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Structural health monitoring of historical heritage in Italy: some relevant
experiences

Alessandro De Stefano!, Emiliano Matta!, Paolo Clemente?

1 Department of Structural, Geotechnical and Building Engineering, Politecnico di Torino, Corso Duca degli
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Abstract. The architectural heritage in the world represents a fundamental resource and a sign of the
national cultural background. Its maintenance and preservation require a balance between the structural safety
needs and the respect for their architectural and cultural value. Structural health monitoring (SHM) is
increasingly emerging as a unique tool to achieve such a balance, through a proper combination of traditional
and innovative techniques. This paper presents some recent experiences of SHM applied to the historical
heritage in Italy, discussing relevant tools and reporting some of the most significant case studies.

Keywords: architectural heritage; historical constructions; structural health monitoring; masonry
buildings; real case studies; damage symptoms.

1. Introduction

The architectural heritage represents worldwide a fundamental resource and a sign of the national cultural
background. Its maintenance and preservation require a balance between the structural safety needs and the
respect for their architectural and cultural value.

The largest part of the historical and architectural heritage is made of ancient masonry constructions,
characterized by a wide range of uncertainties mainly due to the following reasons [1]:

e irregularity in the internal masonry texture, where lack of material, empty volumes and debris used to
fill in the walls are often difficult to detect;

o imperfections related to out of plane rotations of originally vertical walls, laterally loaded by vaults,
arches or roofs;

e attitude to modify in time the behavioural scheme, from monolithic elastic to cinematically articulated
sets of rigid elements;

o local variability of material strength and stiffness, due to original defects, electrochemical degradation
or simply the heterogeneous nature of masonry;

e distribution of cracks, increasing and reducing in length and width also according to thermal seasonal
oscillation;

o effects of past, usually undocumented, damages and repairs, architectural changes and inappropriate
human interventions.

The preservation of the architectural heritage is a delicate task everywhere, particularly in those countries
exposed to a relevant seismic risk, like Italy.

In the lack of international standards, national guidelines have been recently issued on these topics in some
countries. The relevance of structural health monitoring (SHM) as an appropriate tool to integrate and support
conservation strategies is now clearly stated in the Italian National Guidelines [2]. According to the concept of
“monitoring” advocated therein, local inspections are carried out as both destructive survey and non-destructive
evaluation techniques in order to supply information about the structural geometry, the physical, chemical and
mechanical characteristics of the masonry and of its components [3]. Such definition of “monitoring” does not
correspond to the general definition contained in the first drafts of the UNI (ltalian Standardization Institute)
Guidelines, where “monitoring” exclusively refers to online continuous instrumented survey, excluding periodic
inspections and non-destructive testing (NDT). Obviously, the artistic and historical value of ancient buildings
represents a constraint for the execution of samples extractions and destructive testing. On the other side, the
non-destructive survey methods can be applied only periodically and in a limited number of locations. Although
useful, such survey methods supply only local information, not automatically extendable to the whole structure,
and a clear understanding of the global construction behaviour is generally hindered.

As a result, multi-scale approaches based on the integration of the local investigations with global
measurements should be pursued. Dynamic tests are able to provide information about the whole-body response
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and the overall structural integrity [4], with some relevant limitations and drawbacks. Vibrational testing using
modal parameters works well on flexible structures, like towers, vaults and domes. For example, SHM using
operational modal analysis has been recently applied to two historic masonry towers, respectively built in
stonework masonry and solid brick masonry [5]. In both cases simple dynamic monitoring systems (including
few accelerometers and temperature sensors) were permanently installed in the upper part of the buildings to
perform an automatic identification of structural modal parameters. The results allow to evaluate the effects of
changing temperature on automatically identified natural frequencies and to verify the practical feasibility of
damage detection methods based on natural frequencies shifts. On massive or stiff masonry bodies, on the other
side, modal analysis can be subject to critical difficulties due to the crowd of local and global modes in narrow
frequency ranges and to the spurious multiple harmonic components induced by the intrinsic non-linear
behaviour of masonry [6, 7]. The static monitoring, on its turn, includes deformation, absolute or relative
displacements, remote sensing by radar or optical scanning from ground or sky. Local inspections can reveal
defects and irregularities in restricted areas, whose influence on the global behaviour would be difficult to
appreciate otherwise. The availability of permanent on-line monitoring systems, able to record changes in time
of the mechanical properties related to the evolution of degradation phenomena and local failures, is a
fundamental requirement for the structures to become “smart”.

In what follows, some recent experiences of SHM applied to the architectural heritage in Italy will be
presented. In particular, relevant tools will be discussed in Section 2 for inferring damage scenarios from
structural symptoms in historical constructions, while significant Italian case studies will be reported in Section
3, distinguishing among various domains of application.

2. Tools for SHM of historic constructions: damage and structural symptoms

An appealing, diagnostic monitoring strategy based on the concept of “damage scenarios” has been
recently proposed by Cempel [8]. A damage scenario is any anomalous operational condition for the structure
induced by a specific cause and leading to damage effects that can be also difficult to detect and measure. Each
damage scenario associates the causes and the consequences to a series of symptoms, i.e. physical quantities
which are representative of the structural condition and can be measured by means of the appropriate sensing
tools. The damage scenarios are described as functions of the observable symptoms by means of comparisons
with a knowledge base or by means of numerical models of the damaged structure. The relation between
damage evolution and symptoms leads to the construction of the so-called “Symptom Observation Matrix”,
whose elements can be derived by the application of the conditioned probability or, more in general, the
Bayesian stochastic theory [9].

Permanent monitoring systems are, as a matter of fact, symptom measuring systems. The powerfulness of
an effective structural monitoring system is measured by its ability to discriminate among the symptoms, taking
into account only the most significant and neglecting the irrelevant ones. Risk and reliability are probabilistic
concepts. Often, in the literature, the stochastic variable is time, and the probability is the probability of time
delay to the occurrence of a pre-defined damage limit state. The probabilistic distribution becomes a stochastic
process in which time dependent material degradation, fatigue problems and the prediction of residual life can
be easy to model and easy to combine with the risk analysis related with environmental offences, like
earthquakes, floods, strong winds, landslides. The reliability of a structure, R(t), is defined, then, as the
probability that the time to reach a reference limit state, t,, is greater than a given time t [10]:

R(t)=P(t<t,) @

The hazard function, h(t), specifies the instantaneous rate of reliability deterioration during the
infinitesimal time interval, At, assuming that integrity is guaranteed up to time t:

) = im P(t, <t+At [t, >t)
At—0 At

@

In case of smooth time-dependent degradation phenomena, h(t) can be correlated to the reliability
function, R(t), by the following relationship:

R(t) = exp(—J‘; h(x) dx) (3)
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On the other side, the hazard function allows to include into the prediction algorithm, as spikes and jumps,
also the sudden and singular events like earthquakes, floods and other environmental threats. Nevertheless,
following such path, it results not trivial to include into the risk analysis the advantages offered by the
application of on-line condition monitoring.

To mark the role of the on-line monitoring it is convenient to jump from the time domain into the
symptom space. The symptom hazard function, h(S), is the reliability loss rate versus the symptom increase rate;
then reliability can be rewritten as a function of the symptom variable, S, as it is the probability that a system,
which is still able to meet the requirements for which it has been designed, displays a value of S smaller than the
value Sy corresponding to the reference limit state [11]:

R(S)=P(S<$, |S=suitable value) 4

R(S)= exp(—J'oS h(x) dx) (5)

This formulation includes continuous time (slow degradation) or/and discrete time processes (earthquakes,
storms, etc.), given that time and symptom evolution can be correlated by suitable lows.

So, as focused above, Condition Monitoring is essentially a search for structural or material disease
symptoms. Symptoms can be regarded as evolutionary and sudden changes in observable qualitative properties
and/or measurable responses. Symptoms search can require a knowledge based direct search or model based
predictive assessment. In both cases, a stochastic procedure is needed. In some applications, direct search and
model based simulations can provide an integrated procedure.

