
   

  

   

   
 

   

   

 

   

   372 Int. J. Masonry Research and Innovation, Vol. 9, No. 4, 2024    
 

   Copyright © 2024 Inderscience Enterprises Ltd. 
 
 

   

   
 

   

   

 

   

       
 

Garisenda Tower in Bologna (Italy): structural 
assessment and numerical simulation 

Angelo Di Tommaso 
Alma Mater Studiorum Università di Bologna, 
Via Zamboni 33 – 40126 Bologna, Italy 
Email: angelo.ditommaso@unibo.it 

Gian Carlo Olivetti 
Smart Monitoraggio Italia Srl, 
20134 Milano, Italy 
Email: g.olivetti@smartmonitoraggio.it 

Giuseppe Lacidogna, Stefano Invernizzi* and 
Alberto Carpinteri 
Politecnico di Torino, 
Corso Duca degli Abruzzi 24 – 10129 Torino, Italy 
Email: giuseppe.lacidogna@polito.it 
Email: stefano.invernizzi@polito.it 
Email: alberto.carpinteri@polito.it 
*Corresponding author 

Abstract: The Garisenda Tower in Bologna is a city symbol and one of the 
most valuable medieval heritages. The tower was built on compressible soils 
and suffered from the very beginning for increasing tilting. For this reason, 
Dante Alighieri refers to the tower to describe the fear caused by the giant 
Antaeus bending over him when he tries to descend from the eighth to the ninth 
circle of hell, in the Divina Commedia. Consequently, the tower has always 
deserved special attentions to preserve its structural safety. The paper describes 
some of the most recent results obtained from non-destructive monitoring 
techniques and presents a finite element model suitable to represent the 
structural behaviour of the tower, included the effect of thermal deformation. 
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1 Introduction 

The Garisenda Tower, together with the nearby Asinelli Tower, is certainly an icon of the 
City of Bologna that used to have more than one hundred masonry towers at the end of 
the XII Century. The tower is 48.6 m tall and shows an impressing overhang of about  
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3.2 m due to the differential settlements of the foundation soil. The tower suffered from 
several damaging sources, such as seismic events, thermal cycles, wind and, more 
recently, the effect of traffic. The structural behaviour of the Garisenda Tower has been 
studied since the beginning of the previous century and has been continuously monitored 
with different non-destructive techniques, including acoustic emission (AE), during the 
last decade. Nowadays, it is possible to perform finite element simulations of full-sized 
buildings, accounting for mechanical and geometrical nonlinearities (Peña et a., 2010; 
D’Ambrisi et al., 2011; Bartoli et al., 2013; Acito et al., 2014; Minghini et al., 2016; 
Valente and Milani, 2016). In addition, the geometrical model of existing structures can 
be obtained exploiting advanced survey techniques, like terrestrial photogrammetry and 
laser scanning. Moreover, the structural model can be validated based on moderately 
destructive and non-destructive techniques, such as dynamic identification and AE 
monitoring. In this framework, the authors have recently studied the structural stability of 
the Asinelli Tower (Carpinteri et al., 2016, 2018), providing a general approach for the 
finite element modelling of such kind of ancient and tall structures (Invernizzi et al., 
2019). In the present study, the same approach is adopted for the Garisenda Tower, and a 
review of the collected experimental data is presented together with a detailed  
three-dimensional finite element model, which is calibrated through the experimental 
results. Monitoring data, were provided by the Municipality of Bologna, including: 

1 thermographic investigations using an infrared camera to check the humidity of the 
internal and external masonry surfaces 

2 3D electrical tomographic survey for the electrostratigraphic characterisation of the 
wall sections at the base of the tower, to obtain information on the state of 
conservation and on the ongoing degradation processes 

3 georadar and penetrometric surveys to identify the presence of voids, the  
physical-mechanical characteristics of the foundation soil; (iv)  

4 continuous monitoring with the AE technique, whose sensors have been applied in 
various points of the tower base 

5 real-time strain measurements with a system of Osmos optical strands placed at the 
corners of the tower base. 

Additional information to calibrate the model were obtained from uniaxial compression 
tests on cylindrical specimens of selenite extracted from the masonry of the tower, which 
were carried out to characterise stiffness, strength, and AE emissivity. Finally, structural 
assessment of the Garisenda Tower and suggestions for a better interpretation of  
non-destructive monitoring results are provided based on finite element modelling 
results. 

2 Laser surveying and non-destructive monitoring 

The terrestrial laser scanning (TLS) of the Garisenda Tower was recently commissioned 
by the Municipality of Bologna, in occasion of the retrofitting of the external ashlar wall, 
though TSL technique has already been exploited a decade before (Pesci et al., 2011). 
The laser survey provides an extremely accurate geometrical description of the tower 
envelope, with errors comprised in very few mm, and the analysis of hundreds of millions 
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acquired points can be synthetised in detailed architectural drawings. On the contrary, 
information about the internal structure of the tower masonry requires for different 
approaches, like endoscopy or non-destructive techniques such as thermography, electric 
tomography and georadar investigation. 

