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Summary

The security of civil engineering works demands a periodical monitoring of the structures. The
current methods (such as triangulation, water levels, vibrating drings or mechanica
extensometers) are often of tedious application and require the intervention of speciadized
operators. The resulting complexity and costs limit the frequency of these measurements. The
obtained spatid resolution is in generd low and only the presence of anomdies in the globa
behavior urges a degper and more precise eva uation.

Thereis therefore area need for atool dlowing an automatic and permanent monitoring from
within the structure itself and with high precison and good spatid resolution.

In this framework, the concept of smart structures has proved its effectiveness in other
domains such as the monitoring of composite materias or in aerospace gpplications. This type
of dructures are ingrumented with an interna array of optica fiber sensors dlowing the
monitoring of different parameters critica for its security and ussful for a cogt efficient planning
of the mantenance interventions. This includes the messurement of deformations,
temperatures, pressures, penetration of chemicals, and so on.

Fiber optic sensors present important advantages compared to more traditional measurement
methods, including their low cog, versaility to measure different parameters, insengtivity to
electromagnetic fieds (power lines, trains, thunderstorms) and to corrosion, their smdl sze
and the high dengity of information they can ddliver even remotely.

The gpplication of the smart Sructure concept to the specific needs of civil engineering opens
new perspectives in the long-term monitoring of al works of some importance such as bridges,
tunndls, dams, airport runways, domes, unstable soils and rocks, just to name afew.

The SOFO measurement system (French acronym for Surveillance d'Ouvrages par Fibre
Optique or Structurd Monitoring by Optica Fibers), is based on low-coherence
interferometry and has been developed in the framework of this dissertation in cooperation
with severd indudtria partners.

This systems includes a portable, waterproof and computer controlled reading unit aswell asa
number of sensors adapted to different Structures and materias such as. concrete, metdlic,
timber and mixed structures, underground works, anchorage and pre-stressing cables and
new condruction materias.

Furthermore, different multiplexing techniques have been developed and tested in order to
measure alarge number of sensors without any operator’ s assistance.

This instrument was developed especidly to measure smdl deformations over periods up to a
few years and was tested successfully on a number of sructures including bridges, tunnels,
dams and laboratory models.






Résumeé

La sécurité des ouvrages de génie civil nécesste un contréle périodique des Structures. Les
méthodes actuellement utilisées (telles que triangulation, niveau d'eau, cordes vibrantes ou
extensometres mécaniques) sont souvent d'application lourde voire fagtidieuse et demandent la
présence d'un ou plusieurs opérateurs specidises. La complexité et les colts éevés qui en

découlent limitent la fréguence des mesures. La résolution spatide obtenue et en générd

fable & seule la présence danomdies dans le comportement globd incite a poursuivre
I'andyse avec plus de détails et de précision. Il y a donc un besoin réd, manifesté a I'échele
internationde, d'un outil permettant une surveillance automatique et permanente a I'intérieur

méme de la structure avec une grande précision et une bonne résolution dans |'espace.

Dans cette optique, le concept de structure intelligente (en anglais smart structure) a dga
prouvé son efficacité dans pluseurs branches des sciences de I'ingénieur notamment dans le
domaine de I'agronautique et des matériaux composites. Ce type de structure est équipée d'un
réseau interne de capteurs a fibres optiques permettant de survelller différents paramétres
critiques pour la sfcurité et utiles pour une planification efficace des interventions de
maintenance, notamment déformation, température, pression, pénération d'agents chimiques,
etc.

Ces senseurs afibres optiques présentent d'importants avantages par rapport aux méthodes de
mesure plus traditionndles. Citons leur faible colt, la grande plage de parametres mesurables,
l'insengbilité aux champs éectromagnétiques (lignes a haute tension, trains, orages) et a la
corroson, leur petite taille, leur souplesse dutilisation et la grande densité dinformation quiils
peuvent fournir. L'gpplication du concept de structure intelligente aux problemes spécifiques
du génie civil ouvre de nouveles voies dans le domaine de la surveillance a long terme des
ouvrages de quelque importance tels que ponts, tunnels, barrages, pistes d'aéroport,
couvertures de grande portée, mécanique des roches et des sols, etc.

Le systéme de mesure SOFO (Surveillance d'Ouvrages par Fibre Optique), est basé sur le
principe de I'interférométrie en basse cohérence et a é&é développé en collaboration avec
pluseurs partenaires indudriels. Ce systeme se compose d'une unité de lecture portable,

étanche et entiérement contrélée par ordinateur ains que d'une Série de capteurs adaptés a
lingdlaion dans différentes structures et matériaux tels que: les structures en béton, métd,

bois & mixte, les ouvrages souterrains, les cables d'ancrage et précontrainte ains que les
nouveaLX matériaux de congtruction.

Pus eurs techniques de multiplexage qui permettent la mesure automatique d’ un grand nombre
de senseurs ont auss €té développées et testées.

De par son principe méme, cet insrument est adapté a la mesure de faibles déplacements sur
des périodes pouvant ateindre pluseurs années. Il a é&é testé avec succeés sur plusieurs
sructures civiles et notamment dans des ponts, des barrages, des tunndls et des modées de
laboratoire.
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Zusammenfassung

Im Bauwesen fordert die Sicherheit eine periodische Uberwachung der Strukturen. Die derzeit
benutzten Methoden (wie z.B. die Triangulation, Wasserpegd, Schwingungskabe oder
mechanische Extensometer) sind oft schwierig und langwierig in der Anwendung und erfordern
die Anwesenheit eines oder mehrerer Fachleute. Die Komplexitét und die daraus entstehenden
hohen Kosten haben ene Einschrénkung der periodisch durchzufiihrenden Kontrollen zur
Folge. Die erhdtene rdumliche Auflésung ig im algemenen schwach, und nur bel der
Feststdlung von Anomdien im algemeinen Verhadten wird man eine detailliertere und genauere
Andyse vornehmen. Es exidiert dso ein redler Bedarf an einem Mittel, das eine automatische
und permanente Uberwachung im Inneren der Struktur mit hochster Prézision und mit einer
befriedigenden réumlichen AuflGsung ermdglicht.

In dieser Hingcht hat sich das Konzept der inteligenten Struktur (smart structure) in viden
Bereichen des Ingenieurwesens, inshesondere in den Bereichen der Aeronautik und der
Verbundbaustoffe a's wirksam erwiesen. Eine solche Struktur ist mit einem internen Netz von
Sensoren aus Glasfasern ausgedtaitet, das die Uberwachung unterschiedlicher kritischer
Parameter fir die Sicherheit oder fir eine wirksame Planung der Unterhadtsarbeiten
ermoglicht, wie zB. Deformation, Temperatur, Druck, Eindringen von chemischen
Substanzen, usw.

Diese Sensoren aus Glasfasern weisen gegeniber herkdmmlichen Messmethoden erhebliche
Vortelle auf. Erwahnt seien hier die niedrigen Kosten, das grof3e Spektrum von mef3baren
Parametern, die Unempfindlichkeit auf eektromagnetische Felder (Hochspannungdeitungen,
Zige, Gewitter) und auf Korroson, die kleinen Abmessungen, die Hexibilitdt in der
Anwendung und die grosse Menge an Informationen, die gewonnen werden kann. Die
Anwendung des Konzepts der intelligenten Struktur im Bauwesen erschliel® neue Wege auf
dem Gebiet der langfrisigen Uberwachung von bedeutenden Bauwerken wie Briicken,
Tunnds, Staumauern, Landepisten, gréRere Uberdeckungen, Fels- und Bodenmechanik, usw.
Das Messsystem SOFO @urvelllance d Ouvrages par Fibres Optiques) berunt auf dem
Prinzip der Interferometrie in niederer Kohérenz und wurde in Zusammenarbeit mit mehreren
indudtridlen Partnern entwickelt. Das System besteht aus einer tragbaren und von einem
Computer vollig kontrallierten Leseeinheit und einer Serie von Sensoren, die fur die Ingtallation
in verschiedenartigen Strukturen und Materidien geeignet Sind; zum Beispid Strukturen aus
Beton, Metal und Holz, unterirdische Strukturen, Verankerungs- und Vorspannkabd,
neuartige Baugtoffe.

Verschiedene Multiplexing-Methoden wurden entwickelt und getestet. Sie bezwecken eine
héhere Dichte von Messpunkten, die vom Apparat ohne manuelle Betédtigung abgelesen
werden konnen.

Dem Hergdlungsprinzip gemdl ist das Gerédt fir eine Messung geringer Deformationen
geeignet, die sich auch Uber mehrere Jahre ergtrecken kann. Das SOFO System wurde auf
verschiedenen Strukturen wie Briicken, Tunnels und Dammen erfolgreich getestet.
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Préface

L'infrastructure d'un pays dépend pour une large part des prestations de I'ingénieur civil, que
I'on pense au réseau routier ou a cdlui des chemins de fer, aux barrages, aux tunnels ou aux
ingallations portuaires, pour ne citer que ces exemples.

Dans le contexte actud, en Suisse en paticulier, les missons dévolues au praticien
sinfléchissent de maniere accrue vers les téches dentretien ou de maintenance du patrimoine
exigant : il sagit de garantir la longévité des ouvrages en toute scurité, au besoin en les
rendant aptes a des exigences nouvelles.

Dans cette optique, la nécessité de méhodes dauscultation efficaces, peu onéreuses et
susceptibles de fournir des indications permanentes gpparait a chacun. Il résulte de cette
exigence un flux de données consdérable, dont la signification concréte doit étre présentée
sous une forme adéquate afin d'ére rédlement utile au praticien. C'est dire quil sagit non
seulement de mesurer des paramétres significatifs en grand nombre, mais encore de dépouiller
ces mesures sans quil soit nécessaire de recourir & un opérateur humain e de maniere a
inscrire ces réaultats dans les schémas familiers al'ingénieur congtructeur.

Cest and que, par exemple, les dlongements mesurés aux fibres extrémes d'une poutre
peuvent étre directement transformeés en courbures puis en fléche, et le tracé de la déformée
effective rendu grgphiquement et de maniére quasiment instantanée.

Le travail remarquable de Monsieur Inaudi sinscrit dans cette perspective de dével oppement
de nouvedles méhodes dauscultation et de I'gppareillage qudles impliquent. Le mérite du

candidat est d'avoir transposé au domaine trés exigeant des ouvrages en phase de construction
les techniques d'apparition récentes exploitées dans le domaine des télécommunications. Non
content d'adapter ces nouve les technologies, Monsieur Inaudi a congu puis mis en oeuvre des
procédés inédits dexploitation du potentiel considérable recelé par les fibres optiques, en

particulier en multipliant les points de mesure Stués sur une seule et mémefibre.

Une fois démontré lavdidité du principe de fonctionnement, le candidat a poursuivi laréflexion
qui lui a permis de conférer au Systéme propose la nécessaire maturité a son engagement dans
les conditions réelles rencontrées sur le chantier.

L "achevement d'une thése condtitue toujours un motif de satisfaction : une idée ou un concept
inédit prend naissance puis se développe, ses assises sont structurées, ses limites explorées et
au besoin éendues. Sagissant d'une technique de mesure inédite, senghilité, précison, plage
de mesure font I'objet dandyses et de comparaisons minutieuses. De maniére générale,
quelques essais convenablement choisis au laboratoire attestent la plupart du temps le bien
fondé de I'innovation proposée.



Ici, non seulement la technique & son ingrumentation ont subi I'épreuve des conditions de
chantier a réitérées reprises, mais encore avant méme de quitter le milieu académique, le
candidat a fondé sa propre entreprise destinée a vaoriser le systeme dauscultation quil a
proposé et réalisé dans le cadre de sathese.

Cet esprit de pionnier mérite ames yeux d'ére souligné. A I'heure ou tant de médias véhiculent

pessmisme ou morosité, il est rgouissant de voir un jeune ingénieur entreprendre, réussir et
persévérer.

Professeur L. Pflug
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1. Introduction

“On doit se proposer de faire tous les ouvrages,
surtout les ouvrages publics, en premier lieu bien
solidement au second lieu avec économie. Le motif
d’économie n'est que secondaire et subordonné au
premier.” (“All structures, and especially te public
ones, should be made solid and with economy. The
economy concern are secondary and subordinate to the
first one™)

Perronet 1708-1794

This section analyzes the monitoring needs in civil
engineering structures. After giving an overview of the
different phases in a structur€e's life that can benefit
from a deformation measuring system, we will analyze
the characteristics of the existing monitoring methods.
Finally we will discuss the possbility of developing a
new generation of sensors based on fiber optics and
their applications as replacement of existing
measurement methods or as enabling technology to
open new possbilitiesin structural monitoring.
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1.1 Civil structures, their safety, the economy and the
society

Civil engineering accounts for 15% of Switzerland's gross internd product which
represents 46' 000 Millions Sfr of investments per year. This shows the importance of
this branch for the economy and, on the other hand, the consequences that it can have
on the society. It is for example calcuated that about 40% of the 500°000 highway
bridges in the USA are structurally deficient and would need to be repaired or rebuilt.
This would represent an investment starting a 90 billions USD. More than 130'000
bridges have imposed load regtrictions and approximately 5000 are closed. In any
year between 150 and 200 spans suffer partid or complete collapse [1]. Interestingly,
a grong correlation was found between the maintenance of a bridge and its hedth
date, while the age, climatic conditions and traffic load have only a minor influence.
Other studies show that the situation in Europe is only dightly better and Switzerland
is certainly not the happy exception that we would hope.

As citizens and daily users of civil structures such as bridges tunnds and buildings, we
take their safety for granted. The Sze and the apparent solidity of the materids they
are build from, naturally suggest a sense of security and eternity.

It should therefore be a priority of each public and private owner of a structure to
build and maintain it cog-efficiently but without compromises to the safety of the
users. This points to the gpplication of total quality management concepts that have
dready been gpplied successfully in many industry domains. It is rgjoicing to see a
deady shift in this direction as shown for example by the cregtion of a chair for
sructure’ s maintenance in our department. More and more investments are nowadays
shifted from the condruction to the mantenance and life-gpan extenson of existing
structures.

In the framework of tota quality management, a speciad concern is directed toward
the definition of measurable quantities that can describe the state of a given process.
In cvil enginesring this means that we will have to rdy more and more on
dandardized tests and objective measurements, especidly during the Structure's
condruction, but aso during its whole life span. In many fidds, like underground
works and dams, constant monitoring is an established concept and the professonds
are often eager to test and apply new monitoring systems that can ease their work,
provide new data or replace outdated and cumbersome equipment. In other fields,
like bridge and building congtruction, it sesems that the need for along-term monitoring
of dructures is only a more recent concern and a real measurement culture has till to
be established. It is till sometimes argued that awell designed and well- built structure
does not need any monitoring a al. The recent higtory shows how mideading and
coglly these arguments can be. Bridges built only years ago and meant to last for a
century, dready need repair. The cause has been traced back to a poor quality of the
condruction materias, to the insufficient knowledge on concrete chemistry and
sometimes to risky design. It is undeniable that a closer monitoring of these structures
could have avoided, a least partidly, the same problems to appear on Smilar
sructures built later and would have dlowed a more prompt intervention to stop the
progression of the damages.
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A permanent monitoring starting with the congruction of the structure adds a codt.
This smdl added cost is however counterbalanced from the increased vaue of the
sructure that pays back in the long term. This is probably the main obgacle to a
generdized application of the quality concepts to civil engineering: the codts of poor
qudity and the benefits of good qudity turn into economica consequences only after
years or tens of years. This tends to reduce the personal concern and can lead to the
well known “Not my problem in twenty years’ syndrome.

The work presented in this dissertation ams to give a smadl contribution towards a
better understanding and a permanent monitoring of new and existing sructures. Its
main objective has been the design and redlization of a deformation monitoring system
based on opticd fiber sensors and adapted to the specific needs of civil engineering.
This system is named SOFO, the French acronym for “Surveillance d Ouvrages par
Fibres Optiques’ or structurd monitoring by optical fiber sensors.

1.2 Monitoring during birth, life and death of a
structure

The monitoring of a new or exigting structure can be gpproached either from the
materid or from the dructurd point of view. In the fird case, monitoring will
concentrate on the loca properties of the materias used in the congtruction (e.g.
concrete, sted, timber,...) and observe their behavior under load or aging. Short
base-length strain sensors are the ided transducers for this type of monitoring
approach. If avery large number of these sensors are indtdled at different pointsin the
dructure, it is possble to extrgpolate information about the behavior of the whole
structure from these local measurements.

In the structura approach, the structure is observed from a geometrical point of view.
By using long gage length deformation sensors with measurement bases of the order
of oneto afew meters, it is possible to gain information about the deformations of the
gructure as a whole and extrgpolate on the globa behavior of the congruction
materias. The structural monitoring gpproach will detect material degradation like
cracking or flow only if they have a direct impact on form of the dructure. This
approach usudly requires a reduced number of sensors when compared to the
materia monitoring gpproach.

The availability or religble strain sensors like resstance strain gages or, more recently,
fiber Bragg gratings have higoricaly concentrated most research efforts in the
direction of materid monitoring rather than structural monitoring. This latter has usudly
been goplied usng externd means like triangulation, did gages and invar wires.
Interferometric fiber optic sensors offer an interesting means of implementing structurd
monitoring with internal or embedded sensors.

In the next paragraphs we will give an overview of the different parameters that can
be monitored during the whale life-gpan of a bridge using long gage sensors.

1.2.1 New structures, congtruction and testing

For new structures, the construction phase presents a unique opportunity to ingal
sensors and gather data that will be useful for their whole life-span. For concrete
dructures it is even possble to embed the deformation sensors right insde the
different Sructura parts. It is possible to follow the setting reaction of concrete in its
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expangon and shortening phases and asses the conformity of the materid to the
prescribed standards. In the case of structures constructed in successive phases, the
sensors can help to optimize the time between successve concrete pours, by
evauating the curing stage of the precedent sections. If the structure includes pre-
stressed dements, the cable tensoning and the associated deformations can dso be
monitored and the forces can be adjusted to achieve the desired shape. For pre-
fabricated eements, the sensors can be ingtaled right at the factory and serve both as
an additiona quality test of each dement separately and as a deformation sensor for
the assembled structure.

Problems in bridge and building congruction often come from the foundations. Long
deformation sensor can aso be used to monitor these critica parts. Many structures
are paticularly vulnerable to externd agents like wind, small earthquakes and therma
loading before they are completed. A deformation sensor network can quantify any
damage undergone by the Structure before it reechesits find static configuration.

1.2.2 Testing

Many structures of some importance and bridges in particular are load-tested before
being put in sarvice. Typicaly the bridge is loaded with pre-defined patterns of sand-
loaded trucks and the induced verticd displacements are compared with the ones
cdculated by the engineers. The measurements are normdly performed with
conventiond techniques like triangulation and did gages that are inddled for this test
only. Embedded and/or surface mounted deformation sensors can replace or
supplement these measurements and help compare these extreme loading patterns to
the ones that will be encountered by the structure once in service. The appearance of
cracks or other degenerative phenomena during these tests can also be observed.

1.2.3 In-service monitoring

Once the dructure is in-service, its monitoring becomes even more important, snce
the security of the user isinvolved. Idedly, dl deformations produced by traffic, wind
and themd loading (sunshine, seasond temperature variations...) should be
reversble. However, dl congtruction materids tend to degrade with age. Concrete
cracks and flows, sted is subject © fatigue and rust. A degradation of the building
materids usudly has an influence on the gatic behavior of the bridge and can be
detected by the deformation sensors. These measurements can lead to early warnings
and prediction of potentid problems and hdp in the planing of the necessary
maintenance interventions.