In the works by Cempel (e.g. [12]) the multidimensional approach is made possible by the use of the
symptom observation matrix (SOM) and by the successive application of singular value decomposition (SVD).
On this basis, SVD allows to pass from the multidimensional-non-orthogonal symptom space to the orthogonal
generalized fault space, of much reduced dimension. Symptoms may be any measurable or observable quantity
which is sensitive to system modifications. Additionally, symptoms should be sensitive to damage evolution but
insensitive to distortions. Supposing now that r symptoms S, m = 1, 2, ..., r, are measured at p instants 6y,
where n=1,2, ..., p, over the system life and assuming p > r, the SOM may be defined as:

Opr =[S ]=[54(6,)]

with m as the number of columns (symptoms) and n as the number of rows (lifetime readings).
The observation matrix can be a huge matrix. Singular value decomposition (SVD) can be profitably
applied to SOM in order to extract different generalized fault modes evolving in the system:

T I T I
Opr =U przrrvrr = tzlo-t (utvt ): tzl(opf )t ( )
~ - 7

As a result of SVD, the symptom observation matrix Oy is represented as the summation of | independent
matrices (Opr):, each describing a specific mode t of system operation modification (evolution), or generalized
fault mode. Tracing the evolution, through the lifetime 8, of the fault modal parameters, ¢1(6), u(6), v«(8) and
(Opn)t(0), gives an understanding of the system conditions. Especially useful is the time evolution of the so-
called SDy(6) = Opr(0)-vi(6) = ax(0).u(d), which represents a weighted summation of the symptom values for
each lifetime 8 and can be shown to give information on both the shape of a generalized fault and its energy.

Using both generalized fault indices oy(6) and SD¢(8), the first related to the intensity of wear advancement
in a given fault mode and the second to its momentary shape, instead of the original symptom observations
Opr(6), allows a more concise and powerful representation of system conditions. To better understand the
effectiveness and potential usefulness of SVD as a diagnostic tool, it is convenient, at this point, to enter more
deeply into the algorithm and to look at it from a more intuitive point of view. As stated above, we suppose that
the SOM, O, contains p observations and r symptoms, with p > r for sake of simplicity. Each singular value can
be regarded as a weighting coefficient defining the relevance of the related pair of singular vectors in
recomposing the SOM. If we choose an integer number s < r, the sum:

0,100 =U Z.V] =ilat(utvj)
t=

(6)

approx-s ps=ssVrs

(8)
gives the s order approximation of O, or, in other words, the reconstruction of O based on its SVD reduced
rank s. Given the choice of the reduced rank s, Eq.(8) leads to the optimal reconstruction of O among all the

3
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weighted products of s pairs of orthogonal unit vectors, i.e to the minimum Frobenius norm of the matrix of
residuals.

Oapprox-s Calculated by means of the first rank SVD is the optimal reconstruction of O obtainable by any
pair of xp and y, vectors, i.e. the residual matrix Ores-s = O - Oapproxs has the minimum norm among all the
possible approximations of O reconstructed using any pair of unit orthogonal vectors.

While Oapprox-s IS sensitive to the slower condition changes and progressive degradation of material and
structure, the residual matrix Oress is more linked with sudden or local damages. But what can be the
equivalence between the wear characteristics and measures of the operating system and the SVD parameters
[13]? From the physical viewpoint, different wear modes can occur like corrosion, fatigue, erosion, etc., but
physically different types of wear can generate similar signals or symptoms, and there is no way of finding the
expected difference in the resource of the symptom observation matrix. This means that it is of paramount
importance the choice (physical origin, place of measurement, signal processing, etc.) of each observed
symptom Sw(6) during the system operation. In general, O can include heterogeneous vectors coming from
various kinds of measures and observations. All the vectors shall be centered and scaled in such a way to have
comparable norms.

If the symptoms are not correlated with damage, we will fail in getting diagnostic answers. Totally
uncorrelated “symptoms”, in fact, are not symptoms at all, they are measures or observations that can have no
significant links with degradation processes or localized damages. The diagnostic response will be noisy and
confusing. On the other side, symptoms varying nearly in a proportional way can cause a loss of information
richness. They supply all the same answer as one symptom only. The O matrix will have one dimension and
higher order singular values will disappear or be negligible. A good choice of symptoms shall include, for
instance, observations which are sensitive to a global evolution, like, for a beam, the mid-span displacement,
and other observations which are sensitive to local phenomena but correlated with the former one, like
deformations or curvatures.

Furthermore, since in a system in operation several generalized faults may be evolving concurrently, then
it is important to know also the global advancement of all generalized faults in a system.

Hence, some global indices are needed. It can be shown that the best choice appears to adopt the sum of
absolute values of singular values:

D5(60)= /o, (0)

as the measure of wear advancement, and the sum of absolute values of singular vectors:

P(6)=3|5D(0)

as the measure of the generalized fault profile.

Summing up, it seems possible to pass from multidimensional symptom space with high redundancy to
generalized orthogonal fault space with very few generalized faults F(#). It is also useful to create some
combined measures and indices of a system condition, in terms of some norms of the symptom observation
matrix, its singular values, and SVD-related summary measures and indices.

In [14], the authors stressed the importance of adapting the concept of the symptoms-oriented monitoring
to the case of ancient masonry structures. Existing ancient civil structures are generally non-standard, unique
and hardly classifiable into conventional types. At the beginning of the monitoring action, useful data and
knowledge bases are seldom available. Such situation configures the phase of initial assessment of the present
state. From now on, the analysis of damage evolution will move its steps. Unfortunately, the initial condition is
not necessarily an undamaged condition, so its assessment shall include damage scenarios and their detection
and identification.

The lack of real damage knowledge bases makes numerical simulation on finite element (FE) models the
only practical way. If only model based simulation is available, than the damage assessment using the Symptom
Observation Matrix converges to the so called “multi-model approach” to model updating.

Due to uncertainties and errors, each damage state can be assumed to generate infinite symptom sets, in
which each symptom can change in agreement with a given probability distribution. If we use models and
simulation, probabilistic procedures (including Monte Carlo search) allow generating many structural models by
changing randomly material and mechanical properties; consequently, many sets of damage scenarios and
symptom sets can arise.

The final goal is to extract damage states and their probability from the analysis of observed symptoms.
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This kind of approach contains an implicit idea of causality. If we want to reason in terms of “conditioned
probability”, instead of cause-effect, we can look at the condition monitoring using symptoms observation as a
typical Bayesian problem. All model-based characterization methods belonging to the class of “multi-model”
approaches can be associated to the Bayesian stochastic theory. An example of a multi-model approach to
characterize an ancient masonry structure will be shown in the next section.

It is important to stress-out that this kind of philosophy is based on the choice of the best fitting solution
among many candidates generated randomly, or determined as representative of damage scenarios, in a direct
way; so the trap of the ill-conditioned nature of inverse approaches is avoided, although replaced by ambiguity
(different models can fit equally well). The method is robust provided that the initial choice of damage scenarios
is correct and sufficiently exhaustive [9, 15].

The SHM strategy can take advantage of the “multi-model” assessment technique in which a
representative numerical model is not simply obtained by an optimization of the mechanical parameters of the
modelled structure but by selecting the best fitting model among the many that can reproduce credible damage
or defect scenarios [16, 17]. Due to the above mentioned complexity and uncertainty conditions of the
mechanical nature of the historical heritage objects, it is seldom reasonable to try to design a general purpose
diagnostic monitoring system. More often a previous analysis of vulnerabilities and weaknesses and of credible
risk scenarios shall lead to well-focused and specifically oriented monitoring actions.

3. Experience domains of SHM on historical constructions in Italy

A non-exhaustive selection of significant SHM applications to cultural heritage structures in Italy will be
presented in this section, classified on the basis of the following monitoring objectives or experience domains:

1. increasing the structural knowledge in order to assess strengthening needs and avoid unnecessary
interventions;

2. verifying the effectiveness of strengthening interventions by monitoring the construction before, during
and after the implementation;

3. controlling damaged structures after an hazardous event (earthquake, fire, scour, flood, etc.) in order to
check the damage evolution, verify the effectiveness of provisional measures and/or help to design new
interventions;

4. performing experimental analysis at fixed time intervals in order to prevent larger damage.

A special-case, hardly fitting in this list, will be finally proposed, regarding a laboratory investigation
conducted at Turin Polytechnic on the early-warning monitoring of scouring threats in ancient masonry bridges.

