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Abstract

The preservation of cultural heritage assets from natural and man-made disasters is paramount for our
community because of their architectural and social value. Cultural heritage assets are directly linked to the
economy of a region through cultural tourism. They also have a symbolic value for the community: their
damage and partial/total collapse may have a huge impact on social cohesion, sustainable development and
psychological well-being.

Among natural hazards, earthquakes are the most dangerous for ancient buildings, which are usually
built following empirical knowledge and reflecting the tradition of a community. Moreover, modifications
over time, local repairs or partial/total reconstructions can even worsen the seismic performance of cultural
heritage assets.

In this context, dynamic Structural Health Monitoring systems represent a powerful tool to control the
health state of the structure, manage maintenance interventions and optimise retrofitting.

This paper presents the preliminary results of a research work aimed at defining a probabilistic
framework for monitoring systems for cultural heritage assets. In particular, in this paper the experimental
campaign on the bell tower of the San Francesco church in Pisa is described. The San Francesco bell tower is
a unique example of masonry tower, since it rests on the transept walls of the church (12 m above the ground
level). For this reason, it represents an interesting case study to test limits and advantages of the dynamic
monitoring of masonry towers.

The experimental campaign is aimed at determining the modal characteristics of the structure, i.e.,
frequencies and mode shapes, by recording the effect of ambient vibrations on the tower. These observations
are then elaborated through Operational Modal Analysis techniques to characterise the structural modal
behaviour. A finite element model has been finally calibrated by comparing numerical eigenfrequencies and
mode shapes with experimental ones. The calibrated model will be used in future steps of the project to
understand the complex dynamic behaviour of this unique masonry tower and to assess its seismic fragility.

Keywords: Structural Health Monitoring; masonry tower; structural identification Operational Modal Analysis.
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1. Introduction

The preservation of Cultural Heritage (CH) assets is a problem of great complexity. Current approaches are
generally intermittent and lacking in methodical strategy, too often applied in emergency situations [1].
Planned and distributed monitoring would conversely allow for more structural control and effective
conservation efforts [2].

Numerical models are commonly adopted to assess the structural health of CH assets. However, most
of the CH assets are non-engineered masonry constructions, which have been built based on empirical
knowledge. Epistemic uncertainties related to the geometry, material parameters and boundary conditions [3]
strongly affect the numerical results. For this reason, Finite Element (FE) models may fail to predict the actual
structural behaviour. Material test results as well as monitoring data should then be used to calibrate the
uncertain model parameters thus improving the accuracy of the results.

The use of dynamic non-destructive characterization techniques, such as ambient vibrations-based
modal identification, is widely diffused in this field because such approaches match the well-known
conservation and minimum intervention criteria [4]. The building response under ambient vibrations provides
information about its modal characteristics (i.e., natural frequencies and mode shapes) [5]. Experimental modal
characteristics allow model parameters to be calibrated, thus improving the estimation of the structural
behaviour [6,7].

The present paper focuses on the results of a one-day dynamic monitoring experimental campaign of
the bell tower of the San Francesco church in Pisa (Italy). This is the first step towards the definition of a
probabilistic framework for Structural Health Monitoring (SHM) systems for CH assets. The experimental
campaign on the bell tower was carried out to determine its modal characteristics, i.e., natural frequencies and
mode shapes, by recording its response to ambient vibrations. Accelerometers and velocimeters, commonly
used for structural control, were employed. Their simultaneous presence allowed us to perform a comparison
between the two.

The records were elaborated through Operational Modal Analysis (OMA) techniques to characterize the
structural modal behaviour of the tower [5]. Experimental mode shapes and frequencies were used as a source
of information for parameter calibration of the FE model, thus reducing the effect of epistemic uncertainties
on the final results. A FE model of the structure is shown and the use of a damaging constitutive law for its
pre-conditioning of the model is suggested, and its consequences discussed.

