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SUMMARY

In this work, we propose a procedure based on principal component analysis on data sets
consisting of many horizontal to vertical spectral ratio (HVSR or H/V) curves obtained
by single-station ambient vibration acquisitions. This kind of analysis aimed at the seismic
characterization of the investigated area by identifying sites characterized by similar HVSR
curves. It also allows to extract the typical HVSR patterns of the explored area and to establish
their relative importance, providing an estimate of the level of heterogeneity under the seismic
point of view. In this way, an automatic explorative seismic characterization of the area
becomes possible by only considering ambient vibration data. This also implies that the relevant
outcomes can be safely compared with other available information (geological data, borehole
measurements, etc.) without any conceptual trade-off. The whole algorithm is remarkably fast:
on a common personal computer, the processing time takes few seconds for a data set including
100200 HVSR measurements. The procedure has been tested in three study areas in the
Central-Northern Italy characterized by different geological settings. Outcomes demonstrate
that this technique is effective and well correlates with most significant seismostratigraphical
heterogeneities present in each of the study areas.
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1 INTRODUCTION

Several studies carried out in the last decades testify utility of am-
bient vibration measurements for characterizing local seismic re-
sponse (e.g. Nakamura 1989; SESAME 2004; D’ Amico et al. 2008;
Albarello ef al. 2011; Gallipoli ef al. 2011; Paolucci et al. 2015;
Farrugia et al. 2016). These measurements can be performed in
multistation configurations (seismic arrays) or using a single-station
acquisitions (e.g. Mucciarelli 1998; Parolai et al. 2005; Picozzi et al.
2005a; Foti et al. 2011). As concerns the latter ones, ambient vi-
bration recording is performed with a three-directional sensor in
order to estimate average spectral ratios between the horizontal (H)
and the vertical (V) components of the ground motion (horizontal
to vertical spectral ratios or HVSRs or H/V). Being aware that the
pattern of HVSRs as a function of the frequency (the HVSR curve)
is not a direct representation of the local amplification function (e.g.
Field & Jacob 1993; Bindi et al. 2000; Lunedei & Albarello 2010),
it is nevertheless informative about the configuration of the local
subsoil (see, e.g. Lachet & Bard 1994; Bard 1999; Haghshenas et
al. 2008). In particular, despite of the fact that disagreement ex-
ists about the physical interpretation of the HVSR curve (e.g. Fdh
et al. 2001; Lunedei & Albarello 2010; Albarello & Lunedei 2011;
Sanchez-Sesma et al. 2011), there is a general consensus about the
fact that in the presence of a sharp impedance contrast in the sub-
soil, the HVSR curve shows a marked peak corresponding to the

fundamental resonance frequency of the sedimentary cover (e.g.
Bonnefoy-Claudet et al. 2006). The amplitude of this peak is re-
lated (in a non-linear and nowadays still not completely explained
way) to the amplitude of the seismic impedance contrast responsible
for the observed resonance (e.g. Albarello & Lunedei 2011). Thus,
HVSR represents an important tool for detecting seismic resonance
phenomena. Furthermore, since the resonance frequency depends
on the local Vs profile, HVSR also provides important informa-
tion about the configuration of mechanical features affecting local
seismic response. This does not mean that this kind of analysis is
exhaustive for assessing eventual seismic amplification phenom-
ena, but it is of great utility to orientate more detailed (and costly)
studies.

Cheapness and quickness of the single-station ambient vibra-
tion measurements make this technique a basic element for micro-
zoning studies in Italy. A huge amount of HVSR measurements
were performed in the last years after the most damaging earth-
quakes (e.g. Gallipoli et al. 2011; Paolucci et al. 2015) and, more
in general, in the frame of Seismic Microzonation studies carried
out in thousands of municipalities all over the country. In this lat-
ter context, single-station acquisitions provide an important sup-
port to the first of the three investigation levels proposed by Seis-
mic Microzonation Italian guidelines (Albarello ef al. 2015; SM
Working Group 2015) where extensive surveys are required. In
this last context, HVSR technique represents an important tool to
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localize resonance phenomena and constrain geometry of major
seismic impedance contrasts in the explored area (e.g. Albarello
et al. 2011; Gallipoli et al. 2011; Albarello et al. 2015). The huge
amount of data collected in these studies (tens to hundreds HVSR
measurements) makes of interest the development of computer-
aided procedures for grouping and classifying similar HVSR curves
supporting the identification of areas characterized by an homoge-
neous seismic behaviour due to the presence of similar subsoil con-
figurations. To this purpose, several approaches have been proposed
including hierarchical (e.g. Rodriguez and Midorikawa 2002) and
non-hierarchical (e.g. Bragato et al. 2007; Ullah et al. 2013; Capizzi
et al. 2015; Panzera et al. 2017) cluster analysis. These techniques,
however, imply ‘ex-ante’ choices (e.g. the acceptable level of simi-
larity within the cluster or the overall number of clusters) that make
outcomes prone to possible biases induced by the user.

