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Abstract

This paper describes the experimental campaigns on the Tower of the Palazzo dei Vicari in Scarperia, a village in the
Mugello area (Tuscany) exposed to high seismic hazards. The first campaign was carried out from December 2019 to Janu-
ary 2020, and the Tower underwent the so-called Mugello seismic sequence, which featured an M 4.5 earthquake. Other
ambient vibration tests were repeated in June 2021 and September 2023 when another seismic sequence struck the area
near Scarperia. These tests aimed to characterise the Tower’s dynamic behaviour under ambient and seismic excitations
and check the response of the Tower over time. The experimental results were then used to calibrate a finite-element model
of the Tower and estimate its seismic vulnerability. Several numerical simulations were conducted on the calibrated model
using the NOSA-ITACA code for nonlinear structural analysis of masonry buildings. The dynamic behaviour of the Tower
subjected to a seismic sequence recorded in 2023 by a seismic station at the base was investigated by comparing the velocities
recorded along the Tower’s height with their numerical counterparts. Furthermore, several pushover analyses were conducted
to investigate the collapse of the Tower as the load’s distribution and direction varied.

Keywords Historical buildings - Experimental seismic campaign - Dynamic identification - Finite-element model
updating - Nonlinear dynamics
1 Introduction
A high level of seismic hazard characterises Italy all over the

country. The tectonic theory identifies the main reason for
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the collision between the African and European plates. The
distribution of seismicity in Italy follows the contour of the
Apennines, the rocky backbone of the peninsula. In the past
20 years, the areas placed in the Northern and Central Apen-
nines have been affected by strong to moderate earthquakes:
from the 1997 Umbria-Marche M 5.6 and 5.8 earthquakes
[18] up to the 2016 Amatrice—Norcia earthquakes, M 6.2
[41] and M 6.5 [56]. Other lower magnitude earthquakes
may be added to this list: the 2002, M 5.7 San Giuliano event
[18] and the 2012 M 5.8 and 5.9 Emilia earthquakes [57].
These events produced damages for many billions of Euros
and hundreds of fatalities.
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quakes in the recent past, the seismic risk of the entire pen-
insula is significantly high due to the combined contribu-
tion of hazard, vulnerability, and exposure. Ground shaking
amplification related to site effects may locally increase
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the magnitude and the risk; moreover, regarding cultural
and architectural heritage, the relevant vulnerability of the
urban stock combines with a not always quantifiable value
of exposure.

In this regard, since a few years ago, structural health
monitoring (SHM) has been established as an essential tool
for assessing the structural performances of monumental
buildings.

In line with the widespread approach of Operational
Modal Analysis (OMA) [15], data recorded by the veloci-
meters and accelerometers installed on the building in oper-
ating conditions are processed using specific numerical pro-
cedures to determine its dynamic properties (frequencies,
damping ratios and mode shapes). Tracking the variation of
frequencies over time, assessing the response of a building
to the environmental excitations of natural and anthropic
origin (earthquakes, wind, traffic, machinery, and moving
crowds) and analysing changes and anomalies in its dynamic
behaviour are essential ingredients of SHM.

Long-term monitoring protocols allow the measurement
of the buildings’ response to several external excitations,
including seismic actions; combined with finite element
(FE) codes, such protocols can help evaluate the buildings’
static and seismic vulnerability. Despite that, the scientific
literature reports on very few cases of long-term monitoring
of ancient buildings. This fact is in large part attributable to
the cost of the high-sensitivity instrumentation needed for
monitoring the vibrations of massive masonry buildings in
operational conditions.

Examples of long-term monitoring of ancient masonry
structures are shown in Refs. [43, 52] concerning some
monumental structures in Portugal. Gentile et al. [32] report
on the dynamic monitoring of an ancient tower in Mantua,
Garcia-Macias and Ubertini [30] describe the results of
long-term monitoring conducted on a bell tower in Peru-
gia, Gentile et al. [31] present the results of a permanent
dynamic monitoring system in the Milan Cathedral, and Di
Giulio et al. [24] provide information on the monitoring of a
monumental church damaged during the 2009 earthquake of
L’Aquila. Also, the authors of the present paper contributed
to several long-term dynamic monitoring campaigns, such
as Baraccani et al. [11] on the structural health monitoring
of the Two Towers in Bologna, Azzara et al. [5, 6] on the
dynamic monitoring campaign on some historical towers
in Lucca, Barsocchi et al. [12] on the dynamic monitoring
of the Old Fortress in Livorno via MEMS technology, and
recently [8] on the continuous monitoring of the Arnolfo
Tower in Florence.

Many of the systems above were able to measure low-
amplitude earthquakes and, in some cases [32, 62], to reveal
the onset of damage in the monitored structures, highlighted
by an abrupt permanent change in the natural frequen-
cies. The authors of the paper [2] recorded the effects of
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low-amplitude seismic events on the Basilica of Santa Maria
di Collemaggio after the large restoration operations that
involved the church following the 2009 L’Aquila earthquake.
They found a drop in the church’s natural frequencies during
the earthquakes, and it disappeared after the events, prov-
ing the absence of minor structural damage due to low-to-
moderate earthquakes.

Several recent papers [7, 23, 27, 51, 55, 58, 65] adopted
a combined experimental and numerical approach for eval-
uating the dynamic behaviour of masonry towers. In Ref.
[55], ambient vibration tests (AVT) were used to calibrate
an FE model of the Giralda Tower in Seville, which was
subsequently used to analyse the seismic behaviour of the
structure via nonlinear static analysis. In Ref. [65], the seis-
mic damage on historical masonry towers was assessed by
integrating FE numerical simulations and experimental data
obtained using shaking table tests and adopting frequency
changes as damage indicators. In Ref. [27], the seismic per-
formance of the Bayburt clock tower in Turkey, before and
after restoration operations, is assessed using an FE model
calibrated via AVT and subjected to selected earthquake
accelerograms. In Ref. [23], the seismic response of the
Saint Lawrence Cathedral’s bell tower in Genoa is predicted
by integrating AVTs with simplified numerical models,
focusing on the safety evaluations of the pinnacles.

Papers [51] and [58] mainly focus on experimental-based
FE model updating. The former is devoted to comparing
Bayesian and deterministic FE model updating of the San
Felice sul Panaro fortress, and the latter presents an FE
model calibration of the Clock Tower of Rotella in central
Italy obtained via a combined approach based on sensitiv-
ity analysis and genetic algorithms for global minimisation.
Finally, the authors of the paper [9] present the experimental
and numerical investigations conducted on a carillon tower
in Italy aimed at assessing the swinging bells’ effects on the
structure’s dynamic behaviour.

