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Abstract. The development of realistic numerical models able to replicate as closely as pos-
sible the actual structural behaviour of heritage buildings is crucial for a thorough assess-
ment of their structural performance against exceptional scenarios. In this regard, higher 
accuracy can be achieved by leveraging a multidisciplinary approach that integrates multiple 
contributions from different fields, such as geomatics, dynamics and computational modelling.
In the present paper, this strategy is applied to the tower keep of the Guimarães castle, in 
Portugal, a masonry fortified structure dating back to the X century. Starting from an accu-
rate laser scanner survey, a detailed numerical model has been created resorting to efficient 
algorithms able to represent complex situations. Furthermore, by exploiting the dynamic 
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properties extracted from the processing of vibration data collected during field dynamic test-
ing, the mechanical characteristics of the constituent materials of the tower have been esti-
mated by means of a model updating technique embedded in a trust-region scheme 
implemented in the NOSA-ITACA code. The results obtained so far allowed to establish valu-
able baseline information that will be of pivotal importance to catch possible changes in the 
tower’s response and to perform more in-depth structural analyses.

1 INTRODUCTION
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2 FROM REALITY TO “AS-BUILT” CAD MODELLING

2.1 Guimaraes castle´s tower keep

2.2 3D digitalization via TLS technology
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2.3 Point cloud processing
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2.4 As-built modelling

2314



3 OPERATIONAL MODAL ANALYSIS

3.1 Dynamic testing procedure

3.2 Data processing and results
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4 MODAL-BASED FINITE ELEMENT MODEL UPDATING

4.1 Model Updating
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4.2 FE Model Calibration
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5 CONCLUSIONS
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ENVIRONMENTAL EFFECTS ON THE DYNAMIC 
CHARACTERISTICS OF A HISTORIC CATHEDRAL 

Carmelo Gentile , and Antonello Ruccolo

Keywords:

Abstract. The maintenance and preservation of the Milan Cathedral is traditionally 
performed through well-established and time-scheduled programs of visual inspection and 
architectural restoration of surfaces, decorations, and statues in Candoglia marble. On the 
other hand, the structural condition assessment and preservation turns out to be a 
challenging task due to the dimensions and complexity of the building, the usual uncertainties 
on the material properties and also the difficulty in inspecting several structural elements. 
Therefore, a structural monitoring system was recently designed and installed in the Milan 
Cathedral to assist the condition-based structural maintenance of the monument. The 
monitoring system includes different sensing technologies to allow appropriate tracking of 
different long-term structural behavior. The dynamic monitoring of the horizontal response of 
selected piers is complemented by the static monitoring of the tilt of the same piers  and of the 
strain in selected tie-rods. In addition, the indoor and outdoor environmental parameters are 
extensively measured as well. 
After a concise historic background on the historic monument and the description of the 
dynamic monitoring system installed in the Milan Cathedral, the paper focuses on the 
dynamic characteristics of the monument, that were identified in the first hours of continuous 
monitoring, Subsequently, the results of the first year of dynamic monitoring are presented 
and discussed, with special attention being given to the influence of environmental 
parameters on the variations observed in the resonant frequencies and mode shapes. In more 
details, the presented results highlight that: (a) 8 global vibration modes are automatically 
detected in the frequency range 1.0-5.0 Hz; (b) the variations observed in the resonant 
frequencies are mainly driven by temperature, with the effect of thermal changes being very 
peculiar; (c) the mode shapes and the related mode complexity do not exhibit appreciable 
fluctuations associated to the environmental changes, so that an appropriate strategy of SHM 
should be based also on the time invariance of those parameters. 
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2 THE MILAN CATHEDRAL 
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3 DYNAMIC MONITORING SYSTEM AND DATA ANALYSIS 
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4 DYNAMIC CHARACTERISTICS OF THE CATHEDRAL 
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5 SELECTED RESULTS FROM THE CONTINUOUS DYNAMIC MONITORING 

5.1 Environmental parameters 
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5.2 Environmental effects on natural frequencies 
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5.3 Mode shapes and mode complexity 
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6 CONCLUSIONS 
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A DAMAGE LOCALISATION PROCEDURE FOR MASONRY 
TOWERS BASED ON FREQUENCY DATA

Paolo Borlenghi , Carmelo Gentile , and Antonella Saisi

Keywords:

Abstract. The structural health conditions of masonry towers can be monitored with a few 
dynamic sensors (e.g. accelerometers or seismometers) placed at the top of the structure. This
cost-effective setup provides continuous and reliable information on the natural frequencies
of the structure; however, to move from anomaly detection to localisation with such a 
simplified distribution of sensors, a calibrated numerical model is needed. The paper 
summarises the development of a Structural Health Monitoring (SHM) procedure for the 
model-based damage localisation in masonry towers using frequency data. The proposed 
methodology involves the subsequent steps: (i) preliminary analysis including geometric 
survey and Ambient Vibration Tests (AVTs); (ii) FE modelling and updating based on the 
identified modal parameters; (iii) creation of a Damage Location Reference Matrix (DLRM)
from numerically simulated damage scenarios; (iv) detection of the onset of damage from the 
continuous monitoring system performed with state-of-art techniques, and (v) localisation of
the anomalies through the comparison between the experimentally identified variations of 
natural frequencies and the above-defined location matrix, called DLRM. The proposed SHM 
methodology is exemplified on the ancient masonry tower of Zuccaro in Mantua, Italy.
Pseudo-experimental monitoring data were generated and employed to assess the reliability 
of the adopted algorithm in identifying the damage location. The results show a promise 
toward the practical applications of the proposed methodology in the monitoring of real 
structures.
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2 THE DLRM APPROACH FOR DAMAGE LOCALIZATION

n

f f f f f

2340



2.1 Creation of the Damage Location Reference Matrix (DLRM)

m n

m

m

n n m

u d
i i

i u
i

f fDF
f

i-th
fi

u fi
d
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3 THE ZUCCARO’S TOWER: DESCRIPTION AND DYNAMIC TESTING

Zuccaro

Zuccaro
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3.1 On-site inspections
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3.2 Dynamic characteristics of the tower
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4 THE ZUCCARO’S TOWER: FE MODELLING AND UPDATING 
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5 THE ZUCCARO’S TOWER: APPLICATION OF THE DLRM APPROACH
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6 CONCLUSIONS 
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MODAL PARAMETERS IDENTIFICATION ON ENVIRONMENTAL 
TESTD OF ANCIENT BELL TOWERS AND VALIDATION OF THEIR 

NUMERICAL MODELS

F. Clementi1, G. Standoli1, E. Giordano1, A. Ferrante1 and S. Lenci1

Keywords:

Abstract. Masonry towers are quite widespread in Europe and represent an important portion 
of the built heritage that must be preserved, especially in high-seismicity regions. Very often, 
such masonry towers exhibit unique peculiar morphologic and typological characteristics, 
which might affect their different structural behaviors under horizontal loads. For this reason, 
accurate knowledge of their dynamical parameters is useful for seismic assessment and the 
design of risk mitigation interventions.
In this work, the opportunities provided by dynamic identification techniques for the non-de-
structive evaluation of heritage structures are discussed with a focus on different bell towers, 
located in the Marche region (Italy). All of them were stricken by a long seismic sequence 
(Center Italy earthquakes between August and October 2016), and are investigated in detail in 
order to have an insight into their dynamic behavior. Furthermore, the experimental investiga-
tions and the operational modal analysis results are presented, and they are useful for defining 
the Finite Element (FE) model of the towers with a continuum approach.
The monitoring system consists of several elements adequately connected. Many operative 
problems have conditioned the positioning of the instrumentation due to the limited accessibil-
ity of the structure, not only to the primary access but also to reach the top.
However, it has been possible to identify with certain confidence the first three frequencies of 
the towers and their corresponding mode shapes. The results carried out after the updating 
procedure may be considered very good. The material data values estimated in this way will 
constitute an important reference for the evaluation of the state of the building.
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1 INTRODUCTION
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2 CASE STUDY

2.1. Historical development

2.2. Geometric survey

1
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3 DYNAMIC CHARACTERIZATION

3.1 Ambient Vibration Testing
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3.2 Monitoring equipment, sensors layout and data
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3.3 Operational Modal Analysis

3.3.1 OMA identification technique

xk+1 = A xk + B uk

yk = C xk + D uk

3.3.2 Preliminary FE model
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3.3.3 NM calibration
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4 CONCLUSIONS
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MEASUREMENTS OF THE COLOSSEUM RESPONSE TO
ENVIRONMENTAL ACTIONS