The aim of this work is to investigate the possible use of the prin-
cipal component analysis (PCA) for the analysis of the multivariate
field of HVSR curves. Extensive treatments of PCA are given by
Joliffe (2002) for a variety of applications and by Preisendorfer
(1988), Davis (2002) and Wilks (2006) in the specific context of
geosciences. The basic idea underlying the application of PCA in
the present context is that each experimental multivariate pattern
available in the area under study (the HVSR curves) can be inter-
preted as a linear combination of a common set of ‘characteristic’
patterns (principal components or PCs thereafter) that are mutually
uncorrelated. In the frame of the present application, PCs are as-
sumed to correspond to specific subsoil configurations present in
the study area. In this respect, the PCA can be also considered a
‘Pattern Recognition Algorithm’ with unsupervised learning (e.g.
Theodoridis & Koutroumbas 2008). The PCA also allows evaluat-
ing the importance of each PC in terms of the respective fraction
of the observed overall variance of the collected HVSR data by
also allowing a global evaluation of the lateral heterogeneity of
the explored area. Furthermore, it is also possible to evaluate the
respective importance of each PC at any of the considered sites
and thus grouping the sites as a function of the most representative
PC. In this respect, PCA can also be considered a computer-aided
classification algorithm.

In order to explore the reliability, the effectiveness and the even-
tual drawbacks of the PCA application for the purposes described
above, this technique has been applied in different geological con-
texts where several single-station measurements were collected.
PCA basics in the context of HVSR analysis are shortly outlined
first. Then, criteria adopted for applying PCA to HVSR patterns is
described along with some applications in three different geological
contexts in Central-Northern Italy.

2 PCA IN THE CONTEXT OF HVSR
STUDIES

In order to perform PCA, we assume that HVSR values correspond-
ing to F frequencies have been measured at S sites. These data are
stored in the form of an (S x F) matrix of observations [O]: the
generic element Oy of [O] represents the HVSR value relative to the
frequency f measured at the sth site. The sth row of [O] (hereafter
indicated as {O},) is the HVSR curve determined at the sth site. In
order to perform PCA, the centred matrix [O'] is considered instead
of [O], whose elements are

F
0, =0y — (Z 0.§,,> /F. (1)
n=1
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The key element of the PCA is the (S x S) variance/covariance
matrix [Vo], defined in the form

ol = ([01[0]") /(F =1, )

where the apex T indicates the transpose of the relevant matrix. The
diagonal elements of [V] represent the variability of the HVSR
curve at the sth site, whereas the off-diagonal elements represent
the degree of similarity between HVSR curves at the different sites.
By the Spectral Decomposition Theorem (e.g. Wilks 2006), one has

[Vol = [EI[A]LEY, 3)

where [A] is an (S x ) diagonal matrix whose non-zero elements
A j; are the eigenvalues of [Vp]. These values are arranged in a way
that Aj; > Ar1yg+1)- The columns of the orthogonal matrix [£] are
the S eigenvectors of [V] such that

S
Z(Eij)ZZI, vi=1,...,8S, @)

i=1

where Ej; are the elements of [E].

