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Abstract 
Masonry towers represent an important portion of the cultural heritage in Italy. Their 
preservation and maintenance through intervention techniques able to guarantee their 
historical authenticity is essential. Effective structural interventions can be planned only after 
a deep knowledge of the building and of its structural behaviour. For this purpose, Structural 
Health Monitoring (SHM) plays a crucial role in providing information both on the dynamic 
properties of the structures and the damage caused by earthquakes or impacts. SHM can be 
used either immediately after the event or to monitor the long-term deterioration due to 
weathering and human use. In the 2011, a static Structural Health Monitoring system (SSHM) 
was installed in the Two Towers (Asinelli and Garisenda towers), masonry medieval towers 
located in Bologna, Italy. The data gathered from a SSHM system may be used in conjunction 
with structural analysis to identify the main vulnerabilities associated with the relevant 
hazards and the main structural criticalities in order to conceive targeted solutions. From June 
to September 2012 a dynamic monitoring system has also been installed by the INGV (the 
Italian National Institute of Geophysics and Volcanology) on the Asinelli tower, the taller of 
the two. The aims of this paper are: (i) to present the results obtained from the static monitoring 
system during these first five years of monitoring of the Two Towers and  (ii) to identify the 
dynamic properties and the fatigue behavior due to the traffic load of the Asinelli tower making 
use of the recorded data by a dynamic monitoring system. First, the order of magnitude of 
specific reference quantities (extrapolated from the recorded time series) able to characterize 
the main features of the structural response of the Two Towers are presented. Then, the 
fundamental frequencies of the tower has been obtained from the experimental measurements 
and compared with the results of the numerical models. Using an available experimentally-
based formulation the fatigue strength has been also evaluated and compared with the stresses 
induced by the traffic loads recorded during the monitoring. 
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1 INTRODUCTION 

Masonry towers represent a consistent portion of the Italian cultural heritage. Their 
geometrical configuration, together with the natural aging due to material degradations make 
these structures particularly prone to seismic damages. The assessment of the mechanical and 
dynamic properties, through non-destructive techniques, is of primary importance in order to 
identify the structural safety of these buildings whilst preserving their cultural integrity. For 
this purpose, Structural Health Monitoring (SHM) plays a crucial role in providing information 
both on the dynamic properties of the structures and the damage caused by earthquakes or 
impacts [1, 2]. In fact, the measured data from a dynamic monitoring system contain 
information regarding the intrinsic properties of the structure that can improve the knowledge 
of it. These information can be used to develop more accurate models and thus to plan effective 
strengthening interventions [3, 4]. Moreover, monitoring systems may prove invaluable to 
evaluate the level of structural damage shortly after an earthquake. The damage caused by an 
earthquake are not always immediately obvious and recognizable by visual inspection, but 
sometime damage hidden within a structure. The monitoring can provide useful information of 
what and where damage may have occurred, but also whether immediate action is necessary to 
guarantee the safety of the people [5]. In the last years, with the increase of traffic in the cities, 
and in particular of heavy vehicles such as buses and trucks, the monitoring of the dynamic 
response induced in historical buildings by road traffic vibrations becomes another important 
issue. Vibrations are one of the main factors for fatigue in structures [6]. 

In the present paper, the main physical components characterizing the recorded data by the 
SSHM system have been studied in order to identify the presence of potential structural 
criticalities. Then, based on the results obtained from the dynamic monitoring, the dynamic 
properties and the fatigue behavior due to the traffic load of the Asinelli tower have been 
investigated.  

. 
2 THE ASINELLI AND GARISENDA TOWER 

The Asinelli and Garisenda towers, often referred to as “The Two Towers”, represent the 
symbol of Bologna (Figure 1). The Garisenda, the older of the two, can be dated around the 
last two decades of the eleventh century. During the construction phases, the foundation soil 
underwent important subsidence phenomena, which caused a visible tilt of the Tower. The 
Tower is 48 m high and has a slope of 3.22 m towards South-East. The Asinelli tower is the 
taller of the two (97 m) and was built between the XII and XIII century. It was commissioned 
by the Asinelli Family, one of the most influential families at the time, as a symbol of their 
power [7]. Its cross-section is approximately square for the whole height with a gradual 
decrease (almost linear) of the side width from 8.5 m at the base to 6.0 m at the top, excepting 
a sudden discontinuity at a height of 34 m. During its almost millennial life, the Tower was 
subjected to various accidents such as fires (the most destructive is dated 1398 and damaged 
most of the internal wooden structures and the selenitic basement), lightning (in 1754 a 
lightning caused damages to all the upper part of the tower, for about 30 m in length) and 
earthquakes. The 1399 earthquake caused the collapse of the upper part of the Tower (the little 
bell tower) which was subsequently reconstructed. According to historical documents, it fell 
down again during the Appennino Modenese earthquake in 1505, during which also other 
portions of masonry fell down. Towards the end of 90s the Tower has undergone strengthening 
interventions as a joint project between the Municipality and the University of Bologna. In situ 
and laboratory tests were performed before the strengthening to characterize the mechanical 
properties of the masonry [8]. In 2011 a static structural health monitoring (SSHM) system has 
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been installed in the Two Towers to perform real-time measurements in order to evaluate the 
static response of the towers to the variation of environmental parameters. 