3.1 SHM to assess strengthening needs and avoid unnecessary interventions

The dome of S. Maria del Fiore in Florence, showing distributed cracks, was one of the first monitored
monuments in Italy. The analysis of the first collected data did not resolve polemics on dome’s stability and on
the supposed damages caused by the encircling scaffolding installed on the dome for restoration of the frescoes.
In 1996 the global trend of the deformometers was traced and linked to the temperature evolution [18,19]. Blasi
and Ottoni have recently presented a review of the monitoring system of Santa Maria del Fiore’s dome [20].
That dome is affected by widespread crack pattern, substantially symmetric, which seems to confirm the
collapse mechanism typical of the domes, with a drop of the top under its own weight.

Also the Flaminio Obelisk in Rome was the object of a detailed study before the restoration works.
Ambient and forced vibrations were analyzed and a suitable FE model was set up also on the basis of an
accurate sonic test campaign, which allowed identifying the actual damage present in the different portions of
the obelisk [21].

Among the more recent important applications are the Roman Arena of Verona [22], the Torre dell’ Aquila
in Trento (where, for the first time, together with temperature sensors and long-gauge optical fiber
deformometers, a network of wireless accelerometers was used [23]), the Civic bell-tower in Portogruaro [24],
the San Marco and Santa Maria Gloriosa dei Frari in Venice [25], the Basilica di Massenzio in Rome (suffering
from traffic-induced vibrations [26]). The long-term multi-disciplinary monitoring action on the Basilica di S.
Maria di Collemaggio in L’Aquila, seriously damaged by the strong earthquake of 2009 [27], belongs also to
this first objective class, rather than to the third one. Some of the most representative case studies are briefly
described in the following.

3.1.1 The Verona Arena
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The Roman Arena in Verona, Italy, built in the first century A.D., is still standing in the historical city
center (Fig. 1). It is open to public use for visits but also for operas, concerts and relevant shows (audience of
20.000 people). It suffered damages due to aging as well as natural and man-induced events, such as
earthquakes, floods, wars and sieges and, for centuries, continuative stealing of stones and material for reuse in
other constructions. Past seismic events are the cause of the almost complete collapse of the third (external) ring
of the monument, today only remaining in the so-called “ala” (wing) of the Arena, an isolated portion of stone
blocks curved wall characterized by arches and massive pillars. Post-tensioned tendons were placed vertically
along the entire height of the massive pillars in 1956.

With the purpose of evaluating the structural response of the Arena to static, dynamic (e.g. shows,
concerts) and seismic loads, a SHM system was installed in the Arena in November 2011, with state of the art
technology for data recording in relevant positions of the monument. Since no specific strengthening
interventions were foreseen in the immediate future, apart from the ordinary maintenance, a SHM system
installed in 2011 became an interesting tool for a strategy known as “maintenance on request”, in order to
increase knowledge, reduce uncertainties and, hopefully, avoid or delay strengthening. The final aim is the
acquisition of the vibration properties of the monument by means of acceleration transducers, and the control of
the surveyed crack pattern through the implementation of displacement transducers installed on the main cracks.
The acquired data are constantly related to the environmental parameters (temperature and relative humidity).
Further details can be found in [22].

3.1.2 The Portogruaro Civic Tower

The Portogruaro Civic Bell-Tower is a 59 m tall, slender masonry tower, leaning with an out-of-plumb of
more than 1.2 m measured immediately under the belfry. Originally built in the 13" century, it was repeatedly
refurbished and its tilt was continuously monitored since 2003 [24]. The main instrument installed in it is an
inclinometer, a pendulum hanging from the ceiling of the upper vault with the bottom mass damped by
immersion in a water tank located at ground level to guarantee an effective damping. The position of the
pendulum is permanently recorded by two digital networked cameras orthogonally oriented, which permanently
acquire pictures of the wire and transmit them through the web every 10 minutes to the monitoring station,
physically located at the University of Trento, where they are automatically elaborated through an image
processing software. Surprisingly, the tilting imperceptible movement continues at least since 1879, which
convinced the city administration to reinforce the tower foundation.

3.1.3 The Torre dell’Aquila in Trento

This 31 m tall medieval tower, part of the Buonconsiglio Castle, is one of the most remarkable monuments
in Trento. The monitoring effort is intended to preserve the integrity of the frescoes decorating the room on the
second floor, representing one of most important International Gothic artworks in Europe. The structural
response is monitored since September 2008 through sensor systems, including a wireless accelerometic
network and the relative development of customized hardware and software. Based on collected data, a
Bayesian updating procedure allows a real-time probabilistic recognition of abnormal condition states. This first
period of operation demonstrated the stability and reliability of the system, and its ability to recognize any
possible occurrence of abnormal conditions that could jeopardize the integrity of the frescos. More information
are available at http://hhms.ing.unitn.it:8080/hhms and http://d3s.disi.unitn.it/projects/torreaquila.

3.1.4 S. Gaudenzio Dome in Novara

The dome of S.Gaudenzio Church in Novara is a 117.5 m high monument, erected between 1844 and 1880
by Alessandro Antonelli, representing one of the most daring masonry structures ever built (Fig. 2). In view of
its history, of past interventions and current state of preservation, this dome is representative of a broad class of
problems concerning historical structures. The dome exhibited stability troubles immediately after its
completion, causing an uninterrupted sequence of maintenance and strengthening interventions. In the period
between 1930 and 1946, reinforced concrete was extensively used to rebuild the original upper spire; the upper
part of its masonry supporting structure was encased in concrete as well; steel ties and a concrete ring were
installed at the dome impost level, with the scope of preventing the collapse of the base arc.

A permanent static monitoring system was installed along the dome in 2000, comprising more than one
hundred sensors: 52 crack displacement transducers, 16 displacement transducers, 6 load cells, 5 level gauges,
one pendulum (to measure the tilt angle of the dome) and several resistive temperature detectors (RTD). The
load cells, in particular, measure the tension force in the steel hoops encircling the dome at two different levels,
which can be adjusted through hydraulic jacks.
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To record the vibrational response, the dome was also instrumented with 16 accelerometers, arranged
along 4 levels (Fig. 2b). All accelerometers are directed horizontally and tangentially to the section perimeter, in
order to detect torsional mode shapes too. Signals have been acquired by ambient vibration measurements, and
the results of the output-only experimental dynamic identification, conducted through FDD [29], ERA [30] and
TFIE [31, 32], were used to calibrate a reference FE model of the dome. The different identification techniques
provided results in some cases inconsistent, which could be proved only from the comparison among different
methods and with the support of a well-conceived FE model of the dome (Fig. 3). This example shows that the
blind application of input-unknown techniques may result in misleading conclusions in the case of very complex
structural works. Indeed, no method is capable of providing information that is not contained in the signal,
independently on how refined the method can be. Table 1 shows the comparison among the different estimation
sources [28]. Some interesting intervention proposals were also formulated [33].

Table 1 S. Gaudenzio Dome in Novara - Modal shapes and frequencies using different identification techniques

Modal shape recognition Frequencies [Hz]
FEM ERA FDD TFIE
1% bending (along x) 0.82 0.75 0.79 0.79
(along y) 0.82 - 0.81 0.82
2" bending (along x) 1.45 1.70 1.63 1.62
(along y) 1.45 - 1.67 1.68
1%t torsional - 1.64 - 1.73 1.74
3™ bending (along x) 2.64 2.42 2.63 -
(along y) 2.64 - - -
2" torsional - 2.99 - - -

3.1.5 The Sanctuary of Vicoforte

With its internal axes of about 37.2 m by 24.9 m, the dome of the Sanctuary of Vicoforte, North-West
Italy, is the fifth biggest in the world in absolute terms, and by far the largest elliptical dome ever built. The
duke Carlo Emanuele | Savoia committed to the architect Ascanio Vitozzi the design of the Sanctuary in 1596,
to make it a site of pilgrimage and a mausoleum for the Savoia family (later the Italian royal family from 1860
to 1946), but the huge construction was completed only in 1731 (Fig. 4).