Fabrizio Vestroni1, Adriano De Sortis2 and Annamaria Pau1
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Abstract. The Colosseum is the most famous monument of ancient Rome. Differential settle-
ments of its foundations, standing partly on alluvial deposits and partly on stiff soil, and various
earthquakes are the main causes of collapses that give the Colosseum its present shape. In or-
der to preserve the monument, a number of structural interventions were made during the 19th
century. At present, the health status of the monument requires to be monitored against possi-
ble degradation phenomena. During the preliminary design stage of a new underground line
crossing the center of Rome, at present under construction, further investigations on materials
properties and dynamic features have been performed. In particular, twelve accelerometers on
two vertical lines in the highest portion of the monument have been installed. In the present
paper data gathered with this monitoring system for a long period of time gives the opportunity
of a further insight into the health conditions of the structure. The vibration levels induced by
road traffic during a long interval of time and frequencies and mode shapes of low modes are
identified using ambient vibration. Both these results are compared with the outcomes of an
experimental campaign of a few years ago. Finally, the dynamic behaviour recorded during the
2016-2017 Central Italy seismic sequence is analysed and discussed.
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1 INTRODUCTION

Structural Health Monitoring (SHM) has notably increased its importance in the last decades

[1, 2, 3]. The spreading of this kind of activity is also due to the updating of instruments and the

reduction of their cost; at the same time, theory and techniques of data processing have become

more effective [4, 5, 6, 7, 8, 9]. In this field methods based on structural vibration and their

evolution are well established, also because information easily obtained using environmental

excitations happens to be effective in detecting structural deterioration. In the case of large

structures and cultural heritage buildings, SHM should be a must. So, it is natural that the

Colosseum, the most famous monument of ancient Rome, is the object of special attention by

the Superintendent of Cultural Heritage with a series of activities.

A new underground line crossing the center of Rome, at present under construction [10],

run tangentially to the Colosseum; during the design stage a wide campaign of experimental

investigations on materials properties and dynamic features have been performed. Moreover,

the monument has been instrumented in order to develop both static and dynamic monitoring.

In particular, inclinometers and estensometers to measure displacements due to temperature

changes and twelve accelerometers on two vertical lines in the zone with greatest height have

been installed.

The slow movements produced by temperature induce deformations and stresses, with cy-

cles which are repeated every year. The accelerometric registrations of the ambient vibrations

permit to obtain the intrinsic dynamic properties of the structure with a twofold aim. First, the

comparison and correlation between experimental modal parameters and those predicted by a

finite element model enable us to identify or update an accurate model of the monument; this is

an important item especially where buildings of historical interest are involved, since they are

often characterized by complex geometry and heterogeneity of materials. Second, the evolution

in time of the modal properties gives information on possible degradation phenomena.

In this paper the main attention is devoted to the dynamic response; in particular, the vibra-

tion levels induced by road traffic for a long time interval is examined, then ambient vibrations

are used to identify frequencies and shapes of low modes by these incomplete data. These

results are both compared to available data obtained by the authors during an experimental

campaign of a few years ago. Finally, the dynamic response to the 2016-2017 Central Italy

seismic sequence is analysed and discussed.

2 THE NEW UNDERGROUND LINE OF ROME

The severe conditions of the surface traffic in Rome highlighted the need to improve the

public transportation network. The two existing underground Lines A and B did not reach all

the sectors of the city and suburbs. The authority managing the underground lines decided, in

such a context, to construct the new Line C crossing the Rome territory along the alignment

NW-SE. Figure 1, just for the intermediate part of the line, denoted as Section T3, shows the

interference of the new line with some of the most famous monuments in the world. Among the

others, the underground line runs near the Colosseum. Further details can be found at [10].

During the design stage, several forecasting activities have been performed, in order to sim-

ulate the effects of the underground works and to estimate the possible impacts on the monu-

ments. For the Colosseum, the effects were estimated as negligible and no special provisional

measures were provided. Nevertheless, a comprehensive monitoring system has been deployed,

in order to study the response of the structure before and during the underground construction.
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Figure 1: The Section T3 of the new Line C of Rome underground and the interference with monuments: 1) Porta

Metronia, 2) Acquedotto Celimontano, 3) Basilica di S. Stefano Rotondo, 4) Porta Asinaria, 5) Colosseum, 6)

Basilica di Massenzio, 7) Colonnacce, 8) Foro di Cesare, 9) Colonna Traiana.

3 DESCRIPTION OF THE MONITORING SYSTEM

A general description of the monitoring framework is reported in [11]. For the Colosseum,

the monitoring system can be divided into 4 sections:

• topographic monitoring, aimed at gathering absolute displacements and rotations;

• geotechnical monitoring, aimed at gathering soil pore pressure and vertical and horizontal

ground displacements;

• structural monitoring, divided into two subsections:

- static monitoring, aimed at gathering structure and air temperatures, existing cracks

openings, relative displacements, rotations;

- dynamic monitoring, aimed at gathering structural accelerations and velocities.

The static monitoring is composed by 4 thermometers, 7 tiltmeters, 22 crackmeters and

12 wire-crackmeters. The dynamic monitoring is composed by 12 triaxial force-balance ac-

celerometers, located along two vertical alignments, as reported in Fig. 2. The present paper is

devoted to the analysis of dynamic measured quantities.

4 ANALYSIS OF DYNAMIC MEASUREMENTS

4.1 Road traffic

The main goal of the accelerometric monitoring system previously described is the survey of

the vibration level during the construction of the underground line. Due to the presence of the

monitoring system since the end of of 2014 and still functioning, both current vibration level
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Figure 2: Locations of the accelerometric sensors and channels positive directions.

and peak values can be evaluated. A comprehensive analysis of data is outside the scope of the

present paper, nevertheless a short discussion on the vibration level measured during one month

(January 2020) is reported here; during this period the construction was inactive. Figure 3

shows the envelopes of the velocity recorded at the base and on the top in each direction. In

vertical and circumferential directions at the base the maximum value of the velocity is about

0.15 mm/s, on top is about 0.5 mm/s, with smaller effective values respectively of about 0.02

mm/s at the base and 0.05-0.1 mm/s on top. In radial direction the maximum values of the

velocity are similar, while the effective values are respectively of about 0.04 mm/s at the base

and 0.15 mm/s on top. With reference to the time interval considered, the vibration level is very

similar to that reported in [6] and it does not exceed the limit values reported in [12].

4.2 Modal analysis using ambient vibration

The experimental modal parameters have been evaluated in [6] using a large number of mea-

surement points, under ambient vibration excitation. It was verified that the input at the base

of the monument, in the frequency band 1-6 Hz, approximates a white noise. The experimental

modal parameters were therefore derived from the response only, under the hypothesis of white

noise excitation. In this condition, the output spectrum reaches a maximum at the natural fre-

quencies, where the response of the structure peaks. The vibration frequencies of the first six

modes, obtained in [6] by a singular value decomposition of the power spectral density matrix

of the responses, are listed in Tab. 1.

Mode 1 2 3 4 5 6

Frequency [6] 1.03 1.30 1.49 1.60 1.66 1.75

Frequency (this study) 1.04 1.28 1.47 1.62 1.71 -

Table 1: Frequencies (Hz) of the first modes evaluated in [6] and in the present study.

Data recorded with the new monitoring system has been used to repeat the experimental

modal analysis. In the present setup, few measurements are available, especially on the top

2370



Fabrizio Vestroni, Adriano De Sortis and Annamaria Pau
Colosseo C

Sensore dinamico N5MXXAC01A Periodo dal 1/ 1/ 2020 00:00:00 al 1/ 30/ 2020 23:59:59

0.56 mm/s

-0.49 mm/s

0.37 mm/s

-0.56 mm/s

0.18 mm/s

-0.15 mm/s

Colosseo B

Sensore dinamico N5MXXAC04A Periodo dal 1/1/2020 00:00:00 al 1/30/2020 23:59:59

0.16 mm/s

-0.17 mm/s

0.48 mm/s

-0.50 mm/s

0.33 mm/s

-0.46 mm/s

AC04AX

AC04AY

AC04AZ

a) b)
Colosseo C

Sensore dinamico N5MXXAC01D Periodo dal 1/1/2020 00:00:00 al 1/30/2020 23:59:59

0.12 mm/s

-0.11 mm/s

0.06 mm/s

-0.11 mm/s

0.06 mm/s

-0.04 mm/s

AC01DX

AC01DY

AC01DZ

Colosseo B

Sensore dinamico N5MXXAC02D Periodo dal 1/1/2020 00:00:00 al 1/30/2020 23:59:59

0.12 mm/s

-0.14 mm/s

0.09 mm/s

-0.08 mm/s

0.15 mm/s

-0.11 mm/s

AC02DX

AC02DY

AC02DZ

c) d)

Figure 3: Velocity vibration levels (mm/s) measured during January 2020; a) sensor A1A (top level); b) sensor

A4A (top level); c) sensor A1D (base level); d) sensor A2D (base level); for each sensor from top to bottom X

(circumferential), Y (radial) and Z (vertical).

of the structure, thus it resulted rather difficult to detect the first two modes, which mainly

involve points very far from the sensors. The same techniques applied in [6] have been used.

