ANNALS OF GEOPHYSICS, 57, 6, 2014, S0654; doi: 10.4401/ag-6671

Seismic monitoring by piezoelectric accelerometers of a damaged
historical monument in downtown L’Aquila

Giuseppe Di Giulio'", Maurizio Vassallo', Giosué Boscato?, Alessandra Dal Cin?, Salvatore Russo®

! Istituto Nazionale di Geofisica e Vulcanologia, L’Aquila, Italy

? JUAV University of Venice, Venice, Italy

Article history

Received September 24, 2014; accepted December 18, 2014
Subject classification:

Waves and Wave analysis, Instruments and techniques.

ABSTRACT

We show the preliminary seismic monitoring of a historical church in
L’Aquila (central Italy), which was strongly damaged by the 2009 seis-
mic sequence. This structure, S. Maria del Suffragio church, suffered
the collapse of a great part of the dome during the April 6™ 2009 Mw
6.1 earthquake. In this paper, recordings of ambient noise and local
earthquakes have been analyzed. The seismic data were recorded by
means of a dynamic monitoring system (19 mono-directional and 3
tri-directional piezoelectric accelerometers) and of two velocimeters,
with all the instruments installed into the church. The aim of this re-
search is the evaluation of the performance of the accelerometers of
the monitoring system in case of low-amplitude vibrations. Simple
techniques of analysis commonly employed in the seismic characteri-
zation of buildings have been applied. The reliability of the in-situ
data was evaluated and the main modal parameters (natural frequen-

cies and damping ratio) of the church were presented.

1. Introduction

The medieval city of L'Aquila (central Italy),
founded in the XIIIth century, is characterized by a
significant cultural heritage and several historical
earthquakes are documented to cause damages and
victims [1315, 1349, 1461 and 1703; Guidoboni 2009 and
Tertulliani et al. 2011]. The most recent damaging
earthquake was on April 6, 2009, at 01:32 UTC, when a
moment magnitude (M ) 6.1 event struck central Italy
with its epicenter very close to L’Aquila city. The 2009
seismic sequence caused 308 victims, and a macroseismic
intensity of VIII-IX for downtown L’Aquila [Galli and
Camassi 2009], with some collapses of roofs and domes
of important monumental churches [Brandonisio et al.
2013; Gattulli et al. 2013].

Monitoring, performing diagnosis and evaluating
the structural dynamic response of important historical
structures is essential in such areas at high seismic risk.
Many different techniques exist, in time and frequency

domain, for deriving indication on the building re-
sponse by analysis of seismic data. Contrary to tech-
niques based on the analysis of forced vibrations or
signals from moderate-to-large earthquakes, techniques
based on ambient vibrations consider a low amplitude
level of shaking providing indication exclusively in the
elastic field [Michel et al. 2008 among many others].
The most basic spectral technique in the building re-
sponse is the peak picking method [Crawford and Ward
1964; Trifunac 1972], which considers the frequency
peaks of the spectra computed for different sensors in-
stalled into a structure. In the last decade, seismic in-
terferometry based on the cross-correlation function is
also a technique gaining much interest for separating
the excitation and the ground coupling from the build-
ing response. Seismic interferometry is able to enforce
the coherent waves propagating through a structure
[Snieder and Safak 2006].

The case study of our research is Santa Maria del
Suffragio (known also as Anime Sante) church situated
in downtown L’Aquila. This church was heavily dam-
aged during the 2009 seismic sequence, with the col-
lapse of a great part of the dome and of the tambour.
A static and dynamic system of surveillance was
adopted in this church [Russo 2012 and 2013; Boscato et
al. 2012] for the structural control and health monitor-
ing (from November 2009 to February 2013). Because
the dynamic monitoring system was composed of low-
cost piezoelectric accelerometers installed inside the
structure, we apply seismic techniques for assessing the
performance of such accelerometers by using low-am-
plitude signals.

We analyze ambient vibrations and two local
earthquakes (of magnitude 3.6 and 4.8) recorded by the
monitoring system, focusing mainly on the dome ele-
ment. By using low-amplitude vibrations, it is impor-
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tant to check the reliable frequency band provided by
the dynamic monitoring. Well-known velocimeters
(with eigen-frequency of 0.2 Hz) were also used as ref-
erence sensors in comparison with the piezoelectric ac-
celerometers. The most rigorous way for investigating
the capability of accelerometers is through laboratory
tests using a reference sensor and controlled excitations,
but in this case study a laboratory test was not possible
before the monitoring experiment. The velocimeters
allow us to enlarge the frequency band of analysis, ev-
idencing the strong low-frequency resonance (about 0.5
Hz) of the subsoil in L’Aquila area, in agreement with
the results provided by recent microzoning studies. The
results of the seismic monitoring further provide the
fundamental frequency (f0) in the two horizontal di-
rections, and the relationship between the peak values
describing the motion of the church and the elevation
in which the seismic receivers were installed. Finally, an
interferometric analysis on earthquake data recorded
by accelerometers returns an estimate of the average
shear wave velocity inside the structure.

