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Abstract
A recent survey of the historic complex of ‘‘Santa Maria del Carrobiolo’’ in Monza (Italy) highlighted that two sides of the

bell-tower are directly supported by the load-bearing walls of the apse and South aisle of the neighbouring church. After

the discovery of the weak structural arrangement of the building, a network of 10 displacement transducers, integrated by

five temperature sensors, was installed in the tower to check the opening variation of the main cracks. Subsequently,

ambient vibration tests were performed and closely spaced modes with similar mode shapes were clearly identified: since

the dynamic characteristics of the tower are quite different from those obtained in past experimental studies of similar

structures and conceivably related to the construction sequence, a simple dynamic monitoring system was installed in the

tower to complete the health monitoring aimed at the preservation of the historic structure. The paper—after a brief

description of the tower and a summary of selected evidences provided by on-site survey, historic research and static

monitoring—focuses on the dynamic characteristics identified in the preliminary ambient vibration tests and the main

results of 1-year dynamic monitoring. In order to assess the effects of changing temperature on the natural frequencies of

the investigated tower, especially in view of the removal of those effects needed for an effective performance assessment,

simple correlation studies between modal frequencies and temperature are presented and discussed.

Keywords Architectural heritage � Automated modal identification � Closely spaced modes � Environmental effects �
Frequency crossing/veering � Masonry towers

1 Introduction

Masonry towers are very common cultural heritage build-
ings in Italy, where churches and bell-towers were built 
even in smaller towns and a large number of defensive 
towers and chimneys dates back to Middle Age and the 
Industrial Revolution period, respectively. Ancient towers 
are usually slender and subjected to significant dead loads, 
so that those structures often exhibit high vulnerability to 
seismic actions, as it has been dramatically testified also by 
the recent Italian events, such as the ones hitting the Emilia 
region in 2012 [1] and the Central Italy in 2016 [2].

Since towers are generally sensitive also to ambient 
excitation, such as micro-tremors and wind, dynamic tests 
in operational conditions are becoming more popular as 
assessment tools (see e.g. [3] for a list of recent studies 
reported in the literature). Furthermore, historic towers 
exhibit a cantilever-like dynamic behaviour, so that the 
successful monitoring of the dynamic characteristics of the 
structure can be obtained through automated operational 
modal analysis (OMA) [4–7] of the data continuously 
collected by a few high-sensitivity accelerometers, which 
are permanently installed in the upper part of the building 
[8–14]. Hence, the idea of implementing vibration-based 
and cost-effective Structural Health Monitoring (SHM, i.e. 
the continuous interrogation of sensors installed in the 
structure aimed at extracting features which are represen-
tative of the current state of structural health) for the 
condition-based maintenance of historic towers has been 
taking shape recently.

Indeed, the possibility of using a limited number of 
accelerometers in the SHM of ancient towers is especially 
promising to promote extensive and sustainable
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2 Description of the bell-tower and static
monitoring

The historic complex of ‘‘Santa Maria del Carrobiolo’’ in 
Monza (Italy) [16] was originally built by the Italian reli-
gious order known as Humiliati suppressed in 1571 by 
Pope Pio V and passed to the Barnabite order in 1574. The 
religious complex includes a church, a bell-tower, a mon-

astery, an oratory and other minor buildings, which were 
erected at different times. The tower (Fig. 1), about 33.7 m 
high, is built in solid brick masonry and has nearly square 
plan (5.93 m 9 5.70 m); the thickness of the load-bearing 
walls slightly decreases from 70 cm at the ground level to 
58 cm at the top.

The documentary research indicated that the construc-
tion of the church and the monastery dates back to thir-
teenth century, whereas a date engraved on a stone of the 
bell-tower traces the likely conclusion of its construction 
back to 1339 [16]. Direct survey of the masonry disconti-
nuities provided clear evidence of the construction sequence 
and revealed that two sides of the tower are directly 
supported by the load-bearing walls of the church apse and 
the last part of South aisle (Fig. 2). Moreover, the load-
bearing walls of the tower (East and South side) are just 
leant against the existing walls of the church and the 
discontinuities due to the building phases look very sharp, 
confirming the lack of connection between the different 
parts.

Above the church height, the masonry texture seems 
homogeneous, even if several cracks are present (Figs. 1b 
and 3). Major cracks are visible indoor in the centre of both 
East and West fronts of the tower. Other important cracks, 
cutting the entire wall thickness, are concentrated at the 
level below the belfry and diffused on all the sides, across 
the large windows. It should be noticed that (Fig. 4) the 
opening of a deep crack on the West side is opposed by the 
presence of one metallic tie-rod.