2. The San Francesco bell tower

The San Francesco church was built during the second half of the XI1I century under the direction of architect
Giovanni di Simone [8]. It represents a typical Franciscan church, with sobriety in the use of decorations,
absence of frescos and a large nave to host a large number of worshippers. Its dimensions make it the second
largest church in the city, after the Cathedral of Pisa: the nave measures 70.5 m x 17.7 m.

Its main peculiarity consists in a hanging bell tower, having no foundations of its own. Two of its sides
are supported by the north transept’s walls, while the others rest on two limestone brick cantilevers embedded
within the same transept walls at 12 m above the ground level.

Two possible reasons for this particular structural solution have been pointed out. Firstly, the Franciscan
rule at the time prescribed that belfries should not be self-standing towers, in accordance with the Order’s
modesty principles. Secondly, by the time of construction the nearby leaning bell-tower of the Cathedral of
Pisa had already shown the general deformability of soil in Pisa so that the architect’s choice may have simply
been a precautionary measure [9].

Fig. 1a shows the point cloud of the church; Figg. 1b and 1c show the bell tower and its base resting on
the walls of the transept.
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Fig. 1 —a) Point cloud of the church; b) external view of the bell tower; c) internal view of the bell tower
base, resting on limestone cantilevers embedded in the transept walls.

3. Experimental campaign

The experimental campaign was carried out on March 30, 2019 and lasted one day. A preliminary survey was
performed to assess the safety of structures, particularly the ancient wooden upper floors of the tower, to enable
access by operators. A second preliminary phase consisted in the design of instrument positioning and cable
management.

3.1 Instrumentation and acquisition

Different sensor typologies were employed for the dynamic identification of the bell tower. Accelerometers
and velocimeters were placed in mostly redundant positions in order to perform a comparison between the
two. Accelerometers were furnished by the Structural Lab of the University of Pisa, while velocimeters were
provided by the Istituto Nazionale di Geofisica e Vulcanologia (INGV).

Ten monoaxial capacitive accelerometers (PCB DC capacitive accelerometers — Model 3701G3FA3G)
and six piezoelectric accelerometers (PCB ICP accelerometers — Model 393C) were employed, grouped in six
biaxial and one triaxial stations; six triaxial velocimeters (SARA — Model SS20), were used [10]. The technical
characteristics of the employed sensors are summarized in Table 1.

The transfer function of the signal recorded by velocimeters requires to be deconvolved in order to
enlarge the usable band of the device in the low frequency range, as required by experimentation [11]. Battery-
powered velocimeters were synchronized through GPS (Fig. 3). Accelerometers were instead connected to an
acquisition system (LMS Scadas Mobile) controlled by a dedicated application (LMS Test.Lab 8 [12]).

Velocimeters and accelerometers were placed at ground level, at the tower base and on the first two
floors of the bell tower (i.e., 0.0 m, 12.1 m, 16.7 m and 22.9 m above ground, respectively). On the second
floor, two different measurement stations were employed to appreciate torsional modes. A single biaxial
accelerometer was placed on the third floor (28.5 m above ground). The degradation level of the wooden floor
prevented velocimeters to be installed on the third floor. For the same reasons, no sensors were placed on the
fourth floor and at roof level. The layout of sensors is shown in Fig. 2, where accelerometers are indicated with
a red square and velocimeters with a blue circle. Another velocimeter (P00a) was placed on the ground outside
the church, at a distance of about 20 m from the bell tower.

Six separate 30-minute acquisitions were performed using accelerometers, sampling at 512 Hz.
Velocimeters were contemporarily used to perform a four-hour continuous recording, sampling at 200 Hz.
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Table 1 — Technical characteristics of the employed sensors.