Only after the evaluation of the suitability of
piezoelectric accelerometers, a more specific study can
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follow in order to search long-term variation of the
modal/structural parameters. Indeed our analysis
refers to a specific time-period in which safety and con-
finement elements were installed in the church. The
analysis of changes with time of the elastic character-
istics of building, or detecting damages from these
changes [Pandey and Biswas 1994; Doebling et al. 1998]
are not goals of this paper.

2. Building description

Santa Maria del Suffragio (or Anime Sante) church
was built after the destructive earthquake of 1703. The
structure (Figure 1) has a Latin cross plan consisting of a
barrel-vaulted nave and side chapels, culminating in a rec-
tangular apse. The architectural composition presents
large pilasters, high trabeation and the barrel vault with
lunettes. The rectangular system of the structure is dom-
inated by Valadier’s dome (XIX century).

The 2009 mainshock caused damage mechanisms in
the apse and fagade, and the dome of the church was sub-
jected to a partial collapse (Figures 1 and 2). The element
cupola was affected by the failure of the belfry, and by the
partial collapse of the cupola’s and tambour’s walls. The

Failure mechanisms

O  Crack in keystone
I'="3 Out-of-plane bending
Collapsed dome

Compression crack

Figure 1. Some views of Anime Sante Church after the 2009 earthquake; plan scheme of the failure mechanisms (a), transverse (b) and lon-

gitudinal (c) section with crack pattern.
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Figure 2. General scheme of the safety measures; linear ties for facade (A) and for transept-nave-apse walls (B and D); scaffold and confine-
ment for tambour (C); scaffolds for apse arch and transept-nave arch (E).

overspread crack pattern, characterized by shear and
compression cracks, was arisen by the pendulum move-
ment of the structural element and by the simultaneous
collapse of a great part of it. All the arches, the facade,
the transept and the apse show cracks at the key zones
(Figure 1). The most damaged pillars were those on the
side of the apse and of the transept, with vertical cracks
related to excessive compression. These elements were
also affected by horizontal cracks at 1 meter from floor in-
duced, probably, by the predominant vertical seismic
component. The two ties of the transept’s arches were
visibly damaged during the earthquake. The facade was
subjected to a mechanism out of the plane from the nave.
After the 2009 mainshock, the church was temporarily
reinforced with steel cables and confinement belts (Figure
2), and the collapsed cupola was reconstructed through
an octagonal shelter made of steel tubes (Figure 2c). Sev-
eral sonic tests were carried out on the structural parts
of S. Maria del Suffragio church and on similar monu-
ments damaged by L'Aquila earthquake [Boscato et al.
2011]. The retrieved compressional velocity (Vp) shows
values in a range between 317 and 487 m/s.

Within the microzoning activity of the city after the
2009 mainshock [MS-AQ Working Group 2010], a 300 m
deep borehole was performed in “Piazza Duomo” square
in front of the Santa Maria del Suffragio church. The
borehole found the contact between the breccia unit and
the lacustrine formation at a depth of 80/100 m, whereas
available gravimetric survey indicated that the limestone
(seismic bedrock) is at a depth of about 300 m.

This deep contact between seismic bedrock and flu-
vial-lacustrine sediments is responsible of a low-fre-

quency subsoil resonance centered at about 0.5 Hz; this
resonance characterizes the whole downtown [De Luca
et al. 2005; Di Giulio et al. 2014 ].

The 2009 mainshock was recorded by two strong-
motion stations (AQU-AQK) situated respectively in the
northern and southern downtown [Celebi et al. 2010].
AQU and AQK are distant from the Anime Sante church
800 and 500 meters, respectively. They recorded similar
peak ground values; the peak ground acceleration (PGA)
at AQU and AQK was about 0.3-0.35 g both for horizon-
tal and vertical components [Celebi et al. 2010].

3. Dynamic monitoring

The monitoring activity began in November 2009
and finished in February 2013. The dynamic monitor-
ing system was installed by the research unit of the Uni-
versity of Venice and was based on 28 accelerometric
components coupled to a 24-bit data logger (DYMAS24-
ALBEN multichannel unit; http://www.solgeo.eu).
Each channel had its own threshold, calibrated on the
signal that is digitalised and pre-elaborated with high-
pass digital filter, with a cut-off frequency of 0.31 Hz
to remove the sensor’s offset. The seismic signals were
sampled at 500 Hz per channel. The dynamic sensors
were 19 piezoelectric PCB® (http://www.pcb.com)
mono-directional accelerometers (model 393C, sensing
element quartz) and 3 piezoelectric tri-directional ac-
celerometers (model 356B18, sensing element ceramic)
with nominal sensitivity of 1000 mV/g.