The detection of the weak structural arrangement of the 
tower resulting from the construction sequence caused 
growing concern about the actual structural performance. 
In addition, a few months before the pre-diagnostic survey, 
the construction of an under-ground car park adjacent to 
the bell-tower increased the movement of the pre-existing 
cracks and the sharp discontinuities related to the con-
struction phases: at the base of the tower, some cracks 
appeared on the plaster after a recent wall painting. The re-
opening of cracks already repaired suggested to setup a 
static monitoring system.

The static monitoring system was installed on June 2014, 
according to the general layout schematically shown in Fig. 
5, and consists of a network of 10 displacement transducers, 
integrated by five temperature sensors. The

programmes of condition-based maintenance but often 
implies the choice of natural frequencies as sensitive fea-
tures for anomaly detection. On the other hand, natural 
frequencies are also sensitive to factors other than struc-
tural changes—such as the environmental and the opera-
tional conditions [15]—and especially the temperature 
turned out to be a dominant driver of modal frequency 
changes in masonry towers [8–14], so that an effective 
approach to SHM should include the removal (or mini-

mization) of the temperature effects on identified natural 
frequencies.

The paper mainly focuses on the results of the contin-
uous dynamic monitoring programme performed on the 
bell-tower belonging to the historic complex of ‘‘Santa 
Maria del Carrobiolo’’ in Monza, Italy [16, 17]. The 
complex of religious buildings includes a church, a bell-
tower, a monastery and several other buildings. Based on 
historical documents [16], the church and monastery were 
built before than the bell-tower.

The dynamic monitoring of the bell-tower follows a pre-
diagnostic survey [17], recently carried out within a survey 
programme of the main worship buildings in Monza. Direct 
survey of the masonry discontinuities confirmed that the 
tower was built after the church and revealed that two sides 
of the bell-tower are directly supported by the load-bearing 
walls of the church apse and the last part of right aisle. The 
construction sequence adopted for the tower, not identified 
before, raised obvious concern about the performance of the 
structure under wind and seismic actions. Therefore, a wide 
research programme was planned to assess the structural 
condition of the building and is currently in progress. In 
more details, the research consists of the fol-lowing steps: 
(a) prompt on-site investigation, including geometric survey 
and visual inspections; (b) static moni-toring of the main 
cracks through the installation of 10 displacement 
transducers (as well as five temperature sensors) at different 
levels of the tower; (c) ambient vibration testing and 
identification of the dynamic char-acteristics of the tower 
using OMA; (d) installation of a simple dynamic monitoring 
system in the tower.

After a brief description of the bell-tower, the paper 
presents some evidences provided by the static monitoring 
(Sect. 2), aimed at highlighting some distinctive features of 
the investigated structure. Subsequently, the dynamic 
monitoring is addressed and full details are given on pre-
liminary ambient vibration tests (Sect. 3), the monitoring 
hardware and the procedures adopted to automatically 
identify the modal parameters from continuously collected 
data (Sect. 4). At last (Sect. 5), the main results of 1-year 
dynamic monitoring and the correlation between natural 
frequencies and environmental factors are presented and 
discussed.



displacement transducers (Fig. 6a), installed on the main 
cracks and discontinuities, are linear sensors (potentiome-

ters) with a maximum stroke of 25 mm and a maximum 
error on the linearity of 0.2%.

It is worth mentioning that: (a) displacements and 
temperatures are automatically collected every 10 min;

(b) the displacement transducers denoted as 1–2, 3–4 and 
5–8 in Fig. 5 are placed inside the tower in order to check 
the opening of the main cracks at Level 0, Level 1 and 
Level 2, respectively; (c) the last couple of sensors (9–10 in 
Fig. 5) is installed on the South wall of the church, in the 
close vicinity of the tower; (d) each couple of displacement 
transducers, along with one temperature sensor, is con-
nected to one data logger for the automatic data acquisition 
and wireless transmission to a master unit equipped with a 
GSM-GPRS modem. It is further noticed that the temper-

ature sensors belonging to the static monitoring system—

denoted as T0N, T1E, T2E, T2W and TS in Fig. 5—allow to 
measure both the indoor temperature at different levels of 
the tower and the outdoor temperature on the South side of 
the structure; hence, a relatively dense representation of the 
temperature conditions of the tower is achieved.

As previously pointed out, one metallic tie-rod (Fig. 4) 
is placed above a main crack of the West side, which is 
surveyed by the transducer TL2_SOCH2 (Fig. 6b).

