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Abstract. Among the different typologies of historic buildings, masonry towers represent a 
hallmark of many European town centres which embody an important heritage to be 
preserved and passing on to future generations. Giotto’s Bell Tower in Florence together with 
the Leaning Tower of Pisa and the San Marco Tower in Venice (which collapsed in 1902) is 
one of the iconic masonry towers ever built in Italy. The assessment of the structural 
behaviour of these structures, together with the development of proper preservation 
strategies, has attracted in recent decades the interest of a plethora of scholars. Most of the 
studies on towers vulnerability focuses on the assessment of their seismic behaviour, since 
their slenderness exposes them to the dynamic effects induced by medium-to-severe 
earthquakes. This paper, given this background, discusses the identification and the seismic 
behaviour of Giotto’s Bell Tower in Florence. In a first part of this paper a refined numerical 
model, built through the finite element technique based on a recent laser scanning survey, is 
reported together with the procedure adopted for its modal identification. The finite element 
model accounts for the soil-structure-interaction. In a second part of this paper the numerical 
model is employed to perform linear time-history analyses, by using natural accelerograms. 
The results of the analyses allow to assess the seismic behaviour of the Bell Tower of Giotto 
and suggest preservation strategies. 

 
 
1 INTRODUCTION 

Bell and masonry towers represent a structural typology characteristic of many Italian and 
European cities. Usually, as for the Florentine case, they are close to churches in the form of 
tall and slender structures that symbolically characterize and define the image of the historic 
city. Giotto’s Bell Tower in Florence, together with the Leaning Tower of Pisa and the San 
Marco Tower in Venice (collapsed in 1902), represents one of the most famous bell towers in 
Italy. 

The assessment of the vulnerability and the seismic risk of this particular typology of 
structures has seen a rapid growth in recent decades, as a result of the interest aroused by 
them within the scientific community. Recent examples of these studies are: the masonry bell 
tower of Sant’Andrea in Venice (Italy) [1], the bell tower of the Monza Cathedral (Italy) [2], 
the Sineo tower (Alba, Italy) [3], a masonry tower of the 8th century, the bell tower of Our 
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Lady of Mercy (Valencia, Spain) [4], the bell tower of the Church of Santa Justa and Rufina 
in Orihuela (Alicante, Spain) [5], and the Ghirlandina Tower in Modena [6]. 

Research range from experimental works [7] [8] [9] to dynamic identifications [2] [4] [10] 
[11]. Generally, starting from a field test survey of the current configuration by means of non-
destructive and/or weakly destructive experimental tests (e.g. tests with flat jacks, dynamic 
tests, sonic tests, etc.), numerical models of the structure are built by using the finite element 
(FE) technique. The numerical models thus created are subsequently employed to analyse the 
response of the structure due to exceptional load conditions (e.g. earthquake). The purpose of 
the experimental tests is to estimate the unknown parameters of the numerical models whose 
calibration is carried out by comparing numerical and experimental results. The type of 
analysis for which the model is used differs for the analysis methodology used: linear or non-
linear (pushover) static analysis and linear or non-linear time-history analysis [12] [13] [14] 
[15] [16] [17] [18]. Pushover approaches include both standard methodologies in which the 
load profile remains constant during the development of the analysis ([15] [17]), and 
multimodal and/or adaptive approaches, although Peña et al. [14] have shown that the 
multimodal approach cannot satisfactorily reproduce the collapse phenomena that are 
activated in masonry towers during the seismic loading). As for the modelling technique, the 
finite element technique is the most frequently used, allowing an accurate reproduction of the 
physical geometry of the tower, and the various models differ according to the level of 
complexity and geometric discretization (from 1D models to 3D models [3] [13]). 

This paper, which is part of a multidisciplinary research activity about Giotto’s Bell Tower 
promoted by the “Opera di Santa Maria del Fiore”, analyses the dynamic and seismic 
response of the this heritage masonry tower. The analysis and the assessment of the structural 
behaviour of Giotto’s Bell Tower is carried out by using a numerical model build using the 
finite element (FE) technique. The numerical model is first identified on the basis of the 
available experimental results (dynamic tests and geotechnical results) and then it is used to 
perform time-history analysis on the basis of a series of seismic histories compatible, by 
spectral shape and by seismic zone, with the site where the Bell Tower of Giotto is located. 