In a bridge, the sensor network can monitor the load patterns associated with traffic
and record any abnorma (but unfortunately not unusua) overflow of the prescribed
carying capecity. In the case of excessve deformations resulting from partid
sructurd deficiency or an excessive wind or traffic load, the monitoring system can
automaticaly stop or dow the traffic on the bridge.

In ssigmic areas, one of the mogt chalenging tasks in dructurd monitoring is the
damage assessment after earthquakes, even of modest amplitude. Bridges can remain
inaccessible for a long time before their safety is re-certified and they can be re-
opened for use. An internd sensor network can obvioudy accderate this process and
discover damages undetectable by visud ingpection.
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1.2.4 Aging structures: residual life assessment

Deformation sensors can dso be used to determine the resdud carrying capacity of a
bridge by observing its deformation under known mechanic or therma solicitations. In
this case it should be possible to ingdl the sensors on the surface of the structure or
indde ad-hoc grooves. Once in place, the monitoring system will follow the structure
during the rest of itslife.

1.2.5 Refurbishing

Many aoncrete bridges constructed 20 to 30 years ago dready need refurbishment
due to degenerative processes like carbonation, chemicd aggressons (eg. deicing
sdts), sted corrosion and use of poor congruction materiads. Typicaly, the damaged
surface of concrete is removed and a new concrete or mortar shell is gpplied to the
bridge. To ensure a durable repair it is necessary to guarantee an excellent cohesion
between the old and the new concrete, otherwise the new layers will fdl-off after a
short time destroying al repairing efforts. Materid testing is therefore fundamentd and
has to be performed both on concrete samples andyzed in the laboratory but aso
with in-Stu measurements. In this case the shrinkage, cracking and plasticity of the
new layer have to be measured by embedding sensors a different positions between
the old concrete and the surface of the new one.

These sensors, once in place, can serve as a long-term monitoring system, without the
need to mount sensors on the sructure's surface. Embedded sensors are indeed
better protected and less subject to externd disturbances like direct sunshine, wind
andran.

1.2.6 Recycling or dismantling

Temporay and re-usable structures need efficient monitoring systems to asses
possible damages before recycling.

When a dructure has reached the end of its life-span and repairing becomes
exceedingly costly or the structure does not respond the increased needs, dismantling
becomes necessary. A deformation monitoring system helps to follow this phase that
can be as delicate as the bridge construction.

1.2.7 Knowledgeimprovements

Besdes the knowledge that can be gathered on a particular structure instrumented
with a sensor network, more genera information can be collected and used to refine
the knowledge of the red behavior of sructures and eventudly improve design,
condruction and maintenance techniques. If smilar dructures are congdructed in
succession, the so-cdled desgn-by-testing gpproach can be used to continuoudy
improve on the design and verify the consequences on the new sructures. The
measured deformations can be inserted into a feed-back loop to the finite dements
programs used to calculate the structure.

Deformation sensors can dso be used in the |aboratory to experiment with new
congtruction materias and techniques before application to red structures. Testing on
reduced- scae modds alows the evauation of new or extreme solutions with reduced
costs and risks.
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1.2.8 Smart structures

Fiber optic sensors are often cited as the first building block of smart structures, i.e.
Sructures able to respond to internal and external stimuli with gppropriate actions
using a series of actuators. The smart structure concept has usudly been gpplied to
relatively smal structures, but could aso find interesting gpplication to civil sructures.
Possible examples include actively damped and adaptive structures. In the first case
the sructure (eg. a bridge) would be capable of actively damping vibrations
produced by traffic, wind or seismic loads, increesing the comfort of the user and
dowing the fatigue damages. This gpplication, however, requires huge forces and
energies that are not easy to generate. Adaptive structures react much dower and
only compensate to quas-datic loads or creep and flow effects. This could be
achieved for example by changing the force in the post-tensioning cables according to
the measured deformations.

1.3 Existing deformation monitoring systems

In the next paragraphs we anadyze some of the most widdy used deformation
monitoring systems, their performances, advantages and limitations [2].

1.3.1 Visual inspection

The human eye and brain conditute a remarkable monitoring sysem. By visud
ingpection it is possible to recognize a great variety of problems and defects in many
sructures. Our eye is very sendtive to deviations from regular patterns and straight
lines, which alows a fast recognition of sructurd problems that provoke a
deformation. The effectiveness of this method is however related to the skill and
experience of the observer and only macroscopic problems are identifiable. The
observation is generdly limited to the externd surface of the structure!, quantitative
and objective measurements are difficult and the intervention of an operator tends to
increase the monitoring codts. Visud ingpection remains an invauable tool to help
evaluate a Stuation after a problem is detected by other measurement means.

1.3.2 Mechanical gages

Did gages and other types of mechanicd gages are ill widdly used in a variety of
deformation monitoring tesks. They alow a very smple and precise measurement of
smdl deformation with a sengtivity down to a few microns. These methods rely on a
mechanicd amplification of the smal deformations Typicd examples incude
rockmeters (sted or invar bars fixed a the bottom of a bore-hole and measured at the
top with a dia gage) and mechanica gages used to measure concrete shrinkage. The
inverse pendulum used to monitor dam deflections is another example. The
measurement basis can extend from a few millimeters up to 100 m and more. If
specia precaution is not taken, these systems tend to be quite temperature sengitive.
This is not a problem for many underground gpplications where the temperature is
farly congant, but can conditute a mgor drawback in other Stuations. From the
ingallation point of view, these methods usually require access to one or both ends of

! Except for endoscopic methods.
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the region to be measured. They tend to be subject to corrosion problems and require
an operator to carry out the measurements.

1.3.3 Electrical gages

Electricd gages are the naturd extenson of the mechanica ones. The two man
categories include resigtive foil strain gages which are atached directly to the surface
of the structure (mostly on metds) and inductive sensors that replace did gages for
measuring larger deformations. Both methods are well established and can be brought
to automatic and remote monitoring. The man drawbacks include their sengtivity to
temperature and corrosion. Furthermore the dectrical nature of the measurements
makes them incompatible with environments where eectromagnetic disturbances are
present.

1.3.4 Electromechanical methods

A specid case is condtituted by vibrating string sensors, where a deformation over a
distance of afew centimetersis transformed into a variation of the vibration frequency
of a drained wire and detected by a pickup smilar to the one found in an dectric
guitar. Its temperature sengtivity can be corrected by the integrated temperature
sensor. Measurement bases are limited to afew decimeters.

1.3.5 Optical methods

Optical methods include triangulation and leveling. These methods are well suited to
the measurement of relatively large deformations (of the order of the millimeter) even
on very large structures. Some systems have been adapted to automatic and remote
monitoring, but these methods usudly require the presence of a specidized operator.
The measurements are once again restricted to the structure’' s surface.

1.3.6 Fiber optic sensors

Opticd fibers, initidly developed for the tdecommunication industry, are aso
interesting as deformation sensors. Practica applications of these methods are few but
seadily promisng. A more detailed description of the different methods available will
be found in section 2 and the rlative bibliography.

1.3.7 GPS

The sadlite based GPS sysem is becoming increesingly interesting for structura
monitoring. While it is generdly possible to obtan cm grade precison from
commercidly avalable systems in differentid configurations, recent experiments a
ARL in Audin (Texas, USA) showed that mm-grade precison might be reached in
the near future. With this kind of precison these system could become an interesting
system for structural monitoring. It has however to be pointed out that the topology of
Switzerland might prove an obstacle in the gpplication of such techniques.

1.4 New monitoring needs

The new monitoring needs in avil engineering can be subdivided in two broad
categories. On one hand, some outdated monitoring methods can be replaced my
modern equipment that responds better to today’s necessities. On the other hand,
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new techniques can enable measurements in structures that traditiondly lack of
adequate monitoring systems.

1.4.1 Replacement or improvements of conventional instrumentation

Many monitoring systems presently in use do not fully respond to the expectations of
their users. Some of the main complains raised by the speciaists about conventiona
deformation sensors include:

s owDdNE

IS

7.
8.

Difficult to use, requiring specidized operators, dow and inefficient.

Difficult or impossible automatic and/or remote measurement.

Requiring cdibration and re-cdibration.

Sengtive to temperature, humidity and other environmentd variations.

Sengtive to eectromagnetic fields produced by thunderstorms, railway lines and
power lines as well as vagabond currents.

Sengtive to corrosion.

Largesze

High operatiiond codts, including base cods, per-measurement costs and
mai ntenance costs.

Any new monitoring system has to solve at least afew of these problems in order to
succeed as areplacement of exigting equipment.

Some applications that could benefit from a new monitoring system responding to
most of the above requirements include:

Geostructures. Tunnes, underground works, foundations, piles, unstable rocks
and soils dl need deformaion monitoring. This is generdly caried out with
electromechanica sensors like rockmeters (fixed and diding) or by triangulation. In
many cases, a sysem insendtive to humidity and corroson and amenable to
remote measurement would present ared interest.

Railway bridges and tunnds. The presence of strong dectromagnetic fieds and
vagabond currents discourages or makes extremely painful the in-stu monitoring of
rall bridges and dructures. A system using dilectric sensors is sometimes the only
possible solution.

Dams. Dams (especidly shell dams) are heavily instrumented with many types of
sensors and are regularly measured by triangulation. Some of the equipment could
be replaced by more efficient ones dlowing better accuracy as well as automatic
and remote surveillance. Currents generated by thunderstorms are aso a concern
because of the large Sze of the dam and the abisence of reinforcing bars in
concrete. Conducting instruments like rockmeters tend to capture and conduct
these currents that can damage the monitoring equipment.

Laboratory experiments. Besides in-Stu measurements, laboratory experiments
on reduced- scde modds condtitute an interesting test-bed for any new equipment.
These models tend to be heavily instrumented and an increased accuracy as well
as areduced sensor size are often welcome by the researchers.

1.4.2 Enabling instrumentation

Some structures and materias are not or insufficiently monitored because no adequate
measurement system is avallable. This creates, on one hand, a fertile ground for new
ingruments but, on the other hand, makes it sometimes difficult to introduce new
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techniques when no measurement culture exists. Bringing together and establishing
communication between the speciaists needing and offering amonitoring system is not
dwaysatrivid task!
Some fields that could benefit from a new deformation monitoring system (e.g. based
on optica fiber sensors) include:
Concrete monitoring during the cure. This requires a sysem insengtive to
temperature vaiaions and capable to measure smdl deformations indde the
concrete itself (the surface is not accessible before the framework is removed).
Concrete monitoring is useful to supplement laboratory tests and help establish the
qudity of the deployed materids and their compatibility with their function in the
dructure. This is especidly true in the case of refurbishing and mixed dructures,
were layers of different materids (sted and concrete, old and new concrete,...)
have to adhere and interact. In structures built in successve sections it is possible
to optimize the process by characterizing the progression of the cure. Sensors can
a0 be used for qudity control in prefabrication.
Monitoring of concrete structures. Being concrete an in-homogeneous
materid, locad and surface measurements, as those performed with dectrica grain
gages, are not well adapted or require an excessive number of sensors. A more
distributed measurement over bases of the order of the meter can give more
generd information about the materid and dructure's date. Interna sensors,
embedded directly into concrete during congruction alow a more representative
messurement that those installed on the surface.
Geometrical monitoring of structures. Many dsructures such as bridges,
trusses, towers, wals and other can be monitored from a geometrical point of
view, i.e. by measuring the distance variations between a network of fixed points
on gructure. This gpproach concentrates on the globa mechanical properties of
the structure rather than the local behavior of the congtituent materids.
Monitoring with large temperature variations. Structures like tanks, boilers,
cryogenic reservoirs and space trusses can undergo large and sudden temperature
variations. The measurement of the associated deformations is generdly a difficult
task because of the temperature sengtivity of most conventiona sensors.
M easurements over curved shapes. Mogt traditiond sensors do not dlow the
measurement of curved surfaces like those of apipe or atank.
Measurement of other quantitiesthat can be converted into a deformation, like
force, temperature, humidity, pH, rugt,...
Laboratory experiments. New types of measurements (like deformations during
concrete setting or insgde the structure) alow experiments that would be impossible
without them. The knowledge of the red behavior of dructures has dways
progressed in pardld with the development of sensors and testing other
equipment.

1.5 Conclusions

The previous paragraphs show that a red need for new deformation monitoring
systems exists in may fields of civil engineering, both in the indudiry as in the research
community. The SOFO system that condtitutes the result of this doctora work and
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will be presented in the next sections, responds to many of requirements expressed
above for replacing and complementing the existing monitoring means.

Of course, the development of this system has been initidly driven more by scientific
curiogity than from a redl end-user demand. Once that the first prototypes of SOFO
darted to work outside the laboratory, a large interest was nevertheless encountered
and the research project expanded more and more in the direction of applications.
The interested professonds have helped to define the red strengths and weaknesses
of the sysem and the most promising application fields. In the course of thiswork we
had the occason to paticipate in a large paette of projects including new and
refurbished bridges (road, highway and railway), tunnels, geostructures and dams. In
some cases it was possible to compare the results obtained with our system with the
ones delivered by more established measurement method. These comparisons have
hel ped to refine our system and to convince the end-users about its performances.
The SOFO system is now commercidized by SMARTEC?, a spin-off company born
from the cooperation between the Swiss Federd Indtitute of Technology, the civil
engineering company Passera + Pedretti®, the ingtitute of material mechanics IMM?
and the fiber optic components manufacturer DIAMOND?. These precious industrid
partners have pardlded the SOFO project and helped focusing on the practical
aspects associated with in-Stu gpplications and industrid production.

1.6 Outline

Section 2 introduces the concept of Smart Sensing, afascinating and new domain
aming to the optima combination of sensors and information processing tools to
achieve a better knowledge and representation of the real behavior of structures.
Section 3 shows the requirements for monitoring deformations in civil engineering
structures.

Section 4 explains how optica fibers can be used as sensors of drain,
deformation and temperature and how the sensors interact with the host structure.
Section 5 deds with the principles of |ow-coherence interferometry, the optical
technique on which the SOFO system relies.

Section 6 presents the design process and issues behind the development of the
basc SOFO system. This system, adapted to the conditions of civil engineering,
alows the measurement of single sensors with high accuracy, excdlent long-term
Sability and insengtivity to eectromagnetic fields, corroson and temperature
vaiations.

Section 7 shows a variety of multiplexing techniques that can be used to messure
alarge number of sensors with a single reading unit. The sensors can be arranged
in chainsand in star configurations.

Section 8 gives an overview of the applications that were redized using the SOFO
sysem.

Findly, section 9 presents the generd conclusons, summarizes the man
achievements of this work and gives an outlook to the future of the SOFO project.

2 Grancia, Switzerland
% Losone, Switzerland
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The bibliography can be found at the end of each chapter. A generd bibliography, a
lig of the publications redized during this work, the acknowledgments and a
biography of the author appear at the end of the dissertation.
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2. Fiber Optic Smart Sensing

This section gives a general overview on Fiber Optic Smart
Sensing. We will first introduce the most important concepts
behind this emerging field of optical metrology and then compare
different sensing techniques that are attracting increasing
research interest. This will help to stuate this work in a more
general framework.

Parts of this section have appeared as a chapter in “Optical
Measurement Techniques and Applications’, Artech House,
edited by Pramod K. Rastogi.



2.1 Introduction

Smart senaing [1,2,3,4] is arecent and fast growing field of optica metrology. Although, as we
will see, the concepts behind it are not necessarily bound to opticad methods, smart sensing is
usudly implemented in conjunction with fiber optic sensors. Smart sensing is o closdy linked
to structurd monitoring and is normdly congdered to be the first building block of a smart
sructure, the others being processing and actuation. Thisfield is so young that the smart structure
community itsdf has yet to come up with a generdly accepted definition of what smart sensing
redly is. Since most definitions rely, a least partidly, on biologica pardlds, we will try to define
smart senang through a comparison with the properties of the human body.

Imagine you close your eyes and then move one of your arms. Even if you do not see it directly,
you know where your arm is and what shape it has & any particular moment. This is usudly
known as the sdlf-awareness of our body. Now let another person put aweight in your hand. In
some cases the shape of your arm does not change after adding this extraload, for exampleif the
arm is extended aong your body. Nevertheess you are aware of the increased load and if this
load is increased further you eventudly start to fed pain. If at this point the load is removed, the
pain disappears. If the load was excessive and extended in time, the pain will however remain to
indicate permanent damage to the arm. Thanks to the amazing sdf-repairing cgpability of our
body, this pain will disspate after some time meaning that the initid functiondity of the am has
been restored. This example shows that our nervous system can perform different monitoring
activities on our body, including shape and postion analys's, load andysis, excessve load darms
and damage detection. All these features are produced by a combination of sensors (nerves),
information carriers (the spina cord) and processing units (the lower brain and the brain cortex).
Moving up in this processing chain, the information from different sensors is combined, filtered,
andyzed and delivered to the person’s consciousness only when needed or transmitted to other
subconscious processes. If the processng unit decides that an action is required, it will sed
appropriate orders to the muscles. The result of this actions will be further anayzed by the
sensing chain redizing a closed loop feedback system.

Now imagine an atificid sructure like a bridge, an arplane wing or a space sation, having the
same capabilities as our body. This ‘sengtive structure’ could know its shape and postion in
pace, could analyze its stress dtate, deliver darmsif some structura parts are excessively |oaded
and record a history of past load patterns and intensities. These measurements could extend from
the fabrication and assembly of the sructure, through its whole life span and even to its
dismantling, disposd or recyding. Smart sensing can be seen as the combination of technologies
(sensors, information carriers, information processors, and interfaces) alowing the redization of
such a ‘sendtive dructure. Combining these sensing capabilities with an ad-hoc array of
actuators, it would be possible to create a structure with self-repairing, shape control or vibration
damping capabilities: asmart sructure,

Structures with at least some of these capabilities dready exist (think of a modern airplane, a
dam, an actively damped skyscraper or a power plant), but new and promising applications are
only gppearing & the horizon. This chapter will try to give an overview on new gpplications of
smart sengng and on the enabling technologies that will dlow the transfer of the smart sensing
concepts from the research laboratories to maingtream gpplications. Emphasis will be given to
cavil engineering structural monitoring. Civil structures are indeed atracting risng interet in the
smart sructures community and the smart senaing concept has been successfully demonstrated in
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a number of in-field gpplications. Furthermore, since we see bridges, tunnels and dams in our
everyday lives, it will be easy to explain the smart sensing concepts with examples accessible to
al readers.

Fiber optic smart sensing

The sensors used to monitor the different parameters necessary to quantify the Sate of a given
sructure could be of any type. However, fiber optic sensors (FOS) are the natura choice for this
kind of application [5,6,7,8,9]. The most important advantage of FOS resides in their passve
nature. All dectronics can be confined in the reading unit, while the sensors that are ingdled in
the structure are dectricaly passve dements. The dielectric nature of optica fibers [10] ensures
a high degree of immunity to externd disturbances like dectromagnetic fidds and parasite
currents. An equivaent eectromechanical sensor would require a bulky shieding to achieve the
same performances and this would increase its Size and cost. FOS are very smdl and an array of
many sensors can be multiplexed on the same fiber line thanks to the enormous bandwidth of

optical fibers. Furthermore dlica fibers are chemicdly inactive and can therefore be embedded
(with an agppropriate coating) in most materids including composites [11,12], concrete [13],
mortars [14] and timber aggregates, without dtering significantly their mechanica properties.
Findly, FOS are mostly based on standard telecommunication and photonics components with
continuoudy fdling prices, thanks to the developments driven by the respective markets. All

these characterigtics lead to potentidly cheap, smdl and reliable sensor arrays that can be
imbedded in any dructure of some importance. It isinteresting to point out that the opticd fibers
used in asmart sensng architecture, are at the same time the sensors and the information carriers.
Thisamplifies greetly the redization of a sensor array.