The trace tr[ A] of [A] is the overall variance of the HVSR values
in the whole sets of S sites and F frequencies. The fraction R; of
variance associated with each jth eigenvector is

R; = Aj;/tr[A]. ®)

The eigenvectors in [E] are arranged in a way such that R; > Ry
when j < k. One can demonstrate (Appendix) that a new (S x F)
matrix [U] can be defined such that

[0']=[E1[U], (6)

being the S rows {U}; of [U]mutually uncorrelated. In this view, the
centered HVSR curve at the sth site (the row {O'};) can be seen as
a linear combination of S ‘patterns’ (the PCs {U},):

S
(o}, = Esuy, (7)
j=1

where Ej; are elements of the matrix [E] (‘loadings’ in the PCA
jargon). In the present context, the S PCs identify a set of S HVSR
‘patterns’ each representative of a fraction of the overall variability
of the original data set. It is worth to note that each PC is ‘centred’
(i.e. the average of its amplitude values with respect the frequency
index is zero) and scaled in amplitude as a function of the amplitudes
of HVSR curves. In fact, from eq. (AS) one has:

N
Uy =Y Ej 0O, @®)
k=1

which implies that the amplitude of the jth PC at the fth frequency
is proportional to the amplitude of the HVSR curves measured at
the same frequency at all the S sites ‘weighted’ by the E,TA coef-
ficients: the higher is the HVSR value generally measured at the
Sih frequency, the higher is the amplitude of {U}; at the same fre-
quency. In the following, the amplitudes of the {U}; elements will
be indicated as ‘apparent’ HVSR values. The range D; of amplitude
variation relative to the jth PC will be defined as:

D; = max{U}; — min{U},. ©)

Each PC mimics the ‘pattern’ of an experimental HVSR curve as
a function of frequency but no quantitative correspondence is ex-
pected to exist between respective amplitudes. It is worth noting that
the sign of E,; determines the ‘polarity’ of the PC at the relevant site:
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Figure 1. Principal components of HVSR data in the Collesalvetti municipality area ‘dominating’ at least one site where HVSR values have been measured.
Blue and red curves, respectively, represent ‘characteristic’ HVSR curves with positive and negative ‘polarities” depending on the sign of the corresponding

‘loading’ (see the text for details).

maxima and minima of {U}; reverse when the sign of E,; changes.
Since HVSR technique mainly aims at identifying maxima (that
will correspond to the resonance frequency of the considered sub-
soil), each PC could represent two different subsoil configurations
depending on the respective Ej; sign. Thereafter, a ‘weight” Wy; will
be defined in the form

W, = D;|Eyl. (10)

which expresses the relative importance of the jth PC at the sth site.
It is also is a measure of the relative amplitude of the peaks in the
jth PC at the sth site.

From the computational point of view, PCA has been carried out
by using the “princomp’ MATLAB® routine, which provides the

values of the ‘loadings’ and the elements of the rows {U}; of [U]
(“scores’ in the PCA jargon), as well as the vector containing the
eigenvalues of the variance/covariance matrix of [O']. As specified
above, this latter information is needed to calculate the parameters
R; (see eq. 5).

3 CLASSIFICATION CRITERIA

The PCA provides three main outcomes that can be used for the
analysis of the HVSR curves obtained in the survey: the set of
the ‘characteristic’ patterns {U}; (i.e. the PCs), the fraction of the
overall variance R, explained by the first and most important PC
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Figure 2. HVSR experimental curves in the Collesalvetti municipality area belonging to the most populated groups, respectively, characterized by PC—1 and
PC+2 patterns. For each patterns, sites characterized by different levels of amplitude are separately shown. In particular, sites in A are associated with values

of VAVS < 2, sites in B to values 2 < I/AV.v < 4 and in C to values VAVX > 4.

(eq. 5) and the ‘weight’ Wy; of each characteristic pattern at the
specific sth site (eq. 10). It is worth noting that, since two ‘polarities’
are possible for each PC due to the sign of the relevant coefficient
Eg, two ‘characteristic’ opposite patterns will be considered for
each {U};, that will be indicated respectively as {U"}; and {U™ },.

These three parameters have been considered for classifying the
measured HVSR curves and, as a consequence, the corresponding
subsoil configurations.

The parameter R, is considered to evaluate the ‘absolute’ level of
heterogeneity of the HVSR measurements and, consequently, of the
geological configuration responsible for the observed patterns. In
particular, when R, is high (0.8 to say), the geological configuration
can be considered as relatively homogeneous and dominated by the
first PC, while low values (0.3 to say), can be interpreted as the

effect of marked geological heterogeneities in the explored area.
This allows comparing different areas analysed by PCA.