PCB DC capacitive accelerometers model 3701G3FA3G

'Average sensitivity @ 30 Hz 1000 mV/g
Average eigenfrequency 540 Hz
Frequency range (£ 5%) 0to 100 Hz
I PCB ICP piezoelectric accelerometers model 393C
IAverage sensitivity @ 100 Hz 1000 mV/g '
Average eigenfrequency 5.3 kHz
Frequency range (£ 5%) 0.025 to 800 Hz
' SARA model SS20 - triaxial velocimeters '
'Acquisition system SL06 — 24 bit
Eigenfrequency 2.0Hz
SS20 sensors Nominal sensitivity 200 V/m/s
Usable band 0.1to 100 Hz
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Fig. 2 — Sensor positioning along the tower.
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Fig. 3 — Instrumentation: a) sensor positions P40a and A4; b) components of the triaxial velocimeter.
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3.2 Data elaboration and discussion

Data from accelerometers and velocimeters were processed using LMS Test.Lab 8, through the application of
Power Spectrum functions [13], Hanning windowing with 16768 spectral lines and 10% overlap, and manual
peak-picking to extract natural frequencies. Modal shapes were obtained by applying the PolyMAX method
[14,15] as implemented in the software LMS Test.Lab 8.

The two sensors placed in the opposite corners of the second floor allowed torsional motions to be
detected. Under the hypothesis that torsional motion can be recognized from the anticorrelated portion of the
signal, the frequencies corresponding to torsional modes are investigated by calculating the time-domain
difference of horizontal synchronous signals from sensors on the second floor. To enhance the torsional
component, the vertical signal from one of the two stations was deconvolved from the obtained signal
difference [16] calculating the spectral ratio between the former and the latter

Fig. 4a shows the Power Spectrum function for accelerometer A3, mounted on the third floor of the bell
tower, for directions X and Y. Fig. 4b shows the results of signal deconvolution. Figg. 5a and 5b were obtained
in the same way from data extracted from velocimeters P40a and P40b.
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Fig. 4 — Frequency response from accelerometers: a) Power Spectrum of signal from accelerometer A3;
b) deconvolution of vertical component from the difference of horizontal signals.
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Fig. 5 — Frequency response from velocimeters: a) Power Spectrum of signal from velocimeter P40a;
b) deconvolution of vertical component from the difference of horizontal signals.
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Both Fig. 4 and Fig. 5 show the clear presence of peaks at frequencies 1.10 Hz, 1.32 Hz and 3.55 Hz.
Less defined peaks may be present between 3.55 Hz and 10 Hz. The first two peaks may correspond to the
resonant frequencies of the first two flexural modes of the bell tower. The third, which is particularly visible
from the Power Spectrum of the anticorrelated portion of the horizontal signal, may correspond to a mostly
torsional mode.

The presence of other resonant frequencies in the range 0-10 Hz is confirmed by the stabilization
diagram resulting from the application of the PolyMax algorithm, shown in Fig. 6. Frequencies in the range 0
to 10 Hz were investigated and a model order of up to 200 was considered [14].
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Fig. 6 — Stabilization Diagram from PolyMax algorithm.

References at 5.82 Hz and 7.26 Hz have thus been added to Figg. 4 and 5. In the former, there is a
correspondence between these frequencies and wide, low amplitude peaks in the spectrum.

The triaxial velocimeters POOc and PQOa, placed at ground level, inside and outside the church
respectively, were used to investigate the propagation of vibrations from the bell tower. The vertical signal
presents a frequency peak at 1.10 Hz, corresponding to the first identified mode of the bell tower, while
horizontal signals show no distinct peaks. This corroborates the hypothesis that the bell tower’s vibrations do
not propagate to the neighbouring soil [16]. This is probably due to its peculiar features.

Following the construction of the stabilization diagram, modal shapes corresponding to the first three
vibrational modes were extracted, once again using LMS Test.Lab 8. They are shown in Fig. 7, together with
the corresponding modal shapes resulting from a FE model.

The direction of motion of the first two modes was identified by rotating the time-domain signals and
computing their FFT, until a separation of the corresponding frequency peaks was obtained. Horizontal particle
motion of the two signals (respectively in the 1.05 - 1.20 Hz and in the 1.25 - 1.40 Hz bands) was also
employed. It was observed that the first mode is strongly characterized by motion along an axis rotated 30
degrees anticlockwise with respect to the North direction, while the second mode is roughly orthogonal (Fig.
8).