For dl these reasons, FOS are the firgt choice of sensing technology for the redlization of a smart
sensng system. We will therefore limit the discussion in this chapter to FOS arrays. Other
technologies like eectrica and dectromechanical sensors (of force, position, angle, acceleration,
temperature,...) or specia systems like GPS (Globa Postioning System) can be used in
conjunction with FOS to ddiver additiona information on a structure and its environment.

Smart sensing subsystems

Not unlike its biological counterparts, any smart sensing system can be subdivided into five main
subsystemns: the sensors, the information carriers, the reading unit, the processing unit and the
externd interface.

The sensor subsystemn includes the FOS itsdf and all additiona parts that are required to
ingdl it into or onto the host dructure. This includes the fiber coatings, additiond
protections, pipes, attachment points, glues and so on. The function of the sensor subsystem
is to transform the quantity to be measured (strain, postion, temperature, chemica
composition,...) into a variation of the radiaion carried by the optica fiber (transmitted or
reflected intendity, wavelength, phase or polarization). The sensor should be insengtive to al
environmental changes other than the one it is supposed to measure. The sensor subsystem
is the one that most depends on the particular application and has to be fine-tuned to each
new host materid or structure type.

The information carrier subsystem links the sensors to the reading unit. The optica link is
usualy a fiber that does not dter the information encoded by the sensor. These fibers have



to be protected from externd agents that could affect thelr transmisson properties or
damage them mechanicaly. Other important aspects of this subsystem are the ingress-egress
points, since the reading unit is usudly separated from the structurd eements containing the
sensors. These points can often condtitute a ddicate link in the information chain since the
ggnds from many sensors travel through a angle location and a fallure can lead to a large
information loss. The design of ingress and egress points is often amgor challenge especidly
in the case of composite materids or for civil sructures that are built in sections (bridges,
tunnels and so on). The multiplexing architecture of the sensor array is aso implemented a
this levd. The sgnds produced by different sensors have to be combined into a reduced
number of access points and fiber links. This reduces the complexity of the system and takes
advantege of the large bandwidth of optica fibers.
The reading unit subsystem demultiplexes the sgnds from the sensors and transforms them
into vaues that are representative of the measured quantities at the sensor locations. These
vaues are usudly expressed in digital form and transmitted to the processing subsystem for
further andyss. The reading unit is often an optoeectronic device of acomplexity, Szeand
cost far superior than that of the sensors. However, one reading unit can address a multitude
of sensors and be located outside the monitored structure. This subsystem isin many cases
less failure-sengtive than the sensors and the optical links since it is possible to replace a
faulty unit with only a amdl information loss. This is obvioudy not the case when the smart
sensing system has an active sructurd function.
The processing subsystem combines the readings from al sensors ingtdled in the structure,
measuring either the same quantity at different points or monitoring different parameters. It
then extracts the relevant information that characterizes the structure' s state and behavior.
This subsystem is a key dement for the successful application of the smart sensing concept,
sance a dngle sructure could be insrumented with hundreds of sensors addressed many
times each second. It is therefore impaossible to andlyze this huge data flow manualy or even
semi-automaticaly. Important information about an anomay or a failure could disappear in
the flood of data. In some cases, the relevant structura parameters can be obtained only by
combining the vaues from different sensors.
The interface subsystem delivers the parameters extracted by the processng unit to other
externd systems. In the case of a samart structure this system is an array of actuators acting
back on the structure to modify its shape or stress sate. In this case the smart system would
work in a closed feedback loop. In most other cases the interface would smply inform
about the present date of the structure. If an anomaly is detected, all actions required to
ensure safety and rdiability would be performed manudly. It is dso possble for the interface
unit to ddiver darms or, for example, turn a traffic light red to stop the traffic on a falling
bridge. When a problem is detected, this subsystem can ddliver more information according
to the type and importance of the anomalies detected in the structure.

Hgure 2.1 summarizes the different subsystems found in a smart sensng system and gives an

example of how these e ements would be implemented in the case of asmart bridge.

Only an adequate combination of al subsystems leads to a successfully working smart sensing
system. In the next paragraphs we will analyze some of the aspects that have to be considered in
the design process as well as the enabling technologies that can be combined into a smart sensing
system.
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Figure 2.1 Smart sensing subsystems and implementation example in the case of a smart
bridge.

2.4 Sensor selection

The first step in the design process of a smart sensing structure resdes in the analyss of the
parameters that need to be monitored, in the choice of the best suited sensor technology (or
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technologies) and in evauation of the number and postion of measurement points required.
These issues are best discussed with the structural engineers who design the structure. Even if
every dructure is a case by itsdf, some key decisons are common to most gpplications and are
summarized in the next paragraphs. We will concentrate our discusson to strain and
digplacement sensors. These are often the most important parameters to be monitored in a
Structure and a grest variety of sensors have been designed for this purpose requiring particular
atention in their choice. Other types of sensors include temperature, pressure and chemica
SENSOors.

2.4.1 Strain, deformation and displacement measur ements

Strain, deformation and digplacement measurements congtitute the most interesting parameters to
be monitored in the vast mgority of structures. There is however often some confusion among
these three types of measurements and this confuson can lead to the choice of an inadequate
sensor technology.

Strain refers to the internd compressive, tendle and shear date of a materid and gives a
measurement of the loading of the Structure at a given point. Unfortunately there is no such thing
asared dran sensor (except for photodadticity thet is suited only for the study of some specific
trangparent materials). All other so-caled strain sensors [15] are actually deformation sensors
with a very short measurement base. If it can be assumed that the strain date e of the structure
is dmost congtant along this short measurement path L, the measured deformation DL will be
given by:

DL=el. (9.2)
By messuring DL , it istherefore possible to obtain an indirect measurement of e.
The sensor is usudly made of a materiel different from the one of the hogt structure. Therefore, it
is important to ensure that the gtrain field is entirely transferred to the sensor and that the sensor
does not dter this grain fidld in a sgnificant way [16,17,18]. Thisis generdly achieved using a
sensor that has arigidity (given by the product of the eastic modulus and the sensor section) far
inferior to the one of the surrounding materid. Furthermore, it does not make sense to measure
drain over alength of the same order of magnitude or even shorter than the transverse dimension
of the sensor. On this scae, the drain fidld will be sgnificantly dtered by the presence of the
Sensor.

In the case of inhomogeneous materids like concrete, timber or compostes, the microscopic
grain fiddd will vary in an important way if observed on a scale comparable to the dimension of
the materia comporents. It would be much more regular if integrated over alength by at least an
order of magnitude larger than the granularity of the materid. It is therefore necessary to choose
a sufficiently large sensor length, if the measurement is intended to obtain information about the
behavior of the materia as awhole. A sensor embedded in a concrete mix with a granulometry
up to 20 mm should have a measurement base of a leest 100 mm in order to obtan
macroscopic information about the concrete behavior (see Figure 2.2). On the other hand it
could be interesting in some specid cases to sudy the microscopic drain fidd of dimensions
smdler than the materia inhomogenities [L9]. This type of measurement is however ddicate
because of the interaction between the sensor and the host materid.



From now on we will define srain sengng as a deformation measurement over a base length
larger than the characteristic Sze of the components of the host materid but short enough to
congder the macroscopic strain fied congtant. This type of measurement is best suited to monitor
the local behavior of the materids rather than the globa behavior of the Sructure. Strain sensors
will therefore be placed at critica points of the structure where high strains are expected that
could approach or surpass the materia resistance.

Deformation refers to an internd shape variation of a sructure. A deformation is usudly
accompanied by a change of the drain fidd. A deformation measurement will however
concentrate on the geometricad changes of the structure and not on the variation of its loading
date. The measurement base could extend for many meters or even hundreds of meters for
paticular gpplications (eg. geodructurd monitoring or long suspended bridges). When the
meacroscopic drain fied is not congtant insde the Structure, the deformation sensor will integrate
the gtrain over its measurement base. Deformation measurements are useful in the case of
sructures that have to show dimensiona sability. In this type of structures the load dtate is
usudly far lower than the materid falure limit and locd strain messurements are therefore
uninteresting. Good examples of this type of sructure are concrete bridges that can sink a mid-
span because of flow effects. This causes the wel-known roller coaster effect that reduces the
comfort of the vehicles passng on the bridge but has normally no consequence on its structura
safety and could even reduce the drain in the girders. Another example is given by a base
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Figure 2.2 Fiber optic sensors embedded in concrete. The strain variations areimportant at
the scale of the stone'sdimension. The strain distribution is not the same at the surface of
thefiber and at its core.




supporting precison equipment, where dimensond variations lead to misdignments of the
supported components.

Findly, displacement refers to a movement between different parts of a structure. This can occur
without a change of the drains in the Structure. A displacement sensor monitors the distance
variations between two given points. Examples of digplacement measurements are the monitoring
of rocks diding one respect to another, of the relative podtion of a piston in its cylinder or the
digplacement of a bridge with respect to the ground. Most sensors used for deformation
monitoring can aso be used for displacement measurements.

Strain, deformation and displacement sensors (sometimes based on the same technology) can be
used together in complex sructures to achieve a complete understanding of the globa and local
behavior. The choice of the sensor technology (or technologies) usudly leads to afirst estimation
of the number and of the emplacement of the sensors needed to monitor a given structure,

2.4.2 Absolute, relative and incremental measur ements

An absolute strain measurement gives a vaue reldive to the ungrained state of the materiads and
is therefore useful to establish the loading State of the structure. Most sensors will however give a
vaue thet is relative to the one measured at the time of the ingtalation of the sensor on the host
materid. If the ingdlation is performed on an dready loaded sructure (even only under its own
weight), the reading will just give an indication on the variaion of the structure' sload (or of creep
and flow effects) and it will become difficult to establish if the materid is approaching its failure
limit. To obtain an absolute strain measurement it is therefore important to ingdl the sensor on
(or in) an undrained materid or on amateria in a predictable strain Sate.

A deformation or digplacement measurement is by definition relative to a defined initid date. It is
not interesting to measure the length of a structure with micrometer precison while it could be
important to follow its deformations with this resolution. Fiber optic sensor technologies are
however available in the rare cases where a precise and absolute length measurement is required.

In both cases of relative strain or displacement measurements, the sensor could give incrementa
or non-incrementa readings. In the case of incrementa reading each variation in the strain or in
the deformation by a given vaue will produce a particular 9gnd. These sgnas have to be
counted in order to recondruct the totd Strain variation or displacement undergone by the
sructure between successive times. This requires the reading unit to be continuoudy connected
to the sensor in order not to lose any of these sgnas. Non-incrementa sensorswill give readings
that can be directly compared with al precedent and successive vaues, without the need of a
continuous monitoring. Measuring the distance you have traveled by counting the telegraph poles
dong the highway is an example of incrementd measurement, while watching the milesge
Sgnposts is a norrincremental measurement. Interferometric fiber optic sensors are a typica

example of incremental sensors, while Bragg grating sensors are norrincrementa. Incrementa

sensors tend b be smpler and therefore chegper than non-incremental ones. For long-term
measurements, nonincremental sensors offer however ahigher rdiability snce ashort falure of a
component does not lead to data losses. Furthermore, a single non-incrementa reading unit can
be used to monitor alarge number of sensors and even structures.



2.4.3 Sendtivity, precison and dynamic range

Once the type of measurement required to monitor a given structure has been established, it is
necessary to quantify the values that will be measured. The performances of asensing system are
measured in terms of sengtivity, precison and dynamic range. The sengtivity of a sengng system
(sensor and reading unit) is defined as the minimal variation of the measured quantity thet gives a
just measurable variation in the sensor response. The sengtivity therefore limits the measurement
of smdl vaues. The precison is defined as the root mean square (RMS) difference between the
red and the measured values. It is usualy expressed as a fraction of the measured vdue. The
precison can be worse than the sengtivity in the case of sensors with non-linear response and
limits the measurement qudity of vaues much larger than the sengtivity. The dynamic range gives
an indication of the maxima variations that can be recorded by a senang system.

Congder a ftick supposed to be one meter long, but redly only 99 cm long, and subdivided into
thousand one millimeter marks. If we use this gick to mesasure a length, the sensitivity will be of
about one millimeter, the precision of 1% and the dynamic range of one meter.

2.4.4 Dynamic, short-term and long-term measur ements

The performances andyzed in the previous paragraph are not independent of time. In some cases
ameasurement requires a certain time to be completed or the performance of the sensng system
is reduced if the measurement time is decreased. Other sensors can not guarantee a constant
precison if the measurements are too much spaced in time. It is therefore useful to distinguish
three broad categories of time resolved measurements.

Dynamic measurements require many readings each second. They are usudly related to vibration
measurements & or out of resonance condition. In generd, the smaller the structure the higher the
measurement frequency will be. Typica frequencies for civil structure are between 0.1 and 30
Hz, while metdlic and composite structures can require frequencies extending in the kilohertz
range. Drift isin most cases not a concern and, since the strain variations are often appreciable,
the sengitivity does not need to be pushed to its limits.

Short-term measurements can extend from a couple of seconds to one week. In this case, the
drift of the reading unit can become appreciable, but other parameters like aging of the sensors
and reproducibility of the connection can be neglected. This is the time doman where most
sensors give their best performances. Typica short-term measurements include quas-dtatic
loading tests.

Long-term measurements require highly stable sensor techniques to guarantee a sufficient
precison for readings that can be spaced by month or years and last up to a century. In this case
the aging of components such as fibers, sources and mechanical parts can not be neglected. A
falure of one of the subsystems of the smart senang setup can not be ruled out. Therefore
redundancy, modular and evolutive design as well as sdf testing cgpabilities are important issues
to be addressed for this time domain. Typicd examples include the monitoring of aging civil

structures and the monitoring of dow phenomena like landdides and creep in some composite
materials.

2.4.5 Independent measurement of strain and temperature

As agenera rule any sensor is dso atemperature sensor. If temperature variations are expected
during the measurements, it is important to consder ther influence on the precison. Two
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gpproaches are possible in order to reduce the temperature influence: either choose a sensor that
has intrinscaly alow temperature dependence or measure the temperature a the sametime. The
smultaneous measurement of strain and temperature usudly conssts in a sensor responding only
to temperature variations and a second one sengtive to both srain and temperature in a linear
way [13]. The data from the temperature sensor is then used to correct the drain or
displacement values. The two sensors can be based on different technologies but are often (and
more degantly) based on the same type of sensor. In this case two identica sensors are instdled
Sde by sde. The fire, usudly caled the measurement sensor is ingdled in mechanica contact
with the structure, the other, called the reference sensor, is mechanicaly uncoupled from but in
therma contact with the structure. Other setups have been proposed where the temperature and
drain measurements are peformed on both sensors but with different linear response
coefficients. It is even possible to use only one fiber to measure both quantities. Examples include
the amultaneous measurement of phase and dispersion in the same fiber [20,21], the phase of
different modes in a multimode or multiple-cores fiber [22], or the phase a two different
wavelengths [23]. In genera the relation between the two measured quantities A and B, the strain
e and the temperature T will be written in the form:

0 _@ bieed
sBp & d%To
In order to solve the linear system for e and T, the matrix should have a non zero determinant.

Furthermore it is desirable that a smdl error in the measurement of A and B should not result in a
largevariation of e and T (wdl-conditioned system).

(9.2)

In some cases the temperature of the structure is not congtant but is nevertheless well determined
(for example an element tested in a temperature controlled cabinet). In this case it is possible to
correct the strain reading using the known temperature vaue.

It isimportant to note that, in generd, a temperature insengtive sensor will not give a zero reading
when the emperature changes. A temperature change will result in a shgpe variaion of the
structure and possibly in a change of its stress state that should be detected by the sensors. A
temperature variation can lead to a deformation without any change in the structure stress date.
A so-cdled dress sensor should therefore return a zero reading even if a displacement is
observed over its short measurement base. This is usudly not the case, since the sensor has a
therma expanson coefficient different from the one of the host structure. It will then be
impossibleto tel if the measured deformation isthe result of astrain or of atemperature variation
(or a combination of the two). To obtain a ‘red’ strain measurement in a structure subject to
temperature variaions it is therefore dways necessary to measure temperature and dtrain
samultaneoudy.

2.4.6 Multiplexing topologies and redundancy

When the type of measurement is decided (drain deformation and/or displacement) it is generdly
possible to obtain a first estimation of the number of sensors that will be needed to instrument the
sructure and of their emplacement. At this point it is necessary to design a multiplexing topology
to read these sensors. The number of access points where the termination of the information
carier subsystem mests the reading units often has to be limited. Depending on the sensor
technology it will be possible to read a number of sensors with one and the same reading unit. In
some casesiit is even possible to read many sensors smultaneoudy.
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A multiplexing architecture [5,7,8,24,25] has to be andyzed at two different and interdependent
levels. The physcd architecture deals with the disposition of the sensor in the structure and with
the arrangement of the connections between the sensors and the reading unit (or units). Thesignd
architecture dedls with the opticadl and eectronic setup used to address the sensors
independently. The sgnd architecture dso determines the timing of the measurements.

At the physicd levd, dl architectures can be broadly subdivided into four categories: in-line, Sar,
tree and matrix topologies (see Figure 2.3). In the in-line topology, the sensors are ingalled dong
adngle line. In some cases the connections between the nodes of this chain will be passve (eg.
in a dran sensor array), while in other cases (eg. in a digolacement sensor array) the
connections themsdaves will act as sensors. Both these types of sensor chains are known as
quas-digtributed sensors. In other cases the fiber line is sendtive dong its whole length and the
measurements can be obtained continuoudy with a given spatia resolution. This type of sensor is
referred to as a digtributed sensor. These configurations are particularly vulnerable, snce the
falure of a single connection can isolate a large section of the sensor chain from the reading unit.
For some types of sensor it is however possible to address the sensor chain from both ends,
which brings an important security factor in the case of fallures. Even if the sensors are arranged
sequentidly dong the same fiber ling, it is dways possble to ingdl this line in a serpentine to
cover an area or even avolumein the Structure.

In the case of a star topology, the connections from each sensor converge a a sSingle point where
they are either combined into a single cable or switched sequentially. Most sensor technologies
can be easly brought to a star topology. However, this type of setup usudly requires a large
number of connections and signd lines, which is not without consequences on the price and
complexity of the sysem. The star architecture is on the other hand very resigtant to failures that,
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Figure2.3 In-line(a), star (b), tree(c) and matrix (d) physical multiplexing ar chitectures.
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in most cases, isolate only one of the sensors.

In the tree configuration, the sensors are arranged in a branched Structure that combines more
and more signals from the different fibers as it gpproaches the reading unit. This topology is very
flexible and can be easily adapted to different structures. Its resistance to failure fals between the
in-line and the star configurations. A fallure near the root will have more important consequences
than one near the sensors.

