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Abstract

Monuments and historic buildings represent our historic heritage, the witnesses of the history that have arrived up to our
age. We have inherited them from the previous generations, and it is our duty to preserve and to transfer them to the future
generations. Therefore, we must preserve our cultural heritage from the natural ageing and the natural catastrophes, such as
earthquakes. This can be done by means of a continuous monitoring and periodic controls, using non-destructive tech-
niques. The recent applications of structural health monitoring to cultural heritage structures are introduced in this paper.
They present some interesting cases, which are examples of good practise for the future.
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1 Introduction

Structures are usually designed to perform their function
for a certain life time. This is usually assumed to be
50 years, which is the usual value for ordinary buildings. It
is assumed equal to 100 years or more for special struc-
tures, such as long span bridges and plants.

What is the life time of a cultural heritage structure?

We do not know the nominal life time at the time of
construction, when this concept likely did not exist, but we
certainly would like it to be very long, tending to infinite.
Actually, monuments and historic buildings represent our
historic heritage, the witnesses of the history arrived up to
our age. We have inherited them from the previous gen-
erations, and it is our duty to preserve and to transfer them
to the future generations.

What do we have to protect the monuments from?

It is well known that the erosion related to wind and
rain, as well as the daily and seasonal thermal cycles
contributed to the natural ageing of the materials of
exposed surfaces of any structures. This phenomenon is
usually accelerated by the presence of pollution, especially
in urban areas. As a result, the strength of the materials can
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be immensely degraded and consequentially, a significant
reduction of the static and seismic capacity of the struc-
tures. The deterioration process can be facilitated by
vibration effects, such as those induced by the traffic [1].
Therefore, any structure becomes more and more vulner-
able to natural catastrophes, especially to earthquakes.
Seismic events in the past caused the definitive destruction
of several monuments and historic buildings and, in some
cases, of the disappearance of entire civilizations.

The described deterioration process is unfortunately
quite common for monumental structures. As a matter of
fact, most of them were built when there was no traffic
issue and, in most cases, without accounting for horizontal
actions, such as those due to earthquakes. On the other
hand, also in buildings designed with seismic retrofit con-
cept, the mentioned effects can be very dangerous.

In several cases, the existing structures are damaged by
the works related to new adjacent buildings or roads around
them. The case of the settlements due to the excavation for
the foundations and/or the underground floors of an adja-
cent building is quite common.

The importance of the historical and archaeological sites
imposes a big effort in their preservation, but this is not the
only reason. They are good attractions for tourists and
therefore are also important from an economic point of
view. Furthermore, the presence of hundreds or thousands
of people imposes severe controls and maintenance efforts
to guarantee the conservation of these structures in con-
junction with an acceptable level of safety.
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How can we preserve and/or improve the level of safety
of monuments?

Historical buildings are often characterized by an
irregular form, both in plan and in elevation, the lack of
vertical joints and transversal braces, in-plane flexibility or
absence of floor slabs, and shallow foundations. These
characteristics make them very vulnerable even to mod-
erate seismic events. Furthermore, the structural rehabili-
tation of historical buildings is quite delicate, and should
aim at the protection of human life, but also of the his-
torical and artistic testimony. The interventions should be
non-invasive and reversible, that make use of materials
compatible with the original ones and not to determine
changes in the original structural concept [2].

It is worth noting that also the usual concept of smart
structure, which dissipates the seismic energy by means of
the damage accumulated during a seismic event, is not
acceptable for monumental structures. Furthermore, inad-
equate interventions were often the cause of the collapses
of cultural heritage buildings during earthquakes, but the
absence of a suitable maintenance and/or improving
interventions could be even worse, as demonstrated during
the last earthquakes in Italy. The health conditions of
several monuments do not allow avoiding or postponing
significant structural strengthening interventions.

What should we do to extend the life time of cultural
heritage structures? Two important factors should be
accounted for: to know the history of the construction and
its architectural and structural characteristics and managing
the maintenance of the structure.

Cultural heritage structures were built in different ages,
using different materials, whose mechanical characteristics
are not known and are difficult to model, and using tech-
nologies, which are not used any more. Their geometry is
often not known and inspections are difficult due to the
complexity of reaching all the structural components,
especially the foundations. Besides, secondary structural
and non-structural elements could contribute significantly
to support loads, but this contribution is very hard to
evaluate. Obviously, to define a retrofitting intervention
and/or a suitable maintenance programme, it is compulsory
to know the “objects of interest” in detail. This is also an
essential issue for the mathematical modelling [3].

For the second aspect, the usual maintenance procedures
are the classic maintenance on request, which implies a
retrofitting intervention only if a damage is already
occurred, and the cyclic preventive maintenance, which is
aimed to prevent any damage and is based on an evaluation
of the optimum maintenance period. The worst disadvan-
tage of the first approach is that the damage is already
occurred and the maintenance works, if still possible,
require the interruption of the use of the building or at least
an important limitation to it, with obvious negative

economic effects. The disadvantage of the second approach
is the difficulty in the definition of the optimum mainte-
nance period.