The Sanctuary, a bold, highly prestigious, structure, underwent retrofits and modifications during all of its
life and suffered significant damages. Recently, a nonlinear model was used to simulate the whole structure-
foundation-soil system behaviour, accounting for the presence of deep layers of soft soil under the building,
allowing significant settlements over the years and potentially causing serious damages in case of strong seismic
actions [34]. The monument has been recently chosen as a case study for the evaluation and application of the
Directive PCM 2008, describing the procedures to be followed in assessing the safety of an existing building
[2]. For architectural heritage, this must be done in several steps: a) identification of the structure; b) geometric
data gathering; c) historical analysis; d) survey of the materials and their state of preservation; €) mechanical
characterization of the materials; ) soil and foundation analysis; g) monitoring. The first basic steps, including
NDT, characterization of masonry and foundation soil and description of the geometric data and crack patterns,
had already be concluded previously together with a general plan of future investigations [34]. Further studies
were dedicated to the vibrational response and modal characterization. Due to the complexity and large size of
the building, the experimental campaign focused on the dome, whereas for a seismic assessment the main
interest rests in global modes, especially those falling in a low frequency range [35], and in the long-time
measure of the deformation stability of the metal ties fastening the base of the dome [36].

The data acquisition campaign at the Sanctuary of Vicoforte was performed in June 2008 using four
triaxial geophones with a sensitivity of 400 V/m/s and 5 accelerometers with 10 V/g sensitivity, relocated
according to different setups so as to obtain a reliable global identification of the structure. The accelerometric
signals were sampled at 128 Hz. All recorded signals were conditioned using filters, de-trending and
subsampling. Signals were segmented in overlapping time windows and statistically treated. Computational
modes were systematically discarded by using modal assurance criteria [37]. In more detail, all signals coming
from different acquisitions were segmented and a great number of stochastic subspace identification (SSI) [38]
sessions were performed. Stabilization processes were used to exclude apparent modes with too low energy to
be surely recognized as true modes and probably due to exogenous components. Three real modes were finally
identified, having frequencies equal to, respectively, 1.99 Hz (along-y, 1% bending mode), 2.08 Hz (along-x, 2"
bending mode), 3.42 Hz (torsional mode).
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The FE model was built, using solid 8-node elements, as a predictive tool focused on the slow soil
settlement and the crack it had already caused and will possibly still cause to the dome (Fig. 5). The model is
complex and large, cast with the aim to manage non-linear analyses, keeping account of the soil-structure static
interaction but with the usual simplified assumption that masonry is an isotropic homogeneous material. A basic
linear version, neglecting the dynamic soil-structure interaction, was used to perform a very simple and rough
model-updating, just to assess on an experimental basis the average values of the Young modulus and Poisson
ratio at the initial quasi-linear small deformation stage. The updating process used the classical minimum error
strategy comparing the experimental and computed values of the two first bending modes in the x and y
directions (the symmetric shape of the monument allowed to clearly separate translational and torsional modes).

Table 2 shows the evolution of the two average parameters in the model and the reference experimental
values. It shows also the dramatic problem of the huge uncertainties in the assessment of the mechanical
properties of many ancient masonry structures, underlined by the huge scattering of the experimental estimation
of the Young modulus. The use of global average values could hide unexpected local vulnerabilities although, in
this case, the reduced set of updatable parameters is due to the size and complexity of the model and, anyway,
the symmetric vibrational behaviour supports somehow that choice. The predictive capacity of the model
required a sophisticated and complex modeling. It was important to create a consistent initial condition state
description, using NDT tests and precise geometric assessment of the structural shape and existing visible
damages. The building is a massive construction, whose dynamic characterization is difficult because of the
intrinsic non-linearity and closeness of the modal frequencies. The drawback of the numerical accuracy is the
limited number of parameters reliably usable to update the model.

Table 2 The Sanctuary of Vicoforte - Updated parameters of the FE model

Property First attempt value Updated value NDT value (2004)
Elastic modulus E (MPa) 1635 2330 1300+4800
Poisson’s ratio v 0.4 0.38 0.39

3.1.6 The Ghirlandina Tower in Modena

The case study of the Ghirlandina bell-tower is important for its general implications [39]. The wonderful
Cathedral of Modena (central-northern Italy) and its bell-tower Ghirlandina are part of the UNESCO site Piazza
Grande (Fig. 6). The construction of the tower began in 1099 together with the cathedral and ended in 1319. The
arches connecting the southern side of the tower to the cathedral were set in place in 1338, because there was
evidence that a tilt, later corrected, occurred during the construction. Measurements of the tilt and studies on the
foundation depth and consistency started at the end of the nineteenth century. In 2007 a scientific committee
found that the brick-made foundation had a thickness of 3 m and was conceived as a spread foundation without
supporting piles. It was possible to define the settlement suffered by the tower (~2 m) and the compressibility of
the foundation soil. Over the last decade, there has been a growing interest in the potential seismic vulnerability
of the tower and its interaction with the cathedral. This interest was further increased by the recent earthquake in
the Emilia Romagna region in May 2012 because many historical masonry bell towers collapsed despite the
moderate magnitude (M = 5.9) of the seismic event.

Strain-hardening plasticity models, the so-called macro-element models of the overall soil-footing
systems, are accepted as providing reliable simulations [40]. Ambient vibration tests and identification supplied
significant contributions [41]. A model updating procedure is needed to build a reliable predictive tool [42].
Models of ancient towers founded on soft soil must include soil-structure interaction, otherwise no updating
leads to reasonable results. The soil profile down to the investigated depth of 80 m is a sequence of recently
deposited alluvial horizons; medium- to high-plasticity inorganic clays are surmounted by 5-7 m of alluvium
linked to flooding events (of post-Roman era) produced by minor streams. Cross-hole tests revealed a shear
wave velocity (VS) ranging from 100 to 200 m/s in the upper 20 m, more dispersed values, up to 500 m/s, from
20 to 35 m deep, about 200 m/s below 34 m.

Ambient vibration tests were used to estimate the modal parameters of the tower. Ten triaxial
accelerometers, having 1 V/g sensitivity and £5 g measure range, were installed on the tower to record the time
histories located on the base of a preliminary FE analysis on a model composed by some thousands of iso-
parametric solid or Mindlin-Reissner shell elements or truss elements to simulate constraints and sub-soil
deformability.

Soil-foundation interaction, mechanical properties of masonry, changes of geometry along the vertical axis
and the arches linking the tower and the cathedral body are all conditions influencing more or less significantly
the analysis results. The analysis of sensitivity of mode shapes to these parameters allowed to avoid ambiguous
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estimates due to spatial aliasing [43]. The dynamic parameters of the structure were identified in the time
domain using the SSI method, separately in horizontal and vertical directions.

The selection of frequencies of vibration and the corresponding mode shapes was made on the basis of the
recurrent forms, with an equivalent viscous damping less than 10% and a level of affinity higher than 90%,
evaluated by means of the MAC [37] (Table 3).

Table 3 The Ghirlandina Tower in Modena — Frequency and damping of the 9 identified modes

Mode Frequency Hz Damping % Mode Frequency Hz Damping %
1 0.74 1.43 6 4.81 2.77
2 0.85 1.24 7 5.25 1.66
3 2.77 2.47 8 4.51 7.36
4 2.99 4.01 9 9.79 7.95
5 3.66 3.76

Results show that soil-structure interaction cannot be neglected, in contrast to most published
identification analyses on ancient towers, which usually assume the structure to have rigid constraint at its base.
In fact, the first bending mode-shape as well as mode-shapes related to vibrations along the tower axis (modes 8
and 9) with associated frequencies of 0.74, 4.51, and 9.81 Hz, respectively, showed that the rotation and
displacement pattern at the tower base was mainly due to soil deformability [44]. Optimized values for the
masonry Young modulus range from 3 to 4 GPa.

In order to assess the safety condition with respect to a specified limit state or to evaluate the seismic
response of the structure, tracing the local response spectra coherent with the expected ground motion at
different levels of the tower, the use of an updated FE model is needed. The model updating procedure adopted
in this case-study is the inverse eigensensitivity method (IESM), based on the properties of the initial system
and on the first-order sensitivity functions of these properties [45, 46]. The parameters updated in the
optimization analysis are the masonry elastic modulus of the 11 segments of the tower, the stiffness of the 8
truss elements representing the arches and the vertical and horizontal stiffness of the soil-foundation system.