Figure 7a reports the time evolution of the outdoor 
temperature TS, the indoor temperature T0N and the dis-
placement measured by the transducer TL0_NCH2, which 
is installed on the construction discontinuity at ground 
level, on the North side (Fig. 5). It should be noticed that 
the measured opening, ranging between 0.12 mm and

Fig. 1 The church of the Santa Maria del Carrobiolo and the bell-tower (Monza, Italy): a East view; b geometric survey of the East front

(dimensions in m)

Fig. 2 a Building phases in a plan dating back to 1572; b schematic

representation of the interaction between the bell-tower and the

church apse



conditions and inverse correlation between temperature and 
displacement. The correlation between the crack opening 
and the indoor temperature T0N is better investi-gated in Fig. 
7b and confirms that the irreversible com-ponent of the 
measured crack opening is practically negligible. Moreover, 
the inspection of Fig. 7b reveals an almost linear correlation 
until the indoor temperature T0N does not exceed 20–22 �C; 
for higher temperatures, a clear stiffening effect is detected 
and likely associated with the closure of the gap between the 
walls of the church and the tower. It is further noticed that 
the nonlinear regression line shown in Fig. 7b exhibits an 
excellent fit of the measured data, with the coefficient of 
determination R2 [18] being equal to 0.981.

As it is exemplified in Figs. 7a and 8a, all the main cracks 
tend to close with increased temperature, with the exception 
of the one denoted as TL2_SOCH2: Fig. 8b shows that the 
crack opening exhibits significant daily variation, with the 
displacement envelope closely follow-ing the evolution of 
indoor/outdoor temperature. This unusual trend is 
conceivably dependent on the structural effect exerted by 
the metallic tie-rod (Figs. 4, 6b) installed

Fig. 3 Cross-section and fronts of the investigated tower

Fig. 4 Metallic tie-rod installed below the belfry (Level 2, West side)

? 0.39 mm, seems to be largely dominated by thermal 
effects, so that possible settlements at the foundation level 
could have been almost negligible. As shown in Fig. 7a, 
the time variation of measured displacement and temper-

atures exhibit a regular trend, with periodic repetition of 
the crack opening measured in similar temperature



Fig. 5 General layout of the static monitoring system

above the crack and connecting the North and South load-
bearing walls: as the temperature increases, the loss of 
tension in the tie-rod induces the opening of the cracks.

3 Dynamic characteristics of the bell-tower

Two series of ambient vibration tests (AVTs) were carried 
out on September–October 2015 [17].

The first AVT, performed on 23 September 2015, was 
mainly aimed at evaluating the baseline dynamic charac-
teristics of the tower before the installation of a continuous 
dynamic monitoring system in the building. Ambient 
vibration data were recorded at a sampling frequency of

Fig. 6 a Displacement transducer on a crack; b displacement trans-
ducer TL2_SOCH2 installed on the main crack below the metallic tie-
rod on West side

200 Hz using a multi-channel acquisition system with NI 
9234 data acquisition modules (24-bit resolution, 102 dB 
dynamic range and anti-aliasing filters) and high-sensitivity 
WR 731A accelerometers (10 V/g sensitivity and ± 0.50 g 
peak acceleration). In order to improve the performance of 
the acquisition chain, each accelerometer was connected 
with a short cable (1 m) to a WR P31 power unit/amplifier, 
providing the constant current needed to power the 
accelerometer’s internal amplifier, signal amplification and 
selective filtering. All the sensors were connected to the data 
acquisition system through two-conductor cables.

The accelerometers’ layout adopted in the AVT is 
schematically shown in Fig. 9 and allows to identify both 
the bending modes in the N–S and E–W direction and the 
torsion modes.

The modal identification was performed using time 
windows of 3600 s and applying both the frequency domain 
decomposition (FDD) [19] and the covariance driven 
stochastic subspace identification (SSI-Cov) [20] methods. 
Although the level of ambient excitation that



Fig. 8 a Time variation of displacement TL1_NCH2 (Level 1), 
indoor and outdoor temperature; b time variation of displacement 
TL2_SOCH2 (Level 2), indoor and outdoor temperature

mode. The identified sequence of vibration modes (Fig. 10) 
consists of: (a) the fundamental mode (fx1 = 1.92 Hz, Fig. 
10a), involving dominant bending in the E–W direc-tion; (b) 
two bending modes in the N–S direction, that are 
characterized by closely spaced natural frequencies (fy1 = 
2.01 Hz and f*y1 = 2.37 Hz) and very similar mode shapes 
(Figs. 10b, c); (c) another mode of dominant bending, again 
in the N–S direction (fy2 = 4.14 Hz, Fig. 10d); (d) two 
torsion modes (fT1 = 4.55 Hz and fT2 = 5.25 Hz) with very 
similar mode shapes (Figs. 10e, f); (e) the last mode (fx2 = 
7.53 Hz, Fig. 10g), involving almost pure bending in the E–
W direction.