Finaly, a matrix configuration configures the sensors a the crossings of atwo-dimengond aray
where the ‘horizontal’ lines correspond to the lead-in fibers while the ‘vertica’ lines are used as
lead- outs. The matrix configuration can lead to a high dengity of sensors and, because of the high
number of ingress and egress lines, a good fault tolerance can be achieved.

Hybrid solutions combine different basc topologies to address an even higher number of sensors.
A typicd hybrid solution includes both the in-line and the star configuration. In these cases the
ends of the sensor chains are combined or switched at asingle location (see Figure 2.3 (€) ).

When designing the physica structure of a smart sensing system, it is important to consder the
posshility of falure of some of the components. If the information of a given sensor is
fundamental, the sensor should be doubled by another sensor that is not supposed to fail at the
same time (eg. it should not be on the same sensor chain). In most cases, the failure of asingle
sensor will not affect dramaticaly the performance of the monitoring system, since the reevant
parameters about the structurd behavior are obtained by a combination of the vaues from a
number of sensors. However if a large number of sensors fail, the quality and precison of the
results will drop significantly. If a certain amount of the installed sensors are expected to fail, the
sensor dengity should be increased so that sufficient information results even after the worst case
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Figure 2.4 Interlacing of different fiber linesto achieve a better failureresistance. In this
hybrid in-lineand star configuration, line 4 hasfailed but information is till available from

the other lines.
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falure. Falure of a sngle dement leading to the loss of dl sensors in a certain volume of the
Sructure should aso be avoided. This can be achieved by interlacing the fiber lines as shown in
Figure 2.4. Findly, specid care must be taken to protect the most sendtive parts of the sensor
network, for example the concentration point in a star configuration or the ends of a sensor line.
In some architectures it is even possble that the sgnds from dl sensors trangt in asngle fiber at
some points. If this dangerous concentration can not be avoided, this section should be carefully
protected and made easily replaceable.

The sgnd architecture dedls with the optical and eectrica addressing of the individua sensors.
The main types of 9gnd multiplexing fdl into the following categories: time divison multiplexing
(TDM), wavdength divison multiplexing (WDM), frequency divison multiplexing (FDM),
coherence domain multiplexing (CDM) and polarizaion divison multiplexing (PDM). The TDM
technique is especidly adapted to the in-line configurations where the sgnals need more time to
reach the andyzer from the sensors a the end of the chain. Using additiond ddlay lines, like a
ample fiber spool of gppropriate length, it is possble to adapt the TDM to dl other physica
architectures. In the case of intendty-based sensors the reading unit will be an opticd time
domain reflectometer (OTDR) [26]. The WDM technique relies on the sharing of the optica
bandwidth between the different sensors, so that each one uses a distinct wavelength range. The
key technologies are in this case the waveength separation components like fiber Bragg gratings
[27] for inrline WDM or wavelength splitting couplers for star and tree topologies. In a FDM
multiplexing array, the sgnas from different sensors are modulated &t different frequencies and
can therefore be separated dectronically after the detection. This technique can be gpplied to in-
line architectures using a chirped light source and differently unbaanced interferometers [28] or
to matrix setups with intengty modulated light sources and synchronous demodulation [29].
Coherence domain multiplexing is used in conjunction with interferometric sensors and can be
adapted to most physical architectures. Each sensor introduces a different path unbalance
between the two interfering paths [30]. The path unbaances are compensated by the reading
unit, separately for each sensor. Findly, polarization divison multiplexing offers a very limited
multiplexing potentia and should be considered only in specid cases. Table 2.1 explores some of
the most used combinations between the physical and the sgnd multiplexing architectures.
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Table 2.1 Combination examples between physical and signal multiplexing
architectures.

2.4.7 Ingallation techniques

Due to the variety of maerids and environmenta conditions that can be found in the different
fields where the smart sensing concept can be applied, it is difficult to give generd guideines for
the ingtdlation of the sensors and the optica links. However, some critical points are common to
the different fields and should be consdered atentively in the design process. The first concern is
the ingalation of the sensors themsalves into or onto the host materid. On one hand it is
necessary to guarantee a good mechanica contact between the fiber sensor and the structure,
while on the other hand it is important to protect the fibers mechanicdly [31]. In the case of a
drain sensor, it is difficult to add additiona layer of protection to the fibers without dtering the
sensor response. In this case the sensor has to be adhered or embedded in the structure directly.
For exampleit is possible to glue a Bragg grating sensor to the re-bars before concrete is poured
or to imbed the sensor into a composite materid. In other cases the strain sensor can be first
embedded in a buffer materia that is mechanicaly compatible with the surrounding materia (for
example amortar prism for the ingalation in a concrete materid) [32].

When a fiber is completely surrounded by the host or the buffer materid, it is possble that a
paradte sengtivity gopears in the sran components transversd to the fiber axis. This is
particularly true in the case of interferometric sensors (including Bragg grating sensors), where a
transverse pressure will change the fiber's index of refraction. This change will be incorrectly
interpreted as an axid dtrain variation. This may be overcome by a proposed method using two
superposed Bragg gratings written in a birefringent fiber [33]
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Figure 2.5 Full length (a) and local coupling (b) approachesfor installing defor mation

SenNsorsin a structure.

In the case of deformation sensors with a measurement base far longer than the fiber diameter,
two ingdlation gpproaches are possible: full length and loca coupling [34]. In the firgt case the
fiber isin mechanica contact with the host structure dong its whole active length. In the second
case the fiber is attached to the structure only a the ends of the active region and pre-stressed
in-between (see Figure 2.5). In the case of full-length coupling the strain between the fiber and
the surrounding materia will be digtributed over the whole sensor length. The fiber has to be
directly attached to the materid as in the case of a sStrain sensor making it difficult to protect it
auffidently. Full-length coupling should therefore be considered only when the fibers can be
directly embedded in the host materid without a sgnificant falure risk. It is generdly admitted
that for sufficiently long sensors, it is possble to transmit smdl efforts through the primary
acrylate codating or even through atight nylon buffer coating without any dipping of the fiber. If
the Poisson’ s ratio of the coating and the one of the host materid are very different, a de-bonding
of the sensor can not be ruled out.

On the other hand, locd coupling offers the advantage of a higher degree of protection from
external agents at the expense of an increased sensor gze. In this case al the efforts will be
transmitted from the structure to the fiber a the attachment points. Specia care should be taken
in the choice of the appropriate glue and coating in order to ensure a prefect mechanical contact
and to avoid any cregping or dipping problems. Gluing on the acrylate primary coating should be
avoided. Mechanicaly removing the coating aways results in a Sgnificant reduction of the fiber
resstance to traction. It is however possible to obtain a good mechanica contact through the
much thinner polyimide codting.

The ingress and egress points of the fibers in the sructure are other critica details to be
considered. These points often represent an important failure source, especialy in the case of
host materids that require externd finishing (eg. removd of the cagting forms from a concrete
Structure or cutting of a composite panel). In the case of concrete structures these problems can
usualy be solved by ingaling appropriate reservation boxes containing and protecting the fiber
connectors or splices (see Figure 2.6).
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Figure 2.6 Junction box to protect fiber connectorsin a bridge and defor mation sensor for
concr ete structures. The active region extends between the two metallic pieces used to
transmit the defor mations from the structureto the fiber installed insde the pipe. A passive
region connectsthe sensor to a box wher e the reading unit can be connected.

In many cases, the ingdlation of the sensors in the Structure condtitutes a serious problem that
should not be underestimated. Many trids (and errors!) are often necessary before areliable and
efficient procedure can be established. It is desrable that the ingtdlation technique is included
from the beginning in the design process and early trias should be carried out in redl conditions,
even before the whole sensing system is operationd.

2.4.8 Remote sensing

When monitoring a structure through a smart senang system, it is sometimes desirable or even
necessary to observe its behavior from aremote location. If, for example, the sensors are placed
in atunnd vault to monitor the rock movements, the resulting data should gppear in the control
room at the entrance of the tunnel. We have seen in the previous paragraph that a certain degree
of remote access can be achieved through the sgna carrier subsystem. In this case the optical
sgnds from the different sensors are brought to the reading unit trough a series of optica cables.
The reading unit resdes near the operator termind where the information is displayed and
recorded. Depending on the multiplexing architecture that is chosen, this can however result in a
large number of cables and for some type of sensors (eg. intendity based sensors) in a
degradation of the system’s performance. If the sensors are more than a few hundred meters
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from the operaor, it is more interesting to transmit the data in a digital form. In this case the
reading unit would be placed near the sensors and the long link would be established between
the reading unit and the data trestment subsystem. This link can be dectrical (Locd Area
Network, telephone line, serid link), optica (fiber network) or radio (cdllular phone, radio link).
By this meansit is possible to monitor a structure from any location, even hundreds of kilometers
away. For example, dl bridges and tunnels dong a highway section can be monitored from a
single location. Once the data from the processing subsystem is available on a computer network
it becomes possible for many persons to access the data at different levels for monitoring,
maintenance, Satisticd or financia purposes.

2.5 Fiber optic sensor technologies

In this paragraph we will andyze the performances and the possble gpplication of some of the
most popular or promising fiber optic sensor technologies. Other types of fiber optic sensors
have been demondrated and could be of interest for specific gpplications. However, the
technol ogies presented here cover the great mgority of the research efforts going on worldwide.

2.5.1 Microbending sensors

Microbending sensors are based on the bend induced losses in optica fibers (generdly
multimode) and are therefore intensity based sensors. This type of sensor has been demongtrated
for both sran and digributed deformation measurements, as wel as for fire and humidity
detection [35]. These sensors can be read ether in transmisson or in reflection (observing the
atenuation of the Rayleigh scattering). In this second case the reading unit will be an opticd time
domain reflectometer (OTDR) of the same type used to monitor telecommunication fibers. If the
measurements are done in reflection, the system can be easly brought to in-line multiplexing.
Other architectures are possible by using gppropriate passve delay lines. Sengtivities of the
order of the micron have been demondrated over short periods. Since the information is
encoded in the intengty of the radiation, microbending sensors are subject to important
performance degradation when applied to long-term measurements. Aging fibers, light sources,
detectors and connections can decrease the amount of light independently from the deformations
of the Structure. Therefore, the long term drift has to be expected. These sensors can however
find useful gpplications for the long-term monitoring of sudden events like a partid sructurd
fallure or the appearance of a crack. These events will produce a rapid change in the detected
intengty that can be eadly separated from the drift. The effect of temperature has to be
compensated by usng undrained reference sensors. The reading units are usudly rather
inexpensive and smple, but specidly manufactured fibers are required.

2.5.2 Fiber Bragg grating sensors

Fiber Bragg grating sensors are waveength-shift based sensors that can be applied to both

drain, displacement and, of course, temperature monitoring. These sensors are only sendtive to
drain in the grating region that can be up to a few centimeters long. To obtain a displacement
sensor, the fiber containing the Bragg grating has to be pre-stressed between two points at the
extremities of the active regon. Any deformation will change the distance between the two points
and therefore the gtrain dtate of the grating. To obtain reliable measurements, the fiber has to be
completey free and with a uniform tengon. This usudly requires the fiber to be ingaled in pipes
with a sufficiently large diameter. Furthermore, the displacement precision will decrease with

increasing sensor length. For these reasons, the Bragg grating sensors are better suited for strain
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monitoring. The gratings are glued directly to the host materid. In this case, sengtivities down to
1 me can be achieved on the field. Methods have been even proposed to resolve the strain inside
the grating itsdf. Since the fiber and the glue act as mechanica dran integrators, these
measurements are well suited to detect a dtarting sensor debonding. The microscopic strain
dructure of the host materiad can be measured only if the grating is at least one centimeter long.
The temperature apparent strain can be compensated with a reference grating or by using dud
overlad gratings at two well separated wavelengths.

The fiber Bragg gratings are written in the fiber core by a laterd UV exposure. The periodic
dtructure is created either by interference or by usng an gppropriate mask. In both cases the
fiber does not have to be coated at the time of exposure. Since stripping the fiber and regpplying
a coating reduces the fiber resstance, techniques have been demondrated to write the grating
directly in the draw tower before the primary coating is gpplied [36]. These systems will
probably bring the unit price of these sensors down to afew dollars a piece. Fiber Bragg grating
sensors can be multiplexed in most physical architectures. Many types of reading architectures
have been demondrated in order to andyze the spectrd content of the light returned by the
gratings. The price and the sze of the reading units vary according to their resolution, but
portable reading units are now available for in-fidd gpplications [37].

Waveength divison multiplexing is obvioudy the first choice but time divison multiplexing can
further increase the number of addressable sensors.

2.5.3 Interferometric sensors

When high sensitivity is required, interferometric sensors are often the only choice. Although fiber
Bragg grating sensors are dso based on opticd interference, the term ‘interferometric sensor’ is
usudly applied to two- path interferometers. The three main categories of interferometric sensors
are the Mach-Zehnder, the Micheson and the Fabry-Perot types. In dl cases the length change
in one of the interferometer ams induces a change in the relative phase between the two

interfering arms and therefore produces a snusoidd intendty variaion on the detector. Mogt
interferometric sensors are incremental and require continuous monitoring. On the other Sde,

sendtivities in the nanometer range can be achieved by appropriate demodulation of the
interferometric Sgnals. Depending on the length of the arms, both strain and deformation sensors
can be redized. Useful interferometric strain sensor for structurd monitoring are the externd

Fabry-Perot interferometer (EFPI) [38] and thein-line fiber é&don [39].

Many multiplexing architectures have been demondrated including in-line, sar, tree and matrix
multiplexing. Being phase-based, these sensors are rdatively immune to aging problems and long
term monitoring is possble. However, because of the incrementad nature of the sgnds, afalure
of the reading unit usually leads to irrecoverable data losses. If the path unbaance between the
ams becomes important, the wavdength dability of the laser source becomes a criticd
parameter. The reading unit can be very smdl and relaively inexpensive,

2.5.4 Low coherence sensors

L ow-coherence systems use the same sensors as the interferometric ones but the reading unit is
now based on a broadband source with a limited coherence length [40,13]. This solves the
ambiguity between the fringes and transforms the sensors into a non-incrementa system. In this
type of setup the path unbaance introduced by the sensorsis entiredly compensated in the reading
unit. This is done with a ddlay line that usualy includes bulk optics and/or moving parts. The
reading unit therefore tends to be rather expensive and bulky. However, because of the nor+
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incrementa nature of the signas, one reading unit can be used to monitor lots of sensors or even
different structures. Low-coherence interferometry has been demonstrated for deformation and
dran measurements. It is particularly adapted to the measurement of deformations over long
bases, where the interferometric principle offers high precison without the drawback of
incrementa encoding. Depending on the demodulation technique, sengitivities as high as those of
coherent systems can be attained. The SOFO system is based on low coherence interferometry.

2.5.5 Brillouin sensors

The Brillouin effect condgts in an interaction between the photons and the phonons in an optical
fiber that results in a frequency shifted radiation traveing in the opposite direction of the
monochromatic pump beam. The frequency shift depends on both the temperature and the strain
of the fiber. By adding an appropriate modulation, it is possible to obtain a distributed sensor
with a spatid resolution of some tens of meters [41,42]. Thisis insufficient for many structures
but could be enough for larger ones like dams or for the temperature monitoring of garbage
dumps. These sensors are used for the monitoring of power lines and can detect dangerous
heating points.
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2.5.6 Overview

In Table 2.2 we summarize the performances of the main sensor technologies presented in the
previous paragraphs and anayzes their multiplexing capabilities a both the physical and the signa

levels.
Fiber Bragg Gratings External Fabry- Microbending Interferometric
Perrot Lensors sensors(incl. Low-
Interferometers coherence),
(EFP) eg. SOFO
Sensor type Strain sensor, Strain sensor, Deformation and Deformation and
amendbleto amenableto displacement sensor displacement sensor
deformation and deformation and
displacement sensing displacement sensing
. Upto2am, about 1cm 10cmtoabout Lkm  Few cmto about 1 km
M easurement basis
up to about 10 mfor
indirect deformation
sensing
. . downto 1l microstran  downto 1 microdrain about 1-20 mm for downto 10 nm,
Resolution (field short periads typical 1-10 mm
conditions)
Linearity Ve good Ve good Good Ve good
- Very good Very good for Poor Very good
Long term stability interferametric reediing
Measuirement type Absolute Incrementdl, absolute Absolute Incremental, absolute
for low-coherence for low-coherence
Temperature High, Potentialy low, High, High,
sensitivity canbecompensated  dependson embedding can be compensated low, if bath
with reference gratings technique with reference sensor interfferometer ams
havethesame
temperature.
Multiplexing Vey high Low GOOd . High
potential epecidly in-line
. . In-ling, Star (with additiona In-line, In-ling,
Poi?tlii)rei:()iﬁgal dtar / tree (with couplers), star / tree (with star / treg,
. additional couplers) in-line additiona couplersand matrix
architectures .
delay lines)
Possible signal WDM and TDM, CDM, TDM TDM CDM,
multiplexing without thgpeed of FDM,
architectures any auditiona TDM,
components WDM
Price High, Medium Medium, Low,
but potentialy low for uses specid cables uses standard telecom
fibers

on-the-drawing-tower

writing

Table 2.2 Performance and multiplexing potential comparison between current fiber
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2.6 Outlook

Smart sensing is not an isolated and sdf-sufficient research and indudtrid field. Smart sensingisa
new way to combine and enhance exigting technologies to achieve innovative results in the fidd of
Sructurad monitoring.

In the first decade of smart sensing technology, most efforts were concentrated on the different
subsystems. The reading unit and the multiplexing subsystems have seen important developments
and many technologies are today meture for fidd and industrid gpplications. Some techniques
have emerged like fiber Bragg grating sensors, low-coherence sensors and externa Fabry- Perot
interferometers, others are living a second youth like intengity based sensors. New technologies,
like Brillouin scattering, are il in the development phase and many more will certainly emergein
the future. Portable reading units are getting smdler each year and have been successfully
operated in demanding environment like those found in marine and civil engineering goplications.
In these lagt few years, the maturity of the reading unit subsystems has driven toward the
development of rdiable sensors and inddlation techniques. Fiber optic sensors have been
embedded successfully in a number of materids and structures including composites, concrete,
timber and metds. Some of these efforts are leading to indudtriad products and this will dlow the
insrumentation of sructures with an increasng number of sensor a reasonable prices. This
progress will be helped by the continuous development of fiber optic components like fibers,
cables, connectors, couplers and optica switches driven by the much larger telecommunication
market.

With gructures equipped with hundreds or even thousands of sensors, measuring different
parameters each second, the need of automatic data andyss tools will become increasingly
urgent. Efforts have aready been directed in this direction. Unfortunately, each type of structure
and sensor needs specific processing agorithms. Vibration and modad andysis have attracted
many research efforts and geometricd anadyss like the curvature measurements can be eesly
gpplied to many types of sructures like bridges, tunnels or spatial sructures. Many other
concepts like neurd networks, fuzzy logic, atificid intdligence, genetic adgorithms and data
mining toolswill certainly find an increasing interest for smart processing goplications.

The ubiquity of digita networks and cdlular communication tools increases the flexibility of the
interface subsystems and makes remote sensng not only possble but even economicaly
atractive. Of course every remote sensing system has to be based on reliable components since
the need of manua interventions obvioudy reduces the interest of such systems.