The nonlinear static pushover analysis approach has
been adopted in several papers to evaluate the response of
masonry towers under seismic loading. In Ref. [50], the suit-
ability of applying pushover analysis to predict the dynamic
response of free-standing slender masonry towers has
been investigated by considering different geometrical and
mechanical properties, several load distributions and model-
ling the towers via beam elements made of a masonry-like
material. In Ref. [1], pushover analyses were conducted to
investigate the towers’ collapse that occurred on the occasion
of the 2012 Emilia Romagna seismic sequences and assess
the structural performance of virtual rehabilitation interven-
tions simulated on the numerical models of the towers after
the earthquake. The pushover analyses in Ref. [63] allowed
the seismic response assessment of eight masonry towers
in Italy by modelling the constituent material via a damage
plasticity approach. In Ref.[13], a numerical procedure is
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proposed to perform force-driven pushover analyses with
displacement control by considering geometrical and mate-
rial nonlinearities. The procedure was applied to the Gab-
bia Tower in Mantova. Other applications of the pushover
approach are described in Ref. [29], focused on the Santa
Maria a Vico bell tower (Italy) and in Ref. [22], where the
seismic performance of the church of San Juan Bautista—
Inca temple of Huaytara (Peru) is investigated.

The present paper focuses on the dynamic monitoring of
the Tower of the Palazzo dei Vicari in the historic centre of
Scarperia, a village in the Mugello area (Tuscany) exposed
to high seismic hazards. The historic centre of Scarperia has
been recently subject of a vulnerability survey carried by the
Architecture Department (DIDA) of the University of Flor-
ence which has allowed obtaining geometrical and structural
information on the different building aggregates [17]. The
Tower of Palazzo dei Vicari was the subject of three experi-
mental campaigns. The first was carried out from December
2019 to January 2020 on the occasion of the so-called Mug-
ello seismic sequence, the most relevant event of which was
an M 4.5 earthquake. Other measurements were repeated
in June 2021, during which no seismic sequences were
recorded on the tower, and in September 2023 when another
seismic sequence struck the area near Scarperia. These tests
aimed to characterise the Tower’s dynamic behaviour under
ambient and seismic excitations and check the response of
the Tower over time. The experimental results are presented
and discussed in the paper and the vibrations of the Tower
recorded during the seismic sequences of December 2019
are examined. Finally, the experimental results are adopted
to calibrate an FE model of the Tower. Several numerical
simulations were conducted on the calibrated model using
the FE code NOSA-ITACA developed at ISTI-CNR [34].
The dynamic behaviour of the Tower subjected to a seis-
mic sequence recorded on 21 September 2023 by the sta-
tion placed at the base has been investigated by comparing
the velocities recorded by a station on the Tower’s top with
their numerical counterparts. Furthermore, several pushover
analyses were conducted to investigate the collapse of the
Tower as the load’s distribution and direction varied.

2 The experimental campaigns on the Tower
of Palazzo dei Vicari

The Mugello, a region located 20 km far from Florence
(Tuscany), is a hilly area exposed to a high seismic hazard.
It divides the Florentine Valley from the Apennines moun-
tains and is characterised by small, isolated urban centres.
From the tectonic point of view, the area’s seismic activity
is related to the Etrurian System Fault, which is localised
from Umbria to Tuscany and includes the Garfagnana and
Lunigiana regions [14, 40]. The last strong seismic event

I
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Fig.2 Timeline of the seismicity in Scarperia from 1440 (DMBIIS5,
the Italian Macro-seism Database), the intensity is expressed in MCS
scale

occurred in the area about one hundred years ago, on 29 June
1919, with magnitude M 6.3 [37, 42]. The event destroyed
the city of Vicchio, and many centres of the area suffered
heavy damage [3].

The historic centre of Scarperia (Fig. 1), a city founded
over a hill of the Mugello area during the Mediaeval period
by the Republic of Florence, is the target of this study. In
the past, the city was struck by many earthquakes. Figure 2,
extracted from DBM15, the Italian Macro-seismic Database
[38], shows the intensity of the seismic events in Scarperia
from 1400 to now.

On 9 December 2019 02:37 UTC, an M 4.5 earthquake
occurred in the area. The event, preceded by other earth-
quakes since 8 December, was located by the National Seis-
mic Network of the Italian National Institute of Geophysics
and Volcanology (INGV) at about 5 km from Scarperia, at
a depth of 9 km (Fig. 3). The seismic sequence started on
8 December and lasted until mid-January 2020, producing
about 300 events whose magnitude ranged from 0.5 to 4.5.
Among these events, only 11 exceeded magnitude 3. The
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Fig.3 Localisation of the main recent seismic events in the surround-
ings of Palazzo dei Vicari, Scarperia. The position of Palazzo dei
Vicari is reported in the centre of Scarperia; the red triangles indicate

latest relevant seismic sequence in the area dates back to
September 2023; the most energetic event of this sequence
was an M 4.9 earthquake that struck the city of Marradi, near
Scarperia, on 18 September (Fig. 3).

During the 2019 seismic sequence, the Tower of the
Palazzo dei Vicari (Fig. 4) in the historic centre of Scarperia
(Fig. 1) was the subject of a monitoring campaign carried
out by the Architecture Department (DIDA) of the Uni-
versity of Florence and the Seismological Observatory of
Arezzo of INGV. On 9 December (after the M 4.5 main-
shock), two seismic stations were installed in the Tower, a
slender mediaeval structure connected to the main palace.
Although the most energetic portion of the seismic sequence
ran out in the first hours after the mainshock, when the seis-
mic stations were not yet installed on the Tower, it was pos-
sible to record 22 earthquakes with a magnitude between
1.8 and 3.1, thus evaluating the Tower’s structural response
under seismic actions. In June 2021, a further experimental
campaign was performed to improve the Tower’s dynamic
characterisation. INGV and the Institute of Information Sci-
ence and Technologies “A. Faedo” (ISTI-CNR) installed
seven seismometers at different heights along the structure.
Finally, a last campaign was conducted in September 2023,
during the most recent seismic sequence. The mainshock
was recorded at 03:10 (UTC Italian time) on 18 September
2023, with an epicentre 3 km southwest of Marradi (M 4.9,
depth 8.4 km) and it was preceded at 02:38 by an earthquake
of intensity M 3.4. In the following hours, three velocimeters
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A
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g7 gl
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the epicentral positions of the 2019 seismic sequence, the blue ones
the sequence of 2023

