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ABSTRACT

Due to their high cultural value, variability and complexity of the structural systems,
heritage constructions had become an interesting and challenge field for development of
new techniques for characterization and structural assessment, and most recently to
Structural Health Monitoring (SHM), as well. In fact, since 1980s the number of
applications of continuous monitoring systems in civil engineering structures had grown
considerably, however these applications had occurred essentially in large structures, as
for example bridges, tunnels and offshore platforms, and few cases of heritage
constructions monitoring are reported in the literature. This way, the present Thesis has
as main aim the development of tools for support of characterization and structural
assessment of heritage construction through employment of SHM techniques. Thus, in
order to contribute for implementation of the state-of-the-art on SHM, this work
introduces two new optic sensors based on fiber Bragg grating, namely: a groundwater
level sensor and a bond-slip sensor. It is important to highlight that these sensors were
designed considering its applications for heritage constructions monitoring. In addition,
methodologies for SHM of heritage constructions were developed and its respective
strategies are deeply discussed. Finally, for validation of the concepts developed in this
work three HC case studies were selected, in Portugal and Brazil. The present work
presents relevant contribution for the field of SHM of heritage constructions, as well to
conservation and rehabilitation of these structures, and, potentially, for decreasing of the

failure risk and implementation of the maintenance techniques.

KeywoRbDs: Structural health monitoring, heritage constructions; safety assessment,

dynamic characterization, optical sensors.
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REsumoO

Devido ao elevado valor cultural, variabilidade e complexidade dos sistemas estruturais,
construgdes historicas tornaram-se um interessante e desafiador campo para o
desenvolvimento de novas técnicas para caracterizacdo e avaliacdo estrutural, e mais
recentemente para 0 campo da monitorizacao estrutural. De fato, desde 1980, o nUmero
de aplicacdes de sistemas de monitorizacdo em estruturas de engenharia civil tem crescido
consideravelmente, entretanto estas aplicacbes tém ocorrido, essencialmente, em
estruturas de grande porte, como pontes, tuneis e estruturas offshore, por exemplo, e
poucos sdo 0s casos relacionados com construgdes historicas reportados na literatura.
Nesse contexto, este trabalho tem como principal objetivo o desenvolvimento de
ferramentas de suporte a caracterizacdo e avaliacdo estrutural de construcdes historicas
atraves de técnicas de monitorizagdo. Assim, de modo a contribuir com a implementacao
do estado-da-arte no campo da monitorizacéo, este trabalho introduz dois novos sensores
6ticos baseados em redes de Bragg, nomeadamente: um sensor de nivel freatico e um
sensor de deslizamento ago-concreto. E importante destacar que estes sensores foram
projetados de modo a considerar sua aplicacdo para a monitorizacdo de construcoes
historicas. Adicionalmente, foram desenvolvidas metodologias para monitorizacdo
estrutural de construcdes historica, bem como suas respetivas estratégias sdo descritas.
Finalmente, para validagdo dos conceitos desenvolvidos neste trabalho, trés casos de
estudos relacionados ao patrimonio histérico foram selecionados, em Portugal e no Brasil.
Este trabalho apresenta relevantes contribuicbes para o avanco no ambito da
monitorizacdo de construgdes historicas, bem como para a conservacdo e reabilitagéo
destas estruturas e, potencialmente, para a diminuicdo do risco estrutural e para a

implementacdo de técnicas de manutencao.

PALAVRAS-CHAVE: Monitorizacdo estrutural, construgbes historicas, avaliacdo da

seguranca estrutural, caracterizacdo dindmica, sensores 6ticos.
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RESUMEN

Debido al elevado valor cultural, variabilidad y complexidad de los sistemas
estructurales, las construcciones patrimoniales tornaran-se un interesante y desafiador
campo para el desarrollo de nuevas técnicas para la caracterizacion y evaluacion
estructural, y Gltimamente para el campo del monitoreo de las estructuras. De hecho,
desde 1980, el nimero de aplicaciones de sistemas de monitoreo continuo en estructuras
de ingenieria civil ha aumentado considerablemente, aunque estos casos de aplicacion
han ocurrido esencialmente en grandes estructuras, como por ejemplo puentes, viaductos,
o plataformas offshore, y solo estan reportados en la literatura un escaso nimero de casos
de monitoreo de construcciones patrimoniales. En este contexto, este trabajo tiene como
principal objetivo el desarrollo de herramientas de suporte a la caracterizacion y
evaluacion estructural de construcciones patrimoniales con uso de técnicas de monitoreo.
De este modo, como contribucion a la implementacion del estado-del-arte en el campo
del monitoreo estructirale, este trabajo hace la introduccion de dos nuevos sensores
Opticos basados en redes de Bragg: sensor de nivel de agua subterranea y sensor de
deslizamiento acero-hormigon. Es importante sefialar que estos sensores fueron disefiados
considerando las construcciones patrimoniales, y por lo tanto se buscd una alternativa
menos intrusiva para las construcciones patrimoniales. Ademas, se fueran desarrolladas
metodologias para monitorizacion de las construcciones patrimoniales, asi como se
fueran descriptas las respectivas estrategias adoptadas. Finalmente, para la validacion de
los conceptos desarrollados en este trabajo tres casos de estudio relacionados con el
patrimonio fueran seleccionados en Portugal e Brasil. Este trabajo presenta relevantes
contribuciones para el avanzo en el area del monitoreo estructdrale de construcciones
patrimoniales, como también para la conservacion y rehabilitacion de estas estructuras e,
potencialmente, para la diminucion del risco estructurale y para la implementacion de

técnicas de manutencion

PALABRAS-CHAVE: Monitorizacidn estructural, construcciones patrimoniales, evaluacién

de la seguridad estructural, caracterizacion dinamica, sensores Opticos.
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SOMMARIO

Per il loro alto valore culturale, varieta e complessita dei sistemi strutturali, le costruzioni
storiche sono diventate un interessante e stimolante campo per lo sviluppo di nuove
tecniche per la caratterizzazione e la valutazione strutturale e, piu recentemente, anche
per il monitoraggio strutturale. In realta, dagli anni *80 il numero di applicazioni di sistemi
di monitoraggio continui in strutture di ingegneria civile sono cresciute
considerevolmente, anche se queste applicazioni hanno riguardato essenzialmente grandi
strutture come, per esempio, ponti, viadotti e piattaforme offshore, invece solo pochi casi
di monitoraggio di costruzioni storiche sono riportati in letteratura. Per questo, la presente
Tesi ha lo scopo principale di sviluppare degli strumenti per il supporto alla
caratterizzazione e alla valutazione strutturale delle costruzioni storiche attraverso
I’impiego delle tecniche di monitoraggio strutturale. Quindi, con lo scopo di contribuire
allo stato dell’arte sul monitoraggio strutturale, questo lavoro presenta due sensori a fibre
ottiche innovativi basati sul reticolo di Bragg, ovvero: un sensore per il livello dell’acqua
di falda e un sensore per I’aderenza. E importante evidenziare che questi sensori sono
stati progettati considerando la loro specifica applicazione per il monitoraggio delle
costruzioni storiche. Inoltre, si sono sviluppate metodologie per il monitoraggio
strutturale delle costruzioni storiche e si sono discusse nel dettaglio le loro rispettive
strategie. Infine, come validazione dei concetti sviluppati in questo lavoro, si sono
selezionati tre casi studio di edifici storici in Portogallo e Brasile. 1l presente lavoro offre
un rilevante contributo nel campo del monitoraggio strutturale di costruzioni storiche,
come anche per la conservazione e recupero di queste strutture e, potenzialmente, per la
diminuzione del rischio di collasso e I’implementazione di tecniche per manutenzione

delle stesse.

PAROLE-CHIAVE: Monitoraggio strutturale, costruzioni storiche, valutazione della

sicurezza, caratterizzazione dinamica, sensori ottici.
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1

Introduction

1.1. Motivation

Heritage constructions (HC) comprise a special group of structures that due to their high
cultural value, variability and the lack of knowledge on its structural behavior, have
become an interesting and challenging topic for the technical-scientific community. The
large time of exposition to environmental influences changes the structural system over
time and, in some cases, the absence of adequate maintenance or retrofitting measures,
are examples of factors that can contribute to the fragile behavior and consequently a high
failure risk under dramatic environmental scenarios, such as earthquakes, typhoons and

floods occurrence, among others [1].

The past experiences of seismic occurrences in Italy (Figure 1) demonstrates how fragile
ancient buildings can be, especially because most of them comprise masonries structures
(with low resistance under tension). In recent years, the earthquakes that have occurred
in L’ Aquila (2009), Christchurch (2010-2011) and Emilia Romagna (2012), highlighted
the current necessity to keep HC safe. The occurrence of L’Aquila earthquake, for
example, left 410 cases of HC with critical damages [2]. The previous information and
performance evaluation of the structural systems of these structures could have been

useful for the adoption of retrofitting measures and to minimize the damage scenarios [2].

Early maintenance is important to minimize the structural risk. However, the performance
assessment of HC can be a complex activity, especially due to the lack of information

about materials characteristics (material composition and performance under service
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work), loading history [3], as well as the fact that HC requires specific approaches that
consider their cultural value, structural system variability and application of non-
destructive testing (NDT) [4].

Friuli. 1976
M, =6.4

L’Aquila, 2009
M,=6.3

Emilia Romagna, 2012

M, =63
Avezzano, 1915
Umbria-Marche M, =6.99

M, =6.1

M, =59

\lrpinia, 1980
M, = 6.89

A

¢
1

Casamicciola, 1883

M, =58

Messina, 1908
M, =724

Belice, 1968
M, =6.1

Figure 1. Examples of ancient buildings damaged by past earthquakes occurrences in Italy, where

Mw is moment magnitude [2].

According to Venice Chart (1964) cited in CIB (International Council for Research and
Innovation in Building Construction) publication 335 — Guide for the structural
rehabilitation of heritage construction [4], the assurance of the structural safety,
acceptance of the cultural value of the HC, guarantee of minimum intervention,
reversibility of the intervention carried out, integration and compatibility between
geometry and materials of the structural components, and also the minimum cost, are the
main principles that all interventions on HC should comply to. Nevertheless, technical
reports on HC maintenance can present different approaches, considering the variation
between countries and its own regions, according to level of interest in the maintenance
and preservation of HC (for instance, the recent Norme tecniche per le costruzioni - NTC
of 14th of January of 2008 [5] and Bulletin 11 of ALCONPAT [6]), making it difficult to
establish international codes that combine the fulfillments and interests of different
societies. This issue, however, highlights the necessity of implementation of different
strategies and methodologies for characterization and structural assessment of HC a way

for overcoming technical issues.

2



Structural Characterization and Monitoring of Heritage Constructions

In this way, SHM (Structural Health Monitoring) can be a relevant and modern tool to
support the characterization and structural assessment of HC, especially because it can
combine non-destructive approaches with real time data acquisition. The possibility to
use data processing systems, combined with safety assessment methodologies in real
time, can also contribute for the early identification of changes on structural behavior.
Moreover, the data acquisition cost decreases and the high number of sensor devices
implemented in the literature have contributed for the spread of SHM application on civil
constructions [7]. Some factors still are pointed as issues to be overcome by technical
community, for instance, the design step and early procedures often request large periods
of time because tasks as the sensors selection, details of the data acquisition system and
even the choice where the sensors will be positioned need to be supported by a
comprehensive view of the assessed HC and its damage mechanism, as well the increase
in the time of monitoring can demand the employment of large data storage systems,

making that a high cost strategy.