Figure 4 shows the first two singular values of the power spectral density matrix of the response,

where the modes identified are indicated with black circles. A comparison between the natural

frequencies is reported in Tab. 1, showing a very good agreement. Also the components of

the eigenvectors common to both [6] and present test setup have been compared, obtaining an

acceptable agreement. Thus, with reference to this limited comparison, it can be argued that the

dynamic characteristics of the structure appear stable.

0.8 1 1.2 1.4 1.6 1.8 2
f[Hz]

10-4

10-3

10-2

10-1

100

101

102

first singular value
second singular value

Figure 4: Singular value decomposition of the power spectral density matrix using data from ambient vibration.
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n. year month day hh mm ss Mw lat long depth dist. ab,t ab,r ab,v
(km) (km) (g %) (g %) (g %)

1 2016 8 24 1 36 32 6 42.7 13.2 8 109 0.32 0.35 0.23

2 2016 8 24 2 33 28 5.3 42.7 13.2 8 105 0.24 0.19 0.12

3 2016 10 26 17 10 36 5.4 42.9 13.1 8 122 0.31 0.47 0.17

4 2016 10 26 19 18 7 5.9 42.9 13.1 10 120 0.29 0.39 0.14

5 2016 10 30 6 40 17 6.5 42.8 13.1 10 116 0.95 0.94 0.41

6 2017 1 18 9 25 40 5.1 42.5 13.3 10 97 0.09 0.14 0.08

7 2017 1 18 10 14 9 5.5 42.5 13.3 10 96 0.19 0.36 0.13

8 2017 1 18 10 25 23 5.4 42.5 13.3 9 94 0.24 0.33 0.13

9 2017 1 18 13 33 36 5 42.5 13.3 10 92 0.1 0.2 0.08

Table 2: Events with magnitude Mw > 5 during the 2016-2017 Central Italy seismic sequence; the distances are

computed between the epicenters and the Colosseum; ab,t, ab,r and ab,v (measured in g*100) are the peak base

accelerations recorded by the monitoring system respectively along the tangential, radial and vertical directions.

4.3 Response to 2016-2017 Central Italy seismic sequence

The measured response of a structure when it is impacted by a significant earthquake often

furnishes significant information about its characteristics and health conditions [13, 14]. During

2016 and 2017, Central Italy has been interested by a significant seismic sequence. The ac-

celerometric monitoring network was already deployed on the monument, thus several records

of the structural response are available. Here, only events with magnitude greater than 5 have

been considered. The main characteristics of these events are listed in Tab. 2. The epicenters are

rather far from the Colosseum, with distances ranging from 92 to 122 km. The maximum value

of the acceleration recorded at the base is about 0.01 g in the horizontal direction and 0.004 g

in the vertical direction. The event that produced maximum accelerations at the base occurred

on 2016, October 30, with a magnitude of 6.5 (event no. 5 in Tab. 2).

Figure 5 shows the 5% damping acceleration response spectra of event no. 5, as recorded at

the monument base at two points in two directions. Modes 3 to 6 are located in the maximum

amplification range of the spectra. In order to have a rough evaluation of the level of shaking,

one could consider that, according to current seismic regulations, the 475-year return period site

response spectrum on stiff soil has spectral ordinates respectively of 0.15, 0.23 and 0.1 g at 0,

0.5 and 1s. Thus, in terms of elastic response spectrum, event no. 5 produced about 1/10 of the

spectral accelerations expected for the design earthquake.

Table 3 lists maximum accelerations recorded in radial directions. As expected, the peak

values have been attained at the top level (about 0.09 g). It is interesting also to note that

the dynamic amplification, i.e. the ratio between top and base peak accelerations, decreases

when base peak acceleration increases. At any rate, the minimum dynamic amplification in

radial direction is about 8.5. Thus, in the hypothesis of linear behaviour, a 475-year earthquake

could lead to top accelerations up to about 1.3 g. This highlights the seismic vulnerability

of the monument in its actual configuration, which probably requires a study for a mitigation

intervention. In circumferential direction (Tab. 3) maximum accelerations of about 0.02–0.03

g have been recorded. Also in this direction the minimum amplification factor is about 3.6,

a value rather common for masonry structures. Maximum recorded accelerations in vertical

direction, not reported here, exhibits a minimum amplification factor of 2.4.

The configuration of the accelerometric monitoring system allows us to estimate a drift pa-

rameter that can be related to the strain level of the structure, i.e. the relative displacement

between two sensors on the same vertical divided by their distance. Table 4 lists this quantity
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Figure 5: Response spectra at 5% damping of the accelerations recorded at the base during the event n. 5 of Tab. 2;

the first letter A of the sensor labels is omitted; the directions X and Y are reported in Fig. 2; the vertical lines

correspond to the first 6 modes of the structure.

for both horizontal directions. The graphical representation of Fig. 6 highlights that, in the plane

of the facade, a strain concentration occurs on the third order of openings. In the out-of-plane

direction, the upper part of the facade exhibits almost constant values. This behaviour is com-

mon to all 9 seismic events studied here. With reference to the strongest event no. 5 of Tab. 2,

it was verified that the drift parameters of the upper sections are in phase and the maximum

values are simultaneously attained, thus the behaviour is that of an almost rigid rotation. The

rotation center is located at the base of the third order openings, which can be considered the

most stressed part of the structure, both in plane and out of plane, during an earthquake.

5 CONCLUSIONS

The new Line C of Rome underground passes near the Colosseum. Owing to the histori-

cal renown of this ancient monument, the General Contractor, on behalf of Superintendent of

Cultural Heritage, decided to perform a series of experimental activities to investigate its health

conditions; in particular, static and dynamic instruments were used to monitor the structure

before, during and after the underground construction.

In this study the focus was on five-year recordings of the dynamic quantities, accelerations

and velocities, available to date, considering three different groups of results: the traffic induced

vibration, the ambient vibration and the response to a recent seismic sequence in Central Italy.

As far as the velocities caused by the traffic, the levels of the results processed are very

similar to those measured in a previous experimental campaign conducted by two of the authors

in 2005, and, mainly, the maximum amplitude is below the levels known to cause damage,

according to international guidelines.

As far as the ambient vibration, the procedures of the experimental modal analysis are used

to identify frequencies and modes components at measurement points. Also in this case the

dynamic properties obtained are in good agreement with those determined in 2005, leading to

the preliminary conclusion that no overall deterioration phenomena recently occurred.

The registrations of accelerations produced by the seismic sequence of 2016-2017 in Central

Italy are of some interest because they are the only available recordings of the earthquake effects

on the monument. Notwithstanding the epicenter is far from the Colosseum, around 100 km,

the measurements are sufficiently clear, with non-negligible response peaks. For the recorded

earthquakes the maximum amplification of the spectrum is observed in a frequency band which
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n. 1AY 2AY 3AY 4AY 5AY 6AY 1BY 2BY 1CY 2CY 1DY 2DY