The ‘characteristic’ patterns of the HVSR curves obtained in the
study area will be represented by plotting the {U"}; and {U™};
as a function of the frequency index f. In this way, eventual reso-
nance frequencies typical of the study area can be identified by the
frequency values corresponding to the maxima of the considered
PC.

The ‘weights’ W; associated with each PC will be used to classify
the S sites as a function on the ‘dominant’ PC among the ones
computed at the sth site. In particular, the dominant PC at the
sth site (hereafter indicated as {f/ }s) will be chosen as the one
corresponding to the maximum VAVS among the W; values relative
to the sth site.
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Figure 3. The dots in the map represent the locations of the single-station HVSR measurements, superimposed over the geological map of the Collesalvetti
municipality area. The spatial distribution of the PC groups and their corresponding different levels of amplitude (A, B and C; see Fig. 2) are indicated by
colour and size of the dots, respectively. Geology data from Elter et al. (1964), Lazzarotto et al. (1990a,b) and Elter & Marroni (1991).

The amplitude of the maxima of the dominant {(7 }s will be
estimated by the corresponding W, value: the highest is W,, the
larger will be the maxima. This parameter will also allow identi-
fying sites where resonance effects are lacking, that is, where the

corresponding HVSR curves are ‘flat’ due to absence of significant
maxima. These situations will correspond to sites where W, < W,
where W, is an empirical threshold to be determined. Based on a
number of preliminary attempts, the threshold 7, has been fixed to
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Figure 4. Principal components of HVSR data in the Montecatini Terme municipality area ‘dominating’ at least one site where HVSR values have been
measured. Blue and red curves, respectively, represent ‘characteristic’ HVSR curves with positive and negative ‘polarities’ depending on the sign of the

corresponding ‘loading’ (see the text for details).

0.6 since, in general, none of the sites where VAVS < 0.6 shows HVSR
peaks above 2, that is the minimum threshold for a significant HVSR
maximum by following SESAME criteria (SESAME 2004).

4 CASE STUDIES

4.1 Collesalvetti municipality (Central Italy)

The HVSR data set consists of 100 single-station measurements
performed by a three-directional digital tromograph Tromino
Micromed (www.tromino.eu) with a sampling frequency of 128 Hz
and an acquisition time of 20 min. At each site, the HVSR curve
was obtained dividing the time-series into 60 non-overlapping
windows with 20 s length and following the procedure described

in Picozzi et al. (2005b). PCA was applied to HVSR values in the
range 0.1-10 Hz.

The most important PC explains about 61 per cent of the overall
variance and this suggests a rather heterogeneous subsoil config-
uration. The shape of PCs dominating at least one site is shown
in Fig. 1. The most important one (PC—1 in Fig. 1 corresponding
to negative loading) is characterized by a clear main peak slightly
above 1 Hz: it dominates about 57 sites out of the 100 considered.
The second PC, which explains almost the 20 per cent of the overall
variance, includes two patterns (PC+2 and PC—2 in Fig. 1) present-
ing clear peaks at 1 and 2 Hz, respectively. The remaining dominant
PCs (which explain together almost the 12 per cent of the overall
variance) show at least two small peaks, some of which located in
the range 0.25-0.5 Hz (Fig. 1). All the sites have been grouped as a
function of the dominant PC and, within each group, the amplitude
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Figure 5. HVSR experimental curves in the Montecatini Terme municipality area belonging to the most populated groups, respectively, characterized by PC+1
and PC+2 patterns. For each patterns, sites characterized by different levels of amplitude are separately shown. In particular, sites in A are associated with
values of W< 2.5, sites in B to values 2.5 < W< 4.5 and in C to values W > 4.5.

of the peaks has been evaluated by considering the corresponding
W, values in order to put in evidence sites characterized by more
intense resonance phenomena. The original experimental HVSR
curves corresponding to the most populous groups are shown in
Fig. 2, by also considering the respective W, values. These plots
show the effectiveness of PCA in identifying representative pat-
terns actually present in the area.