Fig.4 View of the Palazzo dei Vicari and its Tower

were installed at different heights, allowing the recording of
part of the seismic sequence.
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2.1 The Tower of Palazzo dei Vicari

Palazzo dei Vicari (Fig. 4) represents the most iconic land-
mark in the city of Scarperia. The Florentine Republic
built the city during mediaeval times by adopting a regu-
lar scheme [17]. The historical centre follows the Roman
scheme of cardo and decumanus; the main front of Palazzo
dei Vicari faces the main square of the city, located at the
intersection within the principal road axes. The first docu-
ments on Palazzo dei Vicari date back to 1306, with the
approval of the construction of Castle Santa Barbara, the
original name of the Palace. The building shows its Flor-
entine origins in the architectural concept and the exterior
decorations, which emulate Palazzo Vecchio in Florence
on a smaller scale [16]. The castle’s construction started in
1355, and the significant dimensions of its inner courtyard
(Fig. 5) suggest that it was intended to house the city’s entire
population in case of conflict. In the XV century, the city’s
administrative functions went to the Vicario, who lived in
the Palace and gave the name to the structure. Palazzo dei
Vicari became the administrative district of a large territory
comprehending a significant part of the Mugello area. The
civic value of the building is still visible in the decorative
elements which cover its main facade (coats of arms). The
Tower of the Palace is in the Northern corner of the building.

Specific documentation regarding the Tower is not avail-
able. The clock, designed by Filippo Brunelleschi, represents

Fig.5 The inner courtyard of Palazzo dei Vicari, view from the
entrance to the Palace

the most traced element. The original mechanism has been
removed from the Tower, and the clock visible today on the
facade is only a decoration.

The Tower is about 40 m high and characterised by a
squared transverse section with the external walls enlarging
their base through buttress elements (Fig. 6). The Tower is
adjacent to Palazzo dei Vicari and connected to the build-
ing’s structure through two inner floors (vaults and wooden
slabs) and a roof structure. At the top of the slender archi-
tecture, the bell chamber houses the historical bells, which
are no longer allowed to oscillate at the change of the hours.
Finally, the top of the Tower is made of a wooden roof and
castle merlons. The building-tower complex shows the con-
sequences of the high seismicity of the Mugello territory,
and several steel tie rods embrace the masonry structures of
the Palace. Multiple layers of tie rods strengthen the Tower
at different heights, and the different finishes of the bolted
end plates indicate a continuous insertion of the reinforce-
ments over the centuries.

The dynamic monitoring of the Tower was conducted
using tri-axial velocimeters (SS45 and SS20 produced by
SARA Electronic Instruments, Perugia), each equipped with
a digital acquisition system SLO6 (24-bit digitiser). Figure 6
shows the geometry of the Tower and the sensor layouts
adopted in the three monitoring campaigns conducted in
2019, 2021 and 2023. The seismic stations were installed
at different heights, from the base to the bell chamber (see
Fig. 6) and synchronised through a GPS connection. Each
instrument’s x and y axes were aligned with the X and Y
axes shown in Fig. 1.

2.2 First experimental campaign (December 2019-
January 2020)

Two seismic stations, one at the base and the other at the top,
were installed on the Tower on 9 December 2019 and run
until 4 January 2020, with a sampling frequency of 200 Hz
(Fig. 6). Data recorded by the station at the base is avail-
able only from 16 December to 4 January. According to the
information provided by the National Earthquake Observa-
tory (ONT) of the INGYV, the seismic sequence produced
about 290 events (M from 0.5 to 4.5) from 8 December 2019
until 26 December (sporadic weaker events also occurred in
the first ten days of January). Only 66 earthquakes exhibit
a magnitude greater than 2.0. Fifty-four of them happened
during the first 2 days of seismic activity, before the com-
plete installation of all the instruments. The strongest event
of the sequence was an M 4.5 earthquake on 9 December,
located about 5 km from Scarperia.

Among all the earthquakes recorded during the monitor-
ing period, 22 events ranging between M 1.8 and 3.1 have
been selected and shown in Table 1. The most energetic
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Fig.6 Geometry of the Tower (length in metres) and experimental setup of the monitoring campaign. Red: position of the seismometers during
the first campaign (2019); blue: position during the second campaign (2021); green: position during the third campaign (2023)

event recorded during the monitoring survey was M 3.1,
which occurred on 14 December 16:55 UTC.

Figure 7 shows two seismograms recorded on the Tower
at level +25 m on 11 December 2019 (M 2.5 earthquake)
and on 14 December (M 3.1 earthquake). The peak value
of the horizontal velocity recorded during the M 2.5 earth-
quake is 2.7 mm/s. The M 3.1 earthquake recordings show
the saturation of the horizontal components during the most
energetic part of the event (yellow box in Fig. 7). Due to
technical problems and malfunctioning, the station at the
base of the Tower did not record during the seismic events.

The data collected during the first campaign were ana-
lysed in the frequency domain to identify the structure’s
main frequencies. Data analyses were also aimed at describ-
ing and comparing the Tower’s dynamic behaviour during
the most relevant events of the seismic sequence and under
ambient vibrations.

‘‘‘‘‘‘

2.2.1 Ambient vibrations

Time windows free of seismic events were selected from
the data collected by the seismometers. The average hourly
spectra (FFT) and average hourly standard spectral ratios
(SSR) between the signals recorded at the top and the ground
were calculated.

The hourly averages for the spectra and spectral ratios
were computed as the average of the quantities calculated
on the 30 consecutive 120-s intervals extracted from the
hourly recording. The hourly quantities were then averaged
to obtain the average FFT and SSR for the monitoring period
[4].