The measurement range provided by the product
specification is £2.5 g for the monoaxial and £5 g peak
for the triaxial accelerometers. The technical sheets
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Figure 3. Plan scheme of the accelerometers and velocimeters installed into the church. The longitudinal axis of the church is oriented ap-

proximately in a N+20 degree direction (clockwise) with respect to the geographic north.

provide values of spectral noise only for the triaxial ac-
celerometers: 11.4-10-6 g / VHz at 1 Hz and 4-10-6 g /
VHz at 10 Hz. The manufactured house attests also fre-
quency working interval; from 0.025 to 800 Hz and
from 0.5 to 3000 Hz for the monoaxial and the triaxial
accelerometers, respectively. However the technical
specifications refer to high-amplitude signals, and, from
the information provided by manufacturers, it is not
straightforward to infer the behavior of the piezoelec-
tric accelerometers in case of weaker amplitude signals.
Because the triaxial accelerometers have a major full
scale in comparison to monoaxial accelerometers, they
are expected to show a lower efficacy in resolving low-
amplitude waves. Although it is known that these ac-
celerometers have a low sensitivity for ambient-induced
vibrations, at the time of installation they were consid-
ered appropriate for the structural control of the
church during the L’Aquila seismic sequence.

Unfortunately, laboratory tests based on a compar-
ison with a well-known accelerometer under controlled
input were not performed for these accelerometers be-
fore the monitoring experiment. Because the behavior
of the piezoelectric accelerometers is not fully known in
case of relatively small magnitude signals, and for the ab-
sence of simultaneous recordings of earthquakes be-
tween accelerometers and a reference seismic station, a
rigorous analysis on the instrumental response [e.g. sim-
ilar to the one proposed by Clinton and Heaton, 2002]
was not possible in this study.

The monitoring system worked in trigger mode
and recorded 75000 events composed by human ac-

tions (visitors or working activities) and by unknown
sources. About 50 earthquakes were also recorded in the
monitoring period. In addiction, the stations collected
a total of 120 hours of stationary signal in different
time periods. In the last period of the monitoring ac-
tivity, two velocimeters were installed into the church
(within the “FIRB-Abruzzo” project in the framework
of studies on the local seismic response of the city;
http:/ /progettoabruzzo.rm.ingv.it/). The configura-
tion of sensors is illustrated in Figure 3 and Table 1.
Mono-directional accelerometers are labeled as AM1,
AM2, ...; tri-directional accelerometers are indicated as
AT1, AT2 and AT4; the two velocimeters are called
ATL and AT2, The directions of each sensor after
the installation are listed in column # 2 of Table 1,
where X direction means parallel to the nave, Y means
orthogonal to the nave and Z is the vertical component.
We will correct all the data for the direction and polar-
ity according to the XYZ coordinate system indicated in
Figure 3 (at the centre of the dome element).

The two seismic velocimeters ATlingv and ATngV,
which operated in continuous data acquisition, were in-
stalled during the last month of the experiment (from
18 January to 13 February 2013). These seismological
stations were composed of a high resolution 24-bit dig-
itizer (Reftek130; www.reftek.com) connected to a
three-component velocimeter (Lennartz Le3D-5s;
eigenfrequency of 0.2 Hz and output voltage 400
V/m/s; wwwlennartz-electronic.de). The sampling
rate in data acquisition was fixed to 250 Hz. The power
was supplied by external batteries. The UTC time-syn-
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Figure 4. FAS computed on ambient noise data recorded by accelerometers. The time-length of recordings is 1 hour of the 25 January of 2012
and 2013 years (continuous and dashed lines, respectively). The frequency values of the main common spectral peaks are also reported as text
into the panels. Units on y-axis are g/Hz. A small drawing of the sub-set of the displayed sensors is reported in each panel. Panels a, b and c refer
to accelerometers located on the tambour (X, Y and Z component). Panels d, e, f, g and h refer to accelerometers located in the remaining
structural elements (X and Y component in d, e, f and g, h panels, respectively). The response of AT1, placed at -2 m from the ground floor,

was not reported because fully dominated by self-noise.

chronism was supplied by a GPS antenna connected to
ATL whereas the UTC synchronism was not possi-
ble at AT2, _and the time was provided by the internal
clock of the digitizer. AT1, was placed in the refec-
tory nearby the main facade in the underground floor
(Figure 3). AT2, was placed on the ground-floor of
the church near the NW pillar, very close to the ac-
celerometer AM10 (see Figure 3). Naturally the techni-
cal characteristics of ATL and AT2,  give a better
resolution in the low-frequency range with respect to
the one achieved by the piezoelectric accelerometers.

4. Ambient noise analysis

4.1 Piezoelectric accelerometers

The dynamic monitoring of the structure is char-
acterized by monoaxial (AM*) and triaxial (AT*) piezo-
electric accelerometers. It is important to evaluate the fre-
quency-band in which the system provides suitable re-
sponse when applied to small-amplitude vibrations (am-
bient noise and local small magnitude earthquakes).