1 3.48 2.28 1.24 5.8 3.09 1.29 0.63 0.8 0.47 0.41 0.35 0.27

2 2.53 1.68 0.81 2.59 1.46 0.87 0.40 0.53 0.25 0.30 0.20 0.19

3 4.04 2.66 1.19 4.88 2.68 1.25 0.81 0.77 0.62 0.51 0.47 0.41

4 3.23 1.96 0.7 5.56 3.13 1.67 0.66 0.88 0.45 0.5 0.34 0.39

5 9.27 3.85 1.71 9.41 6.06 2.52 1.82 1.96 1.25 1.36 0.91 0.94

6 1.42 1.05 0.69 1.24 0.63 0.55 0.28 0.29 0.19 0.16 0.14 0.1

7 2.99 2.01 0.97 2.8 1.34 0.62 0.74 0.59 0.5 0.41 0.36 0.28

8 3.43 2.41 1.52 3.95 1.75 1.1 0.67 0.66 0.47 0.38 0.33 0.24

9 1.05 0.62 0.31 1.7 1.26 0.63 0.35 0.34 0.22 0.24 0.13 0.2

n. 1AX 2AX 3AX 4AX 5AX 6AX 1BX 2BX 1CX 2CX 1DX 2DX

1 0.95 0.87 0.84 1.42 1.25 1.29 0.92 1.35 0.51 0.74 0.27 0.32

2 0.52 0.55 0.55 0.91 0.87 0.81 0.53 0.64 0.31 0.43 0.17 0.24

3 0.89 0.97 0.99 1.1 1.11 1.05 0.73 0.9 0.48 0.57 0.31 0.31

4 0.81 0.81 0.79 1.76 1.45 1.37 0.5 1 0.36 0.64 0.23 0.29

5 2.13 2.16 2.1 3.4 2.99 2.88 1.34 2.56 1.15 1.85 0.57 0.95

6 0.38 0.36 0.33 0.46 0.42 0.42 0.38 0.4 0.19 0.22 0.09 0.08

7 0.96 0.96 0.93 1 0.85 0.86 0.56 0.76 0.28 0.51 0.17 0.19

8 0.87 0.85 0.79 1.22 1.04 1.02 0.91 0.98 0.43 0.52 0.24 0.17

9 0.45 0.45 0.44 0.52 0.44 0.45 0.22 0.44 0.12 0.18 0.07 0.1

Table 3: Maximum accelerations in (g*100) recorded by the monitoring system in radial (Y) and circumferential

(X) directions during the events described in Tab. 2; the first letter A of the sensor labels is omitted.

n. 1AY 2AY 3AY 4AY 5AY 6AY 1BY 2BY 1CY 2CY

1 0.145 0.113 0.181 0.227 0.176 0.196 0.009 0.018 0.008 0.008

2 0.103 0.079 0.111 0.113 0.099 0.103 0.007 0.015 0.004 0.006

3 0.14 0.106 0.166 0.175 0.134 0.186 0.01 0.021 0.01 0.01

4 0.11 0.077 0.063 0.208 0.164 0.164 0.009 0.026 0.007 0.011

5 0.329 0.19 0.158 0.472 0.413 0.344 0.026 0.048 0.021 0.028

6 0.046 0.039 0.068 0.044 0.038 0.034 0.005 0.005 0.003 0.003

7 0.094 0.072 0.089 0.099 0.069 0.061 0.011 0.013 0.009 0.007

8 0.117 0.094 0.162 0.143 0.107 0.078 0.014 0.016 0.007 0.009

9 0.03 0.023 0.028 0.067 0.066 0.079 0.005 0.007 0.004 0.004

n. 1AX 2AX 3AX 4AX 5AX 6AX 1BX 2BX 1CX 2CX

1 0.012 0.007 0.096 0.073 0.011 0.106 0.047 0.045 0.02 0.027

2 0.008 0.005 0.078 0.038 0.006 0.075 0.029 0.024 0.014 0.012

3 0.011 0.005 0.082 0.057 0.009 0.108 0.037 0.035 0.016 0.02

4 0.007 0.004 0.046 0.067 0.009 0.105 0.019 0.033 0.009 0.022

5 0.022 0.009 0.128 0.158 0.018 0.309 0.038 0.066 0.025 0.062

6 0.004 0.004 0.039 0.013 0.002 0.025 0.02 0.009 0.009 0.006

7 0.007 0.005 0.061 0.024 0.003 0.064 0.027 0.013 0.011 0.013

8 0.01 0.009 0.128 0.034 0.003 0.073 0.048 0.02 0.024 0.014

9 0.002 0.001 0.023 0.03 0.005 0.04 0.008 0.014 0.004 0.006

Table 4: Maximum relative displacements divided by the distance between two sensors (mm/m) recorded by the

monitoring system in radial (Y) and circumferential (X) directions during the events described in Tab. 2; the labels

of the columns correspond to the upper sensor; the first letter A of the sensor labels is omitted.
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a) b) c) d)

Figure 6: Relative displacements divided by the distance between two sensors recorded by the monitoring system

during the events of Tab. 2; a) Vertical B of Fig.2, radial direction ; b) Vertical C, radial direction; c) Vertical B,

circumferential direction; d) Vertical C, circumferential direction.

does not involve the first two modes of the monument, localized mainly at Valadier’s and Stern’s

buttresses, which are the most dangerous. These results are important because they make it

possible to use an updated finite element model to interpret these data and to predict the response

to the expected earthquakes in Rome, evaluating the actual risk of the monument.
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Abstract. Masonry constructions compose the majority of the Architectural Heritage world-
wide, thus, their preservation is of great importance. Nevertheless, they usually show a great 
vulnerability to seismic and dynamic loads. Several reinforcement techniques can be used in 
order to improve their dynamic behaviour. The Textile Reinforced Mortar (TRM) material 
appears as very suitable, since it meets the requirements of compatibility and reversibility of 
the retrofitting. Moreover, it avoids some problems related to permeability. And strongly re-
duces adhesion and debonding issues. In this paper the effectiveness of the TRM reinforce-
ment for dynamic loads for windowed brick masonry walls is evaluated through vibration 
testing and operational modal analysis. To this aim, two scaled brick masonry walls were 
built at the “Laboratorio de Grandes Estructuras” of the University of Alicante. Only one of 
them was reinforced with the TRM. Both were damaged with a cyclic in-plane lateral force 
for simulating damage due to seismic actions. Structural vibrations of the two walls were 
measured in the presence of a white noise excitation. Modal parameters were evaluated 
through Operational Modal Analysis (OMA) before and after the damage. Finally, changes in 
modal parameters due to damage were compared and investigated in both the unreinforced 
and reinforced cases. The results suggest that TRM reinforcement can be considered effective 
for improving the mechanical behaviour of a brick windowed masonry wall.
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1 INTRODUCTION
Masonry buildings represent a relevant part of constructions all around the world. Indeed, 

the majority of architectural heritage is made of masonry and a lot of new buildings are still 
built using masonry materials and traditional techniques. However, masonry buildings usually 
show a great vulnerability to seismic and dynamic loads [1], mainly due to the properties of 
the materials and to weak connections between horizontal and vertical structural elements [2-
3]. Thus, in order to guarantee the stability and the integrity of the construction, it is of great 
importance to improve its mechanical behaviour through appropriate strengthening interven-
tions. In addition, the reinforcement of masonry construction may be also aimed at repairing 
damages induced by unexpected static or dynamic loads, in particular earthquakes, that along 
with other causes can reduce the mechanical properties of masonry structural elements over 
time [4-6]. In this document, the assessment of the reinforcement of masonry walls in particu-
lar is addressed. Among possible reinforcement materials for masonry, in the recent past Fi-
ber-Reinforced Polymer (FRP) composites [7-11] have been widely employed, but these 
composites show several drawbacks, mostly related to the stress-transfer mechanisms between 
reinforcement and masonry supports. More recently, another reinforcement material [12-13],
the Textile Reinforced Mortar (TRM), has gained interest since it is particularly suitable for 
masonry constructions. Indeed, due to the presence of a mortar matrix instead of an epoxy one, 
it meets the requirements of compatibility and reversibility of the retrofitting. Moreover, it 
avoids some problems related to permeability and, above all, TRM strongly reduces adhesion 
and debonding issues. Finally, as it is shown in [14], TRM is effective in recovering the pre-
damage stiffness of a scaled masonry building.

For the above, a detailed study on the effectiveness of TRM on different types of wall is of 
great interest. The main purpose of this study is the evaluation of the effectiveness of TRM
reinforcement of a windowed brick masonry walls for dynamic loads. For this purpose, two 
distinct scaled brick masonry walls were built at the “Laboratorio de Grandes Estructuras” of 
the University of Alicante (Alicante, Spain). The two walls were constructed with the same 
geometrical features and with the same materials and technique in such a way that they have 
about the same mechanical characteristics. Only one of the walls was reinforced with the 
TRM. A vertical load was applied on both the two walls for reproducing real loading condi-
tions of a bearing masonry wall. Both walls were damaged with a cyclic in-plane lateral force 
in order to simulate damage due to seismic actions. Finally, in order to evaluate the effective-
ness of the TRM reinforcement for brick walls in the presence of windows, modal parameters 
of the two walls were evaluated through Operational Modal Analysis (OMA) before and after
the damage by using ARTeMIS Modal commercial software. Indeed, since modal parameters 
are function of physical features like mass, stiffness and damping, it is well known that these 
parameters can be employed for structural assessment and damage identification [15-22].