Smart dructures will both demand and produce sophisticated smart sensing and processing
systems. Continuous developments in actuators based on piezodectric materials and shape
memory aloys complement ideally the progress made in sensor and processing technology. Most
efforts are directed towards vibration damping, noise reduction and shape control, mainly for the
aeronautics and space indudtry. Civil engineering is dso producing interesting smart structures
gpplications in particular for seismic control and many experiments have been conducted at least
on reduced scde modds. Other gpplications like vibration and modd control of large civil
sructures like suspended bridges could be potentidly interesting but the forces required to
achieve theseresullts are il exceedingly high.

In afirst phase we can expect that smart structures will be used to increase the comfort of the
users and the life-gpan of the dructures by reducing the amplitude of its oscillations under
seamic, traffic or aerodynamic loads. These systems will not have a mgor structurd role and
their fallure would not lead to important Structurd damages. The acceptance of smart structures
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where the control system plays a structurd role will require wdl-proved and reliable systems and
will probably appear fird in high-risk structures like fighter airplanes or space structures.

More than the developments in each of the smart sensing subsystems, it is however the successful
integration of different technologies that will leed to increesingly useful agpplications. This
integration is possble only in highly multidisciplinary teams induding dructurd, materid and
sensor engineers. The necessary competencies dready exist in many indudtries and universities
but have to be brought together and adapted to each other needs. The find judge of dl smart
senang system will however be the market. Even well designed and perfectly functioning systems
will have to prove their economic interest in order to succeed. Unfortunately the evauation of the
benefits of a smart senang system is often difficult and the initid additiond investments are pad
back only in the long run. Furthermore it is not easy to quantify the benefits of the increased
security of one dructure or of a better knowledge of its aging characteridtics. In many fields
including civil engineering and aeronautics we are however withessng an investment shift from the
congruction of new sructures to the maintenance and the life- gpan extenson of the existing ones.
In these domains, smart sensing technol ogies have certainly an important role to play.
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3. Selection of the sensing technology

This section shows the requirements for monitoring
deformations in cvil engineering dructures. Low-
coherence interferometry will be shown in section 5 and 6
torespond to all these requirements.
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3.1 Introduction

The sdection of a measurement technique to be developed in the framework of a
research project like SOFO must pursue two man objectives. On one hand a new
system has to respond to ared need of the end-users (as described in section 1). On the
other hand it should condiitute an innovative goproach in the doman of metrology and
present some origindity compared to the work of other research laboratories active in
the same fidd.

From the point of view of the end-users, we have seen that ared need exids for short
and long gage-length sensors based on fiber optics. These techniques offer the advantage
of a amdl dze insengtivity to dectromagnetic fidds, currents, corroson and in some
cases temperature variations. Furthermore, optica fibers can be used at the same time as
sensors and information carriers, reducing the complexity of the sysem and potentialy
dlowing the multiplexing of a grest number of sensors on a reduced number of
trangmisson lines

In the domain of short-gage fiber optic sensors, the optica replacements of resgive
drain-gages, great research efforts have been conducted worldwide and have produced
interesting solutions induding intringc, extringc and in-line Fabry-Perot interferometers
and fiber Bragg grating sensors (See ds0 section 2). These sensors have or are evolving
to commercia applications

Fiber optic deformation sensors, the optica equivdent of rockmeters and inductive
sensors, have atracted consderable research interest at the beginning of fiber optic

senor higory, egpecidly in the inteferometric configuration. Michdson and Mach-
Zehnder interferometers with coherent sources (typicaly gas and semiconductor lasers)
were used in the firg demondrations of fiber senang. Two drawbacks have stopped
these techniques from reaching main-stream applications the incrementa nature of the
interferometric Sgnd (requiring a continuous connection between the sensor and the
demodulaior) and the extreme sengtivity of the methods meking it difficult to isolate the
quantities to be measured from externd disturbances, especidly phase fluctuation in the
leed fibers. Other techniques for deformation sensing rely on micro-bending to encode the
deformation in a change of the tranamitted or reflected intensity. Some of these techniques
have turned into indudtrid gpplications. Microbending sensors offer the advantage of a
redively good sengtivity and precison, combined with the smplicity of the reading units
that should have made them extremdy dafordable. Furthermore they offer a certain
potentid for digtributed sensing, but at the price of a reduced resolution. Unfortunately the
intendty nature of the deformation encoding makes these methods prone to drifts resulting
from fluctuation in the source power, degradation of the transmisson properties of fibers
and connectors as well as changes in the characterigtics of the receiver’s eectronics.

These sensors are therefore indicated for short-term and dynamic messurements but are
less effective for long-term monitoring.

An interesting and reatively unoccupied niche in the research panorama exists
therefore for mid- and long-term deformation monitoring sysems. Low-coherence



interferometry fits into this niche and offers the sengtivity advantage of the coherent
methods but without the problems associaed with incrementd measurements and
epecidly the need of continuous measurements. Furthermore, the coherence encoding of
the deformation informetion frees the method from any intenaty-related drift.

3.2 Requirements

The requirements that a deformation sensor for short (but not dynamic) and long-term
monitoring should meet ae examined in the next few paragraphs Low-coherence
interferometry in singlemode opticd fiber sensors respondsto dl these requirements.

3.2.1 Deformation sensng

A deformation sensor has to measure the distance variation between two given points
fixed to the dructure. When possble, the sensor should be embeddable insde the
condruction materias in order to provide a more representative measurement of the
structure' s behavior when compared to surface mounted sensors. The extramities of the
sensor’s active region (i.e. the region over which the deformation is measured) should be
eadly defines and identified.
3.2.2 Sensor length

Because of the great variety of dructures encountered in cvil engineering it isimpossble
to find a sandard sensor length that fits al gpplications. An dl-purpose sensor should

dlow measurements over length from a few centimeters to a hundred meters and more.
The active region can sometimes be up to afew kilometers away from the reading unit.

3.2.3 Resolution and precison

The resolution requirements dso greatly vary with the goplication. If the sensors are
congdered as replacement of conventiona techniques like did gages, it is important to
guarantee a least the same resolution. A resolution of a few microns can therefore be
consdered sufficient for most gpplications. For gpplications were large deformeations are
expected thisresolution largely exceedsthe red needs A precison of 1% of the measured
deformation is usudly congdered as sufficient..

3.2.4 Dynamic range
For gpplications in conventiona aivil sructures, in-sarvice deformations larger then 0.1-
1% of the gage length are rare. For geostructures, deformations of afew percents are on
the contrary found in some gpplications. However, this meansthat for a10 m long sensor,
deformation of afew centimeters are expected. In this case a precison of afew microns
is catanly ovekill and other smpler methods (eg. a rule) are cetanly more
appropriated than fiber optic sensors.

! The surface represents aspecia and not lways representative case of the structural behavior.
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325 Sability

Since long-term applicaions are amed, the resolution and precison cited above should
remain vaid even for measurements spaced by years

3.2.6 Temperature sengtivity

All deformation sensors are dso to some extent temperature sensors. It is therefore
interesting to sudy the influence of temperature on the deformation messurements. This
helps to define what kind of temperaure compensation is best auited for a given
aoplication.
Any sensor will transform a deformation into a change of a cartain quantity X. This can be
amark count (in adid gage) aresgance, an inductance, a phase, an intensity,. ..
In gengd the variations of X as a function of the varidions of the dran e and
temperature T will be given by:

ox = pe X4 pr & (1)

de daT

The fird term represents the sensor response to drain vaiaions. The second term
represents the sengtivity to temperaure variaions.
Furthermore:

De =De,, + DTj—i (2)
The firg term accounts for the mechanicaly induced grain varidion in the sensor. The
second term represents the srain variations due to a temperature change. Therefore we
can write:

DX = De d—X+DTd—X+ DTd—xa (3

M de dT de

where a  represents the therma expanson coefficient (aither of the sensor or of the
dructure).
If the sensor is mounted on a sructure St will inherit its srain, temperature and therma
expangon codfident and ( 3) will become:

DX, = De d—X+DTd—X+DTd—Xa (4)

S M de dT de °

In this equation, the temperature induced gtrain variaions in the structure are represented
by the third term in the sum. The drain vaiations produced by externd forces and
condrains as wel as relaxation and other smilar phenomena are accounted for in the first
term. The second term represents the paradtic sensor’s response to temperaure. If the
temperature varigion DT is measured separately, it is possble to correct the results
numericaly to diminate the second term (provided that the sensor's response to
temperature varidions is linear and known). Thisis for example the approach used in the
vibrating-gtring sensors. If the therma expangion coeffident a ¢ of the dructure is dso

known it is possble to dimingate the influence of the third term, too.
Another common gpproach conssts in placing a second reference sensor Rnear thefirg
one and isolae it from the drain variations. Its response will be given by:
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3.3

DXR=DT3—¥+DT(3—>;aR (5)
where a,, isnow the therma expanson coefficient of the free sensor. By subtracting the
two readings we obtain:

B B dX dX

DXy = DX - DX = Deyy —— +DTd—( - ag)
The direct sensor sengitivity to temperature has now been diminated. An indirect sensor
sengtivity to temperature however remains in the form of the term containing a;,. Two
interesting cases are now possible. In the figt case the reference sensor is mounded on a
free piece of the same materid that the Sructure is made of. In this case we obtain
ag = ay and ( 6) becomes smply:

dX (7

DXy = Doy~
Thisis the approa:h used for resgtive srain gages mounted on metds (eg. sed). It is
effective only if the thermd expanson coefficient of the hogt sructures is known, congtant
and can be reproduced on the smadl sample to which the reference sensor is mounted to.

This is not the case, for example in concrete structures where ag is far from condtart,

epecidly during concrete setting. A good temperature compensation of ag by ag is
thereforeimpossble
Another approach isto choose asensor with a, <<ag . In this case ( 6) becomes:

DX,,. = De,, ?jx+DTC(; a, @De,, ‘3); (8)
This represents the red totd deformation undergone by the dructure. This is the only
solution that does not make any assumption on the materid properties of the hogt
dructure. The SOFO system is based on this gpproach, as explained in section 4. The
therma expanson coefficient of dlica fibers is about twenty times lower than the one of

sted and concrete.

(6)

Conclusions

In section 4 (opticd fibers as intringc sensors), section 5 (lowcoherence interferometry)
and section 6 (SOFO design and fabrication) we will show that lowcoherence
interferometry in snglemode optica fibers is adle to respond to dl requirements lised
above and can be usad to implement a reliable deformeation messuring system.
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4. Optical fibers as intrinsic sensors

The use of singlemode optical fiber as sensorsis discussed in
this section. The physical and optical characteristics of the
commonly used optical fiberswill be introduced briefly. We will
then describe the behavior of these fiberswhen used as a part
of an interferometric system. The variations of the optical path
length as a function of the applied strain and temperature will
be investigated for the free, coated and embedded fibers.
Recommendations on the type of fibers and coatings to be
used in a sensor system, will be given at the end of the section.



4.1 Introduction

4.2

Optical fibers are widdy used as informetion carriers in the telecommunication industry. Their
smdl sze, large bandwidth and low attenuation make them ided to transmit Sgnds over long
distances’. Driven by the large telecommunication market the manufacturing industry has made
important progress in the mass-production of opticd fibers with excdlent opticd and
mechanical characteristics, while progressively lowering their cost®.

Since the beginning of this relaively young technology, these same fibers have been used as
sensors [1] for different parameters such as drain, temperature, pressure, acceleration or
current, only to name a few. These fiber sensors are usudly divided into two main categories.
intrinsic and extrinsic.

In the case of intrindc sensors, the fiber itsdf reacts to a change of the quantity to be measured
by modifying the radition it carries. This can result in avariation of the intengty, the phase, the
polarization date or the soectrd content of the light transmitted through the fiber. The
sengtivity of an intringc sensor to different parameters is determined by the setup conditions
and in particular by the fiber coatings and the fiber attachments. This type of sensorsisusudly
sengtive dong the whole length of the fiber and can therefore be used for digtributed or
integrated measurements.

In the extrindc sensors, the optica fibers are only used to carry the information from the
transducer, which is usudly ingdled a one end of the fiber, to the remote reading unit. The
transducer can dter the incoming light or produce a radiaion responding to the variations of
the externa quantity to be measured. In this case, the sensor is usudly sengtive only at the
position of the transducer (or transducers) and is best suited for local or point measurements.
In this work we have chosen to focus on the measurement of displacements by low-coherence
interferometry. We will therefore dedl with sensor of intringc type and andyze in detall the
response of a snglemode optica fiber to an applied externd strain or a variation of the loca
temperature.

Optical fiber characteristics

Many different types of fibers are produced for the telecommunication market and a few
specificaly for sensing gpplications. In the next paragraphs we discuss the different optica and
mechanical characteristics of opticdl fibers and choose the types that are best suited to be used
as part of alow-coherence interferometric setup.

4.2.1 Optical characteristics

All opticdl fibers present a core surrounded by a cladding with alower index of refraction. The
light is therefore guided by the core and propagates dong the fiber axis [2]. Most common
optical fibers are made of fused silica® and the required variations of index are obtained with
appropriate doping. A preform with the desired index profile, measuring typicaly two meters
in length and 200 mm in diameter, is fabricated by chemical vapor deposition and then drawn

! Depending on the bit-rate, links up to 100 km are possible without repesters.

2 Standard singlemode fibers cost less than 0.10 Sfr per meter.

3 Pladtic fibers are used in tdlecommunication but rarely for sensors gpplications. Vitreous materias other than silica
are usad to at wavelength other than 850, 1300 and 1550 nm to deliver laser radiation over short distances.
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in a drawing tower to awire of 125 nmm diameter and sometimes more than 100 km in length
[1, chapter 2]. Silica fibers are exceptiondly transparent around two optica window at
1300 nm and 1550 nm. The attenuation at these two wavelength can be as low as 0.3 dB/km
and 0.2 dB/km, respectively. The refraction index is of about 1.46.

Optica fibers[3] are usudly divided between singlemode and multimode types.

Multimode fibers have larger cores (commonly 50 nm in diameter) and can transmit multiple
transversa elgenmodes having, in generd, different propagation speeds. This produces a
modal dispersion and makes this type of fibers unsuited for interferometric gpplications since
each elgenmode can be considered as a coupled interferometer between the source and the
detector.

Only singlemode fibers will therefore be used in dl experiments presented in this work. This
type of fibers has an index profile (see Figure 4.1) that dlows only the fundamenta transversa
mode to propagate, while al higher-order modes will be disspated. Typical core Szes are

125 microns
9 microns
—

n

Figure 4.1 Typical dimensions and index profile of a singlemode fiber

between 3 mm and 9 nm with an index increase between 0.2% and 0.8%. Singlemode fibers
are not affected by moda disperson and dlow therefore interferometric measurements. These
fibers are however affected by chromatic dispersion, wave-guide dispersion and
polarization mode dispersion.

Chromatic dispersion is the result of a waveength dependent index of refraction and is a
materid characteristic. For dlica fibers the vaue of chromatic disperson is about zero a

1300 nm and around 20 ps/(km nm) at 1550 nm.

Wave-guide disperson is produced by a wavelength dependence of the effective index of

refraction, i.e. of the propagation constant. It is produced by the index profile of the fiber* and
can therefore be modified usng ad-hoc dopants Structures. By combining the effects of
chromatic and wave-guide dispersons, it is possble to obtain fibers with a desred tota
disperson a a given wavelength. Dispersion-shifted fibers show a disperson minimum a a
wavelength other than 1300 nm, e.g. at 1550 nm. Dispersion flattened fibers offer areduced
disperson over a wide wavelength range. Compensating fibers can be added at the end of a
dispersve fiber link and compensate its dipersion.

Recently, another type of digpersion, polarization mode dispersion, has attracted rising
attention. It is produced by the combined effects of the fiber birefringence and the polarization
mode coupling. The vaue of this type of disperson can vary greetly during one day and can
not be compensated efficiently.

4 A change in the wavelength produces a change in the form of mode thet propagates in the fiber. Since the index
profile remains the same the mode will see adifferent effective index.



FHndly, some fibers are fabricated with index profiles that have not a cylindrica symmetry.
These fibers are therefore intringcaly birefringent and can propagate a linear polarization
unaltered.

Since in this work we will dedl mostly with fibers of reduced length and sources a 1300 nm,
most dispersve phenomena can be neglected and specid index profiles do not offer a
sgnificant improvement in the performances to judtify ther use. Unless otherwise specified, al
the sensors described in thiswork are based on the use of standard slica Snglemode fibers.

4.2.2 Physcal characteristics

Sincethe opticd fibers will be used as srain, displacement and temperature sensors, it is useful
to summarize here the main physical characteridtics of slicaand slicafibers[3].

Silica (SO,) is a vitreous materid with a dengty of 2.2 10° kg/n?, a Y oung's modulus of
72 kKN/mm? and can withstand an éongation up to 2-8%. Optica fibers have usudly a
diameter of 125 nm, giving a Hooke constant of 884 kN (a force of 884 g will therefore
produce an elongation of 1%). An eongation of 1% is by at least one order of magnitude
higher than the maxima possible dongation of concrete. Slica fibers are therefore ided as
displacement sensors for concrete structures. Some metals can show larger elongation, but
these occur only rardly in red sructures.

Silica has a very low therma expansion coefficient of 5 107 1/°C that will help avoiding
paraditic sengtivitiesto temperature variations (see paragraph 4.3.3).

The man opticd and mechanicd characteridics of dlica fibers, sed and concrete are
summarizedin Table 4.1.

Propriety Slica Steel Concrete

(approx.)
Chemicad composition S0, Feon.g9 Coor -
Density [10° kg / n] 2.2 7.9 2.7
Tendle strength [KN/min?] 5 0.46 0.003
Y oung's modulus [kN/min] 72 210 30
Poisson’sratio 0.17 0.3 0.17-0.2
Maxima eongation [%0] 2-8 5-25 0.3
Therma expangion coefficient [10°/°C] 0.5 12 10
Fusion point [°C] 1665 1535 -
Index of refraction 1.46 - -
Typicd atenuation [dB/km] 0.3 - -
Typicd disperson @ 1550 nrm 20 - -
[ps/(km nm)]

Table4.1. Physical and optical propertiesof slica, steel and concr ete.



4.3 Optical fibers as part of an interferometric sensor

Since we have chosen an interferometric setup as measuring technique, we will now restrain
our study on the response of optica fibersto the case of snglemode intrinsic sensors.

Figure 4.2 shows atypicd Micheson interferometer setup. The coherent emission of a laser
source is split by means of a directiona coupler and sent into two digtinct fiber lines. The
externa quantity to be measured, e.g. the strain or the temperature, will act differently on each

Path 1: e(x), T(x), P(X),...

<+——pr—

Laser
Source ~
Detector SN <+—>—]

Path 2: e(x), T(x), P(X),...

X

Figure 4.2 Typical fiber interferometric setup

of the fibers and introduce therefore a path unbaance between the two interferometer arms.
This will produce a variation of the rdative phase and therefore of the intensity measured by
the detector.

For this reason it is interesting to study the relaionship between the gpplied perturbation and
the resulting path unbalance. This unbaance is caculated as the difference between the optical
path in the two ams. To avoid any confusior?, we will from now on express dl path
unbalances as delays, i.e. as the difference in the time of flight between photons traveing in the
two ams. Thedday dt istherefore given by:

_2 2
dt—C O (x)dx ; O(x)dx

Path 2 Path1

(D

Where:
n,(x) istheloca refractiveindex dong thepath i and
c isthe vacuum speed of light
The factor two comes from the double pass typical of the Michelson interferometer.
If we assume that the refraction index is congtant along both arms, ( 1) becomes:
dt:znZLZ_nlLl (2)
c

Where:

L, isthephysica length dong path i
To measure a change of the externdly applied quantity, it isinteresting to compare the vaue of
dt at different timesand define:

Do dte- dte (3)
Were the upper index refers to different times.
Moving to infinitesma variaions and congdering that the perturbation is goplied only to one of
the arms we obtain:

dtzéd(n L)=%(ndL+ L dn) (4)

® A length could be interpreted as a displacement, acut in the fiber, the equivaent path unbalancein vacuum,...