We firstly analyze the noise data recorded by piezo-

electric accelerometers, with the aim to evalutate the be-
havior of this kind of equipment working with low-am-
plitude vibrations. We selected two time-windows of seis-
mic noise acquired in the same day (25 of January) of two
different years (2012 and 2013). The selected time-win-
dows have the same duration of 1 hour and were
processed using the geopsy tools (www.geopsy.org). The
Fourier Amplitude Spectra (FAS) were calculated using
40 s time mobile windows in the frequency range 1-30
Hz. This band includes the most important engineering
frequencies in the seismic monitoring of the buildings.
For every time window, FASs were smoothed with a Kon-
no and Ohmachi [1998] filter using a coefficient of 40 for
the bandwidth. The final mean spectrum and the asso-
ciated standard deviation were obtained by a geometrical
average of the spectra from all windows.

The resulting spectra of the accelerometers on the
tambour (AT2, AT4, AM1, AM4 and AM33) are shown
in the top panel of Figure 4; they were situated at a height
between 17 and 19 m from the ground floor. The figure
evidences different spectral peaks and a complex pattern
of resonances along the three directions of motion. The
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Figure 5. RDM analysis for the accelerometers located on the tambour. The X and Y components are plotted in the panel (a) and (b), re-

spectively. The time-length of recordings is 1 hour (within the day 25 January of 2012). The computed decay curve and the fitting exponen-

tially function are indicated as black and red line, respectively. The resonance frequency (f), the damping ratio (z in %) and the number of

selected time-windows from RDM analysis are also indicated in the corner of each plot. Units in the y-axis are arbitrary.

spectra of accelerometers show a main trend decreasing
with frequency, where some spectral peaks emerge and
indicate the natural vibration periods of the structure. The
triaxial stations AT2 and AT4, situated on the tambour,
show the lowest signal-to-noise ratio (Fig. 4; panels a,b
and ¢) suggesting a large predominance of station’s self-
noise level. The resonance of the fundamental mode (f0)
along the x- and y-axis is observed at 2.5 Hz and 2.1 Hz,
respectively. The clear peak at 2.5 Hz on the x axis (lon-
gitudinal direction of the structure) is mostly present at
the stations of the tambour and is absent on the y axis,
for this reason we associate it to the natural translation-
al resonance along x. For the same consideration, the spec-
tral peak at 2.1 Hz can be associated to the translation-
al resonance along y (transverse direction of the church).
Fig. 4 shows also the FAS computed in the remaining po-
sitions of the structure (from panel d to panel h).

Spectral peaks emerge weakly at the stations situ-
ated at lower elevation (AM2, AM16, AM10, AMS5,
AM11 placed at 1.5 m of elevation from the ground floor),
with a consistent increasing of amplitude level in the spec-
tral peaks of the stations at the highest positions.

The FASs of Fig. 4 suggest that the response of piezo-
electric accelerometers to seismic noise is not reliable on
average below 2 Hz, where the self-noise of the ac-
celerometers is predominant. Similar spectra are obtained
by the two recordings separated exactly by one year (Jan-
uary 2012 and January 2013), indicated as continuous and
dashed curves in Fig. 4. Although the general consistency
between the FAS at a distance of one year, the spectral
peaks of the 2013 data show a slight increase in frequency

(shift of the order of 0.1 Hz) with respect to the spec-
tral peaks of the 2012 data.

This could be explained considering variation with
time i) of the input motion, or ii) under the white noise
assumptions, of some changes of the structural prop-
erties, where an increase of f0 could correspond to an
increase of stiffness. Anyhow the cause of this frequency
shift remains unknown, even if studies on the charac-
terization of buildings indicate that the temperature is
the most important parameter related to modal fre-
quency variations [Mikael et al. 2013 among many oth-
ers].

After the evaluation of the natural frequencies of
the structure by spectral analysis, the damping ratio can
be estimated from noise recordings. The damping ratio
is a dimensionless parameter quantifying the energy dis-
sipation of an oscillating system after a disturbance (vis-
cous approximation). It is related to the logarithmic
decrement, i.e. the natural log of the ratio of the am-
plitudes of two successive oscillations. We apply the ran-
dom decrement technique [RDM; Cole 1973; Chang
1975] to noise recordings for estimating the damping
ratio. The RDM assumes that the dynamic response of
a system to a random excitation is composed both of a
deterministic component (the free vibration terms) and
of a random component (the forced vibration). The
RDM is based on averaging many time-windows of
fixed length to enhance the deterministic part, and to
filter out the random component. With the aim to esti-
mate the damping ratio in correspondence of the reso-
nance frequency of the structure, a band-pass filter was
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applied around the {0 value individuated through the
spectral analysis.

