow-soil - like behavior are shown in the central panel and site classes that

amplify at long periods or have a deep-soil - like behavior are shown in the right panel.
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Figure AS: (Top panels) Comparison between our predicted spectral amplitudes and

site-period classification

those from other global or regional predictions based on non

criteria for moment magnitudes Mw 6.0 at distances compatible to 50 km of hypocentral

same GMPEs considered in the top panels. Consistency in the distance metric is obtained
by using the distance conversion scheme proposed by Scherbaum et al. (2004). Refer to

distance . (Bottom panels) PGA with respect to Joyner and Boore distance (Rjb) for the

Fig. A4 for the criterion used to arrange the plots.
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