Figure 8 shows the average FFTs of the signals recorded
by the seismic station at the Tower’s top. At low frequencies
(<1 Hz), the spectra are dominated by a broad peak centred
at about 0.3 Hz. An additional seismic station installed in
the same period on the ground floor of the nearby Scarperia
City Hall revealed a similar frequency content; this confirms
that the 0.3 Hz peak is not related to structural behaviour but
to ambient sources.
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Table 1 Earthquakes recorded during the monitoring experiment

Time Latitude Longitude Depth [km] M Time Latitude Longitude Depth [km] M
2019-12-09 44.0122 11.2873 9.0 2.5 2019-12-11 44.0035 11.3032 9.4 2.4
T15:20:07.80 T21:19:25.50
2019-12-09 44.0138 11.2900 8.4 2.3 2019-12-12 44.0207 11.3018 8.8 1.8
T15:21:35.39 T17:23:22.44
2019-12-09 44,0083 11.3202 8.0 1.8 2019-12-13 44,0243 11.2818 8.8 2.1
T17:09:32.52 T01:53:55.36
2019-12-09 44.0093 11.3090 8.7 1.8 2019-12-13 44.0208 11.2832 8.7 1.8
T17:50:29.84 T02:58:32.69
2019-12-09 44.0080 11.3143 8.1 2.0 2019-12-13 44.0172 11.2843 8.4 2.1
T17:53:52.62 T03:32:51.00
2019-12-09 44.0080 11.2787 9.0 1.9 2019-12-13 44.0237 11.2843 9.3 1.8
T18:09:46.87 T08:01:18.75
2019-12-10 44.0120 11.3003 9.0 1.8 2019-12-14 44.0158 11.3007 8.7 2.1
T02:02:45.63 T01:39:07.09
2019-12-10 44.0170 11.3067 8.0 2.2 2019-12-14 44.0215 11.2840 9.0 1.8
T19:00:53.17 T03:14:41.45
2019-12-10 44.0123 11.2872 8.9 1.9 2019-12-14 44.0092 11.2973 6.9 3.1
T20:47:57.58 T16:55:53.46
2019-12-11 44.018 11.2987 7.1 2.5 2019-12-14 44.0122 11.3003 8.7 1.8
T04:24:09.10 T21:47:53.31
2019-12-11 44.0072 11.3017 9.9 2.0 2019-12-15 44.0170 11.3077 8.3 2.0
T11:47:18.60 T00:03:52.84
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Fig.7 Velocity waveform of the earthquakes recorded at +25 m on 11 December 2019 04:24 UTC, M 2.5 (left) and on 14 December 2019 16:55
UTC, M 3.1 (right). The region highlighted corresponds to the out-of-scale portion of the signal due to saturation of the sensor

The horizontal spectra at high frequencies (> 1 Hz) show
peaks related to the Tower’s structural response. To highlight
this aspect, the average SSR between the signals recorded on
the top and the ground was assessed (Fig. 9). This technique,
known as the standard spectral ratio, was first introduced
by [26] and is used in seismology to evaluate a relative soil

transfer function from the spectral ratio between two nearby
stations. Therefore, the spectral ratio between the floor sta-
tion and the base station (considered as the ground reference
station) allows the identification of the main frequencies of
the building. As a matter of fact, the SSR technique extracts
the frequency content attributable to the ground from the
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Table 2 Frequency peaks

. . Component [Hz]
recognisable in the average
SSRs for the Tower of the X 1.18 3.12 3.34 3.95 472 6.5 8.0
Palazz0 dei Vicari Y 1.24 3.16 - 3.91 - 6.2 -
z - - - - - - 8.2
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floor recordings, thus highlighting the frequency content of
the structure.

Figure 9a—c shows the daily average (grey lines) and
the total average (coloured lines) SSRs computed on the
entire monitoring period on the Tower, while in Fig. 9d, the
three components are superposed. The peak values of the
three average SSRs are listed in Table 2. The first peaks
in the X and Y directions (1.18 Hz and 1.24 Hz, respec-
tively) can be easily attributed to the first bending modes
of the Tower along the section’s principal directions. It is
worth noting that they are very close due to the geometry
of the Tower’s transverse section (Fig. 6). The peak around

3.15 Hz, recognisable in both the X and the Y components,
is likely attributable to the first torsional mode. The peak
around 0.3 Hz is not visible in Fig. 9; this confirms, being
the figure plotted in terms of spectral ratios, that this low-
frequency signal is related to ambient sources transmitted to
the Tower from the ground.

Figure 9 highlights the remarkable stability of the spec-
tral ratios over the monitoring period, with a small disper-
sion of the daily curves around the one averaged over the
entire monitoring period [19]. This result was expected, as
the monitoring period covered about one month, and thus,
seasonal temperature variations did not affect the data. Some
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Fig. 11 Daily SSRs computed for 19, 21 and 23 December. The central panel refers to the day (21 December 2019) in which strongest wind

gusts occurred

dispersion of the first peak values can be observed during
the windiest days (Figs. 10, 11). Figure 10 shows (top) the
diagrams of the wind speed (http://www.sir.toscana.it/)
recorded by the weather station of Borgo San Lorenzo, a few
kilometres away from Scarperia, the seismogram of the X
component recorded on the Tower from 19 to 23 December
2019, the trend of the Tower’s fundamental frequency over
the same days and, finally, the spectral amplitude of the sig-
nal in the X direction. One-minute signals have been stacked
from the recordings and processed to follow the fundamental
frequency over time. Figure 10 shows a clear correlation
between the energy content of the signal and the frequency
values; in particular, the frequency decreases when the spec-
tral amplitude increases [35].

Figure 11 shows the SSRs for 19, 21 and 23 December.
The major energy content of the signal during the windiest
day is evident in the figure.

It is worth noting the strong amplification along the
height of the transverse oscillations of the Tower. The ampli-
tude of the spectral ratio is on the order of 70 on the occasion
of the strongest gusts (21 December) (Fig. 11).

An estimation of the damping ratio from the analysis of
the Tower’s free vibrations has been performed. The geopsy

‘‘‘‘‘‘

tools (www.geopsy.org) [64] have been used here for damp-
ing calculation. The software applies the Random Decre-
ment Technique (RDT) [21, 54] to the vibration record-
ings. Considering the suggestions in the literature (see, for
example, [24, 26, 45]), the calculations have been performed
over an entire daily recording, free as much as possible from
relevant transients. The daily signal recorded by the top sta-
tion has been divided into 30 seconds shorter signals that
were then band-pass filtered in the range of 0.5-1.5 Hz. The
damping values obtained for the Tower are very low, on the
order of 0.6%.

2.2.2 Earthquake data

Twenty-two seismic events with a magnitude greater than
1.8 (Table 1) were selected from the seismic sequence that
struck the Mugello area during the monitoring period to
compare the dynamic behaviour of the Tower under earth-
quake and ambient vibrations. The earthquakes in Table 1
were divided into two groups according to the magnitude
supplied by the INGV database: M <2.5 and M>2.5.
The second class consists of the strongest event recorded
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during the monitoring period, M 3.1, which occurred on 14
December.

Unfortunately, a technical failure at the Tower’s ground-
level station resulted in a data loss from 9 to 16 December;
no earthquakes larger than M 1.8 occurred after that date.
This failure made using the SSR technique impossible; the
FFTs of the signal recorded by the upper floor’s station
before, during, and after the M 3.1 earthquake were then
computed (Fig. 12).