The filtering was a fourth-order filter around 2.5
and 2.1 Hz along the x- and y-direction, respectively. The
RDM computation selects all the band-pass filtered win-
dows, of a given length, characterized simultaneously
by two conditions: the null displacement and the posi-
tive velocity condition. The first condition (null dis-

level) and at the ground floor of the church, respectively
(see Figure 3).

The response of the two typologies of instruments
(velocimeter and piezoelectric accelerometers) shows
strong differences in terms of noise time-series and FAS
(Figure 6), even considering two instruments installed
very close to each other (AM10 and ATZingV). In the low-
frequency range, the spectrum of the accelerometer
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Figure 6. Comparison of simultaneous noise recordings (about one hour, 25% January 2013) between the velocimeter (AT2, . black curves)
and the nearby piezoelectric accelerometer (AM10, red curves). The distance between AT2,  and AM10 is 1.5 m (along the vertical direc-
tion, see location in Fig. 3). The comparison is shown in terms of time-histories (a) and FAS (b).

placement) means that the selected time windows
start with a 0 amplitude, the second condition (posi-
tive velocity) assumes that the windows have a posi-
tive derivative. Then the RDM algorithm averages the
selected windows, resulting in a free-decay curve re-
lated to a positive impulse response. This decay curve
is finally fitted by an exponentially decreasing sine
function, which is depending on the resonance fre-
quency and the damping ratio. Following the recom-
mendations of Dunand [2005] and Mikael et al. [2013]
for obtaining a reliable damping measurement, we
used noise time-windows of duration 10 s and a whole
recording of 1 hour, averaging about 9000 segments.
The results are given in Figure 5 for the stations situ-
ated on the tambour (we show the results of only this
element for brevity). The damping ratios of this ele-
ment show values ranging from 1.2-1.4%.

4.2 Velocimeters

The piezoelectric accelerometers cannot provide
information in the low-frequency range (< 2 Hz),
whereas the three-components velocimeters (ATlingv
and AT2, ) allow to enlarge the band of investigation at
low frequencies up to 0.2 Hz (eigen-frequency of the
Lennartz Le3D-5s velocimeter). ATlingv and ATZingv
were situated at the underground (-4 m from the floor

AM10 is dominated by self-noise up to 5 Hz (Figure 6).
In the high-frequency band, some spectral peaks com-
mon to piezoelectric and velocimeter receivers can be
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Figure 7. PDFs computed using the PSD curves at AT2,  (ve-
locimeter) for the EW and vertical component (top and bottom
panel, respectively). The PSD curves are related to different one-
hour segments of the entire recording (from 18 January 2013 to 13
February 2013) and are compared to the Peterson curves (thin black
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The black thick curve shows the PSD of the piezoelectric ac-
celerometer AM10. The corresponding time-history of AM10 is
plotted in Fig. 6a.
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recognized (e.g. at 6 Hz in the plot of AM10 versus
AT2, ), but in any case the piezoelectric receiver un-
derestimates the amplitudes of motion. Unfortunately,
a simultaneous record of an earthquake was not col-
lected by the accelerometer and the velocimeter. The
two typologies of instruments are expected to yield con-
sistent amplitudes in case of larger motion.

The continuous data stream of velocimeters allows
to better characterize the level of noise and the fre-
quency content of the experimental data, and to esti-
mate possible bias induced by the cultural activities
around the church. In fact the church is placed in the
main square (“Piazza Duomo”) of downtown L’Aquila,
and the activities of reconstruction of some buildings
adjacent to the church took place during the time in
which AT and AT2,  stations worked. Following
McNamara and Buland [2004], we computed the power
spectral density (PSD) in order to define a probability
density function (PDF) of the seismic noise in the pe-
riod of investigation. We divided the whole period of
recording (about one month) into windows of one-hour
long interval, and the Fast Fourier transform was com-
puted on seismic data corrected by instrumental re-
sponse considering poles and zeros of the sensor. The
computation was performed using the routines within

the ObsPy project [http:/ / www.obspy.org; Megies et al.
2011]. The PDF of velocimeters was compared in Fig-
ure 7 to the new high-noise (NHNM) and to the low-
noise (NLMN) Peterson models [Peterson 1993], which
are usually assumed as acceptable limits for the seismic
noise at inland stations [Bormann 2012]. The PDFs at
velocimeters (Figure 7; AT1, _not shown for sake of
simplicity) show noise levels comparable (on the aver-
age) to those observed from the Italian inland stations
installed in southern Appennine [Vassallo et al. 2012],
without any significant spikes or instrumental gaps. The
PDFs show a reliable noise level at long-periods at least
up to 5 seconds corresponding to the eigen-frequency
of the velocimeter. The noise level of the velocimeter
sites is on the average below the NHNM curve also at
low-periods (< 1 second).