Figure 1 (a) Garisenda and Asinelli Towers (b) W-E sections (c) N-S section (d) North elevation 
(e) West elevation (see online version for colours) 

 

These analyses in Figures 2(a)–2(b) is carried out by SO.IN.G. Strutture e Ambiente s.r.l., 
have allowed to obtain a quite detailed picture of the stratigraphy and homogeneity at 
least of the first level of the tower walls [Figure 2(c)], in correspondence of the external 
ashlar wall, in the first 4 m of elevation from the ground level. 

Figure 2 (a) Endoscopic images (b) Electric tomography results (c) Tower wall stratigraphy  
(see online version for colours) 

  
(a) (b) 

 



   

 

   

   
 

   

   

 

   

   376 A. Di Tommaso et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 2 (a) Endoscopic images (b) Electric tomography results (c) Tower wall stratigraphy 
(continued) (see online version for colours) 

 
(c) 

Figure 3 (a) Internal and external temperature during the last year (b) position and details of the 
sensors (see online version for colours) 

  
(a) (b) 

Note: More information at http://www.tecnoinmonitoraggi.it/ 
cms_descrizione_sistema_monitoraggio.html 

Furthermore, the monitoring included environmental conditions like temperature inside 
and outside the Garisenda Tower, as shown in Figure 3, and the speed and orientation of 
wind, thanks to a meteorological station placed on top of the tower. The maximum wind 
speed measured by the station in the last year was 30 m/s, which is lower than the design 
value prescribed by the Italian standard for a return time of fifty year. Four extreme 
temperature condition were selected from the diagram of Figure 3(a), respectively 
corresponding to the warmest and coldest day of the year (with respect to the external 
temperature), and the maximum positive or negative difference between the external and 
internal temperature of the tower, as shown in Figure 4. 
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Figure 4 Extreme temperatures of the year, (a) 14/08/21 warmest day (b) 14/02/21 coldest day 
(c) 2/03/21 maximum positive difference and (d) 15/10/21 maximum negative 
difference between outside and inside the tower (see online version for colours) 

 

3 Numerical simulations 

A three-dimensional finite element model was set up with the commercial software 
DianaIE (https://dianafea.com). The geometry, discretised with 56,736 quadratic solid 
elements connecting 191,344 nodes, is compliant to the laser scanning survey. The 
openings of the tower are taken into consideration, while the internal wooden structure 
and the presence of stiffening steel reinforcement have been omitted for the present time. 
The internal structure of the ‘a sacco’ masonry was accurately discretised at the ground 
floor level, according to the scheme of Figure 2(c). On the contrary, the upper part of the 
tower has been simplified, due to the lack of information, assuming internal and external 
brick masonry layers with ‘a sacco’ filling in between. The foundation basement has been 
discretised accurately, together with a surrounding volume of the foundation soil 
approximately equal to three time the foundation footprint. The linear elastic mechanical, 
and thermal, properties assigned to the different part of the model are summarised in 
Table 1. 

In the following, a few linear analyses are presented which should help to provide a 
preliminary structural assessment of the tower and, moreover, to provide useful 
information for the correct interpretation of the data obtained from non-destructive 
monitoring. The effect of permanent loads, wind thrust, and different temperature 
scenarios are presented separately, in order to emphasise the relative effect of each 
contribution. 
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Table 1 Thermo-mechanical properties of the model 

 Density 
[kg/m3] 

Young  
modulus 
[MPa] 

Poisson  
coefficient 

Thermal  
conductivity  

[W/m°C] 
Brick masonry 1,800 3,000 0.2 1 
Selenite stone masonry 2,400 5,000 0.2 2.3 
Filling conglomerate (elevation) 1,700 2,500 0.2 2 
Filling conglomerate (basement) 2,200 4,000 0.2 2 
Silty clay (foundation soil) 1,900 150 0.3 ___ 

3.1 Permanent loads 

The tower is subjected to the effect of gravitational acceleration starting from the present 
tilted configuration. As a result, the calculated overhanging slightly overestimates the 
actual one. The amount of the calculated elastic displacement of the top of the tower (in 
the south-east direction) is equal to about 3% of the permanent displacement due to the 
permanent foundation tilt [Figure 5(a)]. 

Figure 5 Permanent loads, (a) displacement (b) vertical stress σz (see online version for colours) 

 

The compression stress at the ground level in correspondence of the East side of the 
tower is around 2 MPa, while in the regions closes to the corners can reach 2.12 MPa 
[Figure 5(b)]. 

Note that the maximum stress in the external selenite stone layers is very close to the 
level at which the stone, when subjected to a uniaxial compression test, begin to emit 
AEs (Di Tommaso et al., 2022). 

