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Abstract. Bell towers are masonry slender structures prone to damage caused by vibrations due to 
human activities, such as motor-vehicle traffic and operating machines in building sites, to bells’ 
ringing and, of course, vulnerable to strong vibrations induced by earthquakes. Several studies 
with Operational Modal Analysis applications to masonry historical slender towers demonstrate 
that their modal properties are typical and recurrent and depend mainly on the geometric features 
determining mass distribution and on the boundary conditions due to adjacent buildings and 
subjacent foundation soil. In the paper a sensitivity analysis of modal frequency obtained by FEM 
eigenvalue analysis to the soil modelling approach is carried out. The case study is the historical 
bell tower of San Giuseppe in Aci Castello church. The natural frequencies of the tower, identified 
through OMA procedure are considered for comparison. 
Introduction 
Italy has a rich architectural heritage which belong to thousands of years of history. Among the 
architectural monuments, one of the most iconic categories is represented by bell towers, typical 
landmarks of the Italian landscape since the Middle Ages. Depending on their geometric and 
architectural features, bell towers are masonry slender structures characterised by intrinsic 
vulnerability to dynamic loads. Therefore, complete dynamic identification coupled with a 
calibrated numerical model is a major issue as a starting point for seismic vulnerability evaluation, 
damage prediction and preliminary effectiveness assessment of structural interventions. 

Operational Modal Analysis (OMA) technique appears a proper method to perform dynamic 
identification [1], i.e. to experimentally determine modal frequencies, modal shapes and modal 
damping of a structure through to environmental vibrations. OMA methods present several 
advantages such as non-destructiveness, cost effectiveness, lightness, and portability of the 
required instrumentation and, above all, the possibility to measure values of the accelerations in 
the actual service conditions. 

Several studies about masonry historical towers have been published showing that their modal 
shapes and frequencies are typical and recurrent and depend mainly on height and width of the 
structure, that is on the geometric features determining mass distribution, on the boundary 
conditions due to adjacent buildings [2, 3] and foundation soil characteristics [4, 5, 6]. 

OMA results allow the updating of input parameters of FEM analysis, such as elastic modulus 
and density, or the boundary conditions, improving the accuracy of the numerical model in 
representing the actual dynamic behavior of the structure [7]. 

In this paper the importance of the foundation soil modelling is highlighted with regard to the 
numerical evaluation of modal frequencies, especially in the case of soil characterised by low 
stiffness values. A refined FEM modelling of a historical masonry tower taking into account soil-
structure interaction effects was implemented after the architectural relief and the dynamic 
identification through OMA techniques. The practical application concerns the bell tower of the 
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church of San Giuseppe in the town of Aci Castello, (Eastern Sicily, Italy). Three different soil 
modelling approaches were followed to refine the model: fixed-base, Winkler model with linear 
springs, complete 3D model of the layered soil. Different arrangements of the tower foundation 
were tested. Mechanical and physical properties used as input parameters for the FEM modelling 
of the soil beneath the church were obtained through previous geological and geophysical surveys 
[8]. The eigenvalue analyses were carried out with Midas FEA NX Software [9]. The resulting 
values of modal frequencies were compared to those obtained through the experimental OMA 
measurements, to evaluate the influence and the accuracy of different soil modelling approaches. 
Description of the case study 
The bell tower of the church of San Giuseppe was chosen as a case study. The church is located in 
Aci Castello, a municipality of the Metropolitan City of Catania, Sicily (Italy), and was probably 
built around 1748 in the location in which another ecclesiastical building dedicated to Sant’Agata 
may has already existed previously, destroyed by an earthquake in 1547 [10]. According to this 
opinion, the bell tower may belong to a previous construction phase with respect to the church. 
This would be confirmed by architectural features of the tower and allows to suppose that there is 
no effective link between the two structures, so that they could be considered detached. The tower 
can therefore be studied as isolated. 

The location of the church and the tower with respect to the coastal cliffs is highlighted in Fig. 
1a. The tower stands at the south-eastern boundary of the town, about 25 meters away from a about 
6-metres-high coastal cliff characterised by near-vertical rock faces of jointed volcanic rock, with 
a massive to vesicular intact rock texture [11]. A crypt, used in the past as a burial site, lays beneath 
the church with the same extension of the nave. The original tapering pyramidal masonry spire on 
the top of the tower was demolished after 1908 earthquake of Messina; nowadays, there is only a 
simple four-pitched roof with clay tiles on wooden frame. 