A suitable alternative is to use two levels of monitoring:

— The continuous monitoring, which is to be preferred,
whenever possible;

— The periodic controls by means of non-destructive
techniques, which should be done in any case for those
tests that cannot be substituted by the online monitoring

[4].

The first approach allows checking the health status of
the structure and its components continuously. A continu-
ous dynamic monitoring, for example, allows to record the
effects of any vibration source, especially those due to
earthquakes [5]. The final goal is the reduction of the
damage and so of the maintenance works and costs, and the
increase of the safety check level.

The basics and the most interesting applications of
structural health monitoring in the preservation of cultural
heritage structures have already been presented in previous
papers and books [6—8]. The importance of the multidis-
ciplinary approach is to be emphasized, as demonstrated
especially by the studies carried out on impressive
archaeological sites [9-14] and monumental structures
[15, 16].

Interesting specific studies have been conducted on the
conservation of ancient stones [17], the health status of
ancient timber structures [18-20] and historical bridges
[21, 22]. The structural health monitoring is important also
in the retrofitting process of heritage constructions [23]
especially when using new technologies [24].

In March 2017, this Journal launched a call for papers
on Structural Health Monitoring of Cultural Heritage
Structures with the author of this paper as guest editor.
Several proposals were received between July and
September 2017. They were subjected to the usual review
process. Only ten of them were accepted and published in
the last three issues of the Journal. In the following the
accepted and published papers are introduced. They present
some interesting case studies, which are examples of good
practise for the future.

2 Examples of structural health monitoring
of cultural heritage structures

Clementi et al. [25], after an overview of the damage to
cultural heritage structures occurred during the seismic
events that struck Central Italy in October 2016, investi-
gated the Podesta Palace and the Civic Tower located at
Montelupone, in detail (Fig. 1). The main aim of the study
was the determination of modal properties of these



Journal of Civil Structural Health Monitoring (2018) 8:171-179

173

-
=

/\
o
A
WA

¥

R
st

C\AAR
ANAR
W/ ATV,
ORRROOER
ORI,

v
1

A

SO0
S v
X

SIS

]
AV ATAVAVAVAY,
FAVAVATAS

AT AAVAVAVAVAVAVAYA
VAVAVAY.
S
<}
VAVAY:

AV 4 e
| e o]
B S A

Fig. 1 The model of the Podesta Palace and the Civic Tower at
Montelupone, Italy [25]

historical masonry constructions using experimental and
numerical studies. The experimental analysis was based on
ambient vibration survey. The results were used to tune a
numerical model of the structure, with solid elements,
which was used in the finite element analysis. The modulus
of elasticity of masonry and the interaction among the
structural portions, which were considered the most
doubtful parameters, were adjusted to obtain a suit-
able consistency between the experimental results and the
numerical ones. The study revealed the actual dynamic
properties of the damaged palace.

The paper by Bongiovanni et al. [26] faces the problem
of the preservation of tower structures, reporting the results
of the study carried out on the Trajan’s Column in Rome
(Fig. 2). It was designed by Apollodorus of Damascus as a
commemorative monument and decorated with reliefs that
illustrate the two military campaigns of the Roman
Emperor Trajan in Dacia (the modern Romania), between
101 and 102, and between 105 and 106 A.D., respectively.
The experimental vibration analyses of the column carried
out first in June 1985 and then in March 2012, were ana-
lyzed and compared in time and frequency domains. In
both cases the main resonance frequencies were found,
pointing out their reduction in the second campaign with
respect to the previous campaign. Usually, these can be
justified by non-linear effects related to the amplitude of
the external actions. Instead, in this case the presence in the
second campaign of horizontal loads lower than those of
the first campaign did not allow considering this justifica-
tion. In the March 2012 campaign, recordings were
acquired for almost one day, with a certain temperature
variation. A usual reduction of the amplitude of the motion

was observed, but only a little variation of the main fre-
quencies, which testifies a very little influence of the
temperature on the dynamic behaviour of this structure.

Salonikios et al. [27] report the study of the
Acheiropoietos basilica, an early Byzantine three-aisled
timber roofed temple (Fig. 3), which suffered significant
damage during the destructive earthquake of June 20th,
1978. Few years after the earthquake and before the
interventions, ambient vibration measurements were per-
formed on the structure and the main eigenfrequencies of
vibration were obtained. The restoration project of the
basilica, aiming to the provision of structural diaphragms at
the level of the timber floors and roofs of the galleries,
started at the middle of nineties. Horizontal steel frames
were placed along the perimeter of the diaphragms at the
wooden floors and wooden roofs. This intervention
improved the seismic capacity of the temple. The effi-
ciency of the intervention was checked by means of the
analysis of the response of the structure to ambient vibra-
tion. The wooden diaphragms behaved as rigid floors,
demonstrating that the intervention was implemented
successfully.