Between 2 October 2015 and 9 October 2015, a second 
series of AVTs was performed by installing 4 WR-731A 
accelerometers at the Level 2 and continuously collecting 
the dynamic response of the tower for about 1 week at a 
sampling rate of 200 Hz [17]. It should be noticed that the 
instrumented level—although not optimal for the identifi-
cation of all modes since the deflections of one mode (Fig. 
10d) are negligible at this level—is the higher one suitable 
to the installation of a continuous dynamic moni-toring 
system. Since the second series of AVTs allowed to identify 
with high occurrence four vibration modes of the tower (i.e. 
the three lower bending modes and the torsion

Fig. 7 a Time variation of displacement TL0_NCH2 (Level 0), 
indoor and outdoor temperature; b correlation between the displace-
ment TL0_NCH2 and the indoor temperature

existed during the tests was quite low, with the measured 
acceleration not exceeding 0.02 m/s2, the application of the 
FDD and SSI-Cov techniques to the collected data allowed 
the identification of seven vibration modes in the frequency 
range 0–8 Hz. Table 1 summarizes the modal estimates 
provided by the two complementary FDD and SSI-Cov 
methods and the mode classification; more specifically, 
Table 1 compares the corresponding natural frequencies and 
scaled modal vectors through the frequency discrep-ancy DF 
= |(fSSI - fFDD)/fSSI| and the modal assurance criterion 
(MAC) [21]. Inspection of the correlation values listed in 
Table 1 highlights an excellent agreement between the two 
methods in terms of both natural frequencies and mode 
shapes.

The identified mode shapes are shown in Fig. 10 (SSI-
Cov) and reveal distinctive dynamic characteristics of the 
bell-tower, that are conceivably related to the structural 
arrangement and construction sequence of the building. In 
more details, closely spaced modes with similar mode 
shapes were clearly identified, so that the sequence of 
identified modes turns out to be very different from the 
expected [8–14] regular series of two bending modes (one 
for each principal plane of the structure) and one torsion



4 Dynamic monitoring hardware and shm
methodology

4.1 Monitoring hardware and signal pre-
processing

As previously pointed out, the tower was continuously 
instrumented for about 1 week with the main objective of 
evaluating the suitability of Level 2 to host the dynamic 
monitoring system. In this second series of AVTs, the 
performances of different sensing hardware were also 
compared with the ones of the WR-731A accelerometers, 
which were assumed as reference. Among the available 
sensors, well-known MEMS accelerometers (Kistler model 
8330A3, 1.2 V/g sensitivity, ± 3.00 g peak acceleration,
1.3 lg resolution and 0.4 lg/HHz rms noise density) pro-
vided practically the same results of the reference sensors 
(in terms of both measured time histories and identified 
modal parameters) and were selected for the use in the 
continuous monitoring.

The continuous dynamic monitoring system is now 
active since 22 October 2015. The devices installed inside 
the bell-tower consisted of 4 MEMS accelerometers (Fig. 
11), one Ethernet carrier with NI 9234 data acquisi-tion 
module and one local PC for the management of the 
continuous acquisition and the data storage. Data are 
recorded at 200 Hz and stored on the local PC in separate 
files of 60 min.

The collected acceleration data are processed through a 
series of tools developed in the LabVIEW environment and 
comprising the following tasks [22]: (a) creation of a 
database with the original data (in compact format) for later 
developments; (b) signal pre-processing with de-trending 
and despiking of the raw data; (c) automatic detection and 
extraction of the time series associated with swinging of 
bells and numerical integration to estimate velocity time 
histories; (d) creation, for each 1-h dataset, of one time 
window containing only the ambient vibration response; (e) 
statistical analysis of the previously extracted data; (f) low-
pass filtering and decimation of the each ‘‘bell-free’’ dataset 
and creation of a second database of files (in binary or text 
format) for the application of the

Fig. 9 Instrumented cross-sections and layout of the accelerometers 
during the preliminary dynamic tests (September 2015) and the 
continuous monitoring

mode fT2 of Fig. 10) and also considering the possibility of 
increasing the knowledge of the historic building through 
the combined use of static and dynamic monitoring, it was 
decided to permanently instrument the bell-tower with the 
same sensor layout (four accelerometers at Level 2) 
adopted in the second series of dynamic tests.