After the updating process, using the complete set of modal data, the maximum error between the
experimental and numerical modal parameters decreased to a little more than 2% of the lower value. The
significance and quality of the results and the rigorous and up-to-date methods and model assumptions make
this research really outstanding.

3.1.7 The Duomo of Orvieto

The Duomo of Orvieto is a Gothic-Romanesque style church, built between 1290 and 1320. The very
famous facade is a mix of marble and mosaics. It has a 17 m wide nave and two 8.5 m wide aisles. The 59 m
long nave is covered by a wooden truss roof, supported by masonry walls. Each wall is supported by six arches
stemming from circular masonry pillars, which separate the nave from each aisle. The Duomo was interested by
the 1997 Umbria-Marche seismic crisis. Three main shocks were recorded on September 26™, the first at 2:33
a.m. (Italian time, M =5.5), the other two at 11:40 (M. =5.8) and 11:46 a.m. (M_=4.7). The epicentral area was
at about 70 km far from Orvieto. The first shocks caused the opening of cracks in the structures, and ENEA was
involved in the experimental analysis of the structural behaviour, in order to evaluate the health status of the
building and to locate any damage. The structures of the Corporale’s Chapel were particularly studied [47].

The structure showed a good performance both in the ambient vibration and forced tests (Fig. 7). The
velocity amplitude due to ambient vibrations was very low if compared to that obtained in other cases or
suggested as allowable ones. The analysis of the recorded data relative to ambient vibration tests allowed
identifying the resonance frequencies of the structure. The behaviour of the vaults was also analyzed by means
of forced vibrations. The main structure of the nave showed a good performance, even though there was no rigid
connection between the longitudinal walls. Horizontal constrains between the wooden roof and the masonry
walls are missing. Several structural resonance frequencies related to different modal shapes were identified.

Forced tests of the vaults showed resonance frequencies slightly different from those pointed out by
ambient vibration tests. More significant differences were observed in the records obtained on the vaults of the
choir and on that of the transept during earthquakes, probably due to the mechanical non-linearity of masonry.
The presence of some cracks in the vaults also played an important role.

3.1.8 The Lateran Obelisk in Rome

The Egyptian Lateran Obelisk was the object of restoration works between 2007 and 2008. As a
preliminary step, a comprehensive structural health analysis was carried out, including ambient vibration tests,
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sonic and radar measurements [48, 49]. The obelisk is 32.2 m tall and rests on a rectangular prismatic pedestal,
about 10 m tall, which in turn is placed on a wide stone basement, whose depth is not known as well as the
foundation conditions. A Christian cross is at its apeX, so the total height is 45.7 m. The Obelisk itself is made of
three monolithic tapered red granite blocks, which exhibit various cracks particularly visible near the contact
surfaces between the blocks. Externally visible metallic links and small pieces of granite added during past
restorations connect the blocks to each other.

The experimental analysis was carried out by a temporary seismometric array (Fig. 8a). Several
measurements were carried out. Traffic-induced vibrations of various intensities were recorded during the day,
as well as ambient noise vibrations during the night. The choice of the sensor locations was influenced by their
accessibility and the presence of a plane surface.

For all the recordings, time domain and frequency domain analyses were carried out. Resonance
frequencies were identified close to 1.27 Hz, for both the N-S and W-E first bending modes. The third and the
fourth modes, in the N-S and W-E directions, were associated to frequencies equal to 6.15 Hz and 6.73 Hz,
respectively. Modal shapes are plotted in Fig. 8b. No significant amplification effect were pointed out by the
HVSR, on the other hand a peculiar behaviour was observed at frequencies above 8 Hz, where the spectral
amplitudes of the vertical components of motion appear remarkably higher than those of the horizontal
components. This effect could be related to caves and ancient structures that are known to be buried below the
ground level.

The FE model was set up by using solid elements. The model was composed of four regions characterized
by homogeneous material properties. Their weights per unit volume were fixed according to the well-known
values derived from the literature, while their Young’s modules were automatically updated in order for the
numerical first frequency and modal shape to reproduce the experimental ones. It is worth pointing out that, the
geometry of the foundation being unknown, also the height of the basement was changed in order to reproduce
the horizontal displacement on the basement.

The updated model was used for the non-linear static analysis. Between the basement and the pedestal, and
also between the pedestal and the Obelisk, no-tensile resistant gap elements were introduced in the model. The
structure was subjected to its self-weight and to an increasing horizontal load distribution reproducing the
effects of the first modal shape. In Fig. 8c the resulting diagram of the acceleration versus the displacement at
the top of the Obelisk (pushover capacity curve) is plotted. The loss of stability is apparent for very low values
of acceleration, the large displacement being mainly related to the relative rotation between the Obelisk and the
pedestal.

3.2 SHM to verify the effectiveness of strengthening interventions

SHM can be very useful to validate the effectiveness of structural interventions by experimental analyses
before, during and after the implementation.

This is the case of the Cansignorio stone tomb in Verona and the case of S. Sofia Church in Padua [50,
51]. Let’s mention also the outstanding stabilization and monitoring work on the leaning tower in Pisa [52].
Another recent application of SHM to architectural heritage buildings is proposed by Del Grosso et al. [53] in
the Royal Villa of Monza, suffering from foundation settlement: a monitoring system was installed to control its
movement before and during the refurbishment works and the subsequent service life, with a relevant use of
fiber-optic sensors. An interesting study was carried out on the Marchesale Palace in San Giuliano di Puglia,
damaged by the 2002 Molise earthquake, both before and after the retrofit intervention [54].

Ambient vibration analyses were carried out on the Round Temple at the Forum Boarium, before and after
the structural interventions on the columns and the covering, to assess their effectiveness [55, 56].

3.2.1 Cansignorio Stone Tomb

The Scaliger Tombs is a group of five Gothic funerary monuments in Verona, ltaly, celebrating the
Scaligeri family, who ruled Verona from the 13" to the late 14™ century. Throughout the centuries, several
repair interventions were necessary to preserve the delicate structure of the stone tomb, such as those carried out
in the XVII, XIX and XX centuries (Fig. 9a and 9b).

Having activated a SHM system before, during and after interventions allows in fact the application of the
so-called incremental approach, which means intervening following a step-by-step procedure, checking
continuously the system response and modifying, if necessary, the intervention strategy according to the
outcomes of monitoring [50]. Between 2006 and 2008, a light strengthening intervention at local and global
level improved the structural and seismic capacity of the monument, stabilized some critical points and repaired
deteriorated parts or elements [51].
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At the global level of structural members the proposed interventions aimed at the enhancement and
upgrading of the existing hooping and confinement system by means of the insertion of high-strength steel
cables in addition to the existing iron tie rods.

At a local level two main interventions were performed:

e Application of CFRP strips to repair the deteriorated parts of the equestrian statue: this reinforcement is
made of carbon fibres impregnated in a polymeric matrix;

e Confinement of a cracked capitol by means of the application of a hooping system composed by high-
strength steel cables (& 1.6 mm).

For the identification of the modal parameters (natural frequencies and corresponding mode-shapes),
output only identification techniques (FDD) were used.

The sensing system (installed in December 2006) controls the static and dynamic structural performance
and the effectiveness of the adopted strengthening solutions.

It is composed by (Fig. 9¢):

1 acquisition unit;

6 high sensitive single-axis piezoelectric accelerometers;

2 potentiometric displacement transducers;

1 temperature and relative humidity sensor.
The central unit, located at the base of the tomb, is provided with a Wi-Fi router for remote data
transmission. For details and outcomes see [50, 51]. The most relevant aspect of the Cansignorio tomb
monitoring is not in the results themselves but mainly in the “design by testing” and “retrofit by testing”
strategy, often adopted in the world of historical heritage, due to the large amount of uncertainties, but seldom
practiced like here as a declared and systematic procedural choice.