2 MASONRY WALLS, REINFORCEMENT MATERIAL AND DAMAGE
The two windowed brick walls built for this study are shown in Figure 1a-b. The walls 

were built using clay bricks laid by means of 10 mm thick lime mortar joints adopting an 
English bond disposition. The geometric and mechanical characteristics of bricks and lime 
mortar are reported in Table 1. At the base, the walls were constrained through a steel plate 
and anchors to the strong floor of the laboratory in such a way that the lateral displacement is 
hindered. In order to simulate real loading conditions of a masonry wall, two vertical loads of
15000 daN were applied on two points (points P1 and P2 in Figure 1c). A steel beam allows 
for an approximately uniform distribution of the total load (30000 daN) applied on the top of 
the wall (Figure 1).
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(a) (b)

(c)
Figure 1: (a) Unreinforced and (b) reinforced windowed masonry walls in the undamaged state; (c) scheme of 

the experimental setup: preload device and anchorage system.

For the reinforced wall (Figure 1b), a 25x25 mm glass textile mesh embedded into a 10 
mm thick cementitious mortar layer was applied on both the two lateral surfaces of the wall.
Specifically, the application of the TRM reinforcement occurred in the following steps: (1) a 5 
mm thick cementitious mortar layer was applied on the lateral surfaces of the wall; (2) a glass 
fiber textile grid was located on the cementitious layer; (3) the glass fiber grid was covered 
with 5 mm thick layer of the cementitious binder. It is worth noting that the first cementitious 
mortar layer allows for the bond between the masonry support and the glass fiber textile grid.
The mechanical properties of the reinforcement are shown in Table 2.

Bricks Lime mortar

Dimensions (mm) 230 x 110 x 50 Compression strength at 
28 days (MPa) 9.4

Compression strength 
(MPa) 17.20 Compression strength at 

100 days (MPa) 10.1

Table 1: Geometric features and compression strength of bricks and lime mortar.

In order to simulate the effects of a high-intensity seismic action, both the two walls were 
damaged (Figure 2) by imposing a cyclic in-plane horizontal top displacement with increasing 
amplitude. Specifically, the horizontal displacement was determined by means of a hydraulic 
jack with a feedback system capable of producing a displacement control load test.
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(a) (b)
Figure 2: (a) Unreinforced and (b) reinforced masonry walls after damage.

Mortar Textile mesh
Compression strength at 
28 days (MPa) 15 Tensile strength (kN/m) 45

Elastic modulus (MPa) 8000 Elastic modulus (MPa) 7200
Table 2: Mechanical properties of the reinforcing materials.

3 MODAL ANALYSIS
Vibration testing and Operational Modal Analysis (OMA) were carried out on the two

walls in order to estimate their modal properties (natural frequencies, mode shapes and modal 
damping) both in the undamaged and damaged state. Schematically, modal properties were 
estimated in the following four cases: (1) unreinforced and undamaged wall; (2) unreinforced 
and damaged wall; (3) reinforced and undamaged wall; (4) reinforced and damaged wall. In 
each of these four cases, the response of the wall was experimentally monitored through ac-
celerometers with respect to 18 DOF. Specifically, a grid of 9 points (Figure 1c) was defined
on each wall and, for each point, the in-plane (x-direction) and out-of-plane (y-direction) vi-
brations were measured. A white noise excitation was generated through a shaker located in
the middle of the top of each wall.

For data acquisition, 8 piezoelectric accelerometers of sensitivity 10 V/g, two signal condi-
tioner model PCB 482A22 and two data acquisition devices model Kyowa PCD-320 were 
employed. The sampling frequency was set to 2000 Hz. Since only 8 accelerometers were 
available, the two accelerometers located at point 1 (in the x- and y-direction) were adopted as 
reference sensors. Consequently, it was possible to measure the response of the wall at the
considered 18 DOF by three suitable arrangements of accelerometers, thus resulting in 3 data 
sets.

Finally, vibration data were processed by using the ARTeMIS Modal commercial software. 
In particular, the Enhanced Frequency Domain Decomposition (EFDD) method was em-
ployed for determining natural frequencies, mode shapes and modal damping.
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Figure 3: A typical Singular Value Plot obtained by processing acceleration data of the walls through the EFDD 
technique.

4 RESULTS
Figure 2 shows both the unreinforced and reinforced wall after the damage process. A clas-

sical damage pattern with diagonal cracks is visible for the two walls. The horizontal cracks 
of the reinforced wall are due to the presence of the glass textile grid. In the unreinforced wall, 
the cracks mainly follow mortar joints, except in some points where they cross one or more 
bricks. For the unreinforced wall the initial elastic stiffness was 25.2 kN/mm, the ultimate
horizontal displacement was 22 mm and the ultimate horizontal load was 143 kN. For the re-
inforced wall the initial elastic stiffness, the ultimate horizontal displacement and the ultimate 
horizontal load were 28.7 kN/mm, 33 mm and 351 kN, respectively. Since the two walls were 
similar to each other, it is evident that the TRM reinforcement improves the stiffness of the 
wall, its ductility and its ultimate strength to horizontal cyclic loads, and thus to seismic ac-
tions.

Regarding operational modal analysis, the first three vibration modes for each wall were 
identified both in the undamaged and damaged case. Figure 3 shows a typical Singular Value 
Plot, in the frequency range from 0 to 30 Hz, obtained through the EFDD method. In Table 3,
a comparison between natural frequencies estimated in the four cases above listed is reported. 
Both for the unreinforced and for the reinforced case a noticeable decrease of natural frequen-
cies occurs with damage. In particular, comparing natural frequencies before, Uf , and after,

Df , the damage through the frequency discrepancy parameter ( )f D U UD f f f , for the 
unreinforced case a decrease of 24.09 %, 60.00 % and 31.42 % of the natural frequency of the 
first, second and third vibration mode, respectively, it is observed; the corresponding decreas-
es for the reinforced case are of 44.05 %, 39.20 % and 45.42 %, respectively.

Mode no.
Unreinforced wall Reinforced wall

Uf (Hz) Df (Hz) fD (%) Uf (Hz) Df (Hz) fD (%)
1 5.276 4.005 24.09 6.300 3.525 44.05
2 15.829 6.331 60.00 12.891 7.838 39.20
3 22.415 15.372 31.42 25.551 13.947 45.42

Table 3: Natural frequencies estimated for the unreinforced and reinforced wall both in the undamaged (U) and 
damaged (D) state.
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Since the natural frequency is related to the modal stiffness, a decrease of the natural fre-
quency means that the damage has induced a reduction of the modal stiffness for all the three 
identified modes. In particular, in the unreinforced wall the damage has mostly affected the 
second mode, while in the reinforced case it has affected almost uniformly all the three modes.
It suggests that the application of TRM reinforcement allows distributing on all vibration 
modes the negative effects of damage.

Furthermore, it can be observed that, except for the second vibration mode, the reinforced 
wall has natural frequencies slightly higher than those of the unreinforced wall. Since the two 
walls are similar to each other, this consideration, together with information about the initial 
elastic stiffness of the two walls above reported, allows arguing that the TRM reinforcement 
slightly increase the stiffness of the wall on which it is applied.

Finally, it is worth observing that, even though the ultimate load was much higher for the
reinforced wall, the frequency decrease (i.e. the stiffness reduction) due to damage is compa-
rable for the two walls. It means that TRM reinforcement limits the negative effects of the 
damage on the structural stiffness of the wall.

In Table 4 a comparison between the modal damping ratio estimated for the four consid-
ered cases is presented. Both for the unreinforced and for the reinforced case, an increase of 
modal damping ratio occurs with damage. Comparing modal damping ratio before, U , and 
after, D , the damage through the discrepancy parameter ( )D U UD , for the unrein-
forced case an increase of 1.00 %, 227.39 % and 12.16 % of the modal damping of the first, 
second and third vibration mode, respectively, it is observed. On the other hand, for the rein-
forced case an increase of 16.18 %, 87.87 % and 51.95 % of the first, second and third vibra-
tion mode, respectively, occur. Since the modal damping is related to energy dissipation, an 
increase in modal damping means that, as a result of the damage, the energy dissipation in-
crease. As for natural frequencies, modal damping ratio values suggest that the application of 
TRM reinforcement allows distributing on more vibration modes the negative effects of dam-
age. Indeed, considering the discrepancy parameter D , in the unreinforced wall the damage 
has mostly affected the second mode, while in the reinforced case the effect is distributed on 
all the three vibration modes.