Sciarretta et al. [28] present the results of the research
and monitoring activities carried out at Palazzo Ducale in
Venice, Italy, between 2009 and 2014 (Fig. 4). The aim of
the study was to establish the structural health status of the
two XIV-XV century external facades (South and West).
The size of these fagades, their complex and uncertain
consistency, as well as their long and complicated history
required a multidisciplinary approach with integrated and
non-destructive methodologies. The diagnostics included
the static monitoring of cracks and rotations, the dynamic
monitoring along a critical vertical section, the sonic wave
velocity measurements, the endoscopic probing and ground
penetrating radar, the infrared thermographic imaging and
the mineralogical and petro-physical analyses of stone
samples. Other informations were obtained from visual and
geometric surveys, bibliographic research and conventional
calculations. The outcomes enlightened specific conclu-
sions for each activity as well as crossing multidisciplinary
points of view. These included the quality and consistency
of the masonry, the stress state in the facade walls and the
potentially critical issues. The study allowed optimizing
the knowledge available. The results obtained could
improve the scientific knowledge on the subject and sup-
port maintenance provisions for this unique and world-fa-
mous monument.

The historic complex of Santa Maria del Carrobiolo in
Monza (Fig. 5), Italy, is the subject of the paper presented
by Saisi et al. [29]. The study highlighted first that two
sides of the bell-tower are directly supported by the load-
bearing walls of the apse and South aisle of the neigh-
bouring church. Then, a network composed of 10
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Fig. 2 Trajan’s Column in
Rome: a view and b Rondelet
relief of the structure [26]

displacement transducers and 5 temperature sensors was
installed in the tower to check the opening variation of the
main cracks. Ambient vibration tests were performed and
closely spaced modes with similar shapes were identified.
Successively, 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 focuses on the dynamic characteristics of the tower
identified in the preliminary ambient vibration tests and on
the main results obtained during 1-year dynamic monitor-
ing. The effects of the temperature variation on the natural
frequencies of the tower, which should be removed for an
effective performance assessment, were assessed by means
of simple correlation studies between modal frequencies
and temperature.

Lorenzoni et al. [30] present the structural health mon-
itoring activities performed on some representative cultural
heritage buildings in L’Aquila, after the strong earthquake
that struck the Abruzzo region on April 6th, 2009 (Mw =

6.3). Emergency activities started immediately after the
earthquake to protect cultural heritage structures, including
damage survey and design/implementation of temporary
safety measures. Some historic buildings were soon
equipped with monitoring systems to assess the level of
damage and to verify the effectiveness of the provisional
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interventions. The paper focuses on two case studies, i.e.,
the Spanish Fortress and the Civic Tower in L’Aquila
(Fig. 6). The results of the preliminary investigations are
reported, including damage survey and operational modal
analysis, i.e., the identification of modal parameters using
ambient vibration tests. Data acquired for 3 years by con-
tinuous monitoring systems were processed using a data-
driven approach, based on a regression analysis to filter out
the environmental effects. From these data, static and
dynamic monitoring features were extracted. Data were
decomposed into their reversible and non-reversible com-
ponents, the latter being associated to active damaging
processes and the residual structural performance of the
two buildings.

The archaeological site of Pompeii is the subject of the
paper by Bergamasco et al. [31]. It is well known that the
ancient Roman town of Pompeii was mostly destroyed and
buried under a layer of 4-6 m of ash and pumice in the
eruption of Mount Vesuvius in 79 AD, and that it remained
covered until the beginning of archaeological excavations
during the second half of the XVIII century. Nowadays,
Pompeii Excavations is a UNESCO World Heritage Site
and one of the most visited archaeological sites in the
world. With the aim of preserving this archaeological
heritage, the superintendence of the Pompeii
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Fig. 3 a Southeast view and b internal view of the basilica
Acheiropoietos [27]

Fig. 4 Palazzo Ducale in Venice: the fagade on San Marco basin [28]

Archaeological Park is directing various projects that
involve many scientists and institutions. Within this
framework, ENEA analysed the health status of the modern
covering structures of Villa dei Misteri, which is an

exceptionally well-preserved domus enriched by many
precious frescos (Fig. 7). A research methodology, based
on a multidisciplinary approach, was developed. This could
become a qualified standard procedure of analysis to be
used for all the similar roofing typologies, very common at
Pompeii Excavations. The paper is focused on the in-depth
diagnostic campaign carried out on the roof structures of
the Peristilium. Both timber and reinforced concrete beams
were fully analysed in two subsequent steps. In the first
one, a visual and geometrical survey was carried out; in the
second one, in situ non-destructive tests for the material
characterization were performed. The analysis of the data
obtained allowed the visual classification and the collection
of useful information for the mechanical characterization.
A proposal for the restoration intervention is also
suggested.