3.2.2 The medieval Bell Tower of S. Giorgio in Trignano

The medieval Bell Tower of S. Giorgio Church in Trignano, 18.5 m tall and 3.35 m by 3.00 m at the
basement, withstood several changes and additions in the past centuries. Four masonry pillars at the corners,
about 40 cm thick, compose the main structure. Very poor masonry walls, whose connections with the pillars
are not effective, fill the spaces between the pillars. The first three floors were made of timber, the forth one had
been substituted by a two brick little vault floor, supported by a central steel I-beam. The stairs were composed
by wooden and steel flights. The tower is connected to the structure of the church and to other masonry
buildings on three sides, up to the height between 6 and 7 m. It was seriously damaged by the Reggio Emilia
Earthquake (M = 4.8) on October 15", 1996. The most apparent effect of the earthquake was the opening of a
near horizontal crack in the freely rising part, above the roofs of the adjacent buildings. The crack interested
three of the four sides of the tower. A 3 cm offset was also apparent between the upper and the lower part of the
East wall, due to a clockwise rotation of the upper part with respect to the lower one.

A preliminary dynamic characterization was first performed just after the seismic event [58]. Then six
accelerometers were installed and sixty-seven low magnitude aftershocks were recorded in about two months
[59]. The dynamic characterization of the tower was performed by means of ambient vibration tests. Also
vibrations due to the effects of a mass dropped on the ground near the tower were recorded. The motion in terms
of modal shapes was examined by means of the power spectral densities (PSD) amplitudes. The ambient
vibration tests showed a resonant frequency of about 2.7 Hz with prevalent displacements in the N-S direction,
and a resonant frequency of about 2.9 Hz with prevalent displacements in the W-E direction. A resonant
frequency of 6.9 Hz was associated to a torsional modal shape.

The fixed instrumentation consisted of a triaxial accelerometric sensor located on the ground floor, which
could be assumed as basement, and three uniaxial horizontal accelerometric sensors at the top (Fig. 10a). The
sixty-seven aftershocks recorded were classified on the basis of the input energy for the structure, estimated by
means of the Arias scalar intensity at the basement (Ia). The records obtained under the lower energy
earthquakes confirmed the results of the dynamic characterization. The dynamic characteristics, in terms of
resonance frequencies, modal shapes and damping, significantly changed under earthquakes of higher level
energy. The first frequencies were equal to 2.25, 2.60 and 5.50 Hz and were associated to modal shapes with
prevalent displacements in the N-S direction, with prevalent displacements in the W-E direction and to a
torsional movement of the tower, respectively.

The frequency domain analysis was performed for all the events. Changes in the resonant frequencies for
different seismic intensities were apparent (Fig. 10b). For low Arias intensities, the resonance frequencies were
almost independent of the seismic energy and very close to those obtained from the characterization tests. For
larger intensities, all the three resonance frequencies decreased almost linearly with Log(la). For each of the
three frequencies, the threshold between the two intervals equals lao = 5-10* cm/s, which was assumed as the
limit value for the seismic energy separating the range of the linear behaviour of the damaged tower from the
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non-linear range. The coherence function assumed lower values for the strongest earthquakes, as a result of the
nonlinear seismic behaviour of the tower. In some cases, a different behaviour appeared under earthquakes of
similar amplitude, likely a consequence of the variable directivity of the earthquakes. Damping, calculated by
means of the half power bandwidth method, increased with the energy level. The reduction of the first resonance
frequency and the increase of damping clearly resulted from the transfer functions in Fig. 10c. The tower was
finally restored by using shape memory alloy (SMA) devices [60].

3.2.3 The Hospital in Pievepelago

The Pievepelago Hospital was built at the beginning of the 20™ century. Before the intervention it was
composed of a main rectangular building and two adjacent smaller structures (dashed line in Fig. 11). The
carrying structure of the main building was formed by two right-angled sets of masonry walls, whose health
status seemed to be quite good. Some existing cracks could have been caused by the 1983 earthquake. The
building still had the original wooden floors at the garret (fourth floor) and the roof. The second and third floors
had been replaced with iron floors in 1955. The horizontal structure was missing at the ground floor (first floor).
The existing floors could not be considered as rigid diaphragms between the walls, due to their flexibility and to
the absence of an effective connection with the walls. A real foundation structure was missing. The masonry
walls were fitted in the ground for about 2 m.

The structural strengthening consisted in the demolition of the smaller structures and in the construction of
a reinforced concrete tower to contain the lift. A seismic joint between the new structure and the old building
should guarantee the absence of any dynamic interaction between them. The third floor and the old roof were
replaced with a new floor and a new roof made of reinforced concrete with bricks. The first and the second steel
floors were strengthened by means of a reinforced concrete slab of 5 cm thickness. A reinforced concrete slab
was also cast on the first (ground) floor, in order to join the walls at this level.

In the first experimental campaign on the existing building, six seismometers and two recorders Lennartz
MARS-88 with three channels were used [61]. The dynamic load was produced by using a lorry and a steam-
roller moving at the same time along one or two sides of the building (W and S). The case of only noise input
was also considered. Several tests were performed deploying the seismometers in different configurations. Data
analysis consisted in frequency domain analysis. Three frequencies were identified as structural resonances: f; =
4.4 Hz (bending in the N-S direction), f, = 5.0 Hz (bending in W-E direction), f; = 6.4 Hz (torsion). The
connections between the walls were effective, except for those between the main building and the adjacent
smaller ones. The structural vulnerability was essentially related to the absence of horizontal rigid diaphragms,
necessary to guarantee a suitable distribution of the seismic actions.

A detailed experimental analysis was carried out after the structural intervention [62]. The following
resonance frequencies were obtained: f; = 5.7 Hz, f, = 6.2 Hz and f; = 8.4 Hz, corresponding to the previous
ones, respectively. A fixed accelerometric network was installed by the National Seismic Survey, which
recorded the first seismic event on December 24th, 1997, just after the completion of the works.

3.3 SHM to control damaged structures after a hazardous event

SHM can be used to check the evolution of damages and verify the effectiveness of provisional
strengthening measures or to help to design new interventions.

More than one team monitored the Civic Tower and Palazzo Margherita in L’Aquila [51, 63]. The work
described in [63] will be shortly presented, as well as the monitoring project for the Holy Shroud Chapel in
Turin [17, 64, 65]. Many other applications to buildings which were severely damaged after L’Aquila
earthquake deserve mentioning: Anime Sante, S. Marco, S. Biagio, S. Giuseppe, S. Agostino, S. Silvestro
Churches, the Spanish Fortress [51, 66]. The already mentioned Bell Tower of S. Giorgio Church in Trignano,
damaged by the 1996 Reggio Emilia earthquake, was monitored by means of an accelerometric network for
about two months, which allowed analyzing the actual behaviour under earthquakes of different energy and
detecting any damage increase. The same procedure was applied to the CEDRAYV building in Cerreto di Spoleto
after the 1997 Umbria-Marche earthquake.

3.3.1 Margherita Palace and the Civic Tower in L’Aquila

The construction of the City Hall in L’Aquila started in 1294 and a first important restoration was
completed in 1541. Important refurbishments were done since 1573, when the building became the house of
Margherita d’Austria, and most of the original characters were lost (Fig. 11a and b). The palace has two floors
and near rectangular plan of about 40 m x 60 m, with an internal court. The vertical structure is made of stone
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and brick masonry with good mortar. The horizontal structures are made of masonry vaults, partially stabilized
by tyrants. Hidden underground levels could be present under some parts of the building but there is not any
sure information about. The Civic Tower, built from 1254 to 1374 at the N-E corner, was seriously damaged by
the 1703 earthquake and rebuilt with lower height. In 1937 it was consolidated by inserting iron T-beams at the
floors. It has an almost square cross-section of about 6.30 m. The thickness of the walls is equal to 2.0 m at the
basement.

The palace suffered heavy damage during the 2009 L’Aquila earthquake. Several cracks were apparent
and local collapse mechanisms were activated. In more details, the seismic event caused the disconnection
between the orthogonal walls, the out-of-plane collapse of some masonry walls, the formation of large cracks,
the collapse of some vaults and important damages to the stairs. For each configuration three tests of about 300 s
were carried out, with a sample rate of 200 point/s using ambient noise as the only source of vibrations. With
this low level of excitation the building showed a quasi-linear behavior, and a spectral analysis could be
performed.

Different teams have been monitoring Palazzo Margherita for different goals. In [63] the dynamic
behaviour of the building was analyzed in order to create a reference knowledge in view of an innovative base
isolation design (Fig. 12c). Fifteen seismometers (velocimeter sensors) were deployed in two configurations, the
first one relative to the building and the second to the tower at different levels.