In 2012, following the seismic sequence of Emilia Romagna, started on 20th May with an 
Mw 5.8 earthquake, the Istituto Nazionale di Geofisica e Vulcanologia (INGV) installed 
dynamic monitoring equipment on the Towers and recorded data for a few months. 

 
 

 
Figure 1: The Two Towers of Bologna 

3 THE STATIC MONITORING SYSTEM 

Several strengthening interventions were performed in the last decade (1998 - 2008) on both 
Towers. After the end of the works, at the beginning of year 2011, a SSHM system was 
installed in the Two Towers. This monitoring system allows to monitor (1) deformations across 
the main cracks through short-base deformometers, (2) deformations of critical portion of 
masonry through short-base deformometers, (3) tilt measurements, (4) strains along the steel 
ties through strain gages, (5) temperatures and (6) wind speed through a weather station placed 
at the top of the Tower. As example, Figure 2 displays the complete time series over year 2011-
2016 with reference to the deformometer installed at the south-west corner base of the Asinelli 
tower measuring the horizontal masonry deformation (displacement between two points). No 
data are recorded from July to August 2011due to an interruption of the system. Data oscillates 
around an almost constant average value during the first three years and an increasing trend is 
observed during the last year of monitoring. 
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Figure 2: The complete time series over years 2011-2015 recorded by the deformometer installed at the south-

west corner base of the Asinelli tower 

Through an approach developed in previous work by the authors, the order of magnitude of 
the reference quantities obtained from the static monitoring system are presented in the table 1 

and 2 [9]. With reference to masonry displacements, values of the daily amplitude day about 

4/100 mm and values of the annual amplitude year  about 4/10 mm were recorded in the “Two 
Towers” of Bologna. As such, these may represent a preliminary indication of possible typical 

orders of magnitudes for such buildings. Also, the ratio day / year seems to be roughly equal to 
1/10. 

 
GARISENDA TOWER -mean values over the entire observation period Δt (2011-2016) 

Device day
 year

 ,m dayr
 ,M yearR

 
Long base Deformometer [mm] 0.06  0.45  0.02 0.03  
Deformometer [mm] 0.01  0.08  0.02  0.02 
Extensimeter [] 22  90  11  11  
Laser displacement sensor [m] 0.01 0.044 0.008 0.005 

Inclinometer[°]  Comp.X 0.06 0.06 0.003 0.003 
Comp.Y 0.07 0.06 0.003 0.003 

Table 1: Reference values for the equipment installed in the Garisenda tower 

ASINELLI TOWER -mean values over the entire observation period Δt (2011-2016) 

Device day
 year

 ,m dayr
 ,M yearR

 
Long base Deformometer [mm] 0.025  0.30  0.006 0.012  
Deformometer [mm] 0.03  0.20  0.41  0.60 
Extensimeter [] 55  170  5  2  
Laser displacement sensor [m] 0.01 0.08 -0.006 -0.02 

Inclinometer[°]  Comp.X 0.01 0.19 0.006 0.0014 
Comp.Y 0.009 0.18 0.015 0.011 

Table 2: Reference values for the equipment installed in the Asinelli tower 
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4 THE DYNAMIC PROPRTIES OF THE TOWER 

Four seismic stations were installed inside the Asinelli Tower. All the stations were 
equipped with triaxial seismometers (Figure 3) (Lennartz Le3d5s, 0.2 Hz eigenfrequency) 
coupled to AD 24-bit converters (Reftek 72A/07). Data, sampled at 100 sps, were continuously 
recorded from 22th June 2012 to 17h September 2012. The analysis of ambient noise allowed 
to identify the normal modes of oscillation of the towers and to distinguish between flexural, 
rotational and axial modes [10]. Average hourly Fast Fourier Transform (FFT) has been 
computed in order to estimate the Tower frequencies of vibration (Figure 4). The experimental 
frequencies show a good agreement with those estimated through FE models [11]. The first 
three flexural frequencies fall within the range 0.32-0.33 Hz, 1.3-1.5 Hz and 3.0-3.3 Hz, 
respectively (Table 3). More information can be find in previous work by the authors [11]. 

 

 
Figure 3: Picture of one of the Triaxial Seismometer 

 
Figure 4: FFT of the recorded signal. 