In fact, the employment of SHM for HC monitoring can be interesting because usually
HC presents a dense history of changes in its materials properties and their structural
systems, especially motivated by environmental actions and the large number of
interventions carried out during their service life. These changes, on its material
properties and/or structural systems, can provoke different structural responses along the
time, making SHM an adequate approach for investigating the time-evolution responses
of these structures, as well to collect reliable information on its safety state. Additionally,
only few cases regarding SHM of HC can be found in the literature, as also mentioned by
[8, 9], and the existing cases are mainly related with description of strategies for dynamic
monitoring, highlighting the need of contributions on this topic, especially related with:

e Development of new sensors focused on HC necessities;

e Implementation and systematization of strategies and news methodologies for

SHM of HC;
e Advances on data processing and strategies for real-time monitoring of HC;
e Employment of technological tools, as smartphones and video cameras, for

instance, as part of the monitoring system.
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In fact, SHM is commonly designed as way to measure dynamic effects than static ones
[10, 11], because dynamics phenomenon observation requires a high frequency of data
acquisition, and, in this case the structural responses under dynamic effects can be
minimally observed and analyzed. However, there are other phenomenon’s that can
slowly affect the structural parameters and also need attention, especially in the cases of
HC, as for instance the environmental influence on relative displacements of the structural
system. While these slow mechanisms do not need a high frequency data acquisition, they
request long-term monitoring for an accuracy investigation of the environmental
influence on structural performance, and can be used for local identification of structural
changes. Moreover, SHM can be an alternative technique to support retrofitting
processes, allowing to quantify the impact of the retrofitting on the structural system,
making possible to change early the repair strategy if the structural response does not
correspond to the structural answer previously idealized in the design stage. It is worth of
notice that, in this research perspective, in 2000, IC/FEUP was one of the first research
groups to start working in the area of HC monitoring, when the data acquisition systems
were still limited and the communication between the SHM system components needed

to be made through cables.

For a good and adequate level of responses, SHM systems should comprise measurement
devices compatible with the building requirements and monitored parameters, with
adequate data collecting frequency, proper measurement range, high durability and low
interference on the signal processing. For the case of HC, depending of the constructive
typology, the sensorial system can present special needs, as for instance the ability to
record small displacements with a high level of accuracy (specially for structures with
high rigidity level) and to be visually less intrusive as possible. In this case, optical sensors
can be an assertive choice for SHM of HC, because they present high sensibility, small
dimensions (see Figure 2), immunity to electromagnetic field influences and different
sensors can be multiplexed in the same optical fiber, moreover with the recent advances
its production cost decreased [12]. Nonetheless, no reports on optical sensors specifically
designed for HC applications were found in the literature (see [13, 14]) making that a

good contribution opportunity on the SHM development.
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Figure 2. Example of a relative displacement optical sensor: a) illustrative view and b) sensor
implemented [15].

Considering the above mentioned, the present thesis aims to contribute for overcoming
the lack in the techno-scientific field through development of new optical sensors focused
on HC necessities, as well as the development of methodologies for the HC
characterization and monitoring with recurrence to real case studies, especially churches,
namely S&o Lourengo Church, Nossa Senhora das Dores Church, Foz Coéa Church and

Santo Anténio de Viana Church.

The SHM cases are approached in different stages and presented according to the SHM
stage evolution, essentially due to the large time period comprised between the design of
the SHM system, its installation, data collection and processing. In the cases of the Sao
Lourenco and Nossa Senhora das Dores Church, for instance, this work contributes
through the damage characterization and design of a monitoring proposal, while in the
cases of Foz Cba and Santo Antonio de Viana Church, this work contributes through data

processing.
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1.2 Aims

1.2.1. Main aims

The present work intents to contribute for the advance on conservation and rehabilitation

techniques by the development of support tools for the characterization, monitoring and

structural assessment of heritage constructions.

1.2.2. Specifics aims

To develop, implement and validate SHM methodologies for characterization and

assessment of HC;

To report the conception and strategies employed for characterization and long-

term monitoring of HC based on wireless sensor networks;

To study the effect of the environmental effects, namely temperature and relative
humidity on structural displacements of HC through long-term monitoring

systems;

To develop a new approach for HC construction safety assessment based on

reliability analysis with recurrence to monitoring of vibrational measurements;

To develop and to implement new optical sensors based on fiber Bragg grating
(FBG) technology focused on HC applications, specifically to groundwater level

and bond-slip monitoring.

1.3. Originality and relevance

This work present original and relevant contributions for civil engineering development,

specifically in the employment of SHM techniques for characterization and monitoring

of HC. The contributions are listed according to work timeline order, as following:

i)

In complementary way to overviews reported in the literature, in this work a
global review on SHM advances, mainly focused between 1993 and 2015, are
presented and the main works developed in this field are described in a

summarized form. A patent survey is showed as form to provide a global
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i)

vi)

perspective about the state of development on SHM techniques, and new
opportunities for advances on SHM, introducing HC related topics.

A method for SHM platform classification, divided in 5 levels is presented.
The main aim of this methodology is to provide orientation for owners and
technicians about the level of performance that the SHM system should
present under work, optimizing the design phase;

The groundwater level monitoring sensor introduces an innovative liquid level
monitoring concept as well a simplified system. In fact, the sensor developed
provides a lower-cost device for SHM, employing POF (Plastic Optical Fiber),
that do not demand a complex data acquisition system. The sensor was
designed considering the problems related with foundations settlement
reported in the literature, developed to work under hostile environments, and
can be applied for the foundation elements monitoring, for instance;

The relative displacement optical sensor introduces a new measurement
device for SHM application, essentially focused for linear relative
displacements monitoring between two points. The employment of FGB
technology in this application, and the sensor design configuration provides a
simplified system that allow to measure relative micrometer displacements
between two superficies in real time, really useful for structures with high
rigidity, as stone structures for instance. In this work, the sensor was tested
and validated through the monitoring of a reinforced concrete sample.
Considering that SHM is not an easy task and require time for an adequate
evaluation of the structural condition, an optimized proposal for a SHM
system design is presented, recurring to the real case studies, such as the Sdo
Lourengo Church (Porto, Portugal) and Nossa Senhora das Dores Church,
built in XIX century (Sobral, Brazil). Concerning the Nossa Senhora das
Dores Church, this contribution represents a fundamental effort towards the
development of SHM of HC in Brazil, especially to study of the structural
behavior under environmental influence.

Moreover, the effects of the temperature and relative humidity on relative
displacements of structural stone elements are studied in this Thesis, with

recurrence to case study of Foz Cba Church, a Portuguese HC from XVI
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century. The conception and strategy of long-term monitoring through a
wireless sensor network is also presented in this work.

vii) A new methodology for HC assessment based on reliability analysis is also
presented in this thesis, and its application is demonstrated through a
Portuguese case study from XVIII century, namely Santo Anténio Church.
Furthermore, the conception of the monitoring system, as well the structural
characterization and the retrofitting monitoring results are discussed.

viii)  This work presents relevant contribution for the field of HC monitoring
because it reports monitoring strategies employed for different situations and
in different case studies. The application of the concepts developed in the
present work allow different SHM employment approaches for HC, namely
for structural characterization, study of the environmental effects on structural

elements and safety analysis.

In a general form, this work presents some relevant contributions for the SHM field
advances, summarized by the development of two innovative sensors, implementation
of a new methodology for HC safety assessment, by the description of the conception
strategies and results, by monitoring of the cases studies already described. Thereby,
these contributions fill an existing gap in the techno-scientific field on the
development of SHM platforms and studies, especially dedicated to HC safety

assessment.
1.4. Work organization

This work was organized in seven chapters. In Chapter 1 the initial considerations about
the motivation, main goals and relevance of the present work are presented. Chapter 2 is
dedicated to literature review about the scope of the Thesis. Chapter 3 is devoted to the
presentation of the optical sensors developed in this work, while the Chapters 4, 5 and 6
are dedicated to description of the cases studies carried out in this work. Chapter 7
presents the main conclusions found throughout the development of this work, a critical
analysis followed by suggestions for future developments on SHM of HC, identified
during this work evolution. The annex includes further information not presented in the

main text but relevant for the global understanding of this work.
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Chapter 2 provides a literature review on advances on SHM. The basic concepts are
shown and the main contributions reported in the literature are mentioned. The result of
a survey realized in the main patent register banks is presented, and a system of SHM
platform classification is proposed. In addition, some cases of SHM of HC are mentioned

and comments about the future development of SHM performed.

Chapter 3 unveils the optical sensors developed in this work considering the
implementation of SHM systems for HC. Namely, two optical sensors were developed

and experimentally tested, a groundwater level sensor and a relative displacement sensor.

Chapter 4 describes the early procedures for SHM, presenting as well the monitoring
proposals for Sdo Lourenco and Nossa Senhora das Dores Churches. An historic survey
is presented followed by structural damage characterization those HC. Concerning to the
S&o Lourenco Church, based on the damage mapping, a damage mechanism hypothesis
is proposed, as well as a detailed SHM system. Regarding to the Nossa Senhora das Dores
Church, an ambient vibrational characterization was carried out in order to identify the
first fundamental frequencies, and a monitoring proposal is also presented. Despite the
absence of significant damage scenarios at the Nossa Senhora das Dores Church, its
selection as a case study in this work is related with the necessity of boosting
developments on structural behavior studies and characterization techniques for ancient

Brazilian structures under environmental influence.

In Chapter 5, the long-term monitoring of the Foz Cda Church through a wireless sensor
network is presented. In this chapter, a study on the influences of the temperature and
relative humidity on the relative displacements of the structural elements of the Church

is performed.

In Chapter 6, the structural monitoring of the retrofitting process, characterization and
monitoring results of the Santo Antonio Church are presented. Specifically, a
methodology for HC assessment is described, as well a new approach for safety
assessment based on reliability analysis. Moreover, the dynamic characterization was
performed trough OMA (Operational Modal Analysis), and potentiometer tests were
carried out in order to characterize the mechanical properties of the columns in the

retrofitted area.
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In Chapter 7, the main conclusions, through the development of this Thesis, are described,

and a critical analysis on SHM is performed. Additionally, suggestions for further

developments on the SHM of HC field are presented.
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2

Global overview on advances in SHM

Summary

Advances in the development of sensors, data processing systems and numerical models
have motivated the implementation of SHM, specially focused on the assessment of
structural safety. Thus, this chapter presents a literature review about SHM platforms,
especially from 1993 to 2014. In this way, a short history review about the recent
advances on SHM, mainly related with dynamic monitoring, was summarized, and a
benchmark and the main guidelines related with SHM platforms were also included in
this review. Some case studies are also described here. Special attention was given to
SHM platforms, and a method for their classification (an extension of Rytter’s method)
is presented. Additionally, experiences related with heritage constructions, specially
focused on maintenance were included in this work. In the final section, some
observations are made about the new prospects for SHM. The recent advances on SHM
platforms contributed to the development of adaptive systems and to the cost reduction
of the monitoring systems implementation, allowing the increase of its application in real
structures. However, the monitoring systems should be implemented optimizing all the

available sensing technologies.

Keywords: Structural health monitoring, platforms for structural monitoring, heritage

construction, damage assessment, smart structures.
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2.1. Introduction

2.1.1. From construction to retrofitting: the change of focus.

Currently, the worldwide population is around 7 billion people and the predictions are
that by 2100 this number be of 11.2 billion [16]. In fact, the population growth will cause
an increase in the need for housing. Nevertheless, considering the actual scenario of the
climate conditions and its influence on the increasing probability of occurrence of natural
hazards, this growth will be conditioned by the need for lower environmental impact new
buildings and also by the recovery of heritage buildings, adapting them to the owners’
needs. Consequently, new materials will be developed and introduced in the construction
industry and maintenance approaches, new repair interventions methods for structural

assessment will be implemented.