More precisely, two signals have been extracted before
and after the earthquake. The average FFT over 120 con-
secutive signal intervals was computed and compared to that
obtained by processing the signal recorded during the seis-
mic event. The figure shows a shift of the peaks related to the
first bending frequency during the earthquake. The Tower’s
dynamic behaviour before and after the earthquake remains
substantially unchanged regarding frequencies. The authors
have observed this phenomenon on similar monuments [9]
during low-to-moderate events.

Figure 13 shows, for the M 3.1 event, the trend versus
time of the Tower’s first and second frequencies (top), the
corresponding spectral amplitudes along the X and Y direc-
tion (middle), and the time-history of the event in terms of
velocities (bottom). As for Fig. 10, one minute signals have
been stacked from the recordings and processed via FFT
to follow the frequencies over time. The frequency decay
during the earthquake [36] is evident in the figures (yellow
region).

2.3 Second experimental campaign (June 2021)
A second experimental campaign was conducted on 15

June 2021 to improve the dynamic identification of the
Tower, under ambient vibrations. Seven three-axial velocity

transducers, recording with a sampling frequency of 100 Hz,
were installed at different heights, from the base to the bell
chamber (see Fig. 6). The signals were processed through the
stochastic subspace identification covariance driven (SSI-
cov) method [15], implemented in the MACEC code [53].
The algorithm relies on the hypotheses of the OMA, which
models the input as an unknown white noise signal and pro-
cesses the output-only response of the system. Table 3 shows
the results obtained in terms of natural frequencies, standard
deviation and Modal Phase Collinearity (MPC). These fre-
quencies have been confirmed by FE calibration and are also
recognisable in the signals recorded in the first experimental
campaign. A good agreement is found between the results
shown in Table 2 (first experimental campaign) and Table 3.
Figure 14 shows the first four mode shapes of the Tower cal-
culated by the MACEC code. The damping values computed
confirm the low values reported in Sect. 2.2.1.

2.4 Third experimental campaign (September 2023)

An M 4.9 earthquake was recorded in the Mugello area on
18 September 2023. The earthquake was located at about
20 km NW from Scarperia, near the city of Marradi. The
seismic sequence triggered by the event lasted more than one
month producing about 700 events with magnitude from 0.5
to 4.9. The most energetic part of the sequence occurred in
the first days of its evolution. All the events with magnitude
greater than 3.0 occurred within two days of the mainshock.
The event with the highest magnitude (M 2.6) recorded by
the seismic stations occurred on 21 September 08:35 UTC.

Three seismic stations were installed inside the Palazzo
and Tower from 20 September to 4 October 2023 (Fig. 6).
One station was installed at the base, a second station at the
first floor, the third one at the top terrace of the Tower.
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Table 3 Natural frequencies and mode shapes of the Tower of the
Palazzo dei Vicari

Mode shape SSI-cov

f1Hz] MPC
1 (Bending X) 1.22+0.002 0.95
2 (Bending Y) 1.25+0.002 0.91
3 (Torsional) 3.01+0.011 0.90
4 (Bending X) 3.42+0.121 0.97

Figure 15 reports the X, Y and Z velocities recorded at
the base (black) and at the top (blue, green and red) of the
Tower on 21 September at 08:35. Strong amplification of the
signal along the Tower’s height can be observed, particularly
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in the X and Y directions, along which the signal at the
top of the Tower is more than four times that recorded at
the base. The maximum ground velocity recorded at the
base is on the order of 0.1 mm/s, while the maximum value
recorded at the top is 0.23 mm/s.

In Sect. 3.3, the signal recorded at the base has been
assigned to a FE model of the Tower to investigate its
dynamic behaviour and compare experimental and numeri-
cal results.
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3 Numerical modelling

This section describes the numerical simulations conducted
on the Tower via the NOSA-ITACA code. Section 3.1 is
devoted to a brief description of the code and its main fea-
tures. Section 3.2 describes the FE model of the Tower
calibrated using the experimental frequencies calculated in
Sect. 2. In Sects. 3.2 and 3.3, the results of dynamic and
pushover analyses conducted on the Tower’s model are pre-
sented and discussed.

180.0 200.0 220.0 240.0 260.0 280.0 300.0

Time [s]

3.1 The NOSA-ITACA code

The NOSA-ITACA program [34], developed by ISTI-CNR
for the nonlinear analysis and calibration of masonry struc-
tures (wWww.nosaitaca.it/software), combines the finite ele-
ment (FE) solver NOSA and SALOME, an open-source
interactive graphic platform for pre- and post-processing
operations. The software can be used for FE model updating,
static and dynamic analysis of structures made of linear elas-
tic and masonry materials and thermomechanical analysis in
the presence of thermal loads. Moreover, it allows modelling
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restoration and reinforcement operations on constructions of
architectural interest.

The code adopts the constitutive equation of masonry-
like materials [39] and models masonry as a homogeneous
isotropic nonlinear elastic material with zero or weak ten-
sile strength (¢! > 0) and infinite or bounded compressive
strength (¢¢ > 0).

Assumptions underlying the model are that the infinitesi-
mal strain tensor E is the sum of an elastic part E°, a fracture
part Ef and a crushing part E¢ and that the stress tensor
T depends linearly on the elastic part, T = C[E®], with C
the isotropic fourth-order elasticity tensor containing the
mechanical properties of the material (the Young’s modulus
and the Poisson’ ratio). The symmetric tensors T, E and E°
satisfy suitable orthogonality conditions; moreover, T — ¢'1
(with I the identity tensor) and E¢ are negative semidefinite
and T + I and F/ are positive semidefinite.

NOSA-ITACA relies on a finite-element formulation of
the differential equations governing the statics and dynam-
ics of masonry structures. The nonlinear system obtained
by discretizing the structure into finite elements is solved
via the Newton—Raphson method, which involves the tan-
gent stiffness matrix K;. The numerical solution to the
dynamic problem is based on the Newmark method.

Experimental dynamic monitoring campaigns revealed
the dependence of natural frequencies on structural
changes and damages [32, 52], as well as on environmental
factors, such as temperature and humidity [6, 32].

NOSA-ITACA has been thus enhanced to use experi-
mental data such as frequencies and mode shapes to cali-
brate the FE counterpart of masonry buildings and model
the influence that both the nonlinear behaviour of the
masonry material and the presence of cracked regions can
have on the dynamic properties of masonry structures.

Given the structure under examination, discretised into
finite elements, and given the mechanical properties of
the constituent materials together with the kinematic con-
straints and loads acting on the structure, the procedure
implemented in NOSA-ITACA encompasses the following
two stages:

1. The solution to the nonlinear equilibrium problem of the
structure is calculated and the tangent stiffness matrix
K to be used in the next step is evaluated.