Table 1 Dynamic

characteristics of the bell-tower

identified from OMA

Mode n. Mode identifier fSSI (Hz) fFDD (Hz) Df (%) MAC

1 fx1 (E–W bending) 1.916 1.924 0.42 0.9997

2 fy1 (N–S bending) 2.011 2.012 0.05 0.9989

3 f*y1 (N–S bending) 2.367 2.363 0.17 1.0000

4 fy2 (N–S bending) 4.139 4.160 0.51 0.9748

5 fT1 (torsion) 4.554 4.570 0.35 0.9733

6 fT2 (torsion) 5.248 5.176 1.37 0.9883

7 fx2 (E–W bending) 7.528 7.539 0.15 0.9783



xkþ 1 ¼ Axk þ wk ð1Þ
yk ¼ Cxk þ vk ð2Þ
where xk 2 <n is the discrete-time state vector (containing 
displacements and velocities describing the state of the 
system at time instant tk = kDt), yk [ <m is the output 
vector, wk is the process noise, vk is the measurement noise, 
A 2 <n � n is the discrete state matrix (dependent on the 
mass, stiffness and damping properties of the structure), 
C 2 <m � n is the discrete output matrix (which maps the 
state vector into the measured outputs), n is the system 
order and m represents the number of outputs.

Once matrices A, C of different order n are identified, n/ 
2 sets of modal parameters are extracted from a model of 
order n: natural frequencies and damping ratios are calcu-
lated from the eigenvalues of A, whereas the mode shapes 
are evaluated from the product of C and the eigenvectors of 
A.

The automated procedure [6] involves the two main 
steps of modal parameters estimation and modal tracking:

1. The estimation phase is performed through an auto-

matic interpretation of stabilization diagrams, based on

the sensitivity of frequency and mode shape to the

model order variation. To increase the efficiency of

this step, spurious poles are eliminated by checking the

corresponding damping ratio and modal complexity

value. For each dataset, the modes which share similar

frequencies and mode shapes are clustered together.

For each cluster, a set of representative modal

parameters (i.e. natural frequency, damping and mode

shape) is estimated.

2. The automated modal tracking, aimed at providing the

frequency evolution for each mode over the monitoring

Fig. 10 Identified vibration modes of the bell-tower (AVT 23 September 2015, SSI-Cov)

Fig. 11 MEMS accelerometers (Kistler, model 8330A3) adopted in 
the continuous monitoring

modal identification tools [6]. During this last step, each set 
of ‘‘bell-free’’ time histories (low-pass-filtered using 7th 
order Butterworth filter with cut-off frequency of 12.5 Hz 
and decimated to reduce the sampling frequency from 200 
to 25 Hz) was reduced to a uniform time window of 3000 s.

4.2 Automated modal identification

The modal parameters of the bell-tower were extracted 
from each 3000-s acceleration dataset using a fully auto-
mated procedure, based on the SSI-Cov algorithm [20] and 
developed in a previous study [6].

SSI identification procedures [20] are based on the dis-
crete-time stochastic state-space form of the dynamics of a 
linear-time-invariant system under unknown excitation:



period, is based on frequency and MAC variation with

respect to a pre-selected list of baseline modes.

For the details on the automated modal identification,

the interested reader is referred to [6]. As it is common to

SSI-based approaches, the adopted procedure [6] needs

some input parameters, whose setting was carried out

through a preliminary manual analysis of the data col-

lected before the installation of the monitoring system. In

the present application: (a) the time lag parameter

i needed to fill the (mi 9 mi) block Toeplitz matrix [20]

(that is decomposed to obtain the matrices A, C) was set

equal to 75; (b) the order of the model has been varied

from 20 to 120; (c) the maximum allowable damping

ratio and modal complexity index [6], adopted in the

noise modes elimination step, were set equal to 10% and

0.20, respectively.

4.3 Modelling the environmental effects
and health assessment methodology

Although the present paper is mainly aimed at demon-

strating the challenging behaviour exhibited by the inves-

tigated bell-tower and the importance of continuous

monitoring to enhance the knowledge of a historic build-

ing, the description of the adopted SHM strategy is con-

cisely completed in this subsection. As it is more

extensively reported in [4, 12] and [14], the vibration-based

health assessment involves the combined use of automated

operational modal analysis, procedures to mitigate the

environmental effects on identified natural frequencies and

multivariate statistical tools to detect the occurrence of

abnormal structural changes.