Having employed both velocimeters and accelerometers in mostly redundant positions, a comparison
between the two was carried out. Signals from velocimeters need to be pre-processed to obtain information
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about the band lower than the sensor eigenfrequency. The resulting frequency response shows less noise
content in the low frequency band when compared to that of the accelerometers. Looking at Figg. 4 and 5, the
frequency peak corresponding to the first torsional mode (3.55 Hz) is absent from the velocimeter’s Power
Spectrum. This could be due to the positioning of accelerometer A3, which was placed one floor higher up
than velocimeter P40.

From a practical perspective, regarding the two specific sensors that were employed, velocimeters
allowed for a much quicker set up, being stand-alone systems. Their dependence on GPS signal for
synchronicity, however, makes their use much more difficult when indoors. In further steps of this study, the
eventual extension of the monitoring network to the church will require a careful planning of sensor positioning
in order to optimize the use of external GPS antennas.

4. Finite Element Model

A FE model of the bell tower, comprising a neighbouring portion of the San Francesco church, was realised
using the software Comsol Multiphysics 5.5 [17]. In this preliminary phase, a modal analysis was performed
to compare the resulting natural frequencies with the first three obtained from the experimental campaign.
Model parameters were, at this stage, obtained from literature.

4.1 Finite Element model of the bell tower

The geometry of the bell tower was defined starting from a point cloud obtained as result of a survey fieldwork
with laser scanner (Fig. 1a). Once imported into AutoCAD 2019 [18], the point cloud was sectioned with
horizontal planes at intervals of 0.20 m to obtain reference cross-section plans of the bell-tower. These were
joined constructing an interpolating solid model, successively imported in Comsol Multiphysics.

Some simplification was applied to the geometry in order to define a mesh that, while maintaining detail,
allowed for reasonable computation times. Tetrahedral finite elements with Serendipity quadratic shape
function were employed. The resulting mesh is composed of 144796 elements. The maximum dimensions of
mesh elements were set at 1.00 m for the church walls, and at 0.25 m for the bell tower. The model is shown
in Fig. 7.
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Fig. 7 — Preliminary FE model of the bell tower with the neighbouring portion of the church’s walls.
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Different values were used for Young’s moduli of the church and the bell tower in the linear elastic
model. These will be the object of an automated updating procedure in a further research; at this stage, their
values were manually estimated following the current Italian building code [19] , and set at 1300 MPa and
1800 MPa for the walls of the transept and bell tower, respectively.

4.2 Modal information from the FE model

A modal analysis of the model was performed. The first three resulting natural frequencies are reported in the
following Table 2, together with the values obtained during the experimental campaign.

Analysis of the model produced a large number of vibrational modes., The first three were extracted by
comparing the corresponding modal shapes with those derived from experimental data. This can be seen in
Fig. 8, where mode shapes from the first three modes are presented. Even though a proper updating process
still hasn’t been performed, model results show good accordance with experimental data.

Table 2 — First natural frequencies of the bell tower, as resulting
from model analysis and experimental measurements.

Mode Model frequencies [Hz] Measured frequencies [Hz]

1 1.10 1.10
2 1.34 1.32
3 3.52 3.55
Mode 2 Mode 3

Frequency = 1.34 Hz Frequency = 3.55 Hz

Fig. 8 — Comparison between the first modal shapes obtained by FE model and experimental data.
4.3 Frequency response of a damaged model

The linear elastic model does not necessarily represent the current state of the structure. Self-weight
alone is responsible for damage in masonry structures, generally in the form of crack patterns. In our case,
crack patterns can be observed on the bell tower walls (Fig.9). The linear elastic model does not explicitly
account for damage, so any parameter obtained in an identification process represents also the effects of cracks
over the whole structure.
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A pre-conditioning of the model, performed using a nonlinear constitutive law for the materials, would
allow us to investigate the effects of self-weight damage on the vibrational behaviour of the structure. This
was performed through the implementation of Mazars’ continuum damage model [20]. Initially developed for
concrete, the model uses internal variables to follow the evolution of irreversible strains in the material. The
isotropic Mazars’ formulation introduces a damage variable d used to modify the value of Young’s modulus
as follows:

EY = (1 - d)E,. 1)
Here, Eo represents the undamaged value assumed for Young’s modulus. Total damage d is defined as

a weighted combination of damage due to compression (dc) and tension (d):
d = atdt + acdc (2)

Weighting coefficients a: and a. are defined as functions of the principal values of positive strains & and
negative strains ec respectively.

gitj =(1- d)Ci;I%lo—lsl and & = (1— d)ci;;laﬁl 3)
Ci},%l are the components of the compliance tensor.