Even if we do not have the same data stream
recorded contemporaneously by the accelerometer, Fig-
ure 7 shows that AM10 (black thick curve) starts to de-
viate from the noise distribution inferred from the
velocimeter data for periods larger than 0.2 seconds.
This is consistent with the comparison in terms of FAS
illustrated in Figure 6. We can conclude, combining the
analysis shown in Fig.s 6 and 7, that the self-noise of
piezoelectric accelerometer AM10 (installed in proxim-
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Figure 9a. Earthquake of 30™ October 2012 (M 3.6). Left panel: acceleration, velocity and displacement of some stations at increasing ele-
vation (the name of station with elevation is also indicated in the graphs). Right panel: PA, PV and PD versus the station elevation for the
three components of motion.

ity of the basement of the church at an elevation of + absent in the PDF of the vertical component, in agree-
1.5 m) is very high in the low-frequency range, not pro- ~ ment with the low-frequency resonance of downtown
viding reliable response to ambient noise vibrations al- as evidenced by previous studies [e.g. De Luca et al.
most below 5 Hz. 2005]. To evidence clearly this low-frequency amplifica-
Further, the PDFs of the horizontal componentof ~ tion, we computed the spectral ratio of the horizontal
AT2,  (Figure 7) enhance a maximum level of energy over the vertical component of ambient noise (H/V
atlong periods at about 2 seconds (0.5 Hz). This peak is curve) collected by velocimeters.
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Sensor  Direction Height (m) Position

AT1X Y -2 Transept NW wall
AT1Y X -2 Transept NW wall
AT1Z z -2 Transept NW wall
AT2X Y +17 Tambour

AT2Y z +17 Tambour

AT2Z X +17 Tambour

AT4X X +17 Tambour

AT4Y Y +17 Tambour

AT4Z z +17 Tambour

AM33X Y +17 Tambour

AM33Y X +17 Tambour

AM33Z Z +17 Tambour

AM1 X +19 Tambour

AM2 Y +1.5 Pillar SE, nave side
AM3 Y +11 Pillar SE, nave side
AM4 Y +17 Tambour

AMS5 X +1.5 Pillar SE, apse side
AM6 X +11 Pillar SE, apse side
AM7 Y +13 Transept SE wall
AMS X +11 Pillar NW, nave side
AM9 Y +13 Transept NW wall
AM10 X +1.5 Pillar NW, nave side
AM11 Y +1.5 Pillar NW, apse side
AM12 Y +12 Pillar NW, apse side
AM13 X +13 Apse wall

AM14 X +13 Facade

AM15 X +7.5 Facade

AM16 X +1.5 Fagade

ATIX = X -4 Refectory

ATTY, Y -4 Refectory

AT1 Zw Z -4 Refectory

ATZXingv X Pillar NW, nave side
ATZYingv Y Pillar NW, nave side
ATZZingv Z Pillar NW, nave side

Table 1. List of sensors used in this study. Column #3 shows the
height of the installation. The codes AT* and AM* indicate the mono-
and tri- axial accelerometers, respectively. ATL and AT2, indicate
the two Reftek-130 digitizers coupled to Lennartz Le3D-5s seis-
mometer.

The single-station H/V technique is largely used in
site effects studies [Bonnefoy-Claudet et al. 2006], and
applications are also possible in building response stud-
ies [Mucciarelli et al. 2004; Parolai et al. 2005; Gallipoli
et al. 2010; Herak 2011], even if the suitability of the
H/V method in building analysis is still debatable. The
H/V ratios of AT1, and AT2,__clearly show the soil
resonance at 0.5 Hz (Figure 8) related to the deep struc-
ture of the geological model [Di Giulio et al. 2014]. The
H/V analysis shows secondary peaks also in the high-
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frequency range (2-6 Hz). The 5 Hz peak is common at
both stations (Fig. 8e), and from the available geological
information it is likely related to a shallow impedance
contrast in the uppermost 20 m of the near-surface ge-
ology. According to Del Monaco et al. 2013, this seismic
contrast is associated to the presence of shallow an-
thropic filling or altered breccias overimposed to stiffer
breccias. It is worth noting that AT2, which is placed
on the ground floor of the structure near the NW pillar,
shows FAS (Figure 8d) and H/V (Figure 8c) curves with
a multitude of anomalous peaks within 2-4 Hz indicat-
ing an effect, in this frequency range, of the resonance
modes of the structure.