 
Periods T1,f(s) T2,f(s) T3,f(s) T1,t(s) 

MSS 3.0-3.3 0.72-0.76 0.30-0.32 0.42-0.45 

Table 3: Experimentally measured periods (ranges). 
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5 FATIGUE STRENGH UNDER TRAFFIC LOAD 

Traffic vibrations are induced by the stress waves generated by the vehicle–pavement 
interaction. Specifically, vehicles’ contacts with irregularities in the road surface (e.g. potholes, 
cracks and uneven manhole covers) induce dynamic loads on the pavement. These loads 
generate stress waves, which propagate in the soil, eventually reaching the foundations of 
adjacent buildings and causing them to vibrate. Traffic vibrations are mainly caused by heavy 
vehicles such as buses and trucks. Road traffic tends to produce vibrations with frequencies 
predominantly in the range from 5 to 25 Hz. The amplitude of the vibrations ranges between 
0.005 and 2 m/s2 (0.0005 and 0.2 g) measured as acceleration, or 0.05 and 25 mm/s measured 
as velocity. The predominant frequencies and amplitude of the vibration depend on many 
factors such as the condition of the road; vehicle weight, speed and suspension system, soil 
type and stratification; season of the year; distance from the road; and type of building [12]. In 
general, it was found that the peak levels of stress from traffic are rarely high enough to be the 
direct cause of damage. However, they contribute to the process of deterioration by adding 
extra stresses—through fatigue damage occurring as a result of long periods of exposure to low 
levels of vibration—or by contributing to soil densification—which can lead to the settlement 
of building foundations. Therefore, it is difficult to establish a level above which traffic-
induced vibrations may cause building damage. It is clear that for the intrinsic characteristic of 
historical buildings specific analyses on the effect of the vibrations induced by traffic are 
necessary [13-15]. The analyses of the data recorded by the dynamic monitoring system 
installed on the Asinelli tower has allowed also to evaluate the amount of vibrations induced 
by the traffic loads. It has been found that the transit of high vehicles, such as buses, may cause 
significant Tower’s oscillations, which, at the top, can be even detected without any 
instruments. The oscillation produces a clear effect of damped beating (Figure 5) whose 
duration and amplitude can be related to the amplitude of the triggering signal. 

 

 
Figure 5: The free vibration response after the excitation due a signal that can presumably be associated to 

the transit of a bus 
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The peak values of the accelerations (East-West component (E), North-South component 
(N) and Vertical component, (V)) recorded from the different stations during the period of 
monitoring are given in Table 4. The recorded maxima for accelerations are around 0.4% g 
along the horizontal direction (N) and 0.2% g along the vertical direction (Table 4). Taking 
into account the masses of the corresponding portions of the tower above each cross section, 
the internal forces were calculated for static and dynamic conditions. The corresponding 
stresses were obtained for the cross sections of the tower. Using the fatigue criterion proposed 
by Roberts et al. [16], the fatigue strength (in terms of number of cycles until fatigue failure) 
has been evaluated based on the estimated stress range as given by Eq.(1) [15]. 

 

 

(1) 

 
where ΔS is the stress range, Smax is the maximum stress, and Su is the quasi-static 

compressive strength of masonry loading conditions. 
 

Station Acceleration E Acceleration N Acceleration Z 

AS01 (89m) 1.2 mg 1.0 mg 2.2 mg 

AS02 (70m) 1.2 mg 1.3 mg 0.7 mg 

AS03 (30m) 1.3 mg 3.8 mg 1.2 mg 

AS04 (base) 0.4 mg 0.7 mg 0.7 mg 

Table 4: The peak values of the accelerations recorded during the period of monitoring 

Assuming that the whole mass of the tower is concentrated at the top of the tower and taking 
into account the corresponding values of acceleration recorded at the station AS01, the number 
of cycles until fatigue failure for the cross section at the base (AS04) has been obtained, which 
is equal to 3.17·1012 (corresponding to 1.0032·105years). The same equation has also been used 
to determine the values of acceleration, which may lead to fatigue failure of the tower. 
Considering the maximum horizontal acceleration equal to 2.2 mg, as it was obtained during 
the monitoring, and assuming different material strength (between 4 Mpa and 6 Mpa), it is 
possible to obtain a range of horizontal accelerations which lead to fatigue failure (section 
AS04) after a certain number of cycles (from 105 to 107). The fatigue curves are shown in 
Figure 6. 
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Figure 6: The Fatigue strength considering different ultimate material strength for the tower 

 

6 CONCLUSIONS 

In the present paper, the dynamic properties of the Asinelli tower have been investigated 
making use the recorded data by a dynamic monitoring system. Using an experimental 
formulation, the fatigue strength (in terms of number of cycles until fatigue failure) due to the 
vibration induced by the traffic load has been evaluated The number of cycles until fatigue 
failure for the cross section at the base of the tower is equal to 3.17·1012 (corresponding to 
1.0032·105years).  
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