2. A modal analysis about the equilibrium solution is
performed employing the tangent stiffness matrix K;
calculated in the last iteration of stage 1 before the con-
vergence is reached. The generalised eigenvalue problem

K;v = 0*Myv ey

is then solved. In (1), K, and M € R™" are the symmetric
and positive definite tangent stiffness and mass matrices

‘‘‘‘‘‘

of the finite-element assemblage. The integer n is the
total number of degrees of freedom of the system and is
generally very large since it depends on the discretisation
of the problem. Solving (1) provides the first g smallest
natural frequencies f; = w;/(2x) and mode shapes v of
the cracked structure, with i=1, ..., g, ¢ <<n. In the lin-
ear perturbation approach, the tangent stiffness matrix K;
replaces the elastic stiffness matrix K used in the standard
modal analysis, in which the materials constituting the
structure are linear elastic.

The nonlinear model updating implemented in NOSA-
ITACA can be formulated as an optimisation problem
by assuming that the tangent stiffness and mass matrices
are functions of the parameter vector X, containing the
Young’s moduli, tensile strength and density masses of the
constituent materials. The goal is to determine the optimal
value of x € R? that minimises the objective function ¢(x)
involving g experimental frequencies to match, within a
p-dimensional box Q = [al, bl] X ... X [ap, bp]

q
d(x) = Z{ W (£ — )+ wl (1= i)’ )

with f* the experimental frequencies, f;(x) the numerical
frequencies obtained from (1), y,(x) the modal assurance cri-
terion (MAC) indicators and w; € R suitable weights, i=1,
..., q. The minimum problem that must be solved to calibrate
the FE model is a nonlinear least squares problem: the objec-
tive function, having form (2), is nonlinear as the frequencies
fi(x) depend nonlinearly on the vector x of material proper-
ties. In addition, another source of nonlinearity of ¢p(x) is the
dependence of K(x) (and then of f;(x))) on the solution of
the nonlinear equilibrium problem in stage 1 [33].

3.2 Finite-element model calibration

An FE model of the Tower was created with NOSA-ITACA.
The mesh of the structure, assumed to be perfectly clamped
at the base (no information related to the foundations and
the soil is available, so the soil-structure interaction is
neglected), is shown in Fig. 16 and consists of 16,002 iso-
parametric brick and truss elements (element no. 1 and no.
35 of the software library) with 20,867 nodes, for a total
of 62,601 degrees of freedom. In a first approximation,
the presence of the adjacent palace is modelled via elastic
springs with stiffness k, and k, as a detailed survey of the
building and information regérding the connection to the
surrounding tower-palace complex are not available. We
assume that the Tower is subjected to the self-weight and
divided into five portions constituted by different masonry
materials with Young’s modulus E; (i=1, ..., 5),v=10.2,
uniform mass density 2000 kg/m?>, tensile strength ' = 0
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Fig. 16 FE model of the Tower (left) and sensitivity indexes calculated via GSA (right)

Table 4 Optimal parameter values and numerical frequencies calcu-
lated by NOSA-ITACA, experimental frequencies, relative errors and
MAC values

F7[Hz] f[Hz] IA f)[%] MAC
Mode 1 1.22 1.22 0.00 0.99
Mode 2 1.25 1.25 0.00 0.99
Mode 3 3.01 3.02 0.33 0.73
Mode 4 342 391 14.32 0.93
k, [N/m] k, [N/m] E, [MPa] E, [MPa]
905,305 621,992 4020 700

MPa and compressive strength ¢ = 1 MPa [48]. In particu-
lar, the portions are the lower part contained in the palace
(E)), the bell chamber (E,), the part between the palace and
the bell chamber (E;), the vaults (E,) and the roof (Es).

A Global Sensitivity Analysis (GSA) has been performed
through the SAFE Toolbox [49] coupled with NOSA-ITACA
to investigate how variations in the input (Young’s moduli
of the constituent materials and springs’ stiffness) influence
the output of the numerical model (the natural frequencies).
The sensitivity indexes, evaluated by SAFE and adopting
the Elementary Effects Test method, are shown in Fig. 16
for the first four frequencies and the parameters vector (k,,
ky, E|, E,, E;, E,, E5). As it is possible to note, the first two

frequencies are slightly dependent on E; and E;, the third
frequency is influenced mainly by E, and E;, and by E, and
k, to a minor extent. Finally, the fourth frequency mostly
depends on E; and E;, with a lower influence of k,, k, and E,.
Young’s moduli E, and E5 characterising the vaults and the
roof seem irrelevant from a dynamic point of view.

Given the results of GSA, the nonlinear model updating
sketched in Sect. 3.1 has been conducted by minimising the
objective function in (2) with g=4, p=4, x=(k,, ky, E, E),
fiexp reported in Table 3, w; = l/f?xP, i=1,2,3,4,w;=0.1,
i=5,6,7, 8 and assuming that Es=FE,=FE;=FE,.

The optimal values of x and the numerical frequencies are
reported in Table 4, along with the experimental ones, the
corresponding relative error and MAC (Modal Assurance
Criterion) values. Table 4 highlights a strong agreement
between the numerical and experimental frequencies, with
a maximum relative error of 0.33%, except for the fourth
frequency. In terms of MAC values, however, the correla-
tion between the third numerical and experimental mode
shapes is low, although still acceptable, especially consid-
ering the limited number of sensors used for the dynamic
identification.

In the light of previous considerations, the calibrated
model of the Tower has been adopted to conduct the nonlin-
ear dynamic analysis described in Sect. 3.3 and the pushover
analyses reported in Sect. 3.4.
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Table 5 Comparison between experimental and numerical PCPV

Station PCPV  Experimental Numeri- Relative error [%]
direc- PCPV [mm/s] cal PCPV
tion [mm/s]

SS0945 X 0.229 0.236 -3.06

SS0945 'Y 0.199 0.129 35.18

3.3 Nonlinear dynamic analysis

The calibrated model of the Tower is used to conduct a non-
linear dynamic analysis by assigning the signals of the M 2.6
seismic event recorded by the station at the Tower’s base on
21 September 2023 08:35 (Fig. 15), to the model and com-
paring experimental and numerical velocities.

After the dead loads were assigned, the seismic sig-
nal recorded was applied to the model, whose numerical
response to the dynamic excitation was compared to that
recorded on the Tower by the station SS0945. The duration
of the quaking was 50 s, and the time step for numerical
integration was set at 0.01 s.