The map in Fig. 3 shows the spatial distribution of the groups
and their possible correspondence with local geology. It is possible
to note that sites dominated by the PC—1 component are mainly
located in the northernmost part of the explored area, where the
Quaternary sediments (Pleistocenic—Holocenic) crop out with the
highest amplitude peaks in correspondence with the most recent

ones (Holocenic). This is in line with the hypothesis that major
impedance contrast correspond to soft unconsolidated sediments
directly overlying the bedrock. At first glance interpretation, reso-
nance frequency slightly above 1 Hz could correspond to a bedrock
depth of the order of hundred metres (Albarello et al. 2011). The
same deposits also correspond to sites dominated by PC+2 and
PC—2 patterns showing a single maximum at frequency at 2 and
1 Hz, respectively. These sites could correspond to different depths
of the resonant interface (rigid bedrock) respectively shallower and
deeper than in the case of PC—1 sites. Sites characterized by PC—1
and PC+£2 with higher W, values represent most critical situations,
since ground resonance frequencies are close to natural frequencies
of most buildings and for the presence of strong impedance contrast
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in the subsoil, possibly responsible for large amplification of the
local seismic ground motion (e.g. Kramer 1996).

Outcrops of Miocenic sediments (continental sands, conglomer-
ate and marls) in the southwestern part of the area are character-

43°51'0"N

I ) 1
10°47'0"E 10°48'0"E 10°49'0"E

ized by the presence of PC+2 patterns (with low-amplitude peaks)
and by PC+3 and PC—4 patterns characterized by multiple peaks.
This suggests the heterogeneity characterizing these deposits, where
multiple resonance interfaces exist at different depths (from tens to
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Figure 7. Principal components of HVSR data in the Emilia-Romagna area ‘dominating’ at least one site where HVSR values have been measured. Blue and
red curves, respectively, represent ‘characteristic’ HVSR curves with positive and negative ‘polarities’ depending on the sign of the corresponding ‘loading’

(see the text for details).

hundreds of metres), also due to the presence of colluvial and land-
slide deposits. Pliocenic deposits (marine clays and sands) in the
central part of the area are characterized by the presence of HVSR
curves belonging to PC—3, PC—6 and PC—8 groups: all these pat-
terns present a clear peak at 0.3—0.4 Hz, indicating a deep impedance
contrast (hundreds of metres).

Five sites, located in the southernmost part of the study area, have
been considered to be characterized by the absence of resonance on
the basis of ¥, values (‘no peak’ in Fig. 3). These measurements
are mainly situated where rigid old rocks (Jurassic-Cretaceous) crop
out: in these cases, no significant resonance effects are expected due
to the lack of soft sedimentary cover above the bedrock.

4.2 Montecatini Terme municipality (Central Italy)

The HVSR data set consists of 85 measurements performed
by three-directional digital tromographs Tromino Micromed and
SRO4HS Sara (http://www.sara.pg.it/) with a sampling frequency of
128 and 100 Hz, respectively. The ambient vibrations were acquired
for 20 min. At each site, the HVSR curve was obtained dividing the
time-series into 40 non-overlapping windows with 30 s length and
following the procedure described in Picozzi et al. (2005b). PCA
was applied to HVSR values in the range 0.1-10 Hz.

Fig. 4 shows the ‘characteristic’ HVSR patterns corresponding to
PCs dominating at least one site where HVSR has been measured.
The most important PC explains about 50 per cent of the overall
variance by denoting the presence of relatively large heterogeneities

in the subsoil configuration. The PC+1 pattern is characterized by
a clear single peak at about 2 Hz. The second PC, which explains
about the 20 per cent of the overall variance, corresponds to two
patterns (PC+2 and PC—2). PC+2 shows a wide peak possibly re-
sulting from two close peaks at about 0.6 and 1 Hz, while PC—2 is
characterized by a general rise of the apparent HVSR at higher fre-
quencies (3—10 Hz). The remaining dominant PCs explain together
almost the 15 per cent of the overall variance. It is possible to note
that the ‘characteristic’ patterns of PC+3 and PC—4 present clear
peaks in the range 0.55-4 Hz, while PC£15 are characterized by
high-frequency peaks at about 9—10 Hz.

The experimental HVSR curves grouped as a function of the
dominating PC are reported in Fig. 5. Only the most populous
groups are shown, by also considering the respective W, values.