5. Earthquakes analysis

5.1 Peak values and time-frequency analysis

Two local earthquakes recorded by the piezoelec-
tric accelerometers were analyzed. The two earth-
quakes have magnitude 3.6 and 4.8, and occurred the
30 October 2012 (source UTC time 01:52:30) and the 16
February 2013 (21:16:09), respectively. The M 3.6 earth-
quake was located northwest to L’Aquila city at an epi-
central distance of 11 km, the M 4.8 event was located
south of L'Aquila (Sora region) at a distance of about
70 km. Both the earthquakes occurred when the safety
measures (ties and confinement belts; see Fig. 2) were
already in place along the church. The motion param-
eters were computed for the peak acceleration (PA), ve-
locity (PV) and displacement (PD). The original data
were converted from acceleration to velocity and to dis-
placement through a removal of the baseline, a single
and double integration, respectively, and applying a 0.1
Hz high-pass filter using the sac2000 code [Goldstein and
Snoke 2005]. Due to the absence of low-frequency con-
tent in the recordings of piezoelectric accelerometers,
no further corrections were needed in the double inte-
gration [Boore 2005]. The time histories of the two earth-
quakes are shown in Fig.s 9a and 9b. The PA, PV and PD
are also plotted as function of the elevation of the sen-
sors. Fig.s 9a and 9b evidence an increasing trend of peak
values with the height, according to the modal superpo-
sition. The increasing trend is more clear for the PD,
which is a parameter more related to the low-frequency
content of the motion. The PD trend shows larger am-
plitude along the y- rather than the x-axis, being the y-axis
the shortest side of the church. The stations on the tam-
bour were situated at a height of 17 m (Table 1), and the
distribution of the peak values at +17 m deviates from
the general trend for both the earthquakes (see Fig.s 9a
and 9b). For accelerometers installed on the tambour, the
PA and PV behavior versus height seems depending on
the earthquake. In fact PA and PV distributions are very
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close and spread in the case of M 3.6 and M 4.8 earth-
quake, respectively. This could be related to the fre-
quency content of the seismic input, with the M 4.8
earthquake more distant than the M 3.6 event. As a con-
sequence, the corresponding seismic recordings are
poor in high frequencies and then more biased by the
self-noise of the accelerometers.

However for both the earthquakes, the stations on
the tambour show an unexpected trend, with ampli-
tudes lower than the ones of the stations placed at sim-
ilar height. The behavior of the stations installed in the
heavy damaged tambour, in terms of peak values, is not
easy to explain, considering also that the motion at the
fundamental frequencies (2.1 and 2.5 Hz in the trans-
verse and longitudinal directions) is in phase with the
church oscillating as a whole. A specific multi-modal
analysis, which includes the complexities connected to
the presence of the safety confinements and of the oc-
tagonal shelter of steel tubes, is out of the purpose of
this paper.

A reliable tool to highlight the structural reso-
nances is also represented by time-frequency analysis.
Time-frequency analysis is of course more reliable
than Fourier analysis when the structure exhibits a
non-stationary time-varying behavior, as induced by
forced vibrations or strong earthquakes [Mucciarelli et
al. 2004; Ditommaso et al. 2012]. The spectrogram of
the M 3.6 earthquake is shown in Fig. 10. The time-fre-
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quency analysis is based on the use of wavelet mother
functions to follow the energetic frequency variation
within the signals, with a good compromise on reso-
lution in time- and frequency- domain [Combes et al.
1989]. The selected mother signal was a Morlet wavelet
[Morlet et al. 1982] with a length of about 1 s. The
modal frequencies are very clear from the time-fre-
quency analysis especially in the coda (Fig. 10b), and
are consistent with the ones resulting from FAS analy-
sis.

The fundamental mode is visible around 2 Hz,
and the accelerometers installed in the uppermost po-
sition show the strongest and largest duration of the
resonance (Fig. 10b). The classical spectral ratio for this
earthquake was also computed assuming AT1X (placed
at -2m) as reference station, and consistently with the
time-series, the maximum amplitudes of the ratio are
observed at the stations situated at the highest eleva-
tions (Fig. 10c). The spectral ratio shows a complex re-
sponse of the structure, with a significant dependence
of the magnified frequencies with height and position
of the accelerometers.

5.2 Imterferometric analysis

Finally, we performed a cross-correlation analysis
by using the two earthquakes. Following the interfer-
ometric approach proposed by Snieder and $Safak
[2006], we considered seismic signals recorded at different
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Figure 11. Comparison of the signals acquired by three accelerometers (x components; AMS5, AM10 and AM16) installed at 1.5 m height for the
M 3.6 (a) and the M 4.8 (b) event. The signals are filtered in the 1-3 Hz frequency band. The results of interferometric analysis performed using
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and are organized according to the height of accelerometers. The slope of the green line (in absolute value) is equal to the shear wave velocity

estimated by the picks of the maximum of positive pulses. The thin red lines represent the estimated uncertainties of velocities.

building levels respect to a signal at a reference level [Bin-
dietal. 2014].

The cross-correlation analysis was performed us-
ing the x horizontal component of the seismic records,
this because the stations are more spread out at the dif-
ferent elevations along the x component rather than
along the other components. The signal recorded at
AM16 (installed at 1.5 m of height on the facade) was
assumed as reference for the computation of the cross-
correlation functions, due to the lack of accelerometers
located at the base (0 m of height) of the church. As sug-
gested by Picozzi et al. [2011], we repeated the inter-
ferometric analysis with a sliding, non-overlapping
window of 3 s width for the M 3.6 earthquake, and of
5 s width for the M 4.8 earthquake. The first window
starts with the first arrival of P-wave for both the events.
Based on the duration of the two events, the cross-cor-
relation has been computed on a number of 5 and 8 win-
dows for the M 3.6 and M 4.8 events, respectively.