In emerging economies, the association between the development and introduction of new
materials and the increase in the search of structural retrofitting, also motivated by
compulsion for more competitive costs, tends to present a higher impact than in stabilized
economies, with direct repercussions on building materials and constructive methods.
Nowadays reinforced concrete is the most employed material in the construction industry,
but the forecast on worldwide concrete consumption points towards a decrease in its
employment by 2100 [16]. If the concrete consumption decreases, especially in emergent
countries like Brazil and South Africa, the number of new constructions also will decrease
and the need for maintenance of the current structures will grow. This change of focus
from “design of new structures” to “maintenance of the current constructions” in the
construction industry is starting to be observed nowadays in the European community

(see Figure 3).

Therefore, the main issue is: how does the civil engineering sector intend to maintain the
existing buildings safe and in good habitability conditions for the future generations? This
question has motivated, essentially since the 1960 decade, the development of
reinforcement techniques with lower impact for existing buildings and new methods of
nondestructive assessment specially focused on the detection of damages in real time, the
so-called structural health monitoring (SHM). In this context, the development of systems

for the control, gathering and management of data on structural safety parameters aimed
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at SHM is a new opportunity for researchers, builders and construction companies to

contribute to the development of “smart structures”.
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Figure 3. New and renovation ration on residential buildings in Europe in 2014[17].

2.1.2. Importance of SHM for structural safety maintenance

Often the structures are subjected to natural actions, and can also be subjected to the
occurrence of environmental hazards and excessive loadings that were not considered
during the design phase, compromising its structural safety. Nevertheless, the structural
lifetime also depends on a series of other requisites, namely: materials quality, adequate
design approach, adequate construction methods, execution and existence of maintenance
phases [18]. However, if the emergence of damage had been diagnosed early and if safety
measures had been adopted, dramatic consequences such as the resulting from the recent
seismic events in Loma Prieta (1989), Northridge (1994), Kobe (1995), Chi-Chi (1999)
and Emilia-Romagna (2012) could have been avoided or minimized [19]. Thus, it is
correct to consider that after the construction stage the structural lifetime is principally
conditioned by the adoption of maintenance measures and the intensity of environmental
actions. This way, the SHM could be applied in the detection and diagnostic of damage

in early stages and in the prediction of structural risk.

Case studies on SHM [20-23], specially focused on damage identification and structural
safety maintenance, for application on large infrastructures as well as on residential and
commercial buildings, have become increasingly narrated in the literature. Examples of

the decentralized systems and advances on the development of sensors are frequently
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introduced in the structural monitoring area [24—26]. Essentially the innovation on SHM
was initially motivated by the increase in the number of occurrences of natural disasters,
like earthquakes, hurricanes, cyclones, floods and typhoons, that according to Munich RE
[27] survey has grown since 1980. In fact, the occurrence of a natural hazard in populated
zones tends to present more dramatic losses, and this effect should be most intense if the

affected zone presents a low economic development index [28, 29].

Annually the worldwide monetary losses related to the occurrence of natural hazards are
in the order of billions of dollars (Figure 4.a), and are deeply linked with structural and
infrastructural damages. A survey report presented by Munich RE about global economic
losses caused by natural disasters occurred between years 2010 and 2015 relates that in
this short time the losses were of US$ 1 075 billions (Figure 4.b), and it is expected that
until 2020 the losses will be the highest ever recorded in world history [30].
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Figure 4. Natural hazards occurrence since 1980: a) number of events and b) monetary losses [30].

In fact, the economic crises all around the world have often been initially motivated by
the occurrence of environmental disasters [31] in opposition to economic and industrial
development. Thus, considering that the rise in the number of natural hazards on
vulnerable zones are centered in the global climate changes, global policies have been
developed in order to raise sensibility to natural disasters, the Conference on Sustainable
Development — Rio +20 [32], organized by the United Nations in June of 2012 in Brazil,
being a prime example, and this endorses the relevance and need for innovative

developments in structural safety maintenance.

Beyond natural hazard occurrences, the structures are subjected to other natural

phenomena due to exposition to environmental conditions, like corrosion, carbonation,
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and alkali-silica reaction, which also have an influence on accelerating material
degradation (Figure 5), and consequently decreasing their lifetime. From these, corrosion
may possibly be the most evident phenomenon of material degradation in steel and
reinforced concrete structures being accelerated essentially by the formation of chlorides
or another inorganic salt. Hence, corrosion constitutes a global problem [33] that has
mobilized the academic community to study its mechanisms of occurrence, catalytic
agents, and methods of prevention (especially mixtures to concrete) and repair [34-37].
A survey performed by the Federal Highway Administration in the United States
demonstrated that there are 134000 bridges requiring immediate repair measures and
226000 bridges presenting corrosion problems, resulting from environmental actions
combined with a low frequency of repair proceedings [18]. Indeed, the structural
assessment should not only include the structural parameters but also consider durability
parameters, for a most effective evaluation with the purpose of offering data to a better

structural characterization.

Figure 5. Material degradation by environmental action.

Actually, structural assessment is based on two distinct groups of data: 1) the information
from visual inspection and, 2) the data from experimental testing. Essentially the visual
inspection has been the initial step for the start of structural assessment, and the alert on
damage emergence should be firstly noted by the own owners’ observations. For
structural behavior characterization, the employment of destructive test (DT) can be
essentials, however the new perspectives in SHM introduce the concept of “non-intrusive
assessment” in the structural evaluation. Along this line, the number of the nondestructive

tests (NDT), especially for in situ applications, have presented an expressive rise [38—40]

15



Structural Characterization and Monitoring of Heritage Constructions

motivated primarily by need of lower impact to construction, more competitive cost and
time reduction for data acquisition during the assessment process. In truth, the advances
on NDT for structural assessment allowed the expansion of information about special
constructions, namely HC, especially due to the fact that these constructions present a

large cultural value and their original characteristics should be preserved.

In complementary way, the advances on the sensing field allowed for the use of sensors
in SHM applications with the multifunction of measuring, collecting and transferring
data. Today the sensing systems present a decentralized distribution and their
configurations can be framed according to the construction’s needs in order to provide
information for global structural characterization [25], as the illustrative scheme provided
by Figure 6. In fact, some working sensing systems could also be optimized for the
information to be available in a virtual platform, allowing the remote access to the data
[41]. This practice has been implemented with the aim of optimizing technical work for
the structural assessment in real time [42]. However, the technological advances on SHM
do not have as a goal to eliminate the human role in the structural assessment [43], but to

offer a high performance tool for the evaluation of structures.
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Figure 6. lllustrative scheme of a SHM system with decentralized distribution and remote access.

Differently from other works on SHM state-of-the-art (see [44, 45] ) the present chapter
approach is focused on issues related with HC maintenance, providing suggestions for
ancient constructions preservation. This work provides a global overview on SHM latest
advances, especially concerning the systems and platforms. An introductory section about

the main historical advances is presented in order to offer a global perspective about the

16



Structural Characterization and Monitoring of Heritage Constructions

aims of SHM. Recent case studies related with heritage constructions and SHM were also
included in this review. Moreover, the present review contemplates a literature analysis
from 1993 to 2014, and the information was organized in six sections, namely: 1)
Introduction, 2) Short history and recent advances on SHM, 3) Classification of the SHM
systems, 4) Heritage constructions: a special case for SHM, 5) New perspectives for SHM

and finally section 6) Final comments.

Thus, this literature review is expected to provide high quality information for future
advances on SHM and, especially, to contribute to the multiplication of cases studies on
SHM considering HC.

2.2. Short history and recent advances on SHM

2.2.1 The initial history

In the initial step of civilization, the human necessity of keeping in safety motivated the
development of civil construction. However, due to the materials’ own characteristics,
environmental actions and excessive loads, the construction degradation, evidenced by
damage along the structure, made the need for structural assessment methods to emerge.
In fact, the structural assessment is based on damage detection and its consequences for
structural safety. Nevertheless, considering the various changes that can occur on a
structure along its service life, it is necessary to delimit the comprehension about
damages. Therefore, damages should be understood as the product of the harmful
alterations in the material properties, due to physical, chemical, biological or human
interference, that can reverberate in changes on geometry and modal responses, affecting

negatively the durability and structural safety [44, 46].

Damage can affect the structures in two ways, namely: producing linear or nonlinear
alterations on the structural behavior. The damages effects are characterized as linear
when the structure presents a linear-elastic behavior and after the damage emergence this
behavior is not altered and the predictions about the behavior should be determined based
on the previous behavior. Examples of these types of damages can be the effects from
material degradation processes like rebar depassivation and concrete disaggregation.

Nevertheless, when modifications occur in the structural behavior, namely from linear to
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nonlinear, after the damage emergence, this effect can be classified as nonlinear damage.

Fissures and cracks are common cases of nonlinear damages, for instance [44].

The implementation of the NDT occurred in largest scale since the 60s, with the
development of the new methods of testing and its application in real structures, was
fundamental for the structural assessment evolution. In the 60s decades, the modal
parameters were introduced as a way of analyzing the structural state. But the
implementation of the structural monitoring was limited by the numerical models. One of
the initial studies performed, which can be cited as a precursor of the SHM, was
developed by Lifshitz & Rotem in 1969 [47] (see Figure 7). In the Lifshitz & Rotem’s
[47] studies vibrational techniques were employed in structural characterization by modal

parameters, namely changes in the natural frequencies were used for identify damages
emergence [48].
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Figure 7. Summarized view of the Lifshitz & Rotem’s work: a) samples (Polyester) used on the
experimental (a2’ — unfilled, b> — 40% filled before reaching dewetting and ¢’ — 40% filled after reaching
dewetting), b) experimental setup and c) and d) the results of the dynamic changes detected by vibrational
testing [47].

In this way, the employment of a time-history is of interest for the structural analysis
because it can provide data for a long-time period considering different environmental
conditions, variable loading situations and damage evolution. To implement the
monitoring, devices which do not introduce new damages on the assessed structure (non-
destructive methods) were developed, as well static methods and its applications [49],

[50], especially after 1970 [48]. But, the most innovative works were developed focused
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on to damage detection and assessment based on vibration analysis, especially based on
changes in the natural frequency [51-53]. However, the employment of dynamic analysis
also can give unspecific answers on structure behavior, this way the adoption of static
method can contribute for a most complete understanding on the current situation of the

structure.

The basic principle for damage detection using the vibrational analysis is that the modal
parameters of the structure (frequency, modal shape and modal damping) can be defined
through physical parameters (mass, damping and stiffness), and any alteration in these
physical parameters results in variations in the modal properties. Thus, the relations
between material degradation and its influences on physical structural parameters allowed
the development of a large quantity of studies and, as a result, some methodologies for
damage detection based on vibration analyses were developed [48]. However, other non-
destructive methods can also be used for damage characterization such as the acoustic,
magnet, radiograph, Eddy-current, thermic [46, 54] and more recently, the optical
methods [13].

The analysis of the natural frequencies has been intensively studied in order to provide
information about the initial moment of the damage emergence [46]. The initial advance
for the use of frequencies changes for structural damage detection was given when was
observed that, in structural elements, the occurrence of variations in the physical
properties induced changes in the natural frequencies spectrum. However, the application
of natural frequency analysis for damage detection has presented some limitations,
especially to detection of the small cracks and fissures and the difficulty to differentiate
the damages nature. Often, such methods provide a global analysis of the structures
integrity, but do not give the location of the damage. Other recognized limitation is the
environmental effect as the temperature or winds, for example, they cause changes in the
structural frequencies and may result in incorrect interpretation about the damage
occurrence. It’s clear that this problem tends to be proportionally lower if the number of

the monitored points is greater and the structural complexity is lower too [55, 56].