Mode no.
Unreinforced wall Reinforced wall

U (Hz) D (Hz) D (%) U (Hz) D (Hz) D (%)
1 1.608 1.624 1.00 1.922 2.233 16.18
2 0.449 1.470 227.39 0.907 1.704 87.87
3 0.625 0.701 12.16 0.793 1.205 51.95

Table 4: Modal damping ratio estimated for the unreinforced and reinforced wall both in the undamaged (U) and 
damaged (D) state.

The estimated mode shapes of the reinforced wall in the undamaged state are represented 
in Figure 4. The mode shapes estimated in the other three cases are similar. In order to quanti-
tatively compare mode shapes, the Modal Assurance Criterion (MAC) values were calculated.
In Table 5 and in Table 6 the MAC values respectively for the unreinforced and the reinforced 
wall are listed. It can be seen that for both walls, the mode shape of the second vibration mode,
which is a bending mode, is the most affected by the damage. Considering the cracking pat-
tern for the two wall (Figure 2), it could be explained by observing that, since the second vi-
bration mode involves opposite transverse displacements of the two free vertexes of the wall
(Figure 4b-4e), the friction at crack surface is emphasized for that vibration mode. Further-
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more, it is worth observing that the MAC values for the unreinforced case are lower than 
those for the reinforced case. This can suggest that the TRM reinforcement reduces the nega-
tive effects of damage in terms of variation of mode shapes.

First mode Second mode Third mode

(a) (b) (c)

(d) (e) (f)
Figure 4: Mode shapes of the unreinforced wall in the undamaged state. General view: (a), (b) and (c). Plan view: 

(d) and (e). Front view: (f).

Frequency (Hz) 4.005 6.331 15.372
5.276 0.712 0.016 0.017

15.829 0.091 0.531 0.003
22.415 0.001 0.054 0.786

Table 5: MAC values between the mode shapes in the pre and post damage state – unreinforced wall.

Frequency ( Hz) 3.525 7.838 13.947
6.300 0.921 0.043 0.001

12.891 0.019 0.842 0.034
25.551 0.001 0.034 0.994

Table 6: MAC values between the mode shapes in the pre and post damage state – reinforced wall.

5 CONCLUSIONS
In this paper, the effectiveness of the TRM reinforcement on scaled windowed brick ma-

sonry wall is evaluated through vibration testing and Operational Modal Analysis. In particu-
lar, natural frequencies and modal damping are considered as parameters respectively related 
to the structural stiffness and the energy dissipation. In addition, for both the two walls, mode 
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shapes are investigated through the calculation of the MAC value both in the undamaged and 
the damaged state. The results show that, both for the unreinforced and for the reinforced case, 
for all the three identified modes there is a decrease of natural frequency and an increase of 
the modal damping. This means that after the damage there is a reduction of structural stiff-
ness and an increase of energy dissipation, respectively. Furthermore, it can be seen that the 
damage affects the mode shapes mainly for the unreinforced case.

More specifically, the results suggest that the application of TRM reinforcement: (1) im-
proves the stiffness of the wall, its ductility and its ultimate strength to horizontal cyclic loads; 
(2) allows distributing on more vibration modes the negative effects of damage related to both 
the structural stiffness and the energy dissipation; (3) limits the effects of damage on mode 
shapes. This last conclusion remarks that the reinforced wall has at the end of the test higher 
level of structural integrity than the unreinforced specimen. In conclusion, it can be argued 
that, with respect to horizontal cyclic load, like seismic actions, TRM reinforcement can im-
prove the mechanical behaviour of windowed brick masonry walls.
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Abstract. The preservation of Cultural Heritage assets from natural and man-made disasters
is of great importance for communities because of their architectural and social value. Lack
of any hazard-resisting design, material typology and degradation due to ageing strongly affect
the behaviour of Cultural Heritage assets. In this context, Structural Health Monitoring sys-
tems can help stakeholders to control the behaviour of heritage constructions, to improve the
estimation of their residual life expectancy and to optimize maintenance and retrofitting inter-
ventions. This paper presents the preliminary results of the modal identification of the transept
of San Francesco church in Pisa. An experimental campaign aimed at measuring the structural
response under environmental vibrations was performed, and Operational Modal Analysis was
applied to quantify modal properties (frequencies and mode shapes). Data were then used to
calibrate the elastic parameters of a refined numerical model. Issues and practical considera-
tions related to the design and installation of dynamic monitoring systems for complex masonry
constructions (such as the one under investigation) were derived to provide practitioners with
practical guidance.
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1 INTRODUCTION

Cultural Heritage (CH) assets represent a relevant economic resource because of cultural

tourism, but their intangible value is also of primary importance since they play a fundamental

role in fostering a community’s sense of place and belonging. For these reasons, preservation of

heritage constructions is a matter of primary importance, though current conservation efforts are

too often limited to emergency measures, and designed without a comprehensive intervention

plan [1].

In this context, Structural Health Monitoring (SHM) [2] systems can help stakeholders con-

trol the behaviour of heritage constructions, while improving the estimation of their residual life

expectancy and optimizing maintenance and retrofitting interventions.

Numerical models are commonly used as a tool to assess structural health of CH assets and to

predict the buildings response to environmental conditions. Typical CH assets are characterized

by the lack of any hazard-resisting design, materials of unknown properties and diffused degra-

dation due to ageing. For this reasons, epistemic uncertainties regarding materials, geometry

and boundary conditions [3, 4] strongly affect Finite Element (FE) model results.

Ambient vibration-based modal identification techniques are then key to record and derive

information for both model parameter calibration and structural control. Being non-destructive,

such techniques perfectly meet the well-known minimum intervention and reversibility criteria

for CH assets [5]. Through dynamic identification, vibrational properties of the structure (nat-

ural frequencies, modal shapes and damping coefficients) can be deduced and compared to the

ones obtained from numerical models [6, 7, 8].

In this paper we present the first steps towards the definition of a robust SHM system for

masonry CH assets [10]. The San Francesco church in Pisa, Italy (Figure 1) was chosen as

a case study, and dynamic measurements were performed to evaluate the response of its bell

tower and transept to ambient vibrations.

Figure 1: A) Point cloud survey; B) planimetry; C) façade of the San Francesco church.

The results were elaborated through Operation Modal Analysis (OMA) techniques [9] and

used to identify natural frequencies and mode shapes. A preliminary dynamic identification

of the bell tower alone provided first estimates for the constitutive parameters of the masonry

walls. A FE model of the entire church was then built in order to preliminarily choose relevant
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mode shapes involving the transept, and to design sensor positioning. After the experimental

campaign, the same model was used to perform a manual mode-matching between numerical

and experimental results.

2 THE SAN FRANCESCO CHURCH IN PISA

The construction of the San Francesco church in Pisa dates back to the 13th century, and was

executed under the direction of architect Giovanni di Simone [11]. It follows the traditional

Franciscan canon of sobriety and humbleness, avoiding frescoes and limiting the use of marble

to the façade (of later construction), preferring exposed brick on the exterior and painted plaster

on the interior.

Its geometry (the nave measures 70.5 m x 17.7 m) makes it the second largest church in

the city, after the Cathedral of Pisa. Its peculiarity is a “hanging” masonry tower, resting at a

height of 12 m above ground level on two limestone cantilevers embedded in the north transept

walls. The dynamic behaviour of the bell tower was already investigated during an experimental

campaign in March 2019 by a research group from the University of Pisa lead by Prof. De Falco.

The campaign’s results are briefly recalled in the following.

A massive restoration work of the San Francesco church is currently underway, thus enabling

the self-standing scaffolding system to be used during the dynamic experimental campaign

herein presented. It is worth noting that the scaffolding system (Figure 2) is designed to have

no contact with the structural system, so that it does not affect dynamic observations. Thanks

to this, a diffuse network of sensors over most of the church’s transept, including the highest

portion of the walls, could be installed, thus obtaining significant data for modal identification.

Figure 2: Self-standing scaffolding system in the nave.

Plans of renovation also envisage the complete removal and restoration of the roof and of the

supporting truss structures. This will allow a new experimental campaign to be performed in

order to better evaluate the effect of roofing on the overall vibrational behaviour of the building.