The signals used for the analysis were acquired by
stations not installed along the same vertical line. To
overcome this problem, we performed the analysis on
filtered data between 1 and 3 Hz around the resonant
frequency. In this band the wavelength of seismic sig-
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nal is large enough to ensure that the signal recorded
at 1.5 m (used as reference) is independent from the sta-
tions location in the horizontal plane. Fig.s 11a and 11b
show, for both the events, the accelerometric recordings
(x components filtered in the 1-3 Hz band) at three sta-
tions situated at a similar height of 1.5 m (AM5, AM10
and AM16).

In this frequency band, the three signals recorded
in different points of the church appear very similar to
each other, both in amplitudes and in phases. The cross-
correlation functions computed for each analyzed win-
dow have been organized according to the elevation of
the stations. The cross-correlations results (Fig.s 11c and
11d) indicate clear coherent wave propagation, except for
the accelerometer AT1 situated at -2 m. By picking the
maximum of the positive pulses for the different stations
heights, we retrieved the shear wave velocity inside the
structure. The velocity is computed performing a linear
regression between the picked time-shifts and the cor-
responding sensor’s heights. The shear velocities were
estimated using an implementation of the nonlinear least-
squares (NLLS) Marquardt-Levenberg algorithm. The es-
timated velocities of the shear deformation are 150 (£20)
and 210 (£30) m/s for the M 3.6 and M 4.8 events, re-
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spectively. The difference between the two estimates can
be explained by the diverse shaking amplitudes of the
two events [Picozzi et al. 2011], or by the nonlinear build-
ing behavior due to the opening of existing cracks in the
church’s walls during the earthquakes [Todorovska
and Trifunac 2008].

6. Conclusion

This paper investigates the limits and potentiality
of low-cost piezoelectric accelerometers in the assess-
ment of the seismic response of a damaged historical
church, which is situated in downtown L'Aquila. The
piezoelectric accelerometers are designed for recording
strong signals and the technical information provided by
manufacturers usually refers to such context. When
strong-amplitude signals are absent, the reliability of
piezoelectric accelerometers in recording weaker motion
needs to be evaluated in an accurate way. We check the
reliability of the monitoring system installed in the church
with in-situ low-amplitude data (local earthquakes and
ambient noise), applying simple techniques of analysis
commonly employed in seismic building characteriza-
tion. The monitoring system was composed of triaxial
and monoaxial piezoelectric accelerometers. Two three-
components velocimeters extended at low-frequency
(eigenperiod 5 seconds) were also added during the last
month of monitoring.

From our analysis, the following conclusions may
be highlighted:

— For low-amplitude vibrations, the piezoelectric
accelerometers do not have resolution below 2 Hz. It
is also important to note that the efficacy of the piezo-
electric accelerometers is depending on the position of
the installation. The piezoelectric accelerometers in-
stalled in the underground floor or in proximity of the
basement level can be strongly biased by their self-noise.
The accelerometers situated at the uppermost elevations
are characterized by a greater amplitude of the motion,
and show more reliable recordings. As expected the tri-
axial accelerometers, with a larger full scale, have a high-
er self noise with respect to the monoaxial accelerom-
eters. An investigation of the signal-to-noise ratio, and
the comparison of data recorded simultaneously by
piezoelectric accelerometers and well known ve-
locimeters, help in evaluating the reliability of the ob-
served spectral peaks.

— The velocimeters show a strong resonance at 0.5
Hz at the basement of the church. This corresponds to
the subsoil resonance of the deep geological structure
of downtown L'Aquila. In according to the previous con-
clusion, the f0 of subsoil at 0.5 Hz cannot be recognized
using the data of the piezoelectric receivers.

—The analysis based on noise and earthquake data
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shows a complex response of the damaged church.
Many spectral peaks are observed and the building mo-
tion appears larger along the shortest (y- axis) than the
longest (x- axis) side of the church. The fundamental
frequencies are observed around 2 and 2.5 Hz from the
spectral peak analysis.

— The amplitudes of motion is clearly related to the
elevation of the receivers located into the structure. Ac-
cording to the modal superposition, the motion at the
top of the building is greater than the motion at the bot-
tom. From the selected weak earthquakes, a great fre-
quency dependence of the signal amplitude with height
is observed. A relative factor of 10 can be reached be-
tween amplitudes recorded at the bottom position and
amplitudes recorded at the uppermost position.

— The velocities of the shear waves propagating
into the church during two local earthquakes (M 3.6
and 4.8) are estimated by seismic interferometry analy-
sis in about 150-200 m/s.

The next step is to extend the seismic analysis to a
more full data set for characterizing the evolution of
building properties throughout the time, within the
aims of a structural health monitoring analysis.
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