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ABSTRACT

This paper describes the experimental campaignthednumerical analyses made to assess the
dynamic behaviour of the Funchal's cathedral beWer. Ambient vibrations tests were used to
perform an output-only modal analysis. The testgaign included five test setups using piezoelectric
high sensitivity accelerometers and high perforreattata acquisition boards. The main features of the
tests and the results obtained from the operatiomadal analysis are presented. The experimental
results were used to calibrate a numerical modpleémented in finite element software. The results
obtained using both approaches are compared aasipossible to observe a good match between the
experimental and numerical results, although soiffierences can be found for the main torsion mode
frequency. This work provided valuable informati@yarding the structural behaviour of the tower,
very useful for future works in the cathedrelg. seismic reinforcement. The paper closes with the
main conclusions extracted from this work.
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1. INTRODUCTION

The main objective of the work presented in thipgras to assess the dynamic characteristics of the
Funchal’s cathedral bell tower. To achieve thispbemt vibration tests were executed to estimate the
most significant modal parameters using modal amalyechniques. Simultaneously, a numerical
model was created in finite element software usihegmost usual material parameters and structural
simulation techniques for this structure type. #d &nd, the objective is to compare the resultsoti
approaches and to calibrate the numerical moddisrins of the materials’ properties and modelling
assumptionse.g.the most realistic boundary conditions.

The Funchal's cathedral, also known as “Sé do Faliiclis a sixteen century masonry church
composed by several sub-structures (see Figurdta)bell tower is the highest body, reaching more
than 52 metres from the base. It presents a sqoafeguration in plan and it includes four clocks i
each facade together with a group of seven bedis Eggure 1b).
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a)
Figure 1 Funchal’s Cathedral: a) Main facade; b) Bell tower

After this introductory section, the paper is stamed in three main parts. At first, the experinaént
campaign is described and the main results obtanegresented. Afterwards, the attention is drawn
to the numerical simulation, in particular the mitidg techniques adopted and the results of the
modal analysis. The paper ends with the main cerarig extracted.

2. EXPERIMENTAL DYNAMIC CHARACTERIZATION

2.1. Framework

The dynamic characteristics of the bell tower wassessed using the so-caltederational Modal
Analysis(OMA) technique. In this technique, the vibratiayenerated by the wind, traffic and other
sources of uncontrolleit-situ forces are used to characterize the dynamic piiepesf the structure.
Measuring only the response of the operating siracsubjected to the ambient excitations, it is
possible to extract the modal parameters by assursame hypothesis regarding the excitation
properties and using appropriate modal analyshnigoes.

This approach presents two very significant adwgagaregarding the traditional input-output modal
analysis techniques. First, this technique doesemuire imposing significant constraints to the us
given to the structure during the tests. Secoritdig,not required to apply controlled and deteristin
forces, which for very large structures can becarmahallenge or even not feasible. In addition, for
fragile or historical structures, applying forcestbe structure could introduce non-acceptable dama
in the structure. This is the case of the Funchadthedral. It would require powerful and expensive
excitation sources to introduce a controlled andsueable input into the structure. In addition, thue
the combination of historical importance of theusture and its fragility, it would be difficult to
perform input-output modal identification techniguavith the guarantee of not damaging the
cathedral.

As mentioned before, the excitation is unknown hie OMA technique and therefore cannot be
defined as a deterministic amount and must be derel as stochastic processes, which are defined
by a set of statistical parameters, like standaxdadion, expected valietc. Commonly, the excitation

is considered to be a Gaussian white noise prooesdting that all the modes are excited with équa
energy. Nevertheless, this assumption is always@proximation as the excitation may present
frequency bands with concentrated energy that iagetty outputted on the responsed.as peaks in
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the spectra), and therefore should be identifiedasstructural. This represents a key aspectef th
output-only modal analysis techniques.

2.2. Description of the experimental campaign

The response measurements are typically concemtedtea set of positions, chosen to reveal the
relevant dynamic properties like the mode shapdigarations, and located at zones where the
vibration modes present larger amplitudes. The asnavailable for the measurements were not
enough to make all the desired measurements itessetup. Consequently, it was necessary to move
sensors using multiple setups to cover all poiatgeted to be measured. Reference sensors rested in
specific positions in order to adjust the phas¢hefvibrations of all the points measured, and ,thus
resulting in mode shapes with synchronized amptisuelolutions.

The measurement campaigns took place in a singléMiay 30", 2012) and a total of five test setups
were carried out using non-moveable reference seraopresented in Figure 2. The measurements
included a total of sixteen measurement pointsoin Inorizontal directions. The Pimento acquisition
system was used to acquire the data (see FigujeaBeneight high-sensitivity ICP accelerometers
were used for the measurements (PCB model 393B1%/d). The sensors were fixed to the walls
from the inside of the tower using a steel cuberaadhanical connectors (see Figure 3-b).

The data acquisition and the position of the refeeesensors were chosen to be located at thederrac
to avoid the second mode inversion points and idetorto have larger vibration amplitudes.
Nevertheless, due to constraints related with drellare available and with the power supply, the
reference sensors and data acquisition had totlz gee third storey (see Figure 2).