In fact, it’s not totally understood yet what is the minimum magnitude of changes in the
natural frequencies for the damage identification, but the most daring issue that has been

motivating the studies development is: how does a specific damage can be identified
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based in the natural frequencies changes? In order to answer this question, basically, the
works realized between the years 1975 and 1996 were developed around the phenomenal
of natural frequencies changes as result of the damage emergence in structures.
Nonetheless, it is not yet possible to establish a relation with this phenomenon and its
influence on the modal parameters, but these works present a series of data about the
structural behavior on different situations, namely: variable environmental actions,
structural complexity, variable work ability, and different experimental programs.
Nevertheless, the introduction of numerical methods and models for analysis of the
damage emergence and the employment of the information available by the previous
works has contributed for advances on the damage identification methods, being a step
forward in the damage characterization, localization and geometrical aspects and also to

the prediction about the lifetime and structural behavior [44, 54].

The growth of the assessment methods focused in the damage characterization and its
variability, has brought to light the emergence of the necessity for a classification system.
Considering this question, in 1993, Rytter [48] proposed a classification to damage
identification methods. The methods were organized according to the answer level,
essentially centered in the damage existence, location, characterization and prediction.

The classification proposed by Rytter is presented in the Table 1, as following.

Table 1. Damage identification methods classification proposed by Rytter (1993).

Graduation  Objective

Level 1 Damage detection (just provide information that the damage is
present);

Level 2 Damage location (information about the geometrical damage
configuration and the specifically occurrence location);

Level 3 Damage characterization (provide information about the intensity of
the damage effects to structure)

Level 4 Lifetime prediction

Since the 70s, the development and application of the vibrational techniques based on
natural frequencies changes were applied in the damage detection field, mainly in bridges
and offshore structures. The methods of the structural assessment developed were based
in linear behavior, due to the limitation imposed by the lack of numerical models. The
results found through these methods in real structures provided information about the
damage presence, the location and the damage characterization. Starting in the 80s and

90s the numerical models were implemented, primarily related with non-linear behavior,
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but the damage detection methods presented a low sensibility. The first sensors, focused
in the detection of parameters for modal analyses, were developed and applied in the field,
the processing system was also implemented. For other types of structures, such as
highways and buildings, the first SHM systems were introduced and tested [46, 54, 57].
The development of methods and devices focused on damage detection, and the
integration between these devices with data processing systems and advances in the
numerical analysis modified the practice of the structural assessment. As a result of this

advance, the initial concepts of the SHM emerged in the 90s [56].

Hence, structural health monitoring can be defined as a structural assessment process
based on measurements of structural responses, along of a determined time period, by use
of non-destructive methods, essentially implemented with sensorial systems connected to
a data central, capable of offering information in real time about damage emergence and
characterization, in the most early ages, and to be able to collect information about the
structural integrity during structure service life [7, 43, 44, 56]. In general terms, SHM is
different from other structural assessment methods by the adoption of the NDT,
comprising a monitoring system (sensors and data processing), possibility of the remote

access, management of the regularity and the duration of data acquisition [43].

The advent of SHM systems makes possible the data collecting in real time and its
integration with structural analysis models and systems for prediction of the structural
performance in uncommon situations, specifically when structures are subjected to
unexpected loads, as natural hazard occurrences, and it should provide information about
the necessity of a building evacuation [58, 59]. Also, SHM may be applied both for local
as for global damage detection, according to system complexity but for this option, the
circumstances of the materials degradation must be taken under consideration [56]. For
a simpler global damage detection, commonly the changes in structural behavior can be
associated with development of fissures and therefore with changes in the modal

parameters [60].

In 1996 Doebling et al. [54] presented the survey overview about the modal parameters
used for detection, identification, damage characterization and structural monitoring.
Essentially, the authors showed experimental proceeds of SHM based on modal

parameters changes for damage detection and pointed that the implementation of the
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algorithms should be made in order to minimize the dependence of the damage
assessment process of the data set from the undamaged structure. Additionally, it was
observed the necessity for the development of methods that consider non-linear damage
and studies about sensors quantity and measuring location should be performed in field

for a most accurate analysis about the design of SHM systems.

In complement to the work presented by Doebling et al. [54], in 2004 a survey presented
by Sohn et al. [44] reported a review about SHM between 1996 and 2004. In this survey
it was demonstrated the initial implementations proposed by Doebling et al. [54], in the
field of the numerical modeling and sensitivity of the damage detection methods. The
gradual decreasing of artificial excitation used in the modal analysis experiments, the
widening of the field of application in engineering structures and the development of
integrated systems for structural assessment were the main justifications of the advances
verified. However, this review highlights the need for the development of comparative
studies employing different methods of structural assessment and the implementation of

the SHM systems in field, using decentralized systems in real time [54].
2.2.2. Recent advances on SHM

Essentially from the years 2000, the implementation of systems and sensors employing
optical technologies presented a new sort of advantages [61-66]. The optical fiber sensing
techniques make possible the measurement of a high number of parameters with only one
fiber cable, through the sensors multiplexing techniques [67]. Such sensors are also
immune to electromagnetic interference, work at high temperatures, no electric power is
needed at the measuring point, and have low size and weight, among other advantages. A
search in the World Intellectual Property Organization — WIPO [68] in February of 2014,
using the expression “optical fiber sensor” shows the existence of 473 registered

applications focused on SHM.

Recently, some SHM monitoring platforms were implemented with devices to collect and
control, and data processing systems working together, in the same framework, focused
in the structural assessment. The necessity of platform development can be associated
with the reduction of the time of assessment and global costs. This way, some platforms

were developed and implemented centered to modal parameters monitoring [26, 59, 69,
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70]. One of the first patents related to SHM application was developed by the Hughes
Aircraft Company, in 1993, with the register number US 518516. This patent reported an
integrated system, composed by strain gauges and a device based on acoustic emission to

detect crack.

When a search is realized employed the term “structural health monitoring” in WIPO
[68], EPO [71] and United States Patents Trademark Office (USPTQ) [72] 1707 patents
can be found registered, namely: 1077 registers were founded in WIPO database, 177
registers in EPO database and 453 in USPTO database. Those registers were analyzed
and classified in 4 different groups: i) sensors, namely measurement devices; ii) methods,
specifically numerical methods; iii) systems, that is integrated devices of sensors and data
processing able to provide measurements and data processing around a specific monitored
parameter and iv) platforms, to be precise more complex systems of assessment
composed by association between systems of different parameter monitoring that aims
the management of the data and an output about the structural safety. The results of this
survey are presented in Figure 8, where for WIPO, USPTO and EPO, 48%, 52% and 51%
of the patent register correspond to sensors, respectively, while 28%, 27% and 22%
correspond to methods. For systems, the percentage of patent registers are 20% (WIPO),
22% (USPTO) and 25% (EPO), being only 2% (WIPO), 1% (USPTOQO) and 2% (EPO) of

the registers found related with platforms.
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Figure 8. Patents register classification in sensor, methods, systems and platforms.
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The survey showed that the United States of America presents 67% of patent registers
related with SHM in the World Intellectual Property Office (WIPO) and 48% in the
European Patent Office (EPO). Nevertheless, the percentage of patents related with
platforms is considerably lower than the number of the registers related with measurement

devices, methods and processing systems.

Among the SHM platform registers, the patents US 20130132032 [73], US 20120123981
[74], CN 102034021 [75], US 20110035187 [76], US 20090083004 [77], US
20090048721 [78] and US 20070223003 were founded [79]. In general, terms those
patents presented structural monitoring platforms composed by integrated systems,
collecting and data processing systems, focused to answer about the presence or not of
specifics damages, namely considering modal parameters. Highlighting that the
platform’s component systems are active and the interaction between the owner and the
system is limited to predefined parameters. Also, it should be considered that the answer
about structural behavior is focused around a specific point of measurement, and not by
correlation between the modal and durability parameters. Additionally, the answer level
provided by the platforms can vary according to structure complexity and the owners’
requests. This aspect is explored in section 3 with recurrence to case studies available on

literature.

One of the most innovative and recent patent register about structural heath monitoring
platforms is the one with the reference US 20130132032 [73], providing a system able to
employ a system of multiplexed sensors, for modal analyses, employing devices based
on sonic, magneto elastic, electrical induction, piezoelectric, fiber optical and nanotubes
technologies, in order to provide data about the current structural safety. In this patent,
the communication system was implemented using a wireless connection between the
elements of the platform (sensors, storing system, processing system, and output). The
sensors provide information about changes in parameters such as strain, temperature,
vibration, torque, angular rotation, bending, tension and compression. The current
structural behavior is presented by direct comparison between the values for predefined

parameters and the measured ones.

Consequentially, the advances in SHM systems have imposed the emerging need for

standardization methods aiming to compare the different methods of evaluation
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developed. Recently, Zhou et al. [80] presented a work about benchmarks and guidelines

related with SHM methods. In this work the authors present a “good practices guide”

from the American Society of Civil Engineering (ASCE), and guidelines for testing

methods standardization from the experiments combining numerical modeling in a steel

structure, performed by [81], for damage detection on a full-scale structure. Linear

analysis and posterior non-linear analysis were carried out, focused to global

characterization by modal response.
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Figure 9. ASCE benchmark steel frame structure [80].

The guidelines reported by Zhou et al. [80], including SHM benchmarks are:

Guidelines for structural health monitoring, reported by ISIS Canada in 2001[82];
Monitoring and safety evaluation of existing concrete structures, presented by
Bergmeister et al., in 2002 [83];

Development of a model health monitoring guide for major bridges, presented by
Aktan et al., in 2002 [84];

Mechanical vibration-evaluation of measurement results from dynamic tests and
investigations on bridges, 1SO, in 2004 [85];

Guideline for Structural Health Monitoring, introduced by SAMCO, and reported
by Rucker et al., in 2006 [86];

Guideline for the Assessment of Existing Structures, presented by SAMCO, and
reported by Rucker et al., in 2006 [87];
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Most recently Daum et al. [88] presented the Guideline for Structural Monitoring. In this
work beyond the stat-of-the-art review about SHM, some benchmarks are presented

specially related with SHM systems implementation.

In monetary terms, SHM systems implementation still represents a high cost of
investment, however it can produce a significant return in terms of the maintenance
optimization, structural failures detection in early ages, equipment and structure losses,
and most important avoiding human injuries or fatalities [89]. Nevertheless, the SHM
systems cost has been decreasing, especially by the constant development of lower cost

sensors and techniques [90], [91].

Another important advance for SHM application, especially on full-scale analysis, was
the development of minimization of environmental effect to data collected, as OMA

techniques for instance (see [92-94]).
2.3. Level responses of the SHM platforms

Taking into account that a wide diversity of methods and measurement devices for SHM
have been developed, especially linked with SHM platforms, it is recommended that the
owners, as well as the design and installation personnel, take some time to consider the

answer level necessary for that SHM system to be efficient and cost effective.

In fact, the sensing system configuration of the SHM platforms can change according to
each construction, but it was observed that the level of damage detection monitoring
required by the owners did not present deep changes. Therefore, platforms can be
organized according with the specificity level of the answer provided. So, the present
work introduces a method of classification for SHM platforms (Table 2), that can be
understood as an extension of Rytter’s method [48].

In subsections 2.3.1 to 2.3.5, and considering the classification method previously
mentioned, some already reported studies were re-organized. The reference to the
platforms application in the survey performed in this work had the sole propose of
illustrating the current knowledge, therefore only the main registers was discussed.

Moreover, the systems’ configuration and the results are also summarized and included.
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The objective of these subsections is to provide an exemplification on the employment of

the classification method introduced by this work.

Table 2. Method of classification for SHM platforms

Level Aims Provide information about:
1 Damage emergence damage identification;
2 Damage location damage emergence and location.

damage characteristics, as type, intensity and geometry, in
3 Damage characterization addition to the information descripted in the above-
mentioned levels.