Among the different procedures reported in the literature

(see e.g. [4, 8, 12, 14]) to remove the environmental effects

from identified frequency data, the well-known multiple

linear regression (MLR, see e.g. [23]) will be adopted. This

choice is motivated by the availability of multiple tem-

perature measurements, as well as by the possibility of

accounting for possible nonlinear dependence on temper-

ature. In fact, even if the response variable dk (for example,

the r-th modal frequency) at current time k is expressed as a

second-order surface model of predictor variables Tj,k and

T
2

j;k
at time k (for example, the measured temperatures and

their square values):

dk ¼ b0 þ b1T1;k þ � � � þ bpTp;k þ bpþ1T
2
1;k þ � � �

þ b2pT
2
p;k þ ek

ð3Þ
the resulting model (3), which is linear in the parameters

weighting the predictors (i.e. the bs), is still a MLR model.

The general MLR model, regardless the shape of the

response surface it generates, can be expressed in matrix

form as:

d ¼ Zb þ e ð4Þ

where d 2 <N is the vector containing N observations dk of 
the dependent variable, b 2 <p þ 1 is the vector formed by 
the (p ? 1) parameters weighting the contribution of the
input parameters, e 2 <N is the vector of the random errors, 
and Z 2 <N � ðp þ 1 Þ is the matrix appropriately gathering 
the measured values of the predictors.

It is worth mentioning that in the general framework of a 
dynamic monitoring project, different input candidates 
might be considered in MLR models (4), such as temper-

ature, humidity, wind speed, traffic loads on bridges [4, 8, 
14]. In the present application, only the measured 
temperatures have been considered as input or predictor 
variables for each natural frequency.

In order to properly describe the influence of changing 
environmental conditions, the data used to estimate the 
parameters of the MLR models should be collected over an 
appropriate period of time, denoted as training or reference 
period and including a statistically representative sample of 
environmental conditions.

After one MLR model (4) has been established for each 
natural frequency, the occurrence of anomalies not 
observed during the training period might be detected from
residual error vectors ej ¼ dj � Zjbj ðj ¼ 1; 2; . . .; M
where M is the number of automatically identified modal 
frequencies), using the statistical tools defined as ‘‘control 
charts’’. A control chart (see e.g. [23] and [4, 12, 13] for 
background theory and practical applications, respectively) 
typically consists of a plot where the variation in time of a 
feature (i.e. the residual errors) is represented along with a 
user-defined variation limit. The designated control limit, 
computed from the experimental samples collected when 
the process is supposed to be in control (training period), 
allows to check if the fluctuations of the monitored feature 
are associated with the normal response. Any observation 
laying outside the control limit has to be considered the 
result of unusual sources of variability (e.g. the occurrence 
of damage).

It is further noticed that the SHM methodology outlined 
in this subsection should allow [11–13] to detect the onset 
of non-reversible structural anomalies, whereas the devel-
opment of a numerical model of the tower is needed to 
localize possible damage and estimate its severity [24]. 
Hence, the development of a finite element model of the 
bell-tower, including the interaction with the church, is 
ongoing with the twofold objective of:

(a) Better understanding the structural motivations lead-
ing to the presence of the two closely spaced modes



with eigenfrequencies fy1 and f*y1. In fact, it is 
expected [25] that an appropriate numerical model is 
capable of indicating whether the deflections asso-
ciated with the closely spaced modes involve only 
the bell-tower or the overall complex tower ? ch-
urch. This key information, in turn, could allow to 
estimate the effects of the complex interaction 
between the tower and the church determined by 
the common load-bearing walls, the presence of 
vertical gaps between the walls of the church and the 
tower, and the crack pattern observed on East and 
West load-bearing walls of the tower. It is worth 
mentioning that the information provided by the 
response to the swinging of bells might be very 
useful in the model validation phase.

(b) Localizing the possible onset of non-reversible

structural anomalies and assessing the damage extent 
and severity (for example, through the procedure 
outlined in [24]).

5 Continuous dynamic monitoring: results

This section summarizes the main results of the continuous

dynamic monitoring in the first year after the installation

(i.e. between 22 October 2015 and 21 October 2016).

During this time interval, about 8000 datasets were col-

lected and automatically processed to identify the modal

parameters.

Figure 12 presents the evolution of the identified modal 
frequencies, whereas the relevant statistics are summarized 
in Table 2 through the mean value (fave), the standard 
deviation (rf), and the extreme values (fmin, fmax) of each 
natural frequency.