Were n and L are the refractive index and the physica length of the perturbed fiber.
Since the light propagates in a wave-guide, the index n should be replaced by the effective
refractiveindex n,, which lies between the index of the core and the one of the cladding. This

findly gives
2 (5
dt =—|n, dL+Ldn
C ( eff eff )

Since for standard singlemode fibers the core index is less than 1% higher than the cladding
Index we can assume:

neff = ncladding ° n (6)
Lets now congder the behavior of this differentia under variations of the fiber length, of the
gpplied drain and of the temperature. The different proportiondity constants that will be
introduced in the next paragraphs, are summarized in Table 4.3 at the end of this section.

4.3.1 Fiber length sensitivity
If we cut the fiber and therefore introduce a dL, ( 5) becomes:
dt 2eed.  dno (7
—=—Ch—+L—
dLc&'dl " dLo
Since n isindependent from L we obtain:

da _2 (8)
d. ¢

Or, for afinite DL :
Dt = %DL (9)

Wecan define k. as:

cut

DL° k., Dt ( 10)

cut
withn=146andc= 300% we obtain:

(11)

Koo = 5= 10852

n

This materid congtant gives the length of fiber that has to be cut (without being strained) in
order to obtain a unitary change in the delay.

cut

4.3.2 Axial strain sengtivity

If we pull thefiber by dL and therefore introduce astraine, ( 5) becomes:

dt 2z dL dng (12

aL o8 'dl Tt dle
In this case the second term in the equation can no longer be neglected since the index of the
stressed fiber will be different. The change in the core diameter will produce a change of n; .

This effect can however be shown to be negligible [4].

The second term of the sum can be expressed as a function of the strain-optic tensor p,; and

the Poisson ratio nof slica
d 2n

I _g;?-' n_zz[(l' n)plz' mpll]g

c

(13)



For typicd slica m= 0.17, and p;; =0.121 and p;, @0.270, giving:
d_2n0_ 21 =0792" (14)
d. ¢ C

The decreasing index will therefore partialy cancel the effect of an increased length.

Wedefine k.. as.

stress
DL kstress D ( 15)
and obtain:
_ 1 4o (16)
kstress _ﬁkcut - 130?

Thismaterid congtant gives the eongation (strain times length) that has to be given to afiber to
obtain a unitary variation of the delay.

In Figure 4.3 we plot an experimenta curve showing the measured delay as a function of the
deformation applied to the fiber by a micro-metric displacement table. The fiber was glued at
two points 1495 mm gpart, one fixed and the other on the displacement table. The flat part of
the curve corresponds to aloose fiber. As soon as the fiber exhibits stress, the curve becomes
linear giving a kg, = 128-% . This vaue differs dightly from the theoretica one found in ( 16).
This figure was confirmed by a number of calibration experiments and has been adopted as
standard.

4.3.3 Temperature sengtivity
If we change the temperature of the fiber by dT , ('5) becomes|[5]:
dt _2gndl dnd (17)
LdT c&LdT dTo
We have once again assumed that n,, equasn.
Thefirg term in the sum represents the length variation of the fiber due to the non zero thermal
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Figure 4.3 Delay as a function of the applied deformation (L=1495 mm).




expanson coefficient, while the second represents the contribution given by the temperature
dependence of the index of refraction.
As seen in chapter 4.2.2:

ndk _g7310° o (18)
LdT
and [3]:
N _10%/c (19
dT
Theindex changeis therefore (and somehow surprisingly) the dominating effect.
Thisgivesusfrom ( 17) and for finite temperature variations.
L DT = k,. Dt (20)
with
kp =140 (21)

This materid congtant gives the necessary temperature variation that has to be imposed to a
freefiber to obtain a unitary change in the delay.

We aso define a condant taking into account only the contribution of the temperature
dependent refractive index:

K, (22)

1 . _«<m
an =15

_c
20T

n

4.3.4 Coatings

Mot fibers are manufactured with coatings to protect them from aging agents like humidity.
Since these coatings have, in generd, amuch higher therma expangon coefficient than the one
of slica, we should consder thar influence on the therma expansion coefficient of the system.
Lets consder an optica fiber and a coating with eadticity modules E, and E_ , thermd
expandon coefficientsa , anda, aswell ascross-sections A, and A, .

If we assume that under temperature changes the fiber sections remains plain® and therefore
impose the same deformation for both materid or an opposed force between the two, we
obtain:

d. _a; E; A, +ta E. A (23)

= o a
LdT E, A +E, A f°
The fiber will therefore undergo a deformation of L a ,, DT instead of the free deformation
La, DT.Thisgves

or oL _or Lla.-a)DT (24)
Dt = + = +
I(TF kstress kTF kSUESS
and findlly:
_ 1 _ (25)
L DT = 1+afc_ath—kTCDt
kTF kstress

®j.e thefiber does not dideingideits coating
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Figure 4.4 Delay as a function of the fiber temperaturefor different fiber coatings.

We can therefore define anew congtant k. :
1 (26)
1  a¢- g
e T
K  Kares
It is dso useful to define a congtant k., taking into account only the mechanica effect of the
coating on the fiber and excluding the effect of the temperature dependence of the refractive
index.
o = 0
re

ch =

1
k

In the (not so unusud) case of fibers with multiple layers of coating, dl the coatings can be
reduced to a single coating. To reduce n coatings with an dadicity modules E, , thermd

expangon coefficients a,, as well as a cross-sections A, , one can define an equivaent
therma expangon coefficient:

aa E A (28)
_.n
" AE A
n
and an equivaent Hooke constant:
[¢}
E.A=aE,A (29)

These equivaent vaues can than be used in equation ( 23) and ( 26).
Sinceit is not dways possible to know the materia congtants of dl coating layers, the constant
K. isbest measured experimentally.



In Figure 4.4 we plot an experimenta curve showing the measured delay as a function of the
fiber temperature and for different fiber coatings. The fibers were placed in a temperature
controlled cabinet. It is evident that the nylon coated fiber undergoes atrangition near 30°C. It
seems that at this temperature the fiber arts to dip ingde the nylon coating and assumes
therefore a thermal expansion coefficient close to the one of an acrylate coated fiber. It must
be recalled that the nylon coating is deposited on top of an acrylate coating. This same
behavior has been found in embedded acrylate coated fibers. We can therefore conclude that
thistrangtion is due to a softening of the firg (inner) acrylate coating.

Fiber coating Externd fiber Kre Krm Price
dameter [ roc yng  [Cvipy  [SFrim
none (theoretica data) 125 14 210 -
acrylate (2 layers) 250 10.9 39.6 0.1
polyimide 145 13.3 120 3
nylon tight buffered fiber gray 900 2.29 2.7 0.5

Table4.2. Temperature variation required to introduce a variation of 1 psin thetime
of flight for different fiber coatings. Theindicative price per meter isalso listed.

In Table 4.2 we compare the thermd expanson coefficient of differently coated fibers. It is
clear from these results that the acrylate and polyimide coatings do not dter in a significant way
the therma expangon coefficient of the fibers. This is due to the reduced thickness and
diffness of these coatings. Nylon tight buffered fibers show, on the other hand, a dramatic
increese of the temperature sensitivity due to the large therma expansion coefficient of nylon
and the sgnificant thickness of the coating.

Since differently coated fibers show different therma expansion coefficients, it is possble to
use pairs of such fibers to measure integrated temperature variations [6]. If both fibers are
indaled sde by sde and have the same temperature, the differentid therma expansion
coefficient of the coatings will produce a variation of the measured delay proportiond to the

integrated temperature variation:
1 R
Di=—— PTdL (30)
lec = Ro1C Path
Where

k. isthe effective thermd expanson coefficient of fiber i

If the temperature variation is constant dong the path we find:

DT L = (K - Kyre) Dt (31)
A fiber par with, respectively, primary coating and nylon coating shows a sengitivity of about
345°C.ny ps. The response is however linear only between -25 °C and +30 °C. At higher
temperaures, the fiber ssemsto dip ingde its coating.
This type of sensor will measure only temperature variaions and not the absolute temperature.
If the delay is first measured for a given temperature, eg. in a temperature controlled cabinet,
an absolute measurement becomes possible. These sensors should be used only in the linear
temperature range of both coatings.
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4.3.5 Embedded optical fiber sensors

For most sensing applications, one of the fibers will be in mechanica contact to the host
structure in order to measure its digplacement. We have seen in chapter 4.3.2 how the fiber
sensor would react to length variaions of the host structure. In this case we assume that the
fiber is stressed only axidly and no externd force is applied transversdly. In this latter case it
would be impossible to separate the three stress components with only one measurement. For
most sensor setups proposed in this work, no transversal stresswill be gpplied to the fibersan
the results of chapter 4.3.2 can be used without modifications.
It is now important to study the influence of the structure temperature on the measured delay.
If the measurement fiber is in mechanicd contact with the hogt sructure, it will inherit its
thermal expansion coefficient. If we consder the sructure as a coating with infinite stiffness,
equation ( 25) becomes:
_ 1 _ (32)
LDT = 1 a-a Dt =k, Dt
kTF kstress
Besdes the desired sengitivity <to the temperature induced length variaion of the structure, we
obtain a parasitic sengtivity due to the temperature dependence of the index and the strain of
the fiber.
It is possible to reduce this sengtivity further by ingdling (eg. in a pipe) a reference fiber
which is not subject to the dtrain variations induced by the host structure but has its same
temperature and measure the variations of the path unbalance between the two. In this case
the effects of the temperature dependence of the refractive index will cancd between the two
fibers. The free fiber will however maintain its (low) thema expansion coefficient’
nd _o7310°/°C.
LdT
We consder now the case of a free structure undergoing a the same time a deformation
DL and a temperature variation DT . We assume that the reference fiber is ingaled near the
measurement fiber and has the same temperature. The linear therma expansion coefficient of

the host structure isgiven bya . .
The measurement fiber (i.e. the one attached to the structure) will introduce the delay:

o = DL N L DT (33)
" kﬁre& kTS
while the reference fiber (i.e. the oneingdled in the pipe) will introduce the delay:
L DT (34)
D, =
Kre
If we measure the difference between the two we obtain:
& - -a. b (35)
u: DL +LDTL+aS af_L_afc af:
stress ka kstress ka kstres 9
or
DL alDT a,LDT (36)
Dt = + -
kSUESS kstres kS(FESS

" We assume here that afiber with athin or loose coating is used.
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The firgt two terms correspond to red length variations of the structure, while the latest is a
paragitic sengtivity in the temperature introduced by the reference fiber and its coating. It is
interesting to notice that the effect of the temperature dependence of the refractive index has
been diminated.

Since the coefficient a,, depends on the fiber coating it can be chosen to achieve different

effects. If we choose a fiber with avery low a,. (e.g. afiber with the primary coating, only)

we obtain a sensor with very low temperature dependence. This would allow the measurement
of the temperature-induced deformations in the structure. For typica concrete we find:

a. =10 nm (37)
°C.m
while for the bare reference fiber we find:
a, = =O.50nm (38)
C.m

which istwenty timessmdler.
In generd, if we use a reference fiber with agiven a,, and interpret incorrectly atemperature

induced paragitic delay as a deformation we will find an gpparent displacement of:

DL, =a,LDT (39)
For afiber with only the primary coating, this paragtic temperature dependence is hdf of the
one of an invar bar.
Another interesting case is the one where the fiber coating is chosen in order to obtain:
a, =a,.. In this case we are able to compensate the temperature induced displacements in

the structure by an identical displacement in the reference fiber. Since the a,, required to

compensate the therma induced displacements of a concrete structure lies between the ones
of primary coated fibers and 900 mm nylon coated fibers, it should be possible to manufacture
a specid fiber with the appropriate nylon coeting thickness. This derivation is vadid only for
free structures where one can actudly calculate the deformation by multiplying a, with the
temperature varigtion DT. For dructures that are bound to externa condraints or have
particular shapes and are submitted to gravity? this gpproximation could give unrdligble resuts
Furthermore, the thermal expansion coefficient of many construction materids (e.g. concrete)
can be variable and therefore unpredictable.

To achieve even higher precison, it is necessary to separate the effects of temperature and
drain by measuring the integrated temperature variations. This can be done by adding a
second reference fiber with a different coating as seen in paragraph 4.3.4.

4.4 Error estimation

As seen in the previous section, to obtain a measurement of a relaive quantity DQ, one
measuresadday Dt and then multipliesit by a coefficient k.

DQ=kDt (40)
Ingenera k and Dt are known with an error dk and d D, respectively. The error dDQon

the measurement will therefore be given by:
dDQ =dk Dt + kdDt (41)

® Like most structures on earth and neighboring planets. The approximation is however satisfactory in the interesting
case of freefaling or orbiting structures...
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The firg term is given by an error in the estimation of the proportiondity factor k and is
proportiona to the measured DQ or Dt . This term is therefore dominant for large variations of
Q. The second term is given by the eror in the measurement of the dday Dtand is
independent from DQ and Dt and therefore dominant for smal variations of Q.

It isinteresting to notice that both terms are independent from the length L of the measurement
base. The relative precison will therefore increase linearly for increasing measurement bases.

4.5 Conclusions

We have demondtrated that optical fibers are excdllent displacement sensors. They show linear
response to strain and can accept displacements up to 28%. These fibers are however
subject to thermal gpparent dtrain, this is mogtly the result of the temperature dependent
refractive index. It is suggested to use a reference fiber that has the same temperature that the
measurement fiber. In this case we obtain only a smal temperature dependence given by the
therma expanson coefficient of the reference fiber. In the case of free fibers (eg. the
reference fiber) specid care must be taken in the choice of the fiber coatings. These can have
a dramatic influence on the therma sengtivity of the fibers and can therefore be used as
integrated temperature sensors. By choosing an appropriate coating for the referencefiber, itis
possble to achieve interesting temperature effects like a compensation of the thermd
deformations of the structure itsdlf.

In Table 4.3 we resume the different coefficient introduced in this chapter.
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Coefficient Symbol Uit Typicd

vaue
Time of flight variaions without dran (cutting Ko m 103
fibers). b
Time of flight variations under strain (displacement Kgress m 128
sensor). ps
Time of flignt vaidions under temperature K ‘Cm 14
changes (free and uncoated fiber). ps
Time of flight varigtions under temperature Ks ‘Cm 15
induced variations of the refractive index. ps
Time of flight varigtions under temperature K ‘Cm depends
changes (free and coated fiber). ps onthe
coating
Time of flight varigtions under temperature Ko Cm depends
changes (free and coated fiber) excluding index ps onthe
varidions, codting
Time of flight varigions under temperature Ks ‘Cm depends
changes (fiber embedded or atached to a ps onthe
sructure). sructure

Table 4.3. Proportionality coefficient for different types of perturbation.
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5. Low-coherence interferometry

" 1f, however, the source is not homogeneous, the clear ness or
visibility of the fringes will diminish as the difference in the
path of the two interfering pencils increases, and in general
will vary in manner depending on thenatur e of the source" .

Albert A. Michelson
Studies on Optics, 1927

The principle of low coherence interferometry is discussed in
this section. We will first introduce the concept of optical
interference for an ideally coherent source and then extend it
to partially coherent sources. Path-matching or coherence-
recovery interferometers are described in detail with emphasis
on their use for demodulating interferometric sensors. The
effects of polarization and optical fibers birefringence are also
analyzed. We will finally discuss the limiting factors for using
such an interferometric arrangement in a remote sensing

Setup.
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5.1

5.2

Introduction

Interferometric sensors are based on the principle of optica interference. This phenomenon is
one of the results of the wave-nature of eectromagnetic radiation. The propagation of light*
can be expressed by a complex vector field describing the intensity and phase of the dectric
(or magnetic) fidd in each point of the space. This fidd has to be a solution of the Maxwell
equetions or, in the case were no charges or magnetic dipoles are present, by the wave
equations. Since dl the detectors we can use to observe this radiation (e.g. our eyes, a
photodiode or a pyrometer) are sendtive only to the intengty of this radiaion (not its
amplitude) and have a detection bandwidth by many orders of magnitude lower then the
osGillation frequency of light?, we cannot measure the phase of the incoming radiation directly.
Since the eectromagnetic field is unique, it is however possible to superpose two light-waves
having a congant phase relationship and obtan localy a condructive or destructive
combination, i.e. a sum or subtraction of the amplitudes that results in an increased or
decreased detected intengity. This effect is caled interference and can be used to obtain an
indirect measurement of the phase and therefore dlows the redization of highly sendtive
measurements. These sensors are however of incremental type and a continuous monitoring of
the sequence of congructive and destructive interference is necessary. The congtant phase
relaionship between two waves is referred as coherence [1 cp. 5, 2]. We will show that the
coherence properties are directly related to the spectral characteristics of the source used to
produce the light-waves. A source with a reduced coherence can be used in order to obtain
absolute (non incrementa) measurement with interferometric precison.

Perfectly coherent interferometers

In order to introduce the concept of optica fiber interferometers, we will first consder a
Michelson setup (see Figure 5.1) with an ideslly coherent light source.

Source ‘_>_|

-
Detector 1_>_| DL

—>

Figure5.1. Michelson interferometer. DL isthe round-trip length difference between the

fibers (twicethe physical length difference)

All the fibers are supposed to be of monomode type. It should be noted that these fibers
usualy propagate two independent orthogond polarization. The effect of polarization will be
andyzed in chapter 5.5, and we will, for the time being, restrict to ascdar EM field.

The electric component of the EM emitted by the source can be described by:

E(x.t) = RefE, e W~ ¥ F o0 (1)

! We usetheword "light" to describe any form of EM radiation and not only visible light.
% Thisis not the case for radio waves that have much lower oscillation frequencies.
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Where w=2pu is the opticd angular velocity, k = 2p nl the propagation constant and

F, theinitid phase. E, represents the amplitude of the eectric field. We will from now on
drop the Re operator and consder a complex dectric fidld. We will furthermore assume
E, =1.

It is evident from Figure 5.1 that the light can propagate from the source to the detector
following two independent path of tota length L, and L, . Part of these path is common (the

lead-in and lead-out fibers) while other is separate (the two interferometer arms). The
amplitude at the detector will therefore be given by:

E(xD,t):Elel(V\t-kL1+F0)+Eze|(wt-k|_2+|:0) (2
Where E; indicates the amplitude returned by each path.

The detector will measure the intengity of this fidld and integrate it over a period much longer
than 2I%v and therefore obtain:

o =(E(o 1) E x5, 0) = £7 + £, +25,, O 3
where ( ) indicates an integral over the integration time of the detector.
If we define:

I, =E%and 1, =E, (4)
representing the intengties returned by each arm, ( 3) becomes:

lp =1, +1,+ 21,1, cogkDL) (5
Or:

Iy = 1,(1+V cog kDL)) (6)
with:

ly=1,+1, (7)

and the vighility of the interference fringes given by:
[ -1 21,1,
V= max min —

Imax-l-lmin _(|1+|2)

(8)
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Figure5.2. Typical intensity as a function of the path unbalance
for an ideally monochromatic sour ce.