Structural risk the structural risk in the current state, as well the
characterization information described in the previous levels.
Structural lifetime the structural lifetime taking in account the current structural
5 e state, in addition to the information related in the above-
prediction i
mentioned levels.
2.3.1. Level 1

The first step of the damage detection methods is to recognize changes in the active forces
as an indication of the damage presence. A large quantity of studies were developed such
as in [55, 56], and references therein. However, in order to provide a recent case study
about damage detection, Razi, Esmaeel and Taheri [95] improved a vibrational method
employing piezoelectric sensors to monitor a steel pipe. The results showed that the
vibrational method can be successfully employed for damage detection and that the
employment of wireless monitoring system in real time can be a good alternative for

damage detection in the most early age.

Sequentially, a study developed by Bandara et al. [96] aiming nonlinear damage detection
using natural frequencies change was presented. In this study, the authors introduce a
neural network method for damage detection and employ data from a three-story
bookshelf structure at Los Alamos Laboratory for validating the new damage detection
method. Beyond the detection of damage, the method also allowed the assessment of the
damage level. So, this method can be an important tool for nonlinear and light damage

detection.
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While both SHM platforms presented by Razi et al. [95] and Bandara et al. [96] were
built focused to solve the same problem, they differs in terms of the technology used. The
first introduces a concept based on vibration analysis monitoring and its data analysis
depends on a technical group experiences. In the second case, the SHM platform employs
an artificial neural network for the data processing, collected by SHM platform. However,
other data processing methods can also be successfully used, such as wavelet, proper
orthogonal decomposition and auto-regression. Essentially, both technologies can be
applied in the same problem solving, namely damage detection in the early age, however,
the field application is directly related with the level of automation required by monitoring

system.
2.3.2. Level 2

Naturally, Level 1 platforms evolution is likely towards the damage location. Nie et al.
[97] introduced a new parameter for damage detection based on changes on the phase of
the vibration signal and the damage location is determined using a derivative from
vibration time-history. The sensing system was composed essentially by strain gauges.
Numerical modeling and experimental tests were carried out on an arch structure for
demonstration, the method described can be applied for single or multi damage location.
The results showed that this method provides information about the damage emergence
and location, even when the damage emergence is far away from the measurement point.
Beyond the damage detection, the data processed allowed to follow and monitor the

damage progression.

A suitable method for local damage detection in large polymeric structures is presented
by Naghashpour and Van Hoa [98]. In this work, an epoxy resin is modified by dispersion
of multiwalled carbon nanotubes (95% of purity, diameter between 2-20 nm, and length
from 1 to 10 um). For large composites plates, with incorporated nanotubes, the electric
properties are unique and those can be used as sensing devices. The damage detection
was based on electrical measurements, specifically the four-probe method. The advances
on the platform included an increased performance, allowing minimal damage detection
and real time monitoring. In the same line of work, recently D’Alessandro et al. [99]

presented a smart cement for structural health monitoring based on nanosensors (carbon
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nanotubes), providing information about the mechanical deformations through changes

in the electrical resistivity.

The SHM platforms presented by Naghashpour and Van Hoa [98] and D’ Alessandro et
al. [99] present some advantages relatively to the one developed by Nie et al. [97], as, for
example, a most distributed and lower intrusive sensing system. However, the use of
devices that can notice changes in the materials electrical properties can be less
interesting, if the material durability is taken into account, as for example on materials
exposed to corrosive environments. Therefore, this technology is more restrictive than
the SHM platform developed by Naghashpour and Van Hoa [98]. Nonetheless, if used in
a combined form in the same global monitoring system for all the building components,
the probability of early damage occurrence detection in a large area of the material surface

will be high.
2.3.3. Level 3

The evolution and continuous implementation of monitoring devices and methods
allowed Hosser, Klinzmann and Schnetgtke [100] to correlate SHM data with a
probabilistic model in a pre-stressed bridge element. The authors demonstrated, and
described, the complete process of integration of sensors and probabilistic models, and

the use of SHM data for damage characterization.

Rodrigues et al. [58] implemented and tested a monitoring system in a concrete bridge,
Leziria Bridge (Portugal), using optical fiber sensors . In this study, several sensors
located in the structure surface and embedded in the structure were used. Two new
transducers based in Fiber Bragg Grating (FBG) technology were introduced and all the
sensors implementation steps are described. They demonstrated that, it is possible to use
measurements in normal traffic conditions as excitation, and to establish an accurate

prediction model around the deformed shape evolution.

The main difference between the two SHM platforms presented above is related with the
implementation of the sensing system. The work presented by Rodrigues et al. [58] can
be more attractive if a large number of sensors are needed to be used, due to the fact that

the optical sensors can be multiplexed into the same fiber cable, adding to the fact that
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they are not susceptible to electromagnetic interferences. These two characteristics can
be of particular interest when a complete structural characterization is required, due to
cost reduction of sensor multiplexing. However, the system presented by Hosser,
Klinzmann and Schnetg6ke [100] provided information about the interaction between the
sensorial and data processing systems, also considering a reliability method for structural

characterization.
2.3.4. Level 4

In 2010, Yi et al. used the dynamic response of the Dalian BeiDa Bridge (China) with
frequency vibration measurements within a SHM system with the employment of a real
time kinematic (RTK) global positioning system (GPS) [101]. The ambient vibration
measured by the accelerometers was used to improve the numerical model proposed in
the work. The authors concluded that this system is an alternative for conventional
methods of structural monitoring, providing indicators that can be used for structural risk

prediction.

With a similar method, Zhang et al. [102] reported a case study using optical fiber sensors
for SHM on a simply supported reinforced concrete T-beam bridge (Figure 10), during
dynamic and static loads aiming to identify the better moment for rehabilitation. The
optical sensors employed were based in FBGs and Brillouin Optical Time Domain
Reflectometry (BOTDR). The structure was submitted to dynamic and static testing and
the collected data was used for numerical simulation and model calibration, finally the
proposed model was tested. The failure prediction evaluation results from the proposed
numerical model showed a suitable degree of precision, however the stiffness and non-

linear analysis parameters should be improved.

SHM platforms included in level 4 present efficient communication systems, essentially
based on wireless communication. In addition, the structural risk assessment considering
the structural behavior under environmental and service conditions are a tendency for this
type of platform, as can be seen in Yi et al. [101] and Ni and Wong [103]. However, the
concepts developed by Yi et al. [101] combine technologies aiming to decrease the
number of sensors used, such as GPS technologies, and for this reason, it might be more

attractive for large structures or when a high number of sensors is need.
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Figure 10. SHM of a T-beam bridge: a) profile of the beam and its sectional reinforcement (cm) and b)
configuration of the SHM system [102].

2.3.5. Level 5

In Runyang Suspension Bridge (China) the effect of the ambient temperature and the
increase of vehicular traffic (loading) for fatigue was studied by Guo, Li & Wang [104].
The structure structural safety and fatigue, were predicted by numerical analysis (finite

element model) based on the data collect by field application.

Other example of SHM platforms, that can be included in the level 5, was demonstrated
in the Canton Tower (Figure 11), situated in Guangdong, China. Canton Tower is
constituted by a concrete-steel structure with a main 456 m tall tower. The sensorial
system was composed by 800 sensors for 16 types of different parameters analysis. The
results have shown that the implemented system provides accurate data (with GPS
measurements and synchronization) about the horizontal displacement and consequently
can be used as an alternative method for this type of assessment. In addition, the
temperature influence in the tower horizontal displacement and the collected values were
also used to predict the structural behavior until failure. The error analysis of the sensors
system implemented were also verified to be higher than the error values checked by GPS
measurements. So, in this work, the authors had demonstrated the use of a large number
of synchronized sensors working for SHM, but highlighting the necessity of a data

processing implementation for lifetime prediction [42].
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Currently, the reliability analysis is an important tool for structural safety assessment,
especially for employment on areas with high environmental hazard incidence or
probability of occurrence. SHM platforms combining a lower, as possible, number of
sensors, and allowing the prediction about the structural risk based on dramatic natural

scenarios, are the most attractive, as related in Xia, et al [42].
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Figure 11. Canton Tower monitoring scheme [42].

2.4. Heritage constructions: a special case study for SHM

Considering the SHM above mentioned studies, the HC special case had not been
addressed with the same often, dissimilar from other large structures, such as bridges and
tall buildings. Consequently, this lack existence, discloses the development necessity of
specific studies on HC structural behavior, improving the knowledge on this special and
very important group of structures. Consequently, adding the need to develop new

adequate assessment methodologies, tools and devices for the real-time safety analysis.
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HC can be assigned as a special case, because they are structural systems different from
the current ones, with complex behavior that often cannot be assessed or understood

through the current codes, standards, techniques or devices.

The International Council for Research and Innovation in Building and Construction
(CIB) in its publication number 335 define HC as any existing civil engineering
construction that presents an elevated cultural value to the community around it. Cases of
application of SHM in HC are especially interesting, from the techno-scientific
perspective, due to the importance of this type of structures for the community (Figure
12). Essentially, evaluating a HC is a difficult task due to the need for classification of
the cultural value and comprehension about the important occurrences (natural or human)
that the structure is submitted during its lifetime, especially how time-expressions should
be conserved and how restoration should occur. For such cases, it is important to highlight
the limitation around the assessment method that in most HC cases are limited to use of
non-destructives techniques. The CIB publication 335 recognizes the necessity of
collecting information about the structural time-history of HC, highlighting that often no

information is available [4].

Figure 12. Examples of important HC: a) Porto historic downtown and b) Coliseum, Rome, ltaly.

The structural time-history objective is to offer information about the construction
materials, safety parameters, natural actions, human interference, damage emergences,
pathologies, structural parameters and any type of constructive modification, in order to
take action on preventive measures to maintain the structural safety. Additionally, data
from numerical modeling can be included in such reports as a method to improve the

time-history.
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An analysis of 50 reports executed between 2000 and 2015 by the Instituto da Construgdo
(Civil Engineering Faculty of the University of Porto) on HC built in the time period
comprised between the XVI and XX centuries (32% between X and XV centuries, 64%
between XVI and XVIII centuries and 4% between XIX and XX centuries) showed that
a visual inspection was included in 100% of the assessment processes and only 58% of
the HC presented any document with constructive information about the HC. The reports
also showed that experimental tests were performed in 12% of the HC, and in only 8% of
the assessment was performed with recurrence to SHM techniques. Concerning to
damage analysis, walls and arches are the most affected elements, essentially 80% and
58%, respectively. Additionally, the presence of damage on floors and columns was
observed in 20% and 10% of the cases, respectively. It was also perceived the presence
of cracks in 85% of the cases and in 70% of the buildings some displacements were
noticed. Humidity related damages were observed in 60% of the HC assessed. The

complete information on this analysis can be seen in Figure 13.
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Figure 13. Characterization of the HC analyzed: a) construction age, b) main assessment methods (SHM,
non-destructive tests, visual inspection and document analysis), ¢) main buildings components affected by
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Considering the necessity for organized information regarding the inspections on HC and
the structural time-history, recently a maintenance guide focused to HC was presented by
Tavares, Costa and Varum [105]. In this work, the authors present a check-list of the main
activities that should be realized during the inspections organized by aim of the
inspection, measurements, inspections regularity and persons responsible by each listed

action.

Most of the HC monitoring experiences reported in the literature are related with modal
parameters analyses, essentially by changes in natural frequencies. Abruzzese et al., in
[106], presented a wireless system focused on the management of the structural safety
when a structure is succumbed to a natural disaster, like an earthquake. The dynamic
characterization of an historical tower was done and the data were used in a computational
simulation. The data acquisition system was essentially composed by accelerometers
linked wirelessly to a signal processing module central station. In fact, in a real disaster
the changes in the natural frequency showed similar values to the ones originated by the
computational simulation. An alarm was implemented, that can alert the owners about the

structural collapse eminence. Similar works were also presented in [107] and in [108].