2 GIOTTO’S BELL TOWER 
During the research activities, different three-dimensional geometric models of Giotto’s 

Bell Tower were built, based on the data gradually recovered during the research. The 
different geometries have been used to build different numerical models as described below. 

A first three-dimensional reconstruction of the geometry was made on the basis of the 
tables published by Bernardo Sansone Sgrilli in 1733; this geometry was used for the 
preliminary simulations of the dynamic behaviour of the Bell Tower. Even with the inherent 
approximations, the numerical model built on the basis of this geometric information allowed 
to confirm the experimental results obtained by the Pieraccini et al. [20] and Lacanna et al. 
[21] by providing mode shapes characterized by the first mode shape oriented according to 
the directions of the main diagonals of the base section. 

Subsequently, based on the results of a laser scanner survey, a second three-dimensional 
reconstruction of the geometry was performed. The geometry allowed the construction of a 
geometric detailed numerical model that includes: i) the largest openings in the wall 
thicknesses; ii) the stairwell inside the masonry walls; iii) the niches and other geometric 
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texture. However, it was possible, thanks to the historic photographic documentation of past 
maintenance/replacement of some of the tiles, to observe the presence of a well-organised and 
well-preserved brick masonry apparatus. 

In the absence, however, of specific tests on the materials, for the elastic and resistance 
parameters, reference can be made to the values suggested by the Italian standard [22] [23]. 
Focusing on the following classes: a) “Irregular stone masonry (pebbles, erratic and irregular 
stone)”, b) “Dressed rectangular stone masonry” and c) “Full brick masonry with lime 
mortar” it can be reasonably assumed a variability of the own weight between 1800 and 2000 
kg/m3. The value of the average compressive strength is more uncertain. The strength of the 
stone, which forms the internal layer of the walls, can be estimated at about 140 MPa. The 
“Irregular stone masonry” has a compressive strength between 1.0 and 1.8 MPa, the “Dressed 
rectangular stone masonry” has a compressive strength in the range 2.0 3.0 MPa, while “Full 
brick masonry with lime mortar” has a compressive strength between 6.0 and 8.0 MPa. These 
values are, overall, low strength values and which are proposed Italian standard for ordinary 
constructions.  

Assuming an average own weight of the masonry of the Bell Tower of Giotto between 
1800 and 2000 kg/m3, depending on the area of the different sections of the bell tower (i.e. 
different levels), it is possible to estimate the average vertical stress at the various heights. It 
is possible to observe how the section reductions in correspondence of the windows, in 
addition to the various anomalies (niches, staircases, compartments, etc.), induce localized 
alterations in the average value of the vertical stresses. These increases are more visible in the 
window areas of the upper levels. A similar increase is anyway observed at the basement due 
to the section reduction caused by the niches and the splayed windows. The average vertical 
stress at the basement is variable between 1.30 and 1.45 MPa. 

The reference strength values proposed by the Italian standard (which are mainly proposed 
for ordinary constructions) may be are overly precautionary, if not untrue, for a historic 
structure with exceptional characteristics and a careful construction technique such as Giotto’s 
Bell Tower. Given the non-standard nature of the construction, as far as the average values of 
the elastic and resistance parameters of the material are concerned, it is possible to make an 
expeditious estimate by taking as reference the value of the frequency experimentally 
obtained. Assuming the tower as a cantilever beam fixed at the basement having prismatic 
section A, height H, moment of inertia J and specific weight ρ, the frequency of the first mode 
can be evaluated with the following expression: 

𝑓 = 1.8752π ∙ 1𝐻 𝑬ρ JA = 𝑓  (1)

By inverting Eq. (1), and considering that fexp=0.62 Hz [20] [21], it is possible to estimate 
the value of modulus of elasticity (E), which results to be equal to 7.2 GPa. From this value, 
the compressive strength can be estimated using the literature ratios between elastic modulus 
E and compressive strength fc. These ratios vary from about 400 in the case of “Dressed 
rectangular stone masonry” to about 1000 in the case of new brick masonry. Considering 
therefore the variability of E and that of the E/fc ratio, the following estimation is obtained: f = 𝑬400 ÷ 1000 = 7.2  18 MPa (2)
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The interpretation of the results of the dynamic tests therefore indicates mechanical 
parameters of deformability (E) and resistance (fc) that are much better than the reference 
values proposed by the Italian standard [23]. These values are compatible with both the 
excellent state of conservation of Giotto’s Bell Tower and the good masonry quality of the 
structure. 