3.3.2 The Holy Shroud Chapel in Turin

Designed by Guarino Guarini to preserve the main relic of Christianity (Fig. 13a-c), built from 1667 to
1694, this outstanding baroque construction was heavily damaged by fire in 1997, right after a general
restoration.

After the fire, the Politecnico di Torino was in charge of an experimental campaign on materials and
structure as well as a dynamic test program for the sake of numerical model refinement.

On the one hand, in order to collect the data for the design of the structural rehabilitation of the Holy
Shroud Chapel, an extensive campaign of in situ investigations was performed [17]. Visual inspections, laser-
scanning, topographic measures and endoscopy were conducted to achieve a deep knowledge of the structural
morphology of the building (geometry, marble and masonry organization, position of metal ties, etc.). Flat jacks
tests supplied information on the pressures in some critical points; materials mechanical properties were
investigated by laboratory tests on samples, on site sonic tomography and double flat jacks tests. The fire-
inducted deterioration of the marble surface was also investigated by means of specific tests.

Taking into account these evidences, the structural rehabilitation went through the reconstruction of the
structurally most important parts of the building with new marble elements, produced in the same shape and
extracted from the same mine as the original ones.

On the other hand, several vibration tests were executed on the dome, using four different dynamic inputs:

e Environmental excitation (traffic, wind, micro-quakes);

e Impulsive excitation produced by hammering;

e Impulsive excitation caused by dropping a sphere onto the ground near the base of the building;

e Wind turbulence produced by a Fire-Police helicopter flying around the dome top.
A total of 25 accelerometers were used on six different levels, measuring the response in radial, vertical and
tangential directions, and the resulting signals were used to perform the structural identification of the dome. The
output-only modal identification of the structure was obtained through the TFIE method [31] (Fig. 14a).
Impulsive records obtained by dropping the sphere supplied the best results. In this way it was possible to resolve
two modes very close to each other, at fi= 2.246 Hz and f.= 2.344 Hz respectively.

Results from the experimental dynamic identification were used to perform a stochastic updating of the FE
model of the structure (Fig. 13d). The Probabilistic Global Search Lausanne (PGSL) method was used for the
purpose, belonging to the class of direct, multiple-model updating algorithms [67]. The cost function was set as a
measure of the discrepancy between the identified and the numerical value of the first five modal frequencies and
their corresponding mode-shapes. The updating parameters were chosen to correspond partly to the material
elastic modulus of predefined homogenous substructures of the FE model and partly to the stiffness of spring-type
connections modelling the interaction of the structure with neighboring buildings (Fig. 14b). To reduce the
problem size, data-mining techniques, including k-means clustering and Principal Components Analysis (PCA),
were used. A preliminary, robust model reconciliation was thus obtained, ultimately resulting in a population of
quasi-optimal models, clustered around five main reference models (“centroids”). As in the case of Vicoforte
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Sanctuary, the goal was thus achieved of establishing the reference present-state image of the structure in view of
the completion of a FE predictive model which could drive the heavy repair and retrofit made necessary by the
fire damages.

3.3.3 CEDRAV building in Cerreto di Spoleto

The building under consideration was built as a monastery in the 14" century on the top of the ridge of a
“scaglia rossa” rock formation. Now it is the branch of the Centre for Anthropological Documentation and
Research of the Nera river Valley (CEDRAYV). The building is irregular both horizontally and vertically (Fig.
15). The foundations are not at the same level. The first level is partially embedded into the ground and is
mostly founded directly on rock, the second level is partially founded on rock, and the foundation system of the
N-W portion of the building is not known in detail.

The building structure is made of stone masonry walls. The first level is divided into three small,
approximately square rooms and a larger rectangular room, from N-E to S-W, used for archiving documents. All
rooms follow an irregular plan. The second level shows, more or less, the same subdivision (there is one small
room missing, the remaining two rooms are merged and the archive is subdivided into two rooms). Then one
more rectangular room in the N-E top and three further ones in the N-W part are present. The room distribution
of the third level is quite similar to that of the second floor, but a small church covered with a cross vault ceiling
is present in the N-E side.

Such an articulated construction constitutes the main structure of the CEDRAV building. Three additional
structures are connected to it:

o asmall squared shape structure of three floors at the eastern side;

e arectangular building at the northern corner;

e another rectangular building at the western side, connected to the CEDRAV by means of a masonry

arch.

All these connections have a strong influence on the dynamic behaviour of the CEDRAYV building. Translational
and torsional frequencies were close to one another, coupling occurred and damping percentage was very low.
As a result, beating effects were quite apparent [68]. The experimental results were compared with those
obtained from FE analysis, which reproduced very well the seismic behaviour except for the beating effects. On
the basis of the experimental results obtained by means of temporary arrays, a permanent network was designed
and installed.

3.4 SHM to perform experimental analysis at fixed time intervals and prevent larger damage

SHM can be used to perform long-term, periodical, experimental analysis of damaged historical
constructions at fixed time intervals, in order to control the evolution of their operational response and prevent
development of further damage.

3.4.1 The Cochlid Columns in Rome

Among the best-known vestiges of ancient Rome monumental architecture, the Aurelian and Trajan’s
Columns (also called the Cochlid Columns), are both composed by 19 marble blocks carved to obtain a spiral
staircase, the so called cochlea, connecting the central core to the outer ring (Fig. 16). Each block is about 1.5 m
tall, for a total height of the column of about 30 m. The external diameter varies from 3.7 to 3.2 m, while the
diameter of the internal core varies from 1.0 to 0.5 m. Both columns rest on square pedestals. The extent and the
consistency of the underground soil and of the foundations are unknown for both columns [69, 70].

In the XVI century, the presence of sliding and rotation among adjacent blocks was noticed in the Aurelian
Column, possibly as a result of earthquakes (Fig. 17). The historical investigations revealed that strong
earthquakes, such of January 22", 1349, with epicenter in Abruzzo, caused serious damage in Rome and
probably also to the column. This is just an example of the importance of monuments in the study of the
historical seismicity of the Italian territory. The analysis and interpretation of the historical documents should
also account for all the changes occurred in monuments, due to material degradation, changes in loads, seismic
actions, traffic-induced vibrations, presence of other buildings. A suitable study should pass through the
complete historical analysis and the structural health analysis in the present status. This can be done only by
means of a reliable experimental analysis and an accurate numerical modelling, and should also allow the check
of its present structural capacity and the definition of a suitable intervention. It is worth noting that ambient and
traffic-induced vibrations, which contribute to the bad health status of structures, could become very dangerous
when acting on structures already damaged by earthquakes.
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A first measurement campaign on the Columns was carried out in 1985. Eighteen Teledyne-Geotech
seismometers were used, of which six deployed in the vertical direction and twelve in the horizontal radial and
tangential directions (Fig. 18). Main results can be synthesized as follows:

e  The vibration amplitudes recorded on the Aurelian Column were particularly low, with peak values of
0.32 mm/s along the column, and of 0.15 mm/s on the pedestal; spectral analysis pointed out two
structural resonances at 1.33 and 6.9 Hz;

e The vibration amplitudes of the Trajan's Column were very low too, with peak values of 0.10 mm/s
along the column, and of 0.05 mm/s on the pedestal; spectral analysis pointed out the first resonance
frequency at 1.60 Hz; other significant peaks were in the range 5.5+9.0 Hz.

FE models of both columns were also set up and manually updating, leading to modal frequencies and
mode-shapes in good agreement with the identified ones. The same models were used to evaluate the seismic
response of the columns according to the response spectrum analysis allowed by the Italian code for low
seismicity areas. The same fundamental frequencies of the two columns were later confirmed by ambient
vibration measurements performed in the ‘90s.