The results summarized in Fig. 12 and Table 2 allow the 
following comments:

1. Notwithstanding the low level of the ambient excita-tion, 
four normal modes were identified with high occurrence 
and accuracy.

2. The identification rate is higher for the lower 3 modes, 
ranging from 86.0% for mode fy1 to 99.3% for mode f*y1, 
and decreases to 77.6% for torsion mode fT2.

3. The natural frequency of modes fx1 and fT2 (Fig. 12) 
exhibits significant increase in Spring and Summer 
period. This trend suggests that these modal frequencies 
are strongly affected by the temperature and—as it had 
to be expected from previous studies [8–14] on 
masonry towers—increase with increased temperature.

4. On the contrary, the natural frequency of modes fy1 and 
f*y1 exhibits very limited variation, with the standard 
deviation being equal to 0.009 and 0.015 Hz, respec-
tively. For those modes, the trend of modal frequency to 
increase with increased temperature is conceivably 
balanced by the loss of tension in the metallic tie-rod 
placed on the West side and connecting the North and 
South load-bearing walls of the bell-tower (Figs. 4, 6b). 
The loss of tension in the tie-rod, in turn, is also 
confirmed by the time evolution of the observed

Fig. 12 Automatically

identified natural frequencies of

the bell-tower versus time:

a modes fx1, fy1 and f*y1; b mode

fT2



displacement on the main crack of the West side 
(Fig. 8b).

5. As shown in Fig. 12, the natural frequencies of the two
lower modes fx1 and fy1 exhibit crossing in Summer 
months. To the authors’ knowledge, such a crossing 
phenomenon has not been observed before on masonry 
towers and clearly depends on the different effect 
exerted by the temperature on the natural frequency of 
the two lower modes. In addition, the mode shape of 
both modes fx1 and fy1 tends to hybridize when crossing 
occurs: in other words, the two modes—which are 
usually associated with pure bending in orthogonal 
planes, as illustrated in Figs. 10a, b—tend to involve 
biaxial bending in both the main E–W and N–S 
directions when the natural frequencies become very 
close to each other. It is further noticed that this 
hybridization, suggesting the occurrence of something 
similar to mode veering (see e.g. [26, 27]), is more 
significantly detected for mode fy1.

It is worth mentioning that also the first torsion mode fT1 
was often automatically identified. The results are not 
shown herein because the modal identification process 
revealed some unexpected issues for this mode: by 
inspecting the first singular value line (i.e. which is the 
mode indication function of FDD technique) of the recor-
ded data, it is possible to detect the presence of spurious 
harmonics close to the natural frequency fT1. The impos-
sibility of eliminating such perturbing elements, conceiv-
ably produced by some active machineries present in the 
close neighbourhood of the building, undermines the quality 
of the frequency estimates.

In order to better investigate the effects of changing 
temperature on the natural frequencies, Fig. 13 shows the 
hourly averaged value of the measured temperatures in the 
monitoring period from 22 October 2015 to 21 October 
2016. Table 3 summarizes the correlation coefficients [18] 
between the environmental data during the same period.

Both Fig. 13 and Table 3 indicate that a large degree of 
correlation exists between all temperature data, with the 
measurements T1E, T2E and T2W being almost perfectly 
correlated and characterized by correlation coefficients very 
close to unity. Hence, using only one of those

temperatures in establishing the MLR model of each modal 
frequency is suggested.

The correlation coefficients between natural frequencies 
and temperatures are reported in Table 4, whereas the 
identified natural frequencies have been plotted versus the 
outdoor temperature TS in Figs. 14 and 15, along with the 
best fit line and the coefficient of determination R2.

Figure 14 refers to modes fx1 and fT2 and confirms that the 
frequency of those modes increases with increased 
temperature, with the same information being provided by 
the correlation coefficients of Table 4. Moreover, Fig. 14 
shows that—although the overall frequency–temperature 
correlations are almost linear and characterized by high 
values of the coefficient of determination R2—slight 
nonlinearity is detected in the low temperature range (TS B 
10 �C) for the frequency of mode fx1.

Figure 15 refers to closely spaced and similar modes fy1 
and f*y1 and confirms the very low effect of the changing 
environment on the frequency of these modes, already 
demonstrated by the frequency tracking (Fig. 12a).