An architectural survey was carried out to obtain geometrical and material information about 
the tower, shown in Fig. 1b. The tower has rectangular section, with sides of about 3.8 m and 4.8 
m at the bottom, reducing to 3.3 m and 3.8 m from 2.5 m to the top bell chamber, for a total height 
of 15.4 m (excluding the tiles roof). Fig. 1c reports the layout of the tower. 

 

   

(a) (b) (c) 
Figure 1. Church of San Giuseppe in Aci Castello (Catania, Italy): (a) View of the area, with the 

location of the church; (b) The church and (c) Plane of the ground floor of the bell tower. 
Methodological approach 
In order to experimentally determine modal parameters of the bell tower, an Operational Modal 
Analysis based on the Frequency Domain Decomposition (FDD) method was previously carried 
out. The estimated frequencies were: f1 = 3.94 Hz, associated to a flexural mode in the East/West 
direction, with a small translation component in the North/South direction and negligible torsional 
rotation; f2 = 4.50 Hz, associated to a flexural mode in the North/South direction, with a translation 
component in the East/West direction and negligible torsional rotation; f3 = 9.78 Hz, associated to 
a torsional mode, with a translation component in the North/South direction. 
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The mechanical characteristics of the masonry are analogous to that of the church both in terms 
of layout and materials. Masonry walls are made up by lavic rubble, clay tiles fragments and lime 
mortar; the thickness is between 0.65 m and 0.75 m. The mechanical parameters, derived from 
literature data for similar materials and updated after preliminary analysis have been set at: Young 
Modulus E = 2800 MPa, Poisson ratio ν = 0.3, unit weight γ = 17 kN/m3 [12]. 

In a previous in situ experimental campaign of measurements [8], Multichannel Analysis of 
Surface Waves (MASW) and seismic tomography tests were carried out to map and identify the 
soil in the tower construction site. Measurements of the profiles of shear waves and compression 
waves, Vs and Vp, up to a depth of 27 m were also conducted. Six soil layers with different 
mechanical characteristics were identified. A soft surface soil layer was found, laying on layers of 
fractured ancient lava of increasing stiffness with the depth. The soft layer consists of filling 
material used for leveling the foundation plane of the church. Density (ρ) and dynamic elastic 
modulus (Edyn) for each soil layer were derived from theoretical correlations. In Table 1 soil 
physical and mechanical parameters are summarised. 

 
Table 1. Soil parameters. 

Soil layer 
n. 

Depth 
[m] 

S-Waves 
velocity 

Vs 
[m/s] 

P-Waves 
velocity 

Vp 
[m/s] 

Density 
ρ 

[g/cm3] 

Dynamic 
elastic 

modulus 
Edyn 

[MPa] 

ν 
[-] 

1 0.00 355.06 1684.12 1.85 689 0.48 
2 3.90 351.46 1680.12 1.84 671 0.48 
3 7.06 446.68 1785.82 1.88 1100 0.47 
4 13.27 525.04 1872.79 1.90 1527 0.46 
5 21.85 621.05 1979.36 1.94 2163 0.45 
6 27.31 705.05 2072.61 1.96 2795 0.43 

 
A 3D FEM model of the tower was built in Midas FEA NX. A tetrahedral 4-node elements 

discretization was defined, with maximum element size 300 mm. Masonry was modeled as a 
linearly elastic isotropic material. A static dead load simulates the self-weight of the roof. Different 
boundary conditions were considered at the base of the tower. Footing structure and foundation 
soil were modeled to refine the model and analyse the effect of the soil modeling on the results of 
the eigenvalue analysis. Firstly, a fixed-base scheme, with hinges directly applied to each node at 
the bottom surface of the tower walls was analysed. Fig. 2 shows the FEM model. 

Then, the fixed-base idealization, characterised by bilateral contraints, was removed. A FEM 
modeling of the layered soil was built, according to data in Table 1, up to the depth of 30 m. The 
linear elastic isotropic material model was used. Three different widths (50, 100, 200 m) of the 
volume of soil were considered, as shown in Fig. 3a. 
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Figure 2. FEM model on Midas FEA NX. 
 