2.3. Modal analysis and results

Two modal analysis codes were used for modal eitra¢LNEC-SPA [1] and the LMS PolyMAX
[2]). The first one was developed at LNEC and hesnbused as the dynamic test analyser for shaking
table and in-situ vibrations tests. The secondwso# referenced was used to confirm the results
obtained. All the data and visualizations preseimtethis paper were obtained with the LNEC-SPA
software.

Frequency-based modal analysis techniques were imethe modal parameter estimation, in
particular the well-knowrrrequency Domain DecompositigRDD) [3] and theEnhanced Frequency
Domain Decompositio(EFDD) proposed by Brinckeat al. [4]. The theoretical background of these
methods is well-known and out of the scope of ffaper. Nevertheless, the EFDD is based in the
same singular value decomposition of power spectdensity matrices perform in the FDD
procedure, and it improves the accuracy of the mbeéguencies and damping estimations using
curve fitting techniques.

Three modes were clearly identified from the tesults: the main translational modes and the first
torsion mode. The mode frequencies and dampingsratie listed in Table 1. It can be observed that
the two first modes present close frequencies Hz83.1.95Hz) meaning that they are separated by
only 0.13Hz. This was expected because the towesepts similar plan configurations,g.
dimensions, wall thickness, material distributiogis,

The experimental mode shapes configurations aepted in Figure 4. These mode shapes confirm
that the first two modes are translational modekthat the third is essentially a torsion modewhat
concerns the translational modes, the mode shapealed interesting and not expected plan diagonal
mode shape configurations. Although the plan caméigons are practically symmetrical, apart from
the stairway located near a corner of the towersomle openings and inside space arrangement, this
can only be explain by the tower boundary condjtian the interaction with the cathedral’s main
body. The damping levels estimated by the EFDDriegle were relatively uniform and low (about
1.2%). This was expected taking into consideratlom low vibration amplitudes generated by the
ambient vibrations.

This information revealed to be extremely useful ddjusting the modelling techniques used in the
numerical simulations presented in the followingtiem.
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Figure 3 Measurement system: a) Pimento data acquisiticesyd) Typical accelerometer setup

Table 1 Modal Identification results

Frequency Damping
Mode ID [Hz] [%]
Mode #1 1.82 1.20
Mode #2 1.95 1.16
Mode #3 4.39 1.20
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c) Mode #3: 4.39 Hz

Figure 4 Experimental mode shapes



A numerical model was developed in the commerdiaitef element software SAP2000 [5]. The
experimental results were used to calibrate theeflind assumptions and parameters and the final

objective is to compare the results obtained ubothy approaches.
thicknesses were used to simulate the masonry whtle tower, which varied between 3.30m at the

bottom and 1.50 m at the top of the tower. In addjttruss elements were used to simulate the steel
ties connecting the masonry walls. Elastic springse used to simulate the interaction with thesrest

A general view of the finite element discretizatisrshown in Figure 5. Shell elements with différen
of cathedral, in particular in zones that presetgrconnecting walls or other sources of rigidity.
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3. NUMERICAL MODAL ANALYSIS
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Figure 5 Numerical model characteristics
Table 2 Numerical modal analysis results
Frequency
[Hz]
1.76
1.81
6.14

Mode ID
Mode #1
Mode #2
Mode #3
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a) Mode #1: 1.76 Hz

b) Mode #2: 1.81 Hz

c) Mode #3: 6.14 Hz

Figure 6 Numerical mode shapes



Session ?, Carla Jardim, Luis Mendes, Amilcar Goncalves

The numerical modal analysis results presented wbtained adopting 3.5 GPa for the masonry
elasticity modulus and 210 GPa for the steel #etotal of 4952 tonnes of mass were automatically
added by the software for the translational dipsi

The mode frequencies and mode shapes obtained resenped in Table 2 and in Figure 6,
respectively. It can be observed a good matchHerftequencies values of translational modes, as
revealed by the relative error values between nizadeaind experimental results presented in Table 2.
Nevertheless, a larger difference was found inttingion mode. This difference is considered to be
high and for the time being, it was not possiblettain a better match for the frequency valuethef
three vibration modes simultaneously.

For what concerns the mode shapes, the same diggaitexn observed in the experimental results for
the translational modes was also obtained in timeemnical results. This configuration is mainly cadise
by some asymmetries in the structueeg(stairway location) and by the interactions witk tiest of
the cathedral, which were simulated by the boundangitions in the numerical model.

4. CONCLUSIONS

The ambient vibration experimental campaign magessible to identity the main three modes of the
Funchal's Cathedral Bell Tower. Using a numericadel implemented in a finite element program, it
was possible to obtain a good match between thetiilo modes, although some differences are still
obtained for the first torsion mode. Neverthelésis, work is not concluded and further efforts Vo
made to improve the numerical model in order tédbeeproduce the experimental results.

A relatively large value for the masonry elastigipdulus was used in the simulations (E=3.5 GPa).
This value can be feasible because the vibratiansexrl by the ambient vibration present very low
amplitudes, which are expected to be associatddantiffer response and lower damping values. The
values adopted in the bibliography for this matesi@ usually lower because they are commonly
associated with strength or vulnerability assessspewhich imply larger deformations, and
consequently, less stiff responseg(secant elasticity modulus).
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