The map in Fig. 6 shows the spatial distribution of the de-
tected groups and their possible correspondence with local geology.
Absence of resonance and PCs with relatively low /¥, mainly con-
cerns sites located in the northern part of the area where oldest
and stiffer geological formations (Ligurian and Tuscan units) crop
out. In this area, possibly due to the presence of debris slope and
landslide shallow deposits, PCs characterized by high-frequency
peaks (PC—2 and PC+£15) are revealed. Most interesting reso-
nance effects are revealed where most recent sediments (Holocenic
and Quaternary possibly overlying rigid Tuscan Units) crop out: in
these sites, PCs with clear peaks in the frequency range 0.5-4 Hz
dominate (PC+1, PC+2, PC+£3 and PC—4). Resonance frequency
around 2 Hz (PC+1) dominates in the central part of the study area
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Figure 8. HVSR experimental curves in the Emilia-Romagna area belong-
ing to the most populated group characterized by PC+1 pattern. For this
pattern, sites characterized by different levels of amplitude are separately
shown. In particular, sites in A are associated with values of Ws < 1.2, sites
in B to values 1.2 < VAVX< 2.5 and in C to values VAVS >2.5.

(where the main town is located), while other groups are distributed
towards the borders and southwards. In particular, PC+2 and PC+3,
showing lower frequency peaks (0.5 Hz) dominates sites located
southward, while higher frequency peaks (PC—4) dominate bor-
der areas. This general pattern is probably related to the buried
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morphology of the basin characterized by a progressive deepening
of the bedrock southward from few tens to about hundred metres.

4.3 Emilia-Romagna area (Northern Italy)

The area under study was hit by the seismic sequence in 2012 (e.g.
Scognamiglio et al. 2012). The HVSR data set considered for this
PCA application is part of the ambient vibration survey carried
out in this area by teams from different institutions and universities
during the seismic sequence and in the framework of the subsequent
Seismic Microzonation project (Martelli & Romani 2013). These
measurements are analysed and interpreted together with several
seismic array acquisitions by Paolucci ef al. (2015), in order to
estimate the depth of impedance contrasts responsible for seismic
resonance phenomena.

The HVSR data set consists of 204 measurements performed
by three-directional digital tromograph Tromino Micromed with a
sampling frequency of 128 Hz and acquisition time of 15-20 min.
HVSR curves were obtained dividing the time-series into 60 non-
overlapping windows with 20 s length and following the procedure
described in Picozzi et al. (2005b). PCA was applied to HVSR
values in the range 0.1-10 Hz.

The first PC explains about 80 per cent of the overall variance
and this suggest a quite homogeneous subsoil configuration. The
patterns of the ‘characteristic’ HVSR curves corresponding to PCs
dominating at least one site (as a whole explaining about 90 per cent
of the whole variance) are reported in Fig. 7. PC+1 clearly show
two low-frequency peaks corresponding, respectively, to 0.25 and
0.9 Hz. This suggests the presence of at least two main impedance
contrasts, respectively, located to depths of several hundreds and
about hundred metres (Albarello et al. 2011). The second PC, which
explains about the 8 per cent of the overall variance, is represented
by two patterns, PC+2 and PC—2. The first one is characterized by
a peak at almost 1 Hz, while PC—2 shows a broad peak at lower
frequencies. As concerns PC+3 and PC+4, their patterns are quite
similar to PC+1, with the higher frequency peak shifted to 1.5 Hz
and an additional peak located at 89 Hz in PC+4 curve.

The original experimental HVSR curves corresponding to the
PC+1 group (the most populous one) are shown in Fig. 8, by also
considering the respective W, values. The map in Fig. 9 shows that
most of HVSR curves (193 out of 204) belong to sites where PC+1
dominates: this is in line with the geological homogeneity of crops
out. By examining the spatial distribution of the relevant W, values,
it is possible to note that the HVSR curves with high-amplitude
peaks are mainly located in Mirandola-Medolla area, consequently
with the presence of a sharp impedance contrast (see Paolucci et al.
2015). Moreover, it was observed that J¥, values are always higher
than 0.6: this is in keeping with the absence of flat curves in the
whole study area.

The general spatial pattern detected by PCA slightly contrasts
with differences in the overall HVSR patterns identified by vi-
sual inspection by Paolucci et al. (2015). In that case, three main
subzones where detected showing subtle differences in the HVSR
patterns that have not been revealed by PCA.