Another important case of heritage construction monitoring was presented in [15]. In this
work, a construction built between the centuries XVI and XVII also was monitored. For
assessment process, initially a visual inspection was carried out and the main damages
were identified. The authors agree that a preliminary inspection is necessary to an initial
evaluation about the structural risk assessment and to the definition of the monitoring
system. In order to provide information about the best location to the sensors installation,
a numerical modeling was done and the high-risk zones were identified. Essentially, the
monitoring system measured displacements (crack evolution) by transductors placed
along the structure, temperature variation, and vibration to estimate the natural
frequencies evolution due the damage presence. The considerations about the proceedings
of HC assessment, above mentioned by [4] and [105], have been followed by the technical

and academic community.

Nevertheless, beyond the modal parameters analyses in the structural safety assessment,
especially in HC, the material degradation should be also considered in the measurements

[4] in order to provide predictions about the life expectancy and local damage emergence,
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for reinforcing measures adoption. It was shown in [44] that the structural analysis only
based in modal parameters chances does not allow a significant identification about the
zone affected by the damage. Nevertheless, the ideal location for sensors positioning will
have a better performance if based in a preliminary modeling, focused into the

identification of the fragile zones.

Recently, 30 case studies on rehabilitation of HC developed between 2003 and 2012 by
Instituto da Construgdo and Faculty of Civil Engineering of University of Porto were
organized and presented by Costa, et al. [109]. In fact, the importance of structural
monitoring systems for structural assessment is highlighted along the related cases, where
special attention is given for non-destructives techniques. In addition, this work
demonstrated the University of Porto experience on SHM methods for safety assessment,

contributing for knowledge dissemination about the good practices on HC assessment.
2.5. New perspectives for SHM

The recent advances on SHM show that the monitoring systems can be functional for
different circumstances of structural assessment. The sensors development and
monitoring techniques had been improved and the inclusion of the durability parameters
have been an upgrade, in order to promote a better damage characterization and an
accurate structural lifetime prediction [110]. A significantly quantity of optical sensors
has been developed and implemented, motivated by the better signal to noise ratio, good
sensitivity, electromagnetic interference immunity, multiplexing possibility, low size and
weight, robustness, low attenuation on remote monitoring, no electrical power needed at
the measuring point, among other advantages [67, 111, 112]. Thus, such sensors can
potentially provide an optimized sensing system with higher performance. However, the
emergent sensing systems should be able to collect data and interact with the available
and older installed technologies, for example video cameras, electronic sensors and
environmental or climatic predictions available from web platforms. Additionally, the
owners should also be included as part of the sensing system due to the fact that they can
contribute for the structural time-history composition over photos register and

observations about a damage emergence or human interference.
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Thus, the new data processing systems should be able to store and organize all the
collected information and process it. In other words, further than the numerical analysis
tools improvement, computational systems and data collecting systems implementation,
itis necessary to define the information circle and optimization, till the platform’s outputs,
providing a more interactive and user friendly platform for the owners or end users.
Nevertheless, the technician’s role during the structural assessment process should be
sustained and adjusted. On most recent platforms design and implementation, the wireless
communication has been used [25, 106, 107] aiming at most “clean” and flexible

monitoring system without cabling.

For HC monitoring, special care and attention should be given during the monitoring plan
design and implementation. In fact, the less intrusive techniques should be employed to
preserve the historical characteristics [113]. Thus, the durability parameters monitoring
might be included in order to provide information about the damage emergences in the
earliest age and, consequently the maintenance measures can be minimized. Though, for
most real assessment, the building should be modeled considering its current state,
including the damages already found. Beyond structural monitoring, the data collected
should be correlated with data from visual inspection, photo and video and information
about human interference on HC. In any predefined limit overpassing, the responsible
offices must be immediately contacted such as including a specific alarm based on natural
frequency changes. An automated monitoring system would perform periodic
measurements of the natural frequencies, and in case of a change greater than a pre-
established value, a signal alarm will be sent. Additionally, reliability methods should be

considered in order to provide most accurate answer about the structural safety.

The increasing advances on SHM has contributed for the broadening of the assessment
process in a wide variety of structures [22, 52, 114]. With lower-cost systems
development, SHM systems tend to be popularized [115] and integrated with other
management systems, as security and comfort system for instance. In this way, the current
and future systems must be implemented optimizing the sensing system and the

interaction with the available technologies, including older ones [116].
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2.6. Final comments

This chapter intended to review the employment of SHM systems for structural
assessment, essentially related with dynamic monitoring. A short historical review on
structural monitoring advances from 1993 to 2014, including the recent advances on
sensors for SHM systems and some field implementation cases, was performed.
Additionally, recent damage detection methods based on modal responses, especially

focused on nonlinear damages effects characterization, also were reported.

The state-of-the-art of the data processing systems were shown and its imminent necessity
for implementation in this area, essentially systems and methods that offer an objective
answer to owners on the structural safety should be developed. In addition, the

construction material properties should also be reflected in the structural parameters.

A special consideration was given for SHM platforms. A benchmark report was carried
out aiming to illustrate the current state-of-the-art, and was showed the necessity of
development focused on methods of data processing and platforms for structural
assessment. Case studies reported in the literature were described and organized
according with the method of classification for SHM platforms proposed in this work (an
extension of the method developed by Rytter). The classification for SHM systems based
in the answer level aims to provide a most objective orientation to owners, promoting the

adequate selection of the monitoring system to install.

Sequentially, SHM case studies on HC were introduced and the important system
configurations were pointed. For HC monitoring, the systems should be very low
intrusive (mechanically and visually) and the employment of the current technologies
available (digital cameras, smartphones or tablets, for instance) can introduce an
additional advantage to SHM: the possibility of recording and monitoring the human
interference on the construction degradation. In addition, it was shown the necessity of
implementation of studies including full-scale structures and real structures, and

especially the development and application of SHM techniques focused on HC.

Finally, “New perspectives for SHM” has shown that some areas should be most

explored, namely: the optimization of the sensing systems with technological tools
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available, the interaction of the owners in the assessment process as an informative source
about the day-by-day occurrences, in the integration of the SHM systems with other

systems (smartphones, cameras, etc.).

The present state-of-the-art shown that the new sensors development is responsible by
half of all innovation related with SHM field, and points to the necessity of SHM systems
and platforms implementation. Additionally, no SHM system or platforms is specifically
addressed to HC issues, making it a great opportunity for development of studies and
innovation on SHM field, taking into account the high cultural, social and economic

importance of HC for human societies.

In fact, HC are an interesting case for SHM development, because they impose the
necessity of flexible and open SHM systems and platforms, allowing the possibility of
performing changes on the sensorial system along time, all with very low intrusion. The
development of tools for the safety maintenance support, in real time, can be an effective

way to avoid dramatic losses, especially for monuments and constructions with visitors.
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3

New optical sensors for heritage

construction monitoring

Summary

The first criteria for SHM implementation is the existence of a sensing system. The
sensors network can be composite by measure devices positioned in a specific place, as
accelerometers, or distributed into material, as nanosensors for instance. However, a large
number of measurements devices addressed for structural monitoring can be found in the
literature, especially electronic sensors and this has motivated the development of optical
sensors as technologic alternative for this type of application. In the current chapter two
innovative optical sensors for SHM will be implemented, namely: groundwater level
monitoring sensor and a relative displacement sensor. It is important to highlight that
these sensors were designed considering the most common parameters monitored on
heritage constructions and a previous research performed in order to identify the main
damages occurrences on HC. Considering their good performance under work during the
experimental testing, the two optical sensors implemented in this work can be used as

sensing systems for structural monitoring of HC.

Keywords: Groundwater level sensor, relative displacement sensor, optical fiber sensors,

fiber Bragg grating, structural health monitoring.
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3.1. Groundwater level sensing for SHM

3.1.1 Introduction

A high number of sensors for structural monitoring has been developed [98], especially
after the turn of the millennium, such as strain measuring, acceleration, temperature,
displacement, evolution of cracks and corrosion. Motivating a high number of application
cases, where different sensors has been employed for structural assessment in real
structures [54]. Usually these case studies mention SHM in bridges, highways, pipelines,

turbines and offshore platforms [13].

Comparative performance assessment studies between electrical sensors and fiber
sensors, for structural monitoring, made on different types of structures (adobe wall, steel
footbridge and a reinforced concrete water reservoir), showed that the optical sensor has

similar performance in dynamic and static tests to his electric counterpart [62].

During the construction of a reinforced concrete building, optical fiber sensors, based in
fiber Bragg grating (FBG) were employed for structural monitoring of the strain evolution
and the concrete temperature [117]. This case-study yield the following conclusions: i)
the adoption of especial protection is necessary to improve the performance of the
sensors; and ii) temperature changes and strain data might be used for the understanding
of the structural behavior and for the prediction of structural risk [118]. It is important to
highlight that the optical fiber sensors were introduced in SHM due to their advantages
when compared with other measurement devices, such as: no interference from external
electromagnetic fields, electric isolation (passive operation with no electrical power
needed at the measuring point), possibility to use a high number of sensors in the same

fiber (multiplexing), and reduction of the implementation and maintenance costs.

In the literature, a large number of the structural monitoring applications, using optical
fibers have already been described, as reported in Kostecki, etal [110], Laing, etal [119],
and Antunes, etal [120], and in the references therein. Beyond the application in structural
assessment, the optical fibers have been used to evaluate material performance, as well
as to monitor the concrete curing process [117]. However, in order to provide high

durability sensor systems and to ensure good performance, it is recommendable that the
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sensors are designed to resist aggressive environmental conditions [118], for example the

presence of salts and water pressure.

The water level is an important topic for SHM in civil engineering applications and
geotechnical studies, due to the variety of applications, such as water reservoir level and
groundwater level monitoring. Especially in reinforced concrete structures, the
foundation elements are exposed to the humidity effect, and this might accelerate the
occurrence of damage like corrosion. Other than the durability aspect, the water level
monitoring is important in the observation of soil characteristics with direct impact on the
engineering project, and this can be done during the design phase, before any works have
commenced. Moreover, natural hazards like typhoons and floods can increase the water
level in the soil mass, reducing the soil strength and influencing the stability of slopes and
structures; for these cases, special maintenance procedures are needed to preserve a safe
condition. As previously presented by Figure 13, in the chapter 2, the soil settlement
corresponds directly to 20% of the damages found on HC, provoking cracks emergency
and structural displacements, the most usual damages identified on HC, present in 88%

and 75% of the cases analyzed.

Traditionally, water level measurements in real time are implemented using pressure
transducers inside sealed piezometric tubes, however, recent developments in the sensors
technology have enabled the use of optical fibers for water level measurement. Some
recent examples of the application of optical sensors, based on fiber Bragg grating, are a
sensorial systems for sea level prediction, where this system measures changes in the
optical spectral properties, as reported in Ferreira et al [121]. Another application is for
the prediction of a liquid level through of a distributed sensing system based in
temperature measurements, as mentioned by Peng, at al [122]. In Lin. et al [91] a group
of plastic optical fiber (POF) segments, aligned and equally spaced was proposed as a
low-cost water level sensor, taking into account the different transmission coefficients
between water and air. In fact, POF presents a higher optical loss than silica fiber,
nonetheless, such sensing systems are designed for the interrogation unit to be a few
meters away from the sensor head, not for remote monitoring at bigger distances. For
example for short-distance applications [123], other fiber properties also should be taken

in account, as can be cited the low-cost, high flexibility, large diameter and easy
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manipulation [124], and this characteristics have motivated the employment of POF for
sensors development, as can be noted in Golbani and Azimi [125], Lin et al [91], and
Antunes et al [61].