Eq. (4) and Eq. (5) show the expressions of the weighting coefficient a: and o:

B
(ef)en)
@ = 55, (“L2) ©
c B
(&i N&i)
a = ¥, (50) 5)

where the Macaulay brackets indicate replacing negative strains with zeros. £ is an equivalent strain and

it is defined as:
£= /Z?=1(<ei>+)2 (6)

Tensile and compressive damage are then given by
d,(k) =1— K0(1K—At) _ Ate—Bt(K—Ko) (7)

de(r) = 1= 2 — e mPeloro) ®)

Here A, By, Ac, Be, and xo are material parameters. A;, and Ac influence the residual strength beyond the
peak value, and B, and B. govern the peak strength itself and the slope of the softening branch.

x is the state variable which keeps track of the maximum effective strain, given by &. Its initial value xo can be
defined as a function of maximum tensile strength f..

o =L 9)

Fig. 9 shows the results of the application of self-weight on the stiffnesses of the bell tower modelled
using Mazars’ continuum damage model for the materials. Blue portions represent a concentration of damage,
where residual stiffness is the lowest. For some of these, corresponding cracks in the masonry have been
detected.

Modal analysis was performed again on the damaged model, using the same initial values of Young’s
moduli. Vibrational modes corresponding to the ones measured during the experimental campaigns were once
again identified through their mode shapes. The corresponding natural frequencies resulting from the model
differ substantially from the ones identified earlier, as can be seen in Table 3.
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The damaged model can be more suitable for parameter identification when nonlinear analyses are
performed. However, difficulties were encountered in matching eigenfrequencies with experimental data
during the updating procedure in this case. This suggests a more thorough investigation, involving a
probabilistic updating procedure.

Table 3 — First natural frequencies of the bell tower, as resulting
from damaged and undamaged model.

Damaged model Undamaged model

Mode frequencies [Hz]  frequencies [Hz]
1 1.03 1.10
2 1.28 1.32
3 3.03 3.55
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Fig. 9 — Residual stiffness of the damaging model after self-weight application; correspondence of one of the
detected cracks with model results.

5. Conclusions

This paper presents the first steps of a study that will focus on the development of a probabilistic framework
for the structural health monitoring of cultural heritage assets. The peculiar masonry bell tower of the San
Francesco church in Pisa (Italy) was analysed as a case study. A testing campaign was carried out on the bell
tower in order to identify its dynamic properties (eigenfrequencies and modal shapes). Both velocimeters and
accelerometers were employed, recording the effects of ambient vibration on the structure, and a comparison
between the two kinds of sensors was performed. Data showed that velocimeters need a specific calibration in
order to record the low frequencies typical of tower structures but produce a generally cleaner signal than the
latter. The results were used to calibrate the mechanical properties of a finite element model of the structure.
Literature values for the elasticity modulus of bell tower and church produced eigenfrequencies and modal
shapes in good agreement with experimental data. In future steps of the research, this model will serve as a
reference to quantify the seismic fragility of the structure and to optimize sensor layout for continuous
monitoring. As a further development, the use of Mazars’ continuum damage model was suggested, in order

10
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to investigate the effect of self-weight damage on the vibrational behaviour of the structure. Preliminary results
show a promising correspondence with detected damage localization, and modal analysis points to a significant
reduction in eigenfrequencies. Further on, a thorough comparison between the damaged and undamaged model
will have to be performed to identify the one most suitable for dynamic monitoring.
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