In Figure 5.2. we plot the measured intendty as a function of the path unbaance between the
two interferometer ams. The Snusoidd intengty modulaion has the same vishility
independently from the magnitude of the path unbaance. Knowing the phase in a sngle point
of the interferogram, it is possible to predict it for every other path unbaance. The coherence
of the sourceis therefore infinite.

5.3 Partially coherent interferometers

We will now congder the case of an interferometer usng a source with a finite coherence
length (i.e. with a nonzero spectral bandwidth) and a normdized power emisson. The
spectraly resolved intengty of the source will be given by:

lg = 14(k) with C\)S(k)zl (9)

For eech wavedength we obtain an amplitude which is given by ( 3). Since the detector is
waved ength-blind the amplitude must be integrated and we obtain:

10 (DL) = 0 () 14 ()| By (K)7 + E, (k)" + 2E,(WE, (W) O Jak - (20)

Where we have considered an explicit wavelength dependence of the reflectivity of the two
interferometer arms. If the detector has a wavelength independent efficiency we can assume
| o (K) =1. If we define:

1o = O s (KB, (K)” + E, (K)o (1)
k
as the incoherent power spectra returned by the two arms, we obtain:
1,(DL) = 1, + (RE, (K)E, (K) 15(k) €¥Plak (12)
k
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Equation ( 12) shows that the path unbalance dependence of the detected intengty is given
(except for an additive congtant) by the Fourier transform of the intengty spectrum of the
source multiplied by the reflectivity of the two interferometer ams.

In some case it is interesting to consider a source with an emisson centered around a given
wavevector kK, . Inthiscase ( 12) becomes:

(13)
1,(DL) =1, +¢ P 3pE, (K, + DK)E, (K, + DK) 1 (k, + Dk) € PX Pha ()
or
1, (DL) = 1,(1+v(DL) ¢ %o Pby (14)
with: _
ORE, (K, + DK)E, (k, + DK) 15 (ko + Dk) € X Pog(p) — (19)

V(o)==
I 0

where V isthe vighility of thefringes

Equation ( 15) isamogt identicd to ( 6) except for the fact that the vishility term depends now
on the path unbaance DL .

Furthermore, if we define the Fourier transforn of the power spectra:

~ i 16
IS(DL):(\)IS(kO+Dk) e P} Bl (k) (19)
Ok
we find assuming a congtant reflectivity of the mirrorsingde the emisson spectra:
_ 2E,(ko)E, (ko) T,(DL) (17)

V(DL)
IO
Let'snow consider afew interesting cases.

5.3.1 Monochromatic source

In first gpproximation a monomode laser can be considered as a monochromatic source. This
case has dready been considered in chapter 5.2. If we want to consider this case in the
Fourier transform formaism we have to use a Dirac function a& Kk, as the spectral power

distribution:
I5(K) =d(k - k) (18)
Which gives
v(oL) = 2 E,(k,) Ei(k,) (19)

E\% (ko) + B (ko)
Since the Fourier transform of a Dirac function centered in zero gives a congtant. Thisresult is
identical to theonegivenin ( 8).

*"congtants free" and after trandationto Kj, .
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5.3.2 Multiple monochromatic sour ces

The emisson of a longitudindly multimode laser can be consdered as a superpostion of
monochromatic sourceswith nwavevectors k. . The spectral power distribution becomes:

n-1
(k)= & 1, d(k- k) (20
| =
where r, isthe rddive intengty of the emisson lines and:
'Y (21)
arn=1
i=0
In this case the vigihility becomes:
igk - k,aDL (22

v(DL) = 512 re
i=1

The vighility varies therefore periodicaly in atypica beating figure. The period of this besting
will increase with decreasing spacing between the modes. If the different emission lines have
comparable intengties the vishility can drop to very low figures.

Visihility

Path unbalance [ nm]

Figure5.2. Vighbility asa function of the path unbalance for a sour ce obtained by
super position of two ideally monochromatic lines.

5.3.3 Rectangular spectra
If the source emits over arectangular wavelength domain:
11 dk
— for [k - k,|<—
I4(K) = rect,, (k- k;) = { dk k-l <=
2 f  Ootherwise

The vishility becomes

(23)
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i gL dko (24)
2 9
DL dk

2
The vighility will therefore decrease wit increasing path unbaance.

v(D|_):S

Visihility

OO ) l ) l ) l )
0 10 20 30 40
Path unbalance [ nm]

Figure5.3. Vishbility asa function of the path unbalance
for a sourcewith arectangular spectrum.

5.34 Gaussian spectra

Gaussian spectra are typicd for the emission of therma sources (eg. an halogen lamp), low
pressure discharge lamps as wel as of the amplified spontaneous emisson occurring in a
superluminescent diode. In this case the power spectrum is given by:
_(w)z (25)
1

2d k

(k)=
where dk represents the spectral width of the source.
The vighility will be given by:

(w)2 (26)
e 2
v(DL) = 2——
dk
The vishility function is dso Gaussan, its width being proportional to the inverse of the
spectrd width. The vishility will fade for path unbaances greeter than the coherence length:
- (27)
dk
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Figure5.4. Visgbility asa function of the path unbalance
for a Gaussian sour ce.

5.3.5 Lorenzian spectra

Lorenzian spectrd didributions are common for high-pressure discharge lamps and laser
diodes below athreshold:

oK) =

In this case the vighility is given by:

2 dk (28)
pldk? + 4(k - k,)’]

V(D_) :e-pdk DL (29)
and the vighility of the fringes fades for path unbaances grester than:
_» (30)
dk
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Figure5.5. Vighility asa function of the path unbalance
for aLorenzian source.

5.3.6 Wavelength selective mirrors

If the two arms of the interferometer are spectraly sdective, equation ( 15) show that the
vighility can dso be affected. For each wavelength that is not emitted and transmitted by both
arms, the integrand will vanish. For most cases the component with the most restrictive optica
bandwidth will be the source, but in some cases (eg. fiber Bragg gratings) the spectra
reflectivity of the interferometer arms will dominate and therefore influence the vishility of the
fringes and increase the coherence length of the source.

5.3.7 Concdlusons

The choice of the spectrd profile of the source used in an interferometric setup depends on the
type of demodulation that will be used. In the case of high-coherence interferometer, where
the variaions of DL are measured incrementdly by fringe counting and/or phase tracking, it is
interesting to use a source giving avishility function asflat as possble over large DL ranges. In
this case a lasar will be the most appropriate source. A good wavelength stability and a
narrow spectra emisson are very important in this case. Distributed feedback or multiple
section laser diodes with temperature stabilization offer sufficient performances for this type of
measurements, even for large path unbalances.

In thiswork we have decided to concentrate on low coherence interferometry. In this case we
use the fading of the vishility resulting from a finite optical bandwidth, in order to get an
absolute measurement of the path unbaance. From the previous examples it is clear that for
most sources the maximum vighility is obtained for a vanishing path unbalance. In order to find
this maximum precisdly, it is interesing to use a source with a rapidly decreasing vishility
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function. Broadband sources with Gaussian or Lorenzian profiles have this characterigtic and
are therefore well suited for this type of messurement.

5.4 Path-matching interferometers

We will now consder an interesting setup that dlow the demodulation of the interferogram
obtained by a Micheson interferometer as the one described in the previous chapters. Since
the spectrum returned by the interferometer contains information about the path unbaance
DL , it should be possible to measure it by an appropriate spectral anayss.

Source ‘_’_l

-

4+—p—

<4+—>—

~ 0o,
Detector 4> ] 2

Figure5.6. Double Michelson interferometer.

This can be done in an eegant way by adding a second analyzing Michelson interferometer
after the firg measurement interferometer as shown in Figure 5.6 [3,4]. The second
interferometer will be used to perform a Fourier spectroscopy analysis of the spectra returned
by the first interferometer.

The functiond principle of this double interferometer can dso be explained in terms of
wavepackets. Both the spectral and the wave-packet andlyss offer distinct advantages to
explain some of the phenomena we will encounter later and are therefore introduced in the
following chepters,

5.4.1 Spectral approach
The first (measurement) interferometer acts as a spectra filter and modifies the spectra content
of the radiation coming from the source. The power spectra at its output will be given by:
_ ikDL, § 31
(kD) = L (OB (k) + Eu (k)7 +2E,(K)E, () P8 (3D

This is amply equation ( 10) without integration on k. This corresponds to the case of a
wavelength selective detector. We see that the path unbalance DL, isencoded in the spectral

content of |, . For agiven DL, the transmitted spectrawill have the same envelope as | ¢, but

will be modulated with an angular frequency ;E :
1
At this point we have to reintroduce explicitly the Re operator. Since:
o X, - iX (32
IX@ — _e"+e
equation ( 31) becomes:
(33)
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Figure5.7. Typical spectrum transmitted by a Michelson interferometer
for a path unbalance of 0.2 mm and a Gaussian sour ce with a spectral width of 40 nm.

1 (k. DL) = 1 (BEL(K) + E (k)7 + B, (KE, (WGP +e WP L

Figure 5.7 shows atypica tranamitted spectrum afunction of the wavelength.

We have seen in the previous chapter that a Michelson interferometer can be used to analyze
the spectrum of a given source. This same concept can now be applied to the measurement of
|, and indirectly of DL,. If a second andyzing Michelson interferometer with a controllable

path unbalance DL, is added after the first measurement interferometer, we obtain on the

(wavdength blind) detector:
ID(D-l’ DLz) = 0 s(KBE(K)? + By (K)* + 2B, (K)E,, (K) elkDng (39
k

gizll(k)z +E12(k)2+ Ell(k)Elz(k) §I|(DL1 +e IkDLigg, K
If we, once again, define aterm independent from DL, *:
) 35
16(DL) = s (W[ B 2EL? + B2, +E2E, + E2E, (D)
k
+(E212 + E222)E11E12 %IkDLl +e DL, QU k

Where we have omitted the explicit wavelength dependence of the four reflectivity.
Equetion ( 34) becomes:

* The same could be done for DL, . The development presented here assumes that DL, isunknownand DL, can
be measured and varied.
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1, (DL, DL,) = 1,(DL,) + és(k)eikDLz . (30)

k

KDL, |, - kDL, 60

?( Ell2 + E122 ) E21 E22 + 2E11 E12 E21 E22 ﬂadk
If we consider a source with its emisson centered around Kk, we find:

1, (DL,.DL,) = 1,(2+V(DL,,DL, ) & Ko Ple) (37)
With:

1 X ikDL (38)
V(DL,,DL,) = ke 2.
( 1 2) I . (D_l) OS( )
k
?( Ell2 + E122 ) E21 E22 + 2E11 E12 E21 E22 IkDLl + e- IkDLl g%dk

The vighility function is therefore given by the Fourier trandform of the product between the
source power spectra and a modulation function of period ;E .

1
Since the Fourier transform of the product of two function corresponds to the convolution of
the Fourier transforms of each function and the Fourier transform of €** is a Dirac function

centered in x, wefind:

2 ~
V(D_l,[]_z) = Io(DL1) (E112 + E122)E21E22 ls(DLZ) + (39)
2 ~ ~
mEnElz E21E22(| s(Dl-z - DL1) + Is(DLz + D‘l))

The vighility function will therefore be composed of three peaks centered around O, +DL,;
and - DL, . By measuring the distance between the central peak and the lateral peaks it is
possible to obtain an absolute measurement of |DL,|. If thereflectivity E,, and E,, of thetwo

ams in the measurement interferometer are equd, the centrd pesk will have an intendty
corresponding to the double of the intendity of each of the lateral pesks.
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Figure 5.8. Typical vishbility asa function of the path unbalance DL, (DL, =155nm).

Figure 5.8 shows atypicd plot of the vishility as a function of the path unbaance DL, of the
andyzer.

5.4.2 Wave packets approach

In the previous paragraph we have andyzed the characteristics of the double Michelson
interferometer in terms of spectral analysis. This approach is consgtent with the wave-like
nature of EM radiation. In this paragraph we will introduce the concept of wave-packet. A
wave packet is a particular structure of the EM field that propagates in space. A wave- packed
is dharacterized by its group velocity, its frequency, its length and its amplitude. It can be
considered as a superposition of monochromatic waves with a stable phase relationship.

If we congder, a source with spectra amplitude distribution A (k) centered around k,, , we

obtain for the amplitude a a given point in space and time:

iaes_:_xg 40
E(xt)= QA (K)e™ ¥ dk (40
K
Or:
2t xk (41
_oN s zaE 0
E(xt)=e Aggnt Xz

This corresponds indeed to a wave packet with an envelope given by the Fourier
transformation of the spectral content of the source. The packet is centered around the

position %t and propagates therefore with a group speed of % . The physicd lengtiT of the
non-vanishing part of this packed is the coherence length L, of the source. This wave packed

® when traveling in air.
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can be consdered as a non-quantized photon. A red source emitting contiguous radiationwill
produce a multitude of superimposed packets with no stable phase relationship between one
another. Interference is therefore possible only within one and the same packet. The study of
the properties of an interferometer can be reduced to the andysis of the propagation of a
single packet.

Let's consder a wave packed emitted from the source & x =0and thetime t =0. The
packet will be split by the coupler and sent towards the two measurement arms. After passing
through the first interferometer with a path unbaance DL, the two packets will be recombined

by the coupler. Since DL, is, in most cases, grater than L, the two packets will not

nDL, . The

superpose and will reach the andyzer interferometer with a relative delay of
andlyzer Fplits this packet pair again and recombines two pairs of pairs (four packets) with a
relative dday of no, . The four packets will reach the detector®:

e 0 0~ aC o) (42
ED(t) = Co%gﬁt - (Ln + Lzl)gkoEAs(é‘Ft - (L11 + LZI)EEMEZI +

3ReC 0 O~ o)
CO%&FI - (L11 + LZZ)BkOEAsgﬁt - (Ln + Lzz)EEnEzz +
CO%?it - (le + L21)9k02'&sgit - (le + L21)9E12 Ey +

n 27 n 7]

aeeL 0 0-af o
COSégFt i (L12 * LZZ)EkOEAngt B (le + LZl)BE:LZ E,

which records the totd intengity of these four packets integrated over atime which isin generd
longer than the traveling time of the packets:
" (43)
b= OF (t)dt=
t=-¥

ZE(E211E221 +E%1E%» + E*12E% + E%p E222) +

+

E, E,E%1 + E,\E,E) cos(k,DL,) AA A(DL, ) +

+

E*uE, E,, + E*2E, E,,) cos(k,DL,) AA A(DL,) +

+

E,.E,,E,,E,,) cog ky(DL, +DL,)) AA ADL, +DL,) +

e T e

+
NIRNIRN[RN RN

E,.E.,ExE,,) cod ko(DL, - DL,)) AA A(DL, - DL, )

Since:

® the Re operator has been explicitly applied.
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+¥ 3 ) (44)

N Cc 0 C 0}
= Ocog%ﬁt- kOLAEcosgioﬁt- kOLBE
t=-¥

o e G )
A?é?(oﬁt . kOLAgAgf(O—t . kOLngdt
N C O
_—cos(k La)) O §< ot Kol Agk ~t- koL Xt
t=-¥
cos(k L)) AA AL, - Ly)

Equation ( 44) requires that A is a dowly varying function compared to the cosine of the
same argument. o
Since A’ =14 we have (from the convolution theorem): AA A(X) =

becomes:

Is(x) and ( 43)

E*1E%n + E?iE®» + E?1E%n + E212E222) + (45)

I D

+

E,ELE%2 + E,\E,E™2 ) cogk,DL,) T(DL,) +

+

E? 11E21E22 +E 12E21E22) COS(k DLZ S( )

=+

— — —_ - ~

)|
E,,E,,EE,,) cog ky(DL, + DL,)) T,(DL, + DL,) +
(

+
NI RN RN RN RN P

E11 E12 E21 E22 ) COS( ko(D ) s DLl

If we again congder a fixed and unknown DL, and a controllable DL, we obtain in equation (
43): afirg term independent of DL, , a second term also ndependent of DL, (and usudly
vanishingsince DL, > L. and therefore AA A(DL,) = 0, athird term giving a pesk centered
aound DL, =0and two terms giving two pesks centered around DL, = DL, and
DL, = - DL, . Thisresult is therefore equivalent to the one found with the spectra gpproach.

More generdly, the vighility of the fringes as a function of DL, will be given by the auto-
correation function of the convolution between the vishility function of the source (i.e. the

Fourier transform of the amplitude spectra) and a Dirac function centered at the postion of
each reflector in the firgt interferometer.
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Figure5.9. Schematic representation of the wavepackets appr oach.

Figure 5.9 gives a schematic representation of the evolution of a wavepacket in the path
meatching interferometer. By varying the path unbalance in the reading unit it is possible to re-
superpose the different packets split by the sensor.

The spectra gpproach will be useful to understand the cases where some of the components
are wavelength sdlective(e.g. a fiber Bragg grating). The wave-packet approach will be used
to discuss the cases where some of the components have an explicit time dependence (e.g. a
phase modulator).

5.5 Birefringence and polarization effects

Until now we have consdered the radiation propagating in the fibers as a scdar field. In
redity, light is a vector fidd with two components or polarization states that propagate
independently in the same wave-guide. We should now consider how this affects the behavior
of a path matching interferometer.
The dectric fiedd a each point of a monochromatic wave propageting in a fiber can be
described as.

E(x,t)=R (Wt - k+F o) oAU

(1) = ReE: s

were a and b are the complex polarization components expressed in an orthogond base (e.g.
TE/TM or left/right circular).
If we compare the dectric field E, at theinput and E,, at the output of afiber we can definea

matrix J which transforms the input polarization vector into the output polarization vector:

(46)
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é,u é, 0 (47)
g, u=J4 ¢
ol ia

This matrix is usualy known as the Jones matrix. If awave propagates in two successve fibers
the globd meatrix isSsmply given by the multiplication of the two partia matrixes.
Let's now congder the case of a birefringent fiber, i.e. afiber with different propagation times
between two polarization.
A modd of the double Michelson interferometer presented in the previous paragraphs should
take the following aspects into account:

The birefringence of each of the aramsin the two interferometers and in the three common-

path trunks can be arbitrary.

Theinput state of polarization of the source is unknown.

The sourceis partidly polarized.

The source is broadband.

The birefringence of al fibers can be wavelength dependert.
All these conditions complicate sengbly the model and a complete andyss of the obtained
effects exceeds the scope of this paragraph. We will however give a smplified explanation of
the effects obsarved in this type of double interferometer. The following smplifications are
made:

No waveength dependence of the birefringence.