5 CONCLUSIONS

A new approach is here presented to analyse outcomes of exten-
sive ambient vibration surveys to detect main seismostratigraphical
configurations at the scale of the order of tens—hundreds square kilo-
metres or larger. This is achieved by the PCA of HVSRs collected
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Figure 9. The dots in the map represent the locations of the single-station HVSR measurements, superimposed over the geological map of the investigated
area in Emilia Romagna region. The spatial distribution of the PC groups and their corresponding different levels of amplitude (A, B and C; see Fig. 8) are
indicated by colour and size of the dots, respectively. Geological data are from Pieri & Groppi (1981), RER & ENI-Agip (1998), Martelli & Romani (2013),

Martelli ef al. (2014) and Paolucci et al. (2015).

at a number of sites and is here proposed as a tool exploring main
seismic features of an earthquake prone area, whose outcomes may
drive more detailed seismic response analyses and seismic micro-
zoning studies.

The proposed approach allows measuring the level of seis-
mostratigraphical heterogeneity in the explored area, identifying
a small number of mutually uncorrelated characteristic patterns and
grouping sites characterized by similar seismic resonance phenom-
ena. Differently from other approaches, this is possible without any
‘ex-ante’ assumption about the number and localization of explored
patterns. The procedure is numerically fast and allows managing
and analysing hundreds of measurements within few seconds on a
common personal computer.

Three applications have been presented here and respective out-
comes have been compared with geological information available
for the explored areas. In all the cases, the level of heterogeneity re-
vealed by PCA agrees with geological information available for the
area. Furthermore, since these patterns can be associated with spe-
cific geological outcrops, the available geological map can be used
to delimitate areas potentially characterized by similar seismic be-
haviour. In particular, the characteristic patterns deduced from PCA
allow the identification of sites where similar seismic resonance
phenomena are expected to occur. This also allows a preliminary

identification of areas potentially most dangerous for buildings. In
fact, when soil resonance frequency is close to resonance frequency
of buildings (0.8-5 Hz to say) possible damage enhancement is
expected (e.g. Kumar & Narayan 2008). This will allow the identi-
fication of situations potentially most critical, where more detailed
studies for the quantitative definition of seismic response are needed
and where the definition of risk reduction strategies is more urgent.

As concerns the shortcomings of the procedure, examples here
described also indicate that only most representative patterns can be
revealed by this kind of analysis. In particular, as seen in the case of
Emilia Romagna study, PCA was not able to individuate the slight
differences among the HVSR patterns revealed by visual inspection.
Moreover, it is worth reminding that reliability of PCA outcomes
relies on the quality of original HVSR data. Accurate pre-processing
(see, e.g. Bonnefoy-Claudet et al. 2009; Albarello ef al. 2011) and
careful reliability checking of the curves (e.g. following the quality
criteria of SESAME 2004 and Albarello ef al. 2011) are basic pre-
requisites: the presence of unreliable experimental HVSR patterns
can indeed affect the PCA outcomes by identifying in turn unreliable
‘characteristic’ HVSR patterns. On the other hand, applying PCA
on redundant measurements might allow the identification of true
patterns eventually hidden by the noise introduced by biased HVSR
curves.
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APPENDIX

We aim at identifying the matrix [ B] representative of linear trans-
form of [O']:

[U1= [B1[0], (A1)

such that rows of [U] are mutually uncorrelated. Being [V/] the
variance/covariance matrix of [U], one has:

[Vul= [BIlVolIBY', (A2)

where [V] is the variance/covariance matrix of [O’] defined by
eg. (2). Following eq. (3), one also has:

[Vul = [BI(LE1[ALE]) [B]'. (A3)

As [E] is an orthogonal matrix, that is, [E]" = [E]"!, if [B] = [E]"
one has:

[Vu] =I[A], (A4)

which implies that the rows of [U] are mutually uncorrelated. Thus,
eq. (A1) can be expressed as:

1= [E]" [07], (AS5)

which allows computing the matrix [U] of the PCs from the origi-
nal centered data set [O’] and the respective variance/covariance
matrix [Vp]. From the orthogonality of [E] also descends
that:

[0] = [E][U]. (A6)
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