The soil was simplified as horizontally layered, with each layer discretized in tetrahedral 4-
nodes elements (Fig. 3b). The bottom nodes were constrained with hinges, while horizontal-axis 
roller boundary conditions were assigned to lateral boundaries. In the 200 m-side model, to 
simulate the presence of the coastal cliff (Fig. 3c) lateral nodes were not constrained along the 
height of the escarpment (Fig. 3d). 

 
 

    

(a) (b) (c) (d) 
Figure 3. (a) section detail of the layered soil FEM model (b) squared 50-, 100- and 200-meters 

side volumes of soil modeled in 3D FEM analysis and contour lines map. The dotted line 
highlights the coastal cliff; (c) The rocky front and (d) 200 m-side layered soil FEM model with 

B.C.. 
 

Finally, the Winkler's idealization of the soil was considered. Linearly elastic independent 
springs were introduced in the model, with stiffness given by Eq. 1: 

 

𝑘𝑘 =
𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑∙

(1−ν)
(1+ν)∙(1−2ν)

1.5∙𝐵𝐵
 [N/mm3] (1) 

 
Two different foundation type were considered: a strip foundation 1.5 m deep; a slightly protruding 
slab foundation 1.5 m deep, with 5.3x4.3 m footprint area. Springs were applied to the three cases: 
directly to bottom nodes of the tower model, with k = 2.91 [N/mm3]; to the bottom nodes of the 
strip foundation, with k = 2.26 [N/mm3]; to the bottom nodes of the slab, with k = 1.4 [N/mm3]. 
Results, discussion and conclusions 
The eigenvalue analysis of the San Giuseppe’s Bell Tower was performed with Midas FEA NX 
software. The three dominant natural frequencies were identified. The first and the second one are 
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related to bending modes, associated to the Y-axis (i.e. North-South direction) and X-axis (i.e. 
East-West direction); the third one is related to a torsional mode around the vertical axis, Z.  

Fig. 4a shows a comparison between the numerical modal frequencies and the experimental 
frequencies obtained from OMA. As expected, the higher the stiffness of the constraint 
configuration, the higher are the frequency values. The role of the surface soft layer is denounced 
by the lowering of the frequencies compared to the model on a fixed base. This reduction is more 
pronounced when a foundation body is present between the base of the tower and the soil, both in 
the case of the simplified Winkler models (W2, W3 in Fig. 4a) and in the case of the complete 
layered model (50, 100, 200 in Fig. 4a). In the picture 4a, in the cases of layered soil the results 
related to the slab type foundation are reported, the other solutions being basically the same. This 
last statement is confirmed in Fig. 4b where the comparisons are made considering the 50x50x30 
m layered soil volume varying the foundation arrangement.  

 

  

Figure 4. Comparison between FEA main numerical frequencies and OMA identified frequencies 
(a) varying the soil model and (b) varying the foundation type. 

It is clear that in the study case it is sufficient to consider the smallest volume of soil and that, 
whatever the model of the foundations is considered, the Winkler hypothesis (W2, W3) leads to 
lower frequencies than those obtained by modeling the layered soil. It should be noted that the 
frequencies related to the bending modes are underestimated w.r.t. OMA frequencies, except in 
the Y direction in the case of the fixed-base tower model. On the contrary, the torsional frequency 
is always overestimated. The reasons for these differences can be found in two different factors. 
The first concerns the mass and stiffness properties of the masonry walls, which are derived from 
literature data. Provided that the geometric model is exact, in the absence of experimental data the 
masonry mechanical characteristics updating is therefore necessary. The second factor concerns 
the high torsional stiffness of the tower, denounced by overestimated numerical prediction of the 
twist eigenvalue. This factor can be attributed to the presence in the FEM model of helicoidal-like 
staircase inside the tower, shown in Fig. 2. The staircase was modeled perfectly connected to the 
perimeter walls and with mechanical properties identical to those of the load-bearing walls. Both 
hypotheses are unrealistic and can be considered as a source of the overestimation of the torsional 
frequency. 
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The overall results prove the need for a high level of knowledge in order to correctly identify 
the dynamic properties numerically [13]. Furthermore, when experimental measurements of the 
mechanical properties of the masonry are not available, the need of the FEM model updating is 
evident, by adjusting the properties of mass and stiffness. In the presence of soft foundation soils, 
the model should also include an accurate stratigraphy. 
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