Another experimental campaign was carried out in March 2012. All the recorded data were analyzed in the
frequency domain. The columns showed similar behaviours. The frequencies of the fundamental modes in the
two horizontal directions were 1.24 Hz and 1.30 Hz for the Aurelian Colomn and 1.45 Hz and 1.51 Hz for the
Trajan's Column. Other amplifications were around 6.50 Hz and in the range between 9.00 and 10.0 Hz for the
Aurelian Column, and between 5.6 and 8.0 Hz and also at 15.6 Hz for the Trajan's Column. Some differences
were also found:

e in the first two modal shapes of the Aurelian Column the displacements at the base of the pedestal and
at the base of the column are 180° out of phase. This behaviour could be related to a significant rotation
of the pedestal due to soil deformation, and to an ineffective connection between the pedestal and the
column. Furthermore, inelastic rotations could interest the column also along its height; this could
justify the significant amplification at the top;

e in the vertical direction, a significant amplification is apparent at around 2.00 Hz in the Aurelian
Column, while no significant amplification in the vertical direction appears in the Trajan's Column;

e The vertical components at the base, mid and top of the columns were examined in the frequency range
1.0+2.5 Hz. The spectral analysis showed that, at 1.9 Hz, PSDs of recordings in the Aurelian Column
were higher at the top and that the signals were out of phase with a very high value of the coherence
function. These effects can be likely interpreted as due to a rocking motion of the monument. No such
effects were observed in the Trajan's Column.

3.5 SHM for the early-warning of scouring threats in ancient masonry bridges: a laboratory research
program at Turin Polytechnic

A special case of SHM is the laboratory research program recently conducted at the Polytechnic of Turin on a
physical scaled model of a two-spans masonry arch bridge. The model was built in order to study the effect of
the central pile settlement due to riverbank erosion and to look for a fast and low-cost early-warning technique
for detecting scouring threats on ancient bridges.

The 1:2 scaled model of the masonry arch bridge was built in the laboratory of the Department of
Structural, Building and Geotechnical Engineering at the Politecnico di Torino [71, 72], consisting of a twin-
arch bridge, 5.90 m long, 1.60 m wide and 1.75 m high (Fig. 19). The two arches are segmental arches with a
radius of 2.00 m and an angular opening of 30°. Each span is 2.00 m long between the supports and the
thickness of the arch is equal to 0.20 m. The model was built with handmade clay bricks also scaled to 130 x 65
x 30 mm to respect the adopted modelling scale law. Low compressive strength elements were chosen and a
mortar with poor mechanical properties was used to bind them in order to reproduce the typical materials of
historical constructions. The mid-span masonry pier, which was cut at a hypothetical middle-height section to
allow the insertion of a settlement application system, is imagined to be placed inside the streambed and
subjected to the scour of its foundation. Foundation settlements and rotations were applied on the bridge model
by means of four independent screws installed at the extremities of the settlement application system. The
spherical plain bearings placed at the head of the screws allowed the rotations of the plate which supports the
central pier about the axes parallel to the longitudinal and transversal directions of the bridge.

Damage states of increasing extent were introduced to verify the sensitivity of each feature and the
accuracy of the damage detection method. The vibration measurements were acquired after each damage step
using sensors located in different positions on the structure and different sources of excitation.

A data-driven approach was chosen as the damage detection method instead of a model-based approach,
whose reliability might be affected by the construction uncertainty and complexity. The damage identification
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problem is thus treated as a pattern recognition one, where data (patterns) are classified according either to a
priori knowledge or to the statistical information extracted from the patterns. These techniques are particularly
appealing for the assessment of historical structures since their estimation efficacy does not rely on an accurate
physical model but rather on a statistical model established on data-extracted features. The main issue in the
application of data-driven methods concerns the selection of those features which can provide the most
discriminating information about the states of the structure. The sensitivity and the ability to distinguish among
different damage states must be coupled with the requirement of physical meaningfulness to ensure the
reliability and interpretability of the assessment.

The Kernel Density Estimation (KDE), in particular, was employed to characterize the correlation between
the vibration signatures acquired in the time domain [73]. The identified natural frequencies and the sampled
range of the transmissibility spectrum were used in the Outlier Analysis (OA) to identify the novelties coming
from the damage steps. All the selected features proved to be sensitive to damage, while showing pros and cons
depending on the feature domain.

The diagnostic technique investigated finally proved to be an effective, low cost, non-modal experimental
vibration analysis, capable to detect novelties through outliers of stochastic signal functions, specially promising
for the SHM of historical constructions. Acoustic emission and Brillouin fiber optics in frequency domain have
been later profitably tested on the same object.

5. Conclusions

The structural health monitoring is increasingly emerging as a fundamental tool to ensure a decision-
making support for maintenance and preservation of the architectural heritage worldwide, achieving the
necessary balance between structural safety needs and the respect for its historical and cultural value. From the
achieved experiences we can try to extract some basic conceptual guidelines:

e a monitoring project shall be often limited and oriented to supply the information mainly required to
build a correct maintenance design and plan;

o the level of uncertainties in local material properties, local consistency of the masonry texture, non-
documented historical manipulation history is very high in every ancient construction. Building and
updating a predictive numerical model requires assigning averaged geometrical and mechanical
properties, but we shall never forget the spreading of local uncertainties and the consequent risk;

o the survival of an historical building for a long time, even centuries, does not authorize us to assume
that it won’t collapse in the future; degradation, cumulated damages and wrong manipulations can
drastically reduce the safety level;

e itis not required that all the sensors are absolutely highly sensitive, resolving and accurate; the choice
of resolution and accuracy depends on the specific requested performance. Sometimes a larger number
of cheaper sensors is more useful than a smaller number of expensive-ones, but we need reliable
numerical tools for data interpretation;

e apredictive numerical model must be “as much simple as possible, as complex as necessary”. A wrong
model can’t be experimentally amended. A sensitivity based approach can be useful to correctly select
the updatable parameters in a classic update procedure or tentative models in multi-model processes;

o the model updating process is difficult in massive and irregular masonry constructions due to the global
and local vibration modes closely packed;

e itis often necessary to keep account of the soil structure interaction to assess a good predictive model.

This paper has attempted to throw some light on SHM potential through a brief and inevitably incomplete
review of some of the most significant experiences recently conducted in Italy.
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Fig. 1 The Roman Arena in Verona
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Fig. 2 The dome of S. Gaudenzio Church in Novara: (a) overall view; (b) vertical section
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Fig. 3. Graphical representation of the first 5 mode shapes obtained through the updated FE model.

23



OCoO~NOUITAWNE

Fig. 4 The Sanctuary of Vicoforte: (a) exterior view; (b) interior view of the elliptic dome
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Fig. 5 The Sanctuary of Vicoforte: (a) cluster of points obtained with a laser scanner; (b) axonometric split view
of the geometric model; (c) finite model element (FEM)
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Fig. 6 The Ghirlandina Tower in Modena
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Fig. 7 Sensor deployment in the Duomo of Orvieto
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Fig. 8 The Lateran Obelisk in Rome: (a) seismometer locations; (b) N-S modal shapes; (c) acceleration-

displacement diagram
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Fig. 9 Cansignorio stone tomb: (a) overall view; (b) the equestrian statue; (c) sensors layout (left: static
transducers on cracks; right: mono-axial accelerometers)
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Fig. 10 The Bell Tower of S. Giorgio in Trignano: (a) accelerometers layout; (b) frequencies versus IA; (c)




©CO~NOOOTA~AWNPE

1620 185

E
65 430 50, 380 50, 430 6530 200 120

470 M2 1
T T

Fig. 11 The Hospital in Pievepelago

1215

: plan and vertical section of the building

31

| o

4)

380

330 200|

56

3)

300

56

2)

330

65

350

200




OCoO~NOUITAWNE

-
SETTI L
SEmy ==
(b)

Fig. 12 Palazzo Margherita and Civic Tower: (a) front; (b) plan; (c) underground isolation (Patent PCT d.n.
PCT/IB2011/0007186, april 02, 2011 Politecnico di Torino-ENEA)
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Fig. 13 The Holy Shroud Chapel: (a) photo; (b) and (c) draws; (d) FEM view
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Fig. 14 The Holy Shroud Chapel: (a) TFIE (frequencies as downward peaks); (b) Model homogenous segments
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Fig. 15 The CEDRAV building: axonometric view of the FE model
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Fig. 16 (a) The Aurelian Column and (b) the Trajan’s Column
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Fig. 17 The Aurelian Column: relative dislocation between two adjacent blocks
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Fig. 18 Sensors deployment in the 1985 campaign: (a) the Aurelian and (b) the Trajan’s Columns
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Fig. 19 The scaled masonry bridge at Turin Polytechnic Lab. Clearly visible the settlement device under the
central pier
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