3 NUMERICAL MODEL AND MODEL UPDATING 
The numerical model built according the laser scanner survey was first employed to 

perform modal analysis. The results of the experimental dynamic campaign, both frequencies 
and mode shape [21], were assumed as reference to calibrate the elastic properties of the 
model, and the identification of the numerical model was performed according two phases, as 
summarized below. 

In a first phase the numerical model (Figure 2a) was assumed to be fixed at the base (fixed 
base model). The calibration operations led to estimate, as macro-parameters, a total average 
specific weight of the material of 2000 kg/m3 and a modulus of elasticity of 7.5 GPa in line, 
by order of magnitude, with what estimated in the previous paragraph. The results of the 
identification are summarized in Table 1 where it is possible to observe a good agreement 
between experimental and numerical results both in terms of frequencies and in terms of 
identified modes. The percentage differences between experimental and numerical 
frequencies are around 1% for the first two modes, with values however lower, or slightly 
higher, for the higher modes. The comparison between experimental and numerical mode 
shape is made in terms of MAC (Modal Assurance Criterion), and in this case a substantially 
adherence is observed for the first 3 modes, less for the last two forms (the higher flexural 
forms) which are however affected by greater experimental uncertainty. 

 
Table 1: Comparison between experimental (Exp) and numerical (Num) results (fixed base model). 

Mode # Exp (Hz) Num (Hz) Δ (%) MAC 
1 0.623 0.62 0.16 0.99 
2 0.647 0.64 1.20 0.99 
3 2.543 2.65 4.40 0.95 
4 3.081 3.17 3.10 0.72 
5 3.156 3.19 1.20 0.77 

Table 2: Comparison between experimental (Exp) and numerical (Num) results (SSI). 

Mode # Exp (Hz) Num (Hz) Δ (%) MAC 
1 0.623 0.62 0.16 0.99 
2 0.647 0.63 1.90 0.97 
3 2.543 3.06 17.0 0.82 
4 3.081 3.35 8.20 0.76 
5 3.156 3.38 6.70 0.83 

 
In a second phase the soil-structure interaction (SSI) has been taken into account, removing 

the hypothesis of rigid soil (Figure 2b). The soil was modelled with a series of elastic springs 
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Tower. On the contrary, contributions can be found on the upper mode shapes which interest 
the higher bending modes (modes #4 and #5). 

 
Figure 4: Time-history of the 7 natural accelerograms. 

 

Figure 5: Base shear for three cases of damping: 4%, 2% and 1%. 

The 7 natural accelerograms have thus been applied both in the two main directions of the 
base section of Giotto’s Bell Tower, and in the two directions of the main diagonals. As an 
example, Figure 5 shows, when the natural record “Acc 2” is considered and applied along 
with one of the main directions, the evolution over time of the base shear (divided by the 
weight of the Bell Tower) for different values of structural damping. Three cases of damping 
were investigated (4%, 2% and 1%) since, given the isostatic nature of the tower, this is a 
relevant parameter in its seismic response. The time-history of the accelerations (for a 
damping equal to 2%.) as obtained at the different height of the Bell Tower of Giotto is 
reported in Figure 6, where it is possible to appreciate the amplification over the height of the 
base accelerations. The analysis of all the results shows a differentiated dynamic response 
between the first levels of Giotto’s Bell Tower and the last one (the bell cell) and it is 
interesting to observe that time-history response of the tower is dominated by superior modes. 
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Figure 6: Base shear for three cases of damping: 4%, 2% and 1%. 

Table 3: Time-history: synthesis of the results. 

 Acc 1 Acc 2 Acc 3 Acc 4 
 4% 2% 4% 2% 4% 2% 4% 2% 

W (kN) 164194 164194 164194 164194 164194 164194 164194 164194 
T (kN) 8722 10431 12686 14738 22163 31514 6560 8279 

M (kNm) 133250 156570 194610 221180 322840 475280 96131 104060 
e = M/W (cm) 80.62 94.73 117.75 133.82 195.33 287.56 58.16 62.96 

σmax (MPa) 1.68 1.75 1.86 1.93 2.23 2.77 1.57 1.59 
umax (mm) 15.6 18.3 14.1 14.5 20.8 26.1 4.30 4.90 
 

Table 4: Simplified approach: synthesis of the results. 