6 Conclusions

The importance of continuous monitoring to enhance the 
knowledge and assist the preservation of a challenging 
historic bell-tower has been addressed in the paper. The 
investigated Heritage tower, adjacent to the church of 
‘‘Santa Maria del Carrobiolo’’ in Monza (Italy), is espe-
cially interesting as it exhibits a weak structural arrange-
ment, with two sides of the bell-tower being directly 
supported by the load-bearing walls of the apse and South 
aisle of the neighbouring church. In addition, the East and 
West fronts of the tower exhibit major cracks and other 
important cracks are visible on all sides at the level below 
the belfry, with the opening of a deep crack on the West 
side being opposed by the presence of one metallic tie-rod.

The monitoring hardware installed in the bell-tower 
includes a network of 10 displacement transducers, mounted 
on the main cracks and integrated by five temperature 
sensors, as well as four accelerometers. The static 
monitoring system is active since June 2014, whereas the 
dynamic monitoring began on late October 2015.

The results of static monitoring allowed to highlight the 
absence of abnormal increase in the cracks’ opening, which 
is dominated by the thermal effects: as it has to be 
expected, all the main cracks tend to close with increased 
temperature, with the exception of the one placed on the 
West side below the metallic tie-rod.

The dynamic characteristics of the bell-tower and the 
results of 1-year dynamic monitoring allow to significantly 
deepen the knowledge of the global structural behaviour of 
the bell-tower and reveal some unique aspects, which are

Table 2 Statistics of the natural frequencies identified (SSI-Cov)

from 22 October 2015 to 21 October 2016

Mode id. fave (Hz) ff (Hz) fmin (Hz) fmax (Hz)

fx1 1.946 0.041 1.876 2.094

fy1 2.020 0.009 1.990 2.053

f*y1 2.379 0.015 2.333 2.423

fT2 5.265 0.141 5.001 5.663



conceivably related to the structural arrangement of the

building and to the observed crack pattern:

1. Closely spaced modes with similar mode shapes were

clearly identified, so that the modal characteristics of 
the bell-tower significantly differ from those obtained 
in past experimental studies of similar structures 
[8–14]. Since the closely spaced and similar modes 
are the lower bending modes in the N–S plane, this 
distinctive behaviour is possibly related to the complex 
interaction between the bell-tower and the church, 
determined by the common load-bearing walls.

2. The application of state-of-art tools for automated

operational modal analysis, within the continuous

dynamic monitoring of the investigated tower, allows

accurate estimate and tracking of four natural frequen-

cies. The automatically identified frequencies involve

Fig. 13 Variation in time of

measured temperatures: a T0N
and TS; b T1E, T2E and T2W

Table 3 Correlation coefficients between the measured temperatures

(from 22 October 2015 to 21 October 2016)

T0N T1E T2E T2W TS

T0N 1.000 0.967 0.957 0.960 0.837

T1E 1.000 0.995 0.997 0.873

T2E 1.000 0.998 0.900

T2W 1.000 0.885

TS 1.000

Table 4 Correlation coefficients between natural frequencies and

temperatures (from 22 October 2015 to 21 October 2016)

T0N T1E T2E T2W TS

fx1 0.663 0.768 0.789 0.778 0.803

fy1 - 0.067 - 0.004 - 0.007 0.002 - 0.221

f*y1 0.293 0.402 0.416 0.415 0.292

fT2 0.791 0.866 0.876 0.869 0.821

Fig. 14 Correlation between outdoor temperature TS and natural

frequencies fx1 a and fT2 b



dominant bending in the E–W direction (fx1), dominant

bending in the N–S direction (closely spaced modes fy1
and f*y1) and torsion (fT2).

3. The temperature turned out to be a dominant driver of 
daily fluctuation of the natural frequencies of modes fx1 
and fT2, with those frequencies increasing with 
increased temperature. On the contrary, the frequency 
of the closely spaced and similar modes fy1 and f*y1 are 
slightly affected by the environmental changes, as the 
temperature effects on the masonry material and the 
metallic tie-rod placed on the West side tend to balance.

4. The natural frequencies of the two lower modes fx1 and 
fy1 exhibit crossing as the temperature increases. This 
behaviour, not observed so far in masonry towers, is 
associated with the different effect exerted by the 
changing temperature on the natural frequency of the 
two lower modes. In addition, the hybridization of the 
shape of both modes f’x1 and fy1 (with the hybridization 
being more significant for the latter mode) occurs when 
the natural frequencies are close to each other, so that 
the resulting phenomenon seems more similar to mode 
veering [26, 27] than to simple frequency crossing.

As a final remark, the results of static and dynamic

monitoring allowed to highlight some distinctive and

unique structural behaviour, which will be of utmost

importance for both the numerical modelling and the

preservation of the tower.
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