If compared with the value of selenite stone compression strength assumed by other 
authors (Baraccani et al., 2019a), the calculated stress is admissible, with a safety factor 
equal to 1.9. The maximum tensile stress in correspondence of the opposite side is less  
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than 0.1 MPa, which is about 1/5 of the expected tensile strength (Baraccani et al., 
2019a). Note that, due to the variable cross section of the tower, the maximum tensile 
stress is located above the ashlar wall region. 

3.2 Wind thrust 

The second analysis was performed accounting the effect of the wind load only. The 
wind pressure has been assessed according to the Italian standards. The direction of wind 
was taken along the north-south direction, in order to increase the permanent 
overhanging. 

Figure 6 Wind loads, (a) displacement (b) vertical stress σz (see online version for colours) 

 

The amount of maximum displacement at the top of the tower [Figure 6(a)] is about equal 
to the 11% of the corresponding elastic displacement due to the permanent loads. 

The increase of compression stress on the South side of the tower is equal to 0.1 MPa 
(about 5% of the amount due to the permanent loads), the same as the maximum tensile 
stress on the opposite side. Close to the entrance corners the tensile stress is slightly 
higher. 

3.3 Modal analysis 

In recent years the tower has been subjected to operational modal analysis (Baraccani  
et al., 2019b). This allowed comparing the calculated modal frequencies with the 
experimental ones. The error obtained in correspondence of the first (both directions) and 
second (both directions) modal shapes (Figure 7) are lower than 4%, while the first 
torsional natural frequency cannot be easily obtained from the experimental data. 
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Figure 7 (a) First and (b) second bending modal shapes and eigen frequencies (c) First torsional 
modal shape and eigen frequency (see online version for colours) 

    
(a)     (b) 

 
(c) 

3.4 Thermomechanical analysis 

The strain measurements by distributed fibre optic sensors (FOSs) (Di Tommaso et al., 
2022) put into evidence the effect of temperature on the deformation and stress fields of 
the tower. In order to assess the phenomenon from a mechanical point of view a 
staggered thermomechanical analysis has been performed based on the four temperature 
configurations described above. The reference temperature of 15°C is adopted, which 
correspond to the mean temperature for both the internal and external yearly excursion. 
Therefore, the four analyses have been performed assigning the internal and external 
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temperature as the variation with respect to the reference temperature in order to solve 
firstly the steady state heat transmission problem, which provide the temperature field in 
the structure, and secondly the thermoelastic structural problem. As done before, the 
effect of temperature is considered as the only action, in order to compare the relative 
effect with the previous loads. 

Figure 8 Coldest day of the year, (a) temperature field (b) vertical stress σz (see online version 
for colours) 

 

Figure 9 Warmest day of the year, (a) temperature field (b) vertical stress σz (see online version 
for colours) 

 

During the coldest day of the year (Figure 8), when the total external temperature of 
about –2°C is reached, the internal one is about 1°C higher. The corresponding stress 
level is very limited, and tensile stresses appear close to the external walls, whereas 
compression stress closer to the internal walls and to the corners. 

During the warmest day of the year (Figure 9), the total external temperature reaches 
35°C, when the internal one is only about 29°C. The configuration is the opposite of the 
previous one, with compression stress in correspondence of the external wall that can 
reach 0.16 MPa and will sum up with the compressive stress of permanent loads on the 
South side of the tower. 
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Figure 10 Maximum positive temperature excursion (spring), (a) temperature field (b) vertical 
stress σz (see online version for colours) 

 

During spring takes place the day with maximum positive temperature difference  
(Figure 10). In this configuration the inside of the tower is colder than the outside. This 
situation, analogously to the previous one provides increase of compression in 
correspondence of the external South wall. The amount of compressive stress is more 
sensible, and equal to 0.50 MPa. 

The last configuration takes place during fall (Figure 11) and is analogous to the 
coldest day one, though the magnitude of stresses, as well as the temperature gradient, is 
higher. In this case the maximum compression stress is located close to the internal walls, 
where σz due to permanent load is not maximum. 

Figure 11 Maximum negative temperature excursion (fall), (a) temperature field (b) vertical 
stress σz (see online version for colours) 

 

4 Conclusions 

Numerical models are useful not only to provide more reliable structural assessment of 
existing structures, but also to better understand the outcome from non-destructive 
technique monitoring. The magnitude of compression stresses provided by the FEM 
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combining the effect of permanent loads and temperature gradients, especially for the 
maximum positive temperature configuration, reveals that AE are likely to occur, in good 
agreement with both laboratory and in situ experimental evidence (Di Tommaso et al., 
2022). Moreover, the numerical calculations show that the stress increment due to the 
wind thrust is quite limited and mostly unable to provide crack propagation in the 
masonry, coherently with the poor correlation between the wind speed and the in situ 
recorded AE (Di Tommaso et al., 2022). 
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