3 EXPERIMENTAL CAMPAIGN ON THE BELL TOWER

On the 30th March 2019, an experimental campaign was performed on the San Francesco bell

tower in order to identify its modal properties. Accelerometers and velocimeters were placed

at different positions along the tower’s height (Figure 3), measuring its response to ambient
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vibrations. Natural frequencies and mode shapes were derived using the software LMS Test.Lab

8 [12] to perform digital signal processing and to apply the PolyMax algorithm [13] to the data.

The first three identified frequencies correspond to two flexural modes (1.10 Hz and 1.32 Hz)

and a torsional one (3.55 Hz). Flexural modes are roughly aligned with the main diagonals of

the bell tower’s cross section.

Figure 3: A) Sensor positioning along the bell tower. Accelerometers are indicated with the letter A, velocimeters

with the letter P; B) employed sensors; C) velocimeter acquisition system.

A FE model was developed during this phase to simulate the masonry bell tower together

with a limited portion of the neighbouring church walls (Figure 10). Experimental results were

used to update the value of the elastic material properties of the model. The first three natural

frequencies and mode shapes were matched with numerical ones (Figure 4) by varying the val-

ues of the Young’s moduli of bell tower and church. Good accordance (less than 5% difference)

between experimental and numerical data was finally reached for values of 1800 and 1300 MPa

for the bell tower and church, respectively.

4 EXPERIMENTAL CAMPAIGN ON THE TRANSEPT

4.1 Instrumentation and acquisition

After the dynamic identification of the bell tower, an experimental campaign was carried out

on the church’s transept during December 2019 and January 2020. A network of accelerometers

was used to record the building’s response to ambient vibrations. Nine monoaxial capacitive

accelerometers (PCB DC capacitive accelerometers – Model 3701G3FA3G) and six monoaxial

piezoelectric accelerometers (PCB ICP accelerometers – Model 393C) from the Structural Lab-

oratory of the University of Pisa were employed. Technical characteristics of the sensors are

summarized in Table 1. Data were recorded and pre-processed through an acquisition system
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Figure 4: Mode matching for the bell tower.

(LMS Scadas Mobile) controlled by a dedicated application (LMS Test.Lab 8). Figure 5 shows

the employed sensors and acquisition system.

PCB DC capacitive accelerometers model 3701G3FA3G

Average sensitivity @ 30 Hz 1000 mV/g

Average eigenfrequency 540 Hz

Frequency range (± 5 %) 0 to 100 Hz

PCB ICP piezoelectric accelerometers model 393C

Average sensitivity @ 100 Hz 1000 mV/g

Average eigenfrequency 5.3 kHz

Frequency range (± 5 %) 0.025 to 8¸00 Hz

Table 1: Technical characteristics of the employed sensors.

The sensors were assembled to create two- or three-directional measurement stations by fix-

ing them to rigid metallic plates. Four different device configurations were adopted to perform

three 30 minutes records with a sampling frequency of 256 Hz and 8-second average time win-

dows.

Sensor layout was determined beforehand based on the results of a preliminary numerical

model. Two main necessities had to be assessed:

1. to identify the modal properties of all reachable transept portions;

2. to gain insight regarding the influence of roof and supporting trusses on the vibrational

behaviour of the connected walls.

Figures 6 and 7 show sensor positions, and Table 2 summarizes the configurations with the

corresponding instrumented positions. Sensors in positions 1, 6, 8, 14 and 25 were used for

each configuration, in order to be able to merge data from the different acquisitions.

Connection between sensors and acquisition system was achieved through cables ranging

in length between 50 and 100 m on account of the church’s geometry. This required careful
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Figure 5: Instrumentation. A) Piezoelectric accelerometer; B) capacitive accelerometer; C) piezoelectric two-

directional measurement station; D) acquisition system; E) control station on top of the scaffolding.

POSITION 1 2 3 4 5 6 7 8 9 10 11 12 13

Configuration 1 • • • • • • • • •
Configuration 2 • • • • • • • • •
Configuration 3 • • • •
Configuration 4 • • •

POSITION 14 15 16 17 18 19 20 21 22 23 24 25 26

Configuration 1 • •
Configuration 2 • • •
Configuration 3 • • • • • • •
Configuration 4 • • • • • • • •

Table 2: Sensor positions used for the different measurement configurations. In boldface reference positions.

planning in the design of the experimental campaign, to make sure that as few accelerometers

as possible had to be moved between a configuration and the following. Nevertheless, logistics

often required long procedures, resulting even more complex since operations were carried out

on the scaffolding.

Cable length, together with some electrical dissipations which may also have interacted with

the scaffolding system, could have been the cause of issues concerning some of the sensors

during measurements. This was particularly true in the case of capacitive accelerometers, which

required an external power source and for which tripolar power cables were used. Some of the
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Figure 6: Sensor positioning. Church plan, section AA (east transept wall) and section BB (west transept wall).

White portions were impossible to photograph.
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Figure 7: Sensor positioning. Section CC (south partition wall), section DD (north partition wall) and section EE

(south transept wall). White portions were impossible to photograph.

longer cables, when used for sensors located closer to the acquisition system, had to be partially

stored on cable reels. This may have worsened signal quality through induced electro-magnetic

effects. Future testing may benefit from the use of piezoelectric accelerometers only, or from

the use of capacitive accelerometers with better insulated cables.

4.2 Data elaboration and discussion

Data from accelerometers were processed using the software LMS Test.Lab, computing the

Power Spectral Density function with Hanning windowing at 16768 spectral lines and 10%
overlap. To perform a preliminary identification of peaks in the transept’s frequency response,

selected signals in the frequency domain were grouped based on sensor position: north and

south partition walls and east, west and south transept walls. Figure 8 shows the resulting PSDs.

Here, the different lines correspond to signals from accelerometers mounted on one wall, and

measuring in orthogonal direction. Peaks have been identified through manual peak-picking.
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Figure 8: Power Spectral Density of signals recorded from sensors on different transept portions. a) North partition

wall; b) south partition wall; c) east transept wall; d) west transept wall; e) south transept wall.
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Some observations can be derived:

• frequency responses from the north and south partition walls are very similar. This could

be expected since their geometry is roughly the same, even though boundary conditions

differ significantly. The north wall is in fact contiguous to the bell tower and to an external

vaulted cloister, while the south portion of the transept is free along its height and borders

with adjacent roads.

• A peak corresponding to approximately 1.10 Hz can be recognized in the frequency re-

sponses of the north partition and west transept walls, and is absent from the response of

other walls. This suggests that the first natural frequency of the bell tower, corresponding

to its first flexural mode, was identified.

• The vibrational behaviour of the east transept wall is, as expected, quite different from

the other walls. This is due to its being horizontally braced by several vaults that cover

the altar and the chapels.

• The west transept wall is occupied for the most part by an archway that separates the

transept from the nave, as can be seen in Figure 6. Unfortunately, the scaffolding system

did not reach the arch’s keystone, so that sensors were placed in positions very close to

orthogonal walls. The frequency response shown in Figure 8 is detrimentally affected by

the lack of sensors in the higher portion of the wall.

The PolyMax algorithm was applied to each single measurement run in order to identify

natural frequencies which peaks may have been ignored during manual peak-picking, and the

relative partial mode shapes. The results were then combined in LMS Test.Lab to construct

global mode shapes, and a multi-run matrix was constructed, grouping together correspond-

ing peaks from different runs (Table 3). Figure 9 shows the mode shapes identified with the

PolyMax algorithm, on a simplified 80-point geometry of the church’s transept. The northern

portion is not shown, since it was not subjected to measurements.

Configuration 1 Configuration 2 Configuration 3 Configuration 4

[Hz] [Hz] [Hz] [Hz]

Mode 1 1.06 1.08

Mode 2 2.01 2.00 2.00

Mode 3 2.62 2.60 2.61 2.58

Mode 4 3.09 3.10 3.06 3.07

Mode 5 3.27 3.51

Mode 6 4.19 4.19 4.19 4.19

Mode 7 4.90 4.87 4.88 4.84

Mode 8 6.19 6.04 6.04 5.98

Mode 9 7.78 7.58

Mode 10 10.07 9.64 10.00 9.84

Mode 11 10.20 10.28 10.20

Mode 12 11.31 11.64 11.57

Table 3: Experimental natural frequencies of the transept.