 CR.A3062 IT.FHC IT.SPT1 IT.MUGew NTC2008 
W (kN) 164194 164194 164194 164194 164194 
T (kN) 319 1104 1057 2497 19834 

Md (kNm) 17850 61815 59170 139827 396672 
Mc (kNm) 1005649 1005649 1005649 1005649 1005649 

Md/Mc 0.02 0.06 0.06 0.14 0.39 
e=M/W (cm) 11 37 36 85 240 
σmax (MPa) 1.34 1.47 1.46 1.70 2.44 
umax (mm) 1.7 5.9 5.7 13.5 38.2 

 
Overall, the results obtained with the time-history analyses are summarized in Table 3 for 

the first 4 natural accelerograms for two different damping values (4 and 2 %). The cases not 
included in the table offer similar results to the case 4 and therefore have not been reported.  

From the results reported in the table, which offer a synthesis of the results obtained with 
all the (linear) time-history analyses, it can be observed that in almost all cases during the 
development of the seismic load the pressure centre at the base of Giotto’s Bell Tower always 
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Since the spectra derived from the natural accelerograms have modest spectral ordinates 
(and in any case well below the ordinates of elastic response spectrum which is derived from 
conservative choices, based on the envelope criterion of deterministic spectra) they provide 
the lowers values. In general it is possible to observe that: i) the fundamental period of 
Giotto’s Bell Tower is in the tail of the spectra; ii) the spectral ordinate of the spectra obtained 
from the natural accelerograms, measured in correspondence to the fundamental period of the 
Bell Tower of Giotto, is about one order of magnitude lower than the one of the standard. 
These elements justify the summary values of the results reported in Table 4. 

The analyses here summarized represent a first contribution to the understanding of the 
seismic behaviour of the Giotto Bell Tower; the assessment of the structural behaviour of the 
monument under exceptional or long-lasting loads will in any case require the refinement of 
further modelling strategies, including modelling techniques with appropriate non-linear 
constituent laws and, possibly, the development of a long-term continuous monitoring 
necessary for the updating and validation of future numerical models. The analytical approach 
to be used to assess the structural behaviour of complex monumental buildings can in fact 
only proceed step-by-step, where possible additional research and analysis are identified 
based on the results of previous numerical and experimental analyses.  

5 CONCLUSIONS 
This paper summarized some of the results that have emerged regarding the dynamic 

identification and the seismic assessment of Giottos’ Bell Tower. The numerical models 
developed during the research made possible, thanks to the results of an articulated analysis 
and survey campaign promoted by the “Opera di Santa Maria del Fiore”, to reproduce and 
interpret the static and dynamic behaviour of Giotto’s Bell Tower. The availability of a 
detailed geometric survey has allowed an accurate reproduction of the geometry of the tower 
with its main irregularities; the availability of a series of dynamic tests has allowed, together 
with the results of the geotechnical investigations, to identify and estimate some of the 
unknown parameters of the numerical model. The analyses carried out with the numerical 
model, and validated by means of a simple scheme, although carried out in a linear elastic 
field due to the uncertainties still existing, did not reveal any specific critical configuration in 
the structure. 

In the static field, considering the effects of self-weight, the numerical model provides 
average values of the vertical stresses at the different levels well below the strength values of 
the materials (estimated on the basis of the results of the dynamic tests). With respect to the 
effects of the seismic loads both linear time-history analyses (by assuming natural ground 
accelerograms) and simplified static analyses were performed. On the whole, the analyses did 
not show critical configurations. In fact, the frequencies of the Bell Tower of Giotto are on the 
tail of the elastic spectrum, and the spectral ordinates of the selected natural accelerograms are 
much lower than the one of the standard.  

Although the analyses carried out have not revealed any critical configuration, they 
suggest: i) the implementation of a long-term monitoring system with accelerometers in order 
to better characterize the dynamics behaviour of the structure (with particular interest for the 
higher modes of Giotto’s Bell Tower given their relevance in the global seismic response); ii) 
additional experimental and numerical investigations aimed to assess the effect induced by the 
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swinging of the bells; iii) the investigation, given the sensitivity of the dynamic response to 
structural damping, of a tuned mass damping system (TMD) built by using the bell masses in 
the bell cell. 
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