In the literature, some optical sensors for water level monitoring had been described
[124-126], but the present chapter introduces a simplified alternative water level sensing
system, based on plastic optical fibers, focused on water and groundwater level

monitoring, offering an easy application and low cost of production and implementation.
3.1.2 Sensor, setup and experimental program

The implemented sensors, here designated S025 and S050, have a total length of 5.00 m
of optical plastic fiber, essentially composed by polymethylmethacrylate. The sensing
portion starts on one end of the fiber and has 2.00 m in length, with groves spaced at every
0.20 m. The diameter of the fiber employed was 1 mm (Avago Technologies HFBR-
RUS100Z) and the grooves had a depth of 0.25 mm in sensor S025 and 0.50 mm in sensor
S050. The opposite extremity of the fiber (without grooves) was connected to the data
acquisition system. The decision about the sensor design was based in the main idea of to
provide a most simplified sensing system for water level monitoring. This same direction
has been defended by others works [108, 127].

A standard plastic optical fiber is composed of three concentric layers, named: the
protective layer, the cladding layer and the core. The protective layer and the cladding
layer provide physical and chemical isolation of the core fiber from the environmental
action, while the core of the fiber is responsible for signal passage. When grooves are
introduced, along the fiber and the core is exposed, each groove is responsible for
provoking a signal loss, due to the local change in refractive index between the fiber core
and the environment. If the grooves are filed by a material that presents a refractive index
similar to the fiber core, like water, the signal losses will decrease according to the number

of grooves being progressively filled or vice-versa.

The principle applied in this experimental work is based on the fact that the contact

between the water and the fiber grooves promotes a decrease in signal dissipation when
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compared with air. A similar application of this principle was used on a case of concrete

curing monitoring [117].

The grooves were made manually, with a sharp knife and a brass mold, that allow the
grooves to be made with a minimum spacing of 1 cm and depths of halfand/or one quarter
of the diameter of the fiber (Figure 14). The presence of a groove in an optical fiber
disturbs the propagation of the optical signal to the external region, interacting with the
surrounding environment and inducing an additional optical signal attenuation. When the
space on the groove is filled with a substance with a refractive index closer to the
refractive index of the fiber core, the amount of light propagated increases, therefore the

optical signal measured will increase.

Figure 14. Brass mold employed to create the grooves in the POF, below the mold a detail of the POF
with the grooves is shown.

Considering the sensor disposition in the soil test column and the simulation of the water
level increase, the liquid fulfilling the grooves refractive index is different from the POF
core index, changing the propagation of the optical power. Therefore, the optical signal
power transmitted depends on the refractive index of the fluid. If the fluid’s refractive
index does not change during the acquisition, for each fulfilled groove, the transmitted
optical power increases. A plastic fiber with several grooves, placed perpendicularly to
the liquid surface, can act as a sensor. When the liquid rises, it will sequentially fulfill

each groove, increasing the transmitted optical power.

The data acquisition system (Figure 15) used is composed of four identical channels, each
one with a LEDs emitting at 670 nm (IF-E96, Industrial Fiber Optics Inc, USA) and four
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photodetectors channels (FB120-ND, Industrial Fiber Optics Inc, USA). The control
module comprises of a 16-bit microcontroller (model PIC24FJ256DA206 from

Microchip Technologies) with a 16-bit ADC, operating wi

in a resolution of 38.15 uV. It can be controlled remotely, paired with a computer via a

wireless system (module MiWIiTM - P2P from Microchi

USB cable connection, with the data acquisition and the a

In this work, the data acquisition was done using the USB connection to collect the optical

signal power.

thina 2.5V range and resulting

p Technologies), or through a

nalysis performed in real time.

rligqi..

Figure 15. Data acquisition system.

For field monitoring, the system has a battery and the capability of recording data on an

SD card. The optical signal is received and processed through a computational

management system developed on Labview® (Figure 16).
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Initially the two sensors (S025 and S050) were attached along a rebar using adhesive tape
(sensor detail in Figure 17.b). The rebar with the sensors was then installed in the center
of the test column, leaving the fiber extremities outside, to be connected to the control
module; a baseline or an initial reading was taken immediately after installation.
Following the installation, the water level was raised in steps of 0.20 m until the final
height of 2.00 m. The reading corresponding to each step was taken once the optical signal
was stable, with the stabilization time varying depending on the time test type. After this,
the reverse procedure was carried out, in order to check and analyze the changes in the
optical signal due to the reduction of the water level. The experimental tests, were
performed twice for each situation, namely water increase, water decreasing and
groundwater increase (test A and test B), in order to demonstrate the repeatability and

accuracy of the results.

The column used in this experiment was made of an external steel frame, holding 3 side
panels made of glass and one made of steel with 8 channels for water input. The internal
dimensions are 0.40 m x 0.40 m x 2.00 m (Figure 17.a). The aim of this test was to assess

the changes in the optical power by varying the water level.

a) b)

Interrogator system \

—1 Sand satureted

Figure 17. Experimental setup: a) details of the experimental work and its components; b) detail of the
groove in the fiber during the optical signal processing, and c) soil test box without sand and with sand.

In order to simulate the groundwater variation, the column (Figure 17.c) was filled with
sand up to the top. The sand used had an initial moisture content of 1.90% and its grain

size distribution is shown in Figure 18. As in the previous test, once the sensor and soil
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were in place, the baseline readings were taken and the water level raised and lowered

following the same procedure explained previously.
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Figure 18. Grain size distribution of the sand used to experimental tests.

3.1.3 Results

Both sensors (S050 and S025) were initially tested without soil and later with soil. For
every step (either raising or lowering the water level by 0.20 m) a measurement of the
optical power passing through the fiber was performed, typically after a 15min
stabilization period. After the water was raised to its maximum level a 30mins resting
period was used before starting to lower the water level. The test results are shown in

Figure 19 and Figure 20.

As expected, an increase of the optical signal power occyyred with the rise of the water
level and the opposite occurred when the water level decreased. In fact, changes in the
optical power presented a proportional relationship with the water level increase or
decrease. Essentially, this phenomenon occurs due to the fact that the water refraction
index is higher than the air refraction index and, as the grooves are submerged and the air
is expelled from the grooves by the water, the local refraction index change and more
optical power is required. However, the optical power measurements in the two sensors
also can be affected by several factors, as the characteristics of the LED emission,
photodetector accuracy, POF length and the number and deep of the grooves carved along

of the optical fiber.

Temperature changes can also influence the measurements. This way, compensation

measures should be adopted, one possibility is to place a similar POF fiber, without
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grooves, close to the one acting as a sensor. Such fiber with serve as a reference, and the
signal changes on that fiber will be due to temperature effects (or other, such as emission

LED optical power fluctuation) and can be compensated on the sensing fiber.
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Figure 19.Variation of the transmitted optical power with the water level for the two sensors produced,

during the water level increasing.

The average optical power change per groove observed during the water level increase
was of 0.0717 u.a. for S050 and 0.0306 u.a. for S025. Now, in relation to the water level
decrease, the average changes in the optical power presented values in order of 0.0385
u.a. and 0.0380 u.a. for S050 and S025 respectively.

It was also noted that, during the water level increase (Figure 19), the optical power
presented the highest variability in values when compared to the values collected during
the water level decrease. If the values of the optical power measurements of S050 and
S025 were compared between them, the average variation per groove will be of 0.0407

u.a. for the water increase simulation and 0.005 u.a. for the water level decrease test.

Considering that when the decreasing water level test was done (Figure 20), after the
water level increase test, and based in the linear variation of the optical power measured,
it is correct to say that the stabilization time has an influence on the optical signal
calibration. During the experimental it was observed that sensor S050 required around 20
min less time for the stabilization of the optical signal than sensor S025, while the water
level was being raised. In fact, this characteristic can be related to the difficulty offered

by the grooves to the penetration of the water (e.g. the bigger the size of the grooves, the
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easier it is for the water to occupy this space, requiring, therefore, a lower stabilization
time; another important consideration is how the surface tension influences the flow of
the water in and out of the grooves.
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Figure 20. Variation of the transmitted optical power with the water level for the two sensors produced,

during the water level decreasing.

Additionally, the results showed that the optical power readings of sensor S025 are more
sensible to water variation than the readings from sensor S025. This is also due to the
greater depth of the grooves, which allow a higher amount of optical radiation to be lost
to the outside of the fiber. The optical power changes, observed during the water level
increase simulation, in the column test, showed variations of the order of 0.1461 for
sensor S050 and of 0.0675 for sensor S025. The level of confidence of the linear fit
applied to the results obtained for the water increase test, is of 95% for sensor S050 and
96% for sensor S025.

The second part of this experimental program was dedicated to simulating the
groundwater level in the soil. During the test in a soil column, the optical power presented
a similar linear behavior like the one observed in the tests without soil. The time needed
for signal stabilization was around 1h for each measured point. The results from this

experimental setup are presented in Figure 21.

Measurements with sensor S050 presented a smaller change between the water level
points due to the biggest groove depth. This can be explained by the influence of the

initial moisture content of the sand on the measurements of the optical signal. The size of
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the grooves on S025 present a higher resistance to the penetration of water due to its
smaller size, therefore, given its area, it’s easier for water entering into the sensor S050
groves. Also, the sand humidity should be considered because it can affect the signal

amplitude variation, as observed in the results water rising in the soil column test.
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Figure 21. Variation of the transmitted optical power with the groundwater level increase, for sensors
S050 and S025.

Initially, the sand humidity did not promote any changes in the optical signal transmitted
by S025, but during the experiment, when the water rises on the optical fiber, fulfilling

the grooves, a signal increase was noticed, as expected.

However, the sand humidity can influence the optical signal attenuation according with
the groove area. Before the water rising started, the optical signal of S050 was influenced
by sand humidity and when the experiment was carried out the signal transmitted by S050
showed lesser changes than the signal transmitted by S025. Additionally, due to optical
fibers composition, namely polymethylmethacrylate, which is a hydrophobic material,
the water pressure effect on the groove fulfillment must be considered. For smaller area
grooves, the needed water pressure for a full contact between the water and the
hydrophobic material (to fully fulfill the groove) must be superior than for higher area
grooves [128]. Such explanation, justifies the difference between signal amplitude

changes of sensors S050 and S025, when submitted to the soil column text.
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The calculus of the pressure necessary for the water penetration in the optical fibers
grooves of sensors S050 and S025 can be gathered through Expression 1 [128], where y

is the surface tension and 0 is the contact angle, and r is the radius of the groove.
P = —2.y.cos@/r (Expression 1)

Considering y = 0.072 N.m (for water), 0 = 120° (for polymeric materials), rsoso = 0.0025
mand rso2s = 0.00125 m, the necessary water pressure for penetration in the fibers grooves
is 57.6 N.m2and 28.8 N.m, for sensors S025 and S050, respectively. Nonetheless, the
opposing phenomenon, the pressure force required for water to exit the grooves, was also

observed.

Indeed, the average between the changes in the optical power during the water level
increase test, by comparative analysis between the values of the optical power, collected
when the water level was at the base (or 0.00 m) and when it was at the top (or 2.00 m),
were of 0.0035 and 0.0131 for SO050 and S025. In this experiment, the sensor S025
presented higher sensitivity and a better linear behavior than the results by the sensor
S050. The confidence level of the linear results, measured during the water level increase
simulation, in the soil column, were of 96% for S025 and 81% for S050. It was also

observed that the sensor S025 needed 20 min longer for the signal stabilization than S050.

If the measurement points of the optical power were compared between S050 and S025,
namely 0.0073 u.a. and 0.0247 u.a., one can perceive that the optical signal of sensor
S025 is 3.37 times more powerful than the optical signal of sensor S050. This observation
about the optical signal is particularly important because it shows that potentially sensor
S025 will present a better performance at greater depths than sensor S050, considering

that the same signal power is used for both sensors.