2395



E. Lorenzo, F. Canessa, G. Chellini, A. De Falco, C. Resta, E. Savelli and G. Sevieri

Mode 1
f = 1.06-1.08 Hz

Mode 2
f = 2.00-2.01 Hz

Mode 3
f = 2.58-2.62 Hz

Mode 4
f = 3.06-3.10 Hz

Mode 5
f = 3.27-3.51 Hz

Mode 6
f = 4.19 Hz

Mode 7
f = 4.84-4.90 Hz

Mode 8
f = 5.98-6.19 Hz

Mode 9
f = 7.58-7.78 Hz

Mode 10
f = 9.64-10.07 Hz

Mode 11
f = 10.20-10.28 Hz

Mode 12
f = 11.31-11.64 Hz

Figure 9: Experimental transept mode shapes extracted with PolyMax algorithm.

The identified mode shapes did not provide useful information regarding the influence of

roof and supporting trusses. In particular, at this stage no conclusive answer can be given to the

question regarding the eventual rigid-link effect exerted by the roofing system: while some of

the mode shapes (e.g., modes 1, 2 and 4) show the two partitioning walls moving in phase, others

(e.g., modes 6 and 7) clearly show them moving in opposition of phase. Further measurements,

concentrating on the trusses’ supports, will help to shed light on the matter.

5 FINITE ELEMENT MODEL

A FE model of the San Francesco church in Pisa was developed using the software Comsol

Multiphysics 5.5 [14]. The church’s geometry was obtained from a refined point cloud, result-

ing from a survey fieldwork with laser scanner (Figure 1A). The point cloud was imported in

AutoCAD [15] and interpolating solids were defined to assembly the entire geometry of the

church.

In Comsol Multiphysics, tetrahedral finite elements with Serendipity quadratic shape func-

tions were used to define a mesh composed of 572991 elements, with maximum dimension

set at 1.00 m (Figure 10). A cloister and part of the monastery are contiguous to the northern

transept and nave walls (Figure 6). Their presence was considered using displacement boundary

conditions to simulate the restraints they exert on the church. Since no conclusive observations

could be made regarding the role of the roofing system in the dynamic characterization of the

transept, trusses were included in the model because this was thought to represent the most “nat-

ural” choice. At this stage, values of Young’s moduli for the church’s and bell tower’s masonry

were estimated to be 1300 MPa and 1800 MPa respectively, in accordance with the previous
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Figure 10: FE models. A) The church; B) preliminary model of the bell tower.

dynamic identification of the bell tower. An automatic updating procedure will be the object of

further research work.

Modal analysis resulted in more than 150 mode shapes in the frequency range from 0 to 12

Hz, while only twelve were derived from data analysis (Table 3). Most of the former correspond

to natural frequencies of the portions of the church which were not instrumented and therefore

not identified, such as the nave and the altar chapels. Sensors used during the acquisition may

have not recorded vibrations relative to mode shapes that were not triggered with enough energy

by ambient noise.

Mode-matching was performed, and good accordance between experimental and numerical

data was reached for some of the modes. Figure 11 shows modal shapes for modes 1, 2, 3

and 7 (according to numbering used in Table 3). Results of the FE model are compared with

experimental data. The large number of numerical mode shapes, however, and the presence

of many modes with very similar frequencies suggest the necessity to employ an automatic

mode-matching procedure such as the Modal Assurance Criterion (MAC) [16]. For this reason,

masonry constitutive parameters were not updated using experimental modal information in this

case. This will instead be the topic of future research work.

6 CONCLUSIONS

This paper presents preliminary results of the modal identification of the San Francesco

Church in Pisa, which is the first step towards the development of a robust SHM system for

masonry CH assets. The church’s bell tower and transept were subjected to dynamic testing,

and operational modal analysis enabled the identification of a limited number of vibrational

modes and frequencies. A FE model, preliminarily used to design instrumentation layout, was

employed to perform mode matching between experimental and numerical mode shapes, using

values for material constitutive parameters resulting from a previous experimental campaign

on the bell tower. This first effort allowed us to expand our knowledge regarding practical

problems and difficulties arising from performing dynamic testing on a complex structure such

as the San Francesco church. Further experimentation will concentrate on specific substructures

of the church, and on a dedicated investigation regarding the vibrational influence of roof and

supporting trusses.
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Figure 11: Mode shapes and natural frequencies from the FE model are shown and compared to mode shapes from

the experimental campaign.
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DYNAMIC ANALYSIS OF THE INTERACTION BETWEEN BELLS 
AND MASONRY STRUCTURES 

D. Bru , S. Ivorra , M. Betti , G. Bartoli , F. J. Baeza , and F. B. Varona  

Keywords:

Abstract. This research show the numerical and experimental results evaluated in the Fiesole 
bell tower in Italy. The aim of this investigation is to increase the knowledge related to the 
dynamic interaction between the vibration frequencies of the bells and the dynamic behavior of 
the masonry tower. In particular, in this paper the numerical evaluation focuses on the bell and 
tower interaction, taking into account the behavior of the tower as an exempt structure. In 
particular, the study was divided into several phases. The first phase consisted of the geometric 
definition of the structure, as well as the definition of the mechanical properties of the bells. In 
the second phase the dynamic properties of the structural system were evaluated and the nu-
merical model was calibrated. In the third phase, lateral restrictions of the tower were released 
and a parametric study of the interaction of the dynamic forces of the bells with the tower was 
carried out. Based on these results, the velocity ranges, and swing amplitude of the bells, which 
could damage the tower, were evaluated according to DIN 4178-2005. The main results show 
that the biggest bell should not be used for velocity values near 41.53 rpm. regardless of the 
swing angle. Also, for smaller bells, swing angles between 50º and 95º and speeds between 25-
40 rpm. should be avoided. 
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1 INTRODUCTION 

 

2 CASE OF STUDY: FIESOLE BELL TOWER 
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3 DYNAMIC BELL FORCES 
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4 EXPERIMENTAL TEST 

1.22 1.75 0.30 
2.50 0.66 0.59 
0.11 0.09 0.06 
1.21 1.91 0.19 
0.53 0.51 0.76 

1-2. 1st bending mode. 3. Torsion mode, 4-5. 2nd bending mode. 
EFDD: Enhanced Frequency Domain Decomposition; CFDD: Curve-fit Frequency Domain Decomposition; CVA: Canonical Variate Anal-
ysis. 
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5 DAMAGE EVALUATION DUE TO BELL SWING 
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For continuous lines, all bells are out of range
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6 CONCLUSIONS  
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REDUCING IMPACT OF VIBRATIONS FROM COMPACTION ON 
SLOPE STABILITY

Jörgen A.T. Johansson , Joonsang Park , Christian Madshus , and Carl Wersäll

Keywords:

Abstract. A tsunami caused by a landslide caused extensive damage at Statland, Norway in 
2014. The landslide was probably triggered by man-made vibrations. To understand better how 
vibrations from vibratory compaction affect slope stability, a frequency domain numerical tool 
(Comsol Multiphysics) has been extended to account for realistic non-linear soil behaviour. 
The tool is validated by comparison with field experiments of vibratory compaction. The non-
linear analysis is believed to capture the essential behaviour of the vibratory compaction and 
the response of the slope. The numerical analysis and evaluations indicate vibratory compac-
tion can have contributed to triggering the slide at Statland. To perform compaction in the 
vicinity of slopes with low stability near the shoreline with vibration susceptible soils we sug-
gest: 1) using lighter equipment and/or higher loading frequencies or performing compaction 
without vibration, and avoiding excessive jumping of the vibratory roller drum; 2) applying 
thinner layers and more time between compaction passes, allowing for drainage of potential 
built up pore pressures; 3) monitoring slope horizontal and vertical displacements at some 
critical points; and 4) monitor pore pressures at critical points, if possible.
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1 INTRODUCTION

2 VIBRATION-TRIGGERED LANDSLIDES
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3 STATLAND LANDSLIDE

After

Before
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4 VIBRATIONS FROM VIBRATORY ROLLERS
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5 NUMERICAL METHOD
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= 11 + | |
n ref

 = (1 + 2 )
/

Displacement
or strain

Load or stress
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1st

6 VALIDATION BY COMPARISON WITH FULL SCALE VIBRATORY ROLLER 
COMPACTION EXPERIMENTS

Modulus Reduction and Damping vs. Shear strain
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7 VIBRATION ANALYSIS OF THE STATLAND LANDSLIDE

7.1  Numerical model
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7.2 Effect of soil non-linearity and frequency dependent load
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7.3 Effect of bouncing drum
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8 DISCUSSION
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9 CONCLUSIONS AND RECOMMENDATIONS
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