Roselli et al. [32] report the results of the study carried
out on the Ponte delle Torri at Spoleto, Italy (Fig. 8). The
effects of the seismic sequence, which struck Central Italy
from August 2016 to January 2017, on the structural health
of the structure were analyzed by comparing the ambient
vibration measurements before, during and after the seis-
mic sequence. The changes in the dynamic characteristics
of the structure were pointed out. They could be an index
of the damage evolution. Environmental data were
acquired simultaneously with the vibration ones, to account
for the seasonal effects on the dynamic behavior. A pre-
liminary finite element model allowed obtaining a first
glance at the modal shapes and to choose the sensor
locations. A more detailed model was set up after the
recordings. High-resolution photos were obtained using an
unmanned aerial vehicle and then a 3D reconstruction by
structure-from-motion stereo-photogrammetry technique
was done. The model was validated through comparison
with the damage pattern experienced by the structure.
Then, it was used to assess the seismic safety by means of
both, non-linear dynamic and static pushover analyses.

Ferraioli et al. [33] report the most relevant results of the
vibration-based investigations performed on a historic
masonry tower in Italy, namely the Santa Maria a Vico
bell-tower (Fig. 9). The first part of the study involves
preliminary full-scale ambient vibration measurements in
operational conditions and finite element modelling. A
manual tuning of the uncertain parameters of the model
was first carried out to adjust material properties, soil-
structure interaction and constraining effects of the neigh-
bouring structures. Then, a sensitivity analysis allowed
choosing the updating parameters. Finally, a model
updating technique, based on a sensitivity-based method,
was used to minimise the error between the experimental
vibration data and the numerical response values. The
uncertain structural parameters of the finite element model
were identified by minimising a robust penalty function.



176 Journal of Civil Structural Health Monitoring (2018) 8:171-179

Fig. 5 Cross-section and fronts 33.7
of the tower of Santa Maria del v
Carrobiolo in Monza, Italy [29]
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Fig. 6 a The Spanish Fortress
and b the Civic Tower in
L’Aquila [30]

The calibrated model was used for the seismic assessment reference values in the range of interest, which was the
of the structure, which was performed by means of a  most sensitive parameter of non-linear behaviour. Finally,
pushover analysis. A sensitivity analysis was carried out  the seismic safety corresponding to increasing levels of the
for the masonry compression strength, considering  seismic hazard was investigated.
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Fig. 7 a The Peristilium and b the superb painting cycle depicting a
religious ritual in Villa dei Misteri at Pompeii, Italy [31]

Fig. 8 The Ponte delle Torri at Spoleto, Italy [32]

Nazarian et al. [34] propose a methodology based on
artificial intelligence. They introduced different Machine
Learning approaches (the Support Vector Machines, the
Neural Networks and the Gaussian Naive Bayes) for
assessment of damage in the structural elements in large
buildings. The method utilizes bending strains obtained by
loading of structural members to quantify and localize the

Fig. 9 External view of the Santa Maria a Vico bell-tower [33]

structural damage. The robustness of the methodology was
evaluated by means of a numerical analysis, which ensured
that the method is capable of identifying the location and
intensity of damage with a prediction accuracy of over 86%
and a sensors noise level within 8%. The proposed
approach was then used in the monitoring and experi-
mentations of a historical building located in Chicago,
Illinois, which was built in early 20th century (Fig. 10).
The exterior of the building includes masonry columns and
walls; the interior of the building utilizes pinned timber
frames to support the gravitational loads. The structure was
damaged because of the differential settlement of the
foundation due to excavations adjacent to it.

Fig. 10 The historical building at Chicago and excavations adjacent
to it [34]
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3 Conclusions

Preservation of cultural heritage structures requires mone-
tary investments that will immediately be paid off by
tourism and, more importantly, transfer of cultural heritage
to future generations. To achieve this, the public as well as
the authorities in charge of such structures need to be
convinced of the economic and cultural benefits associated
with the preservation of historic structures.

In some cases, important interventions are necessary.
These should be non-invasive and reversible and should
aim at a balance between the needs of safety and the needs
of preservation of the cultural testimony. But it is important
to stress that “do nothing” is not a suitable solution. The
collapse during the earthquake of October 30th, 2016, of
the San Benedetto of Norcia Basilica, which had been
damaged by the earthquake of August 24th, 2016, is a
typical bad example.

Structural health monitoring appears to be the only way
to guarantee this equilibrium, reducing the damage and
planning the suitable interventions on time; in other words,
to extend the life time of cultural heritage structures. The
papers presented in this article and published in this Journal
show some interesting cases, which are examples of good
practise for the future.
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