Additionally, the dispersions between all results collected in the test column and all the
linear fits were plotted in Figure 22. It can be seen that the results showed a low dispersion
between them. In fact, this endorses the linearity behavior of the optical power when

submitted to changes in the water level both in the presence or absence of soil.
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Figure 22. Residual analysis of the optical power measurements to S050 and S025 to groundwater rising,

water rising and water decreasing.

3.1.4 Final comments

In this section, new optical sensors were implemented, namely by grooves made along of
the optical fiber length, with depth of 0.50 mm (sensor S050) and 0.25 mm (sensor S025)
and experimentally tested. The plastic optical fiber sensors developed in this work
provide a simplified sensing system for liquid level monitoring based on changes on the

optical power.

The proposed water level sensors, presented a suitable performance for measurement of
variations on water level, with an adequate sensitivity, based on changes on the optical
power. The two proposed sensors can be used for in situ applications of water level

monitoring. However, the sensor S025 presented better signal performance than S050.

The advantages of employing such sensors, in structural health monitoring systems, to
monitor groundwater levels, are the simplicity of the measurement system and a suitable

sensitivity, added to the low manufacturing, interrogation and maintenance costs.
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3.2. Optical sensors for bond-slip characterization and monitoring of

old RC structures

3.2.1. Introduction

Some features as workability, high durability and low cost of production have contributed
for the concrete be the building material most consumed in the world, namely around 12
billion of tones per year [18]. Essentially in emerging economies, as Brazil and South
Africa for example, reinforced concrete (RC) structures correspond a large part of the
existing structures, that in no rare cases they also present cultural value as Metropolitan
Fortaleza’s Cathedral (Figure 23), a neo-gothic building, built in the final of the XX

century, placed in Fortaleza, Brazil.

Figure 23. Fortaleza's Cathedral.

Fundamentally in recent nations, as the found in the American continent, the age of
heritage constructions (HC) are shortest than the historical buildings found in Europe, and
sometimes, can give the wrong idea that the employment of modern build materials, as
cement, can disfigure the cultural value of a HC. However, this fact does not mean that

the cultural value of the recent HC can be less than another one.

In truth, historical RC structures had its values recognized by Madrid’s Letter, where is
evident that the cultural value is not related with the building age or the material
employed, but with the importance of the building for the community development [129].

Due to that, the development of studies related with safety maintenance of recent HC are
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relevant, motivating the development of the present work, devoted to development of
optical sensors for characterization and monitoring of bond-slip mechanism in old RC
structures. However, the sensors presented in this section have not its applicability limited
to RC structures, they can be applied for relative displacement monitoring in other

typologies, as masonries structures, for instance.

In fact, the adherence between concrete and reinforcing bars is the essential characteristic
to existence of RC. Nonetheless, this adherence is not a simply mechanical phenomenon,
but can be understanding and described, in general terms, by chemical adhesion,
mechanical adhesion and adhesion by friction, that in zones of tensions presents two
considerable aspect of work to bond control, namely, mechanism of tensions transference
between the reinforcing bar and concrete and the RC resistance to pull-out solicitations
[130]. In the same line, to Daoud, Maurel & Laborderie [131] the bond existent in the
reinforcement bars and the surrounding concrete is indicate as the fundamental factor for
RC performance, being its existences conditioned by factors as steel bars performance,
concrete resistance to loads, and by mechanism process of tension transfer between

reinforcing bars and the surrounding concrete.

According to Silva et. al. [132] the study of the RC adherence is important to definition
of the structure safety, and can be used to estimating the concrete axial strength, reducing
the time wait necessary to realize the compressive tests, across the traditional methods
(see [133]). However, the authors highlight that this method of test present restriction,
when realized in laboratory or by specimens collected in field due to length and loads

actions restrictions.

Another way to analyze the adherence zone between the reinforcing bars and the concrete
is by crack analysis that based in the opening and cracks spacing, numerical and
experimental proceedings can be used to predict the bond state of reinforcement bars with
the concrete [134]. The crack evolution is influenced by tension distributions on the
surrounding area between reinforcing bars and concrete, age, material, geometrical and
loading and can be used to analys the steel-concrete adhesion through the bond stress-slip
evolution obtained, often, by pull-out test. In this testing method, the crack emergence on
the specimen is influenced by the pulling of the reinforcing bars and the crakes on the

specimen surface are not visible. Although the results of the pull-out test the limit
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maximum bond stress (also called by bond strength) can be obtained. The maximum
strength is found although the division of the applied force necessary to promote the slip
of the reinforcing bars inside the concrete by the lateral surface area of the bars [135].

Examples of this testing application can be seen in [132, 134, 135].

Studies considering the effect of the corrosion process in different levels using 3D chemo-
hydro-thermo-mechanical model on emergence of cracks in the adherence zone of rebar-
concrete were recently developed by Ozbolt, Orsani¢ and Balabani¢ [136]. Basically, the
model built by the authors considered the physical and electrochemical characteristics of
the corrosion process with the concrete properties. The modeling was based on finite
element method (FEM) and the modeling of the RC adherence was characterized
according to results come from standardized test carried-out in RC specimens [131].
However, the authors highlight that the recurrence to pull-out tests is the simplest way to
collect accuracy data on adherence zone, but its performance on real structure is really
complicated. In fact, the recurrence to pull-out tests is a good way to characterize the
mechanical adherence of the RC. But, especially in RC heritage constructions, to collect
specimens for characterize the adherence zone between reinforcing bars and concrete is
not always possible, and the adoption of less intrusive techniques for this proposes can

be a better alternative way for perform it.

Although the interest in application of optical fiber sensors (OFS) in RC structures
monitoring only emerged in 1980s[137], several kinds of OFS has been developed since
them. Davis, Bellemore and Kersey [138] reported a FBG sensor focused to RC strain
measures in RC beams and decks tested till failure, that were bonded to the rebar,
embedded in the concrete and embedded in composite matrix. The results show that FBG
sensors can be used to measure the strain level inside concrete. However, this technique
is limited to RC failure analysis because consider only the concrete strain level for failure
monitoring, and does not includes the essential property for RC existence, namely

adherence rebar-concrete.

Recent sensors advances had been performed in order to provide alternative techniques
for RC bond-slip monitoring. In Qin et. al. [139], smart aggregates, composed by a fragile
piezoceramic patch, were used for RC bond-slip monitoring. The results demonstrated

that the smart aggregates can be used for monitoring the initiation and bond-slip
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development. Nonetheless, the smart aggregates sensors can be its measures affected by
electromagnetic field due to piezoelectric properties, and in this way the data accuracy

compromised.

In order to provide a less intrusive method for old RC bond-slip characterization and
monitoring the present section details three OFS based on FBG and discuss on the

experimental results founded.

The main advantages of the optical sensors presented in this section are the high accuracy
for monitoring micro-displacements and the fact that it is a less intrusive characterization
technique, allowing its application on HC. In addition, the principle of work of the sensors
is really the displacement and not the stress level, making the collected results an
assembly of the current physical and mechanical properties of the adherence zone. Also,
the implemented acquisition system can be used for long distance monitoring when
connected to internet, allowing real monitoring of the relative displacements of the

contact zone between the concrete and reinforcing bars.
3.2.2. Fiber Bragg grating

Essentially, FBG sensors are based on fiber core refractive index modulation, by
exposition of a photosensitive optical fiber to an intense ultraviolet periodic radiation,
along the fiber longitudinal axis. In the detail of the Figure 24, the optical signal is emitted
and transmitted by the core, with a reflective index knowledge, and when this signal pass
by the Bragg grating a specific wavelength is filtered and reflected to contraire direction
of the normal signal way and a resultant spectrum is transmitted. Thus, by the observation
of the change in the spectrum of response is possible to identify variation in the monitored
parameter. Additionally, is important to say that the reflective index of the fiber nucleus
is variable according to temperature and tension. Thus, for most accuracy applications is
necessary a preliminary study to knowledge the effect of the influence of this two physical

parameters in form to minimize measurement errors [1-2].

S7



Structural Characterization and Monitoring of Heritage Constructions

Power

Emitted Reflected Transmitted
signal signal signal

/ e /

A

' Wavelength

Optical fiber

Optical signal

Figure 24. FBG structure and detail of the spectral responses.

The FBG presents high sensibility, high capability of multiplexing, no magnetic
interference and low signal losses over others optical fiber. This characteristics has been
contributed to popularizations of this optical technology, especially in the sensors
industry [141]. The basic principle of the FBG consist in the wavelength reflected
modulation of the optical signal emitted, express by Fresnel reflection, so-called Bragg
wavelength (Expression 2), where Ag is a Bragg wavelength, 2nef is the optical signal
without Bragg effect and A is the period of the grating. However, if were known the
number of the perturbation derivate of the grating period N, and the reflectivity index, s,
and the quantity of the refractive will be possible to identify, by Expression 3, the pick of
the spectrum reflected [1, 3].

AB = 2neffA (Expression 2)
A 1 .
Arm = ABs (ﬁ) Z+ (ﬁ) z (Expression 3)

Basically, the process of to print a Bragg grating in a fiber core consist in the exposition
of the core in ultraviolet ray, however is important to certificate that the fiber is sensible
of the ray that the core will be submitted. Currently, exist a variable numerous of the
techniques to Bragg gratings print in the optical fiber, as should be cited the optical fiber
hydrogenation method, based in the oxygen diffusion in the interior of the fiber and the
consequent elevation of the photosensibility; the Hill method, based in the incidence of
an argon ray in the optical core, and the phase mask method, based in the superposition
of the of two signals at the optical core. The last method, namely phase mask, was

implement by Institute of the Telecommunication of Aveiro and used in this work, that
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consist in laser signal that is reflected by a system of four mirrors in the direction of a
phase mask previously positioned and that make possible adjust the reflected signal at the

specific point at the fiber core [12].

Nonetheless, the optical signal reflected by FBG is sensible to physical parameters, as
deformations and temperature changes. This dependence between FBG, temperature
changes and deformations can be represented by Expression 4, where nes is the optical

fiber refractive index, | is the optical fiber deformation and T is the temperature.

_ oneff S_A oneff S_A .
818 =2 (At neff ) AL+ 2 (AT 4 neff ST) AT (Expressiond)

8
3.2.3. Sensors description and manufacturing

Three prototypes of FBG optical sensors for bond-slip characterization of RC elements
were developed and assigned as FBG01, FBG02 and FBG03. The FBGO1 (Figure 25)
was composed by two metallic components, namely copper, according to specifications
presented by Figure 27, with 32.00 mm of total height, 5.00 mm of thickness and 41.00
mm of total length. The superior component presents an “L” form with a hook placed at
the center of the total length while the inferior component presents an “F” form and a
curvature (R=5.00 mm) on the bottom surface. Along of the total length of the FGBO01
sensor, the inferior and superior surfaces are not in direct contact, the minimum spacing
between them is of 1.00 mm in the extremities. A polyurethane spray layer was employed
as fulfillment of the space between the two metallic surfaces (Figure 25), and in the left
and right lateral a layer of 16.00 mm x 10.00 mm x 5.00 mm and 5.00 mm x 10.00 mm x
5.00 mm, respectively, were performed in order to guarantee the FBGO1 sensor
movements in the left and right direction till a maximum displacement of 10.00 mm. In
the Figure 26.a and b is showed the details of the spacing between the two surfaces of the
FBGO1 sensor, and the Figure 26.c show the aspect of the FBGO1 sensor during the

polyurethane fulfillment process.

In fact, the inferior metallic component of the FBGO1 sensor was designed to be
accomplished along of the reinforcement rebar, while the superior component was
designed to be hooked by concrete (Figure 25). Thus, once that the superior component

of the FBGO1 sensor is fixed in the concrete an