The presence of damping in the equations of motion is
modelled by the damping matrix, which depends on the elas-
tic stiffness and mass matrices according to the Rayleigh
assumption [20]. A damping ratio of 0.4% has been used for
the first two mode shapes. This value results from a numeri-
cal calibration aimed at fitting the experimental velocities
and substantially agrees with the damping values estimated
in the experimental campaigns.

Figure 17 shows the velocity in the X and Y directions vs
time recorded by the instrument SS0945 placed at+31.00 m
(red line), together with that calculated by NOSA-ITACA
(black line).

For comparison, Table 5 reports the peak component
particle velocities (PCPV) (PCPV denotes the maximum
absolute value of the experimental or numerical velocities
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Fig. 18 Load patterns used in the pushover analyses

components) calculated by NOSA-ITACA and their experi-
mental counterparts. As shown in Fig. 17 and highlighted by
Table 5, the numerical analysis can fit the recorded experi-
mental time-histories and estimate the peak velocity val-
ues reached along the X direction by the structure at the
monitored point with an excellent approximation. On the
contrary, the numerical analysis underestimates the velocity
value in the Y direction, probably due to the choice adopted
for modelling the boundary conditions.

The low value of the modal damping is highlighted by
the long Tower’s response after the transient induced by the
earthquake (see Fig. 17). A beating effect is also visible in
the data (both in the experimental and numerical results),
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Fig. 19 Pushover analysis. Results for load patterns U and T applied in the+X and—X directions: capacity curves (up); cracking and crushing

distributions (bottom)

with an energy exchange between the modes in the X and
Y directions. It is worth noting that the first two Tower’s
frequencies (corresponding to bending in the X and Y direc-
tions) are very close, and the oscillations in the two direc-
tions could be coupled via the third torsion mode. A similar
phenomenon has also been observed for the Asinelli Tower
in Bologna [11].

3.4 Pushover analysis

Pushover analyses have been conducted to determine the
Tower’s performance under seismic actions, as reported in
many applications to masonry towers [44, 55].

The horizontal loads (see Figs. 18, 19, 20, 21, 22,
23) were applied in the X and Y directions and along
the two bisectors of the (X, Y) plane. For each direc-
tion, two different horizontal loading patterns were cho-
sen, as recommended by the Italian Code [47]: a uniform
distribution (U) and an inverted triangle distribution

(T). Thus, 16 load conditions were considered by apply-
ing each load distribution along the following direc-
tions: + X, -X,+Y,-Y,+X+Y,-X-Y,-X+Y,+ X-Y.
In order to visualise the cracked and crushed portions of the
Tower effectively, the following elemental ratios:

=3 [ =3 [ wwoa ®

between the integral of the trace of the fracture and crush-
ing strain on the element and the element’s volume V were
considered.

Figures 19, 20, 21, and 22 show the results in terms of
capacity curves and cracking and crushing distributions.
In the figures, d is the displacement of the control node
(coinciding with the centre of mass of the roof floor), and
the ratios ¢/ and e¢ are plotted against the distance H from
the Tower’s base (H € [0, Hy], with Hy = 40 m the height
of the Tower), for the different load conditions.



Journal of Civil Structural Health Monitoring

1100
B
— U
880 —T
5 660 -
5’_
=
B 440 -
230—/
0 ' . . . y
0.00 0.04 0.08 0.12 0.16 0.20
d fw] +Y
H [m])
i} L 40.0
U
oT L 350
30,0
L 25.0
- 20.0
- 15.0
oy = 100
e | 3
- 5.0
d JRSP——
> J ,(' e,
0.0 # : —t R e 0.0
o - o o o o o o o - [~3
T T % 5§ % S B G S
s 4 42 £ & BEE&8 4
P w — —_ ol - B - B -

Fy, [kN]

2500

2000 4 il

1 500 A

1000 4

500 4

0.00 0.04 0.08 0.12 0.16

d [m]

H [m]
40.0

U
oT

20.0

150 o e

10.0 5

4

5.0

=,
&

,.
(]

0.0

t
=
b
=
-
=

0.0E+00
1.0E-03 -
2.0E-03
3.0E-03
4.0E-03
5.0E-03

-6.0E-04

-4.0E-04 -
-2.0E-04 -

Fig. 20 Pushover analysis. Results for load patterns U and T applied in the+Y and-Y directions: capacity curves (up); cracking and crushing

distributions (bottom)

Figure 23 summarises the results of the analyses in terms
of: collapse load F, normalised to the Tower’s self-weight
W (a.); ratio (percentage) between the displacement d of the
control node and the total height Hy of the Tower (b.); bell
chamber’s interstory drift (percentage) (A, is the displace-
ment of the top with respect to the base of the bell chamber,

h,=9 m is the bell chamber’s height) (c.).

The analysis of the previous figures allows us to make

the following remarks:

— The load patterns affect the capacity curve in terms of
collapse load, and the inverted triangle load pattern is

the most unfavourable.

The asymmetry of the boundary conditions and the
cross-section affects the response of the Tower.

In terms of collapse load, the most critical direction
is+ X, with F; in the order of 0.05% of the Tower’s
weight.

The worst condition in terms of displacements occurs
along the + X +Y direction, adopting the T load pattern.
The most significant differences between the results of
the U and T load distribution occur along the bisector of
the first and third quadrants.

The maximum displacement of the control node is in the
order of 0.6% of the total Tower’s height, the interstory
drift of the bell chamber is in the order of 0.9%.
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— The cracking and crushing pattern of the bell chamber is
the same for the U and T distribution.

Figure 24a and b shows the crack and crushing patterns
of the Tower when subjected to load pattern T along the X
direction. The crack and crushing patterns are expressed
in terms of the norm of the fracture and crushing strain
tensor (E/ and E¢, respectively), denoted as EFEQV and
ECEQYV. When the load acts in the positive direction of
X, the Tower’s connection with the surrounding building
is characterised by significant fractures. Simultaneously,
the Tower’s base reaches the limit of compressive strength
of the masonry, resulting in considerable crushing strain.

On the other hand, when the load is applied in the oppo-
site direction, a crushing area develops in the connection
area between the Tower and the building, at around 21 m
high. On the opposite face, a horizontal fracture arises
at approximately 23 m, which reaches the building-tower
connection area at 21 m through the later walls, resulting
in the mechanisms of composed overturning of the facade.
This crack pattern follows a typical collapse mechanism
found in masonry bell towers [25, 59] and sketched in
Fig. 24c. Lastly, Fig. 24d shows a zoomed-in view of
the crack pattern of the Tower, and also in this case, the
numerical modelling can trace the collapse mechanism
found in this element type [25, 59, 61], Fig. 24c).



Journal of Civil Structural Health Monitoring

1 600
1 400 - soea . -
/ — U
1200 - T
;1000-
2 800 -
-
= 600
400
200 A
0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25
d [m]
-X+Y
H [m]
L 400
U
T L350
- 30.0
250
20.0
- 15.0
1100
P
- 5.0
r ¢ e
0.0 - . . £ ‘.,,.:%00
& -+ o o o o o oy o - o
S 2 5 5 < S 5 3 3 9 2
E B B R E SEgE2Eg
Q' wy —_— — (o'} !‘II (‘II ‘-: —I lf. =)

— 1000

Fy [kN

1600
1400 —
1200 A

800 +
600
400 A
200 A

0.00

0.04

N
+X-Y “\_\y

H [m]

B - 40.0
U

oT L 35.0

- 30.0

- 250

- 20.0

. 3 150
- _.3_

- 10.0

- 5.0

> €

00 +——r R 0.0
= - o o o [22] o oy oy = =
T 5 8 7 9 ? 99 3 g 3
23} — W oW W oW oW g
2 8 &8 E & R E&EEE &4
= ) — — -l L I B T T R

Fig.22 Pushover analysis. Results for the load patterns U and T applied in the—X+Y and+ X-Y directions: capacity curves (up); cracking and
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Assessments of the Tower’s seismic capacity along
the+X,+Y, and + X+ Y directions have been carried out
according to the N2 method [28]. Figure 25 shows the elas-
tic response spectra (black lines) and the model’s capacity
curves (coloured lines) in the ADRS (Acceleration Displace-
ment Response Spectra) format. The capacity curves have
been obtained from the Tower pushover curves depicted in
Figs. 19, 20, 21, according to Ref. [48]. The site demands of
the area are traced considering a reference period of 75 years
(black dashed line, SLD), 712 years (black continuous line,
SLV) assuming a 50-year nominal life and a class coefficient
equal to III [46]. The seismic demand has been assessed tak-
ing into account the seismic hazard in the Italian territory

[60] and assuming a soil category C [47] evaluated by refer-
ring to the microzoning analyses described in Ref. [10]. The
elastic spectra shown in Fig. 25a have been obtained taking
a viscous damping of 1%, thus following the experimental
results, while in (b) a 5% viscous damping is considered,
according to the reference value reported in Ref. [47]. As
already shown by the pushover curves, the structure exhibits
the best performance along the Y direction for the U load
distribution while lower performances are exhibited along
the other two directions in terms of elastic stiffness, yielding
and ultimate points. The figure also highlights the influence
of viscous damping on the seismic vulnerability assessment.
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4 Conclusions

The paper presents and discusses the results of the dynamic
monitoring of the Tower of Palazzo dei Vicari inside the
historic centre of Scarperia, a village exposed to high seis-
mic hazards in the Mugello area. The Tower was the sub-
ject of three experimental campaigns. The first campaign
was carried out from December 2019 to January 2020 on
the occasion of the so-called Mugello seismic sequence,
which featured an M 4.5 earthquake; the second and third
dynamic tests were conducted in June 2021, in the absence
of seismic excitation, and September 2023, when a seismic
sequence struck the area near Scarperia. These tests aimed to

characterise the Tower’s dynamic behaviour under ambient
and seismic excitations and check the response of the Tower
over time. The experimental results were used to calibrate
a FE model of the Tower and estimate the seismic vulner-
ability of the monument. To this aim, several numerical
simulations were conducted on the calibrated model using
the FE code NOSA-ITACA developed at ISTI-CNR for non-
linear structural analysis of masonry buildings. The dynamic
behaviour of the Tower subjected to a seismic sequence
recorded on 21 September 2023 by a seismic station at the
base was investigated by comparing the velocities recorded
along the Tower’s height with their numerical counterparts.
Furthermore, several pushover analyses were conducted to
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Fig.24 Crack and crushing patterns result from load pattern T applied in the X direction (a, b); bell towers collapse mechanism reported in the

literature (c); belfry fracture at the collapse (d)

investigate the collapse of the Tower as the load’s distribu-
tion and direction varied.

The paper covers all the aspects of SHM, from data pro-
cessing and dynamic identification to model updating and
numerical simulation. Regarding the experimental cam-
paign, the availability of records measured on a mediaeval
tower over the years and during long seismic sequences is
relatively uncommon and provides the opportunity to inves-
tigate the mechanical behaviour of the tower deeply. The
software adopted for model updating and structural analy-
ses is developed at ISTI-CNR and represents an original,
non-commercial contribution to the numerical modelling of
historical structure. The main outcomes of the experimental
and numerical investigations can be summarised as follows:

— The wind, apart from the seismic events, is the most rel-
evant vibration source recorded on the Tower during the
experimental campaign. Comparing the diagrams of the
wind speed, the seismogram recorded on the Tower and

the temporal trend of the Tower’s fundamental frequency,
a clear correlation emerges between the energy content
of the signal and the frequency values: in particular, the
frequency decreases when the spectral amplitude and the
energy content of the signal increase during the windiest
days.

— Many seismic events have been recorded on the Tower
during the experimental campaigns. Focusing on the
most energetic event recorded, an M 3.1 earthquake,
the Tower’s dynamic behaviour remained substantially
unchanged before and after the shaking. A frequency
drop corresponding to the velocity and spectral ampli-
tude peaks was observed during the seismic event.

— Dynamic identification of the Tower was performed after
the three experimental campaigns from 2019 to 2023.
Very similar values of the main Tower’s frequencies were
found in the three tests, thus proving substantial stability
of the Tower’s dynamic response in time.
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Fig. 25 Response spectrum and capacity curve in the ADRS format according to the different directions of analysis; a viscous damping 1%, b

viscous damping 5%

— The experimental tests highlight low damping ratio val-
ues under 1%. This feature is evident when analysing the
signals recorded on the Tower after the mainshocks and
confirmed by the numerical simulation of the Tower’s
dynamic response under earthquake. A beating effect
between the two main oscillations of the Tower has also
been found, analogously to what was observed on similar
slender masonry towers.

— Analysing the numerical and experimental responses to
an M 2.6 seismic event recorded in 2023 provided a sub-
stantially good agreement between the model and the
experimental responses.

— The pushover analyses conducted for different load dis-
tributions and directions allowed an assessment of the
Tower’s collapse load and crack and crushing distribu-
tions.
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