Polarized source. With a Jones vector gﬂ
u

The whole interferometer can be represented by seven Jones matrices as schematized in
Figure 5.10. The centra peak and the two laterd peeks are the result of different combination
of the matrices and their vighility is not, in generd, identicd. The vishility of the interference
fringes will be given by [5,6]:
V =V, cosh (48)

Where v, is the vishility caculated without taking the polarization effects into account and h
is the angle on the Poincaré sphere between the two vectors representing the polarization
States of the two interfering paths. It can be seen that for orthogona states of polarization
(SOP) the vidhility can vanish completely. This phenomenon is known as polarization fading.
The central pesk is given by a superposition of two distinct interferometers. The two are

Figure5.10. Modé of the polarization effectsin the double Michelson interferometer by
seven Jones matrices.
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5.6

distinguished by the path of the light in the firgt (or sensor) interferometer. If the light passesin
the first arm of the first interferometer, the output SOP of the two interfering arms will be given

by:

It = 3,83, 383, (49)
)2 = Jo My I%,
If the light passes in the second arm of the sensor’ s interferometer we have:
J'=3,343,, 349, (50)
JP=3,349,,389,

These two paths are distinguishable and the intensities should therefore be added. Equations (
49) and ( 50) show that it is highly unlikely that the centrd pesk will vanish because of
polarization fading. This would mean that both equations gpplied to the source SOP give
orthogond states.
The two laterd pesaks also correspond to different interfering paths. The first (e.g. left) pesk
corresponds to an interference between the SOPs described by:
It =3,383,,343, (51)
J*=13,349,,389,
This corresponds to the paths going through the firs arm or the second arm d the two
interferometers.
The second (e.g. right) peak, by:
It =35I8, 389, (52
J%=73,3¢3,, 389,
This corresponds to the paths going through the first arm of the sensor interferometer and the
second arm of the analyzer and vice versa.
For the same reason as for the centra pesak, it is highly unlikely that both peaks disappear a
the same time. This is however possble if the andyzer does not introduce any birefringence
between itstwo arms, for exampleif it is made of polarization maintaining fibers and coupler.
This shows thet if al arms of the two interferometer are made with standard fibers with low
and random birefringence, the centra pesk and at least one of the Sde pesks are highly likely
to appear. This behavior has been observed experimentally.
If the source is partidly unpolarized, another fading effect can occur. It could happen that both
polarization show agood vishility but are out of phase. Since the detector is polarization blind,
the incoherent sum of the two will be observed. This sum could however give a congant if the
intengty maxima of one polarization correspond to the minima of the other (dways as a
function of the totd path unbaance). This phenomena is dso very unlikely to appear for
random hirefringence.
Finally, a strong wavelength dependence of the birefringence could lead to a pesk broadening,
snce only pats of the source spectrum would interfere while other would fade. This
phenomenawas never observed (at least at 1300 nm).

Sign ambiguities

From the previous chapters it clearly gppears that a path matching interferometer can measure
only the absolute vaue of the length difference between measurement and sensing fibers. In
many cases however, it is interesting to know the sign of this difference and therefore the
direction of a displacement (expansion or contraction of the host structure). In some cases it is
even possible that the sign of this length difference changes from one measurement to another
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(peak crossing). In this case, the determination of the Sign is fundamentd in order to interpreter
the deformation correctly.

There are three gpproaches that can solve the sgn ambiguity. The most obvious solution is to
ensure that one of the fiber is and dways remains longer than the other. The second requires
the application of an additiond and known displacement to ether the reference or the
measurement fiber. By observing the resulting displacement of the peaks one can recongtruct
which of the fibers is longer. If the measuremernt fiber is longer, an expangon of the structure
will result in an increase of the measured path unbaance, and vice versa the required
additiond displacement could be gpplied, for example, by a piezoeectric coil.

The third gpproach is used when connectors are ingtaled between the first coupler and the
sensing fibers. The totd path unbaance is in this case given by the sum of the path unbdance
between the coupler and the connectors and the one between the connectors and the mirrors.
If it is known which of the coupler amsiis longer, it is easy to know which of the fibersin the
sensor islonger. If we first measure the path unbalance normally and then swap the connectors
of the reference and the measurement fibers and take another measurement, alarger vaue will
be found when the longer fiber in the coupler is connected to the longer fiber in the sensor. In
order to determine which of the fibers in the connector is longer, one can use a sensor where
the length difference between the two fibersis evident (e.g. 1 cm).

Figure 5.11 presents atypical Stuation before and after fiber swapping.

Source | 1

1
Analyzer x | 1
Source @ ]
Analyzer x ® '

Figure5.11. Resolution of the sign ambiguity by fiber swapping.

5.7 Conclusions

In this chapter we have demongrated that a path matching interferometer can be used to
measure precisely and non-incrementaly a path unbaance between two fibers. The effect of
polarization were aso discussed and should not be neglected since they can reduce or even
degtroy totaly the vishility of the fringes.
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6. SOFO design and fabrication

One of the main achievements of thiswork wasthe realization
of a measurement system based on low coherence
interferometry. This includes both a portable and rugged
reading unit as well as a series of sensors adapted to different
types of structures. This section first describes the SOFO
system and its evolution and then focuses on the different
parts that compose it. This system can be subdivided into
three main parts: sensors, reading unit and data processng.
The different chapterswill describe the final setup used in the
SOFO system as well as the other options that were or could
have been considered. The choice of each option was made
according to the aim of producing a reliable system adapted to
the needs of civil engineering structural monitoring. At theend
of the section we analyze the performance of the system and
we give some suggestions on the possible future evolution of
SOFO.

The development of the SOFO measuring system was not the
work of a single person. Although the ideas and concepts
behind the SOFO system are mine, | have to acknowledge the
invaluable contribution of the persons who worked on different
practical aspects of the system'. Charles Gilliard and
Aleksander Micsiz have designed and carried out most of the
electronics subsystems as well as the mechanical setup of the
ruggedized reading unit, Nicoletta Casanova, Raymond Delez,
Pascal Kronenberg, Annette OsasWyser, Ange Pontier, Xavier
Rodicio, Samuel Vurpillot and the team at DIAMOND have
worked with me on the development of the sensors. Samuel
Vurpillot was also in charge of the eaboration of advanced
algorithms for the analysis of complex results in structures
instrumented with many sensors.

! Cited in strict dphabetica order by family name!!!
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6.1 Introduction

6.2

This work amed principaly to the development and the onSte application of a measuring
system adapted to the needs of civil engineering structura monitoring. It was chosen to put
emphasis on the long-term monitoring of smal displacements, since other well established
technologies were dready avalable for dynamic and short-term measurements (eg.
microbending sensors) and for strain measurements (e.g. fiber Bragg gratings and EFPI). As
seen in the previous section, low-coherence interferometry is well suited for this gpplication,
dlowing an absolute measurement with a precison which is, in principle, unaffected by time.
This technique requires a fairly smple setup for the sensor itself and can therefore be brought
to a large scae production a reasonable cost. The reading unit is, on the other hand, more
elaborate and therefore expengve. Since the measurements are absolute, a Single reading unit
can be used to monitor multiple sensors and even multiple structures, redigtributing its cost
over thousands of measurements.

The principle of low-coherence interferometry is reasonably well known and has been
extendvely tested in laboratory conditions. The chdlenge of this work was to bring this
technique outside of the laboratory and into the hogtile environment found on most building
dtes and dructures. This requirement has serioudy affected many choices during the
development of this system and required new solutions to known problems. The find result
can be conddered as unconventiond when compared with smilar equipment used for the
characterization of integrated optics components or optical fiber links’.

Requirements

The gpplications that are expected for the SOFO system include on one hand the replacement
of conventional monitoring equipment aready used in cvil engineering, and on the other the
development of sensors to open new measurement possibilities impossble with today's
technology. The first category includes the replacement of techniques such as mechanica
extensometers, vibrating strings and long dectrica strain gages. The second type of sensors
include long (1-2 m) and very long (2-20 m) displacement sensors for concrete, rocks and
soils, sensors for curved path (tanks, reservairs, pipelines) and embedded sensors for the
geometrical monitoring of large structures (bridges, towers, tunnels).
It is not easy to define common requirements for such different applications. A deeper
investigation shows that most differences refer to the sensor sde of the system, while the
reading unit requirements are far more uniform. We try to summarize them in the following
points:
- Resolution: A standard mechanica extensometer offers a resolution of about 10 microns.
It seems that this resolution is well suited for most Stuation and often exceeds the redl
needs. We will therefore aim to aresolution of 2 microns for the reading unit. This precision
will be reduced to about 10 to 20 microns for some sensor types that are subject to
additional condraints, such as temperature variaions, handling (connection and
disconnection), or imperfect mechanica link to the host structure. If specid careis used in
the fabrication and ingtdlation of the sensor, it should be possible to reach the reading unit
resolution of 2 micron.

? For example the coherence domain reflectometers of Hewlett-Packard and Photonetics or the polarization mode
digperson andyzers of GAP Optique, EXFO and Photonetics.
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Stability: A stability of 10 microns should be guaranteed for at least 2 years. Once again,
the main limit to the stability will be given by the sensor and not by the reading unit. In the
sensor, the long term precison is limited by cregping effects. In the reading unit the sability
is limited by the resolution of the displacement table which is dways better than
10 microns, even for large temperature changes®.

Measurement range: The measurement range in eongation and shortening depends
obvioudy on the sensor length. Its upper limit is limited by the maximd path unbaance that
can be compensated by the reading unit. A range of 100 mm in both directions seems
adapted to most gpplications including soil mechanics. For displacements over thisvalue a
precison of a few microns becomes usdess and other measurement techniques are
certainly more adapted. For large displacements, the ultimate limit of the precison is given
by the uncertainty in the elasto-optic coefficient k... and not by the reading unit accuracy

in the messurement of Dt .

Sensor length: The sensors should have a length between 100 mm and 50 m. Thissze
range does not put any redtriction on the design of the reading unit itsalf. We will see that
different types of sensors are needed to cover different length ranges. For shorter sensor
lengths the resolution of 10 microns becomes insufficient and other measurement
techniques® are more suitable (e.g. fiber Bragg grating and EFPl sensors). Lengths over
50 m are uncommon in cvil enginesring since a large dructure is best measured by
subdividing it into shorter sub-domains.

Remote sensing range: This vaue defines the maxima distance between the sensor and
the reading unit. This distance is mainly limited by the disperson characteridtics of the
fibers. The use of snglemode fibers a 1300 nm excludes both the modd and the
chromatic disperson. The system will therefore be limited by the polarization mode

digoerson which is normaly beow 05 ps/«/ Km. If we alow three to five times increase

of the pesk width, it becomes possible to obtain a precise measurement with a distance of
at least 1 km between the sensor and the reading unit.

Dynamic range: The sysem should be able to measure sensors having a very low
reflectivity. This dlows a good security margin in the case of ateration to the sensors, such
as a deterioration of the reflective mirrors, a bad splice or adirty connector. On the other
hand a good sengtivity is the first step towards a multiplexed sysem where the sgnd

returned by each partial reflector pair is usually low. The Fresndl reflectivity® of 4% should
be considered as atypicad vaue, but a reflectivity as low as 0.1% should be measurable
without a noticeable reduction of the system performance.

Speed: Since a dructure can be instrumented with tens of sensors, the measurement time
for each should not exceed one minute, including optical connection to the sensor and data
storage. In the case of automatic measurements with no operator attendance and no
manua connection, a measurement time below 10 swould be an advantage. It is clear that
the shorter the measurement time the better the performance of the system. If one wantsto
include dynamic measurements, the speed should be incressed to a least ten
measurements per second, which is not without consequences on the design of the

Stress

# According to the manufacturer specification and confirmed by the experience.
* The so called “strain sensors’
® The reflectivity obtained at the glass-air interfaces.
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detection stage and mechanics. In thiswork we have decided not to explore the domain of
dynamic measurements where other measurement system seem more appropriated.
Dimensions: The whole system including the externd PC should be transportable by a
sngle person over short distances. This limits the weight of the reading unit to about 15-
20 kg and its volume to about 50 |. Obvioudy, a samdler reading unit increases the comfort
of the user. It was decided not to make excessive demands on the integration of the
different electricad and optical components, in order to maintain the modular nature of the
system and dlow an easy reconfiguration and the testing of different configurations. Once
the system has been tested and proved to respond well, it would be possible to increase
the level of integration, especialy on the side of the eectronics’.

Case: The measurement system will be used in demanding environments where a careful
handling can not be guaranteed. The case housing the reading unit should therefore be
rugged enough to withstand shocks and frequent movements. The reading unit should
function independently of the orientation of the case, even upside-down. It is aso
important that the enclosure and dl the connectors are waterproof dlowing its usein humid
environments, such asatunne or afoundation building yard.

Power supply: The system should be independent from any externa power supply and be
able to run on its internd rechargegble battery. For laboratory applications and when an
AC power supply is avalable, the sysem should run on 220 VAC and recharge its
internal battery. It would be helpful if the syslem could be powered by an externa DC
source such as a car battery.

Environment: The reading unit can be subjected to of extreme environmental conditions.
It has to operate in atemperature range between -20°C and +50°C and high humidity.
User interface and data storage: After usng portable PCs on different building yards; it
was decided that they are well suited as interface between the reading unit and the user.
Some precautions have to be used when using standard laptop computers which are not
waterproof’. The interface software should reduce to a minimum the number of operations
that have to be caried out on dte and sore al the data for further andyss and
interpretation. It is important that the operator can make sure that the measurement has
been successfully carried out. The software should furthermore be able to trandfer the
results to other programs for degper investigation and graphica representation.

All these requirement were kept in mind during the development of the SOFO system. We will
find that it is indeed possible to produce at a reasonable cost a system responding and
sometimes exceeding dl these requirements.

6.3 Overview

In this paragraph, we will try to define a genera block diagram that will be used as atool to
andyze different solutions and implementations of the SOFO system.

Not unlike most measurement systems, the functioning of a low-coherence interferometric
system is best understood by following the evolution of the Sgnds from the quantity to be
measured (in this case a displacement) to the representation of this quantity in adigital formet.

® Thiswas partialy donein SOFO 11 and in the successive industria version of SOFO
" Waterproofed portable PC are available, however standard laptops offer adequate protection and were used in a
number of fild applications without asingle falure.
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A generic low-coherence interferometric system can be subdivided into Sx main functiond
blocks plus one extra block including additiond eements:
Source: The opticd source creates the low-coherence radiation and injects it into an
appropriate optical fiber. This subsystem aso includes the current generator and possibly a
cooling of the optical source itsdlf. The opticd source is physicdly located in the reading
unit.
Sensor: The sensor is inddled in the dructure to be monitored and encodes
displacements into changes of the path unbaance DL, between a measurement and a

reference fiber. If we adopt the wavelength approach to describe the system, the sensor
acts as a periodic spectrd filter encoding the path unbaance in the fibers into its free
gpectral range. The sensor subsystem includes the measurement and reference optical
fibers, the external coupler, the optica connectors, the protection of the fibers and the
mechanical pieces that cregte the mechanical contact between the measurement fiber and
the host structure. The external optical coupler can be a part of the sensor itsdlf, or can be
separated from it and be reused for reading multiple sensors. In the case of remote
monitoring, the sensor subsystem aso includes the fibers that are used to carry the optica
sgnds from and to the reading unit. The sensor is the subsystem that is most dependent on
the specific gpplication. Its design has to be tallored to the host structure. Different host
materials (such as concrete, sted, timber, composites or glass) require different sensor
setups. Thelength of the senging region dso influences the sensor design.

Analyzer: The andyzer subsysem implements the path matching inteferometer. It
includes a coupler, a reference am of fixed length and a scanning arm with a varigble
delay line. The analyzer can introduce a controllable path unbalance DL, between its

interferometer arms. All the bulk, guided or integrated optics needed to implement the
delay line, as well as the scanning device (motorized trandation stage, piezo dretcher,%4),
are incdluded in this subsystem. The function of the andyzer is to recombine the delayed
wavepackets and alow interference to take place despite the reduced coherence length of
the source. In the wavelength approach the analyzer is seen as a Fourier spectrometer
resolving the periodic spectra produced by the sensor subsystem. The output signd of the
andlyzer subsystem is an optical intensity as a function of the path unbalance DL, . If the
delay line is scanned at congtant speed, the output sgna will be atime dependent intensity
and the scanning speed will give the proportiondlity factor between time and DL,. The
andyzer subsystem is physicaly located in the reading unit.

Detection: The detection sage transforms the optical intendty from the andyzer output
into an eectrical Sgnd. This subsystem includes the photodiode as well as a preamplifier.
The detection stage should be capable of adapting itsdf to variaions of the average
received intengity that are expected when measuring sensors with different reflectivities. It
should be sengtive enough to detect aweak signa without being saturated by strong ones.
This can be obtained either by changing the preamplifier gain or by implementing a
feedback loop to the source current supply. The detection is aso located in the reading
unit.

Signal processing: The Sgnd processng unit extracts the value of DL, from the DL,
dependent voltage obtained by the detection subsystem. This subsystemn usudly includes
an andog sgnd processing stage, an andlog to digita converter and a digital processing
sage. Different demodulation approaches will lead to designs that divide differently the
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processing steps between the andog and the digita parts. The sgnal processing subsystem
can be physicaly split between the reading unit and the interface computer.

Data processing: At this stage the datais presented to the operator and stored for further
interpretation. This subsystem aso gathers the results form multiple measurements at

different times or on different sensors and extracts the relevant parameters useful to

determine the behavior of the host Structure. The data analys's part strongly depends on
the gpplication. In some cases, the evolution of the displacements of each single fiber can
be sufficient to obtain meaningful information, while in other cases it is necessary to

compare and combine the results of tens or hundreds of measurements on many sensors.
In a complex dructure, such as a bridge, it becomes impossible to analyze manudly the
displacement evolution of dl the sensors and the data processing unit should ddiver a
more globa behavior pattern. In the framework of the smart structure concept, the data
processing unit congtitutes the link between the sensors and the actuators. In the case of

civil gructures, the actuator could be an hydraulic jack dynamicaly damping excessve
vibrations, or asmple red light sopping the traffic on an unsafe bridge or tunnd, or even a
hard-hat team performing maintenance activities on the Sructure,

Additional eements: Although not directly included in the data path, other ements play
an important role in the measuring system. These include the power supply, the casings
and the processors running the software for sgnad processng and data andyss.
Telecommunication links or interface syslems such as screens, keyboards and pointing

devices are dso included in this subsystem.

In certain setups, the boundaries between these subsystems are not so clear-cut. This
subdivison is neverthdess helpful to organize the discusson on the development and the
evolution of the SOFO system. The block diagram and the Sgnd path are resumed in Figure

6.1.
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6.4 Evolution: the history of SOFO

Before we enter the detailed andysis of each subsystem, it is useful to give a generd overview
on the different system that have been redlized and tested in this project. This should give the
reeder the feding of how ared system appears and help him or her visudize the subsystemsin

amore redigtic way. During this work five systlems were built or used a IMAC.:

Formos SOFO | SOFO I SOFO Il SOFO 1V
and
further...

General design L. Thévenaz D. Inaudi D. Inaudi D. Inaudi D. Inaudi

R. Passy

D. Inaudi

Manufacturer  GAP (Uni IMAC IMAC IMAC Smartec
Geneva) A. Micsz A. Micsz A. Micsz

Owner IMAC IMAC/ IMM/ IMAC/

LMS SMARTEC  SMARTEC
Delivery 10.1994 3.1995 8.1995 4.1996 mid 1997
Primary Feasbility Fra fidd FHedverson  Reduced sze Indudrid
function and tests. verson, forindugrid  and verson.
characteristics improved goplications  improved

Speed. Smilar to sengtivity for

Retrofittedin - SOFO 1. usewith

1996 to Retrofittedin ~ partid

SOFO I 1996 to reflectors.

eectronics.  SOFO I

electronics.

6-8

Table 6.1. Summary of the five generations of SOFO.



Structure Under Tast

N Source
{ LED “300 nm

¥}

Raleruncea Filxar

Coupler

O

Mirrors

Measurement Fiber

= =3

Analyzer
Coupler

=

i 1
Celay Linc

Amplilier
Q

Figure 6.2 Diagram of the PMD / FORM OS system.

6.41 PMD/FORMOS

The feasbility tests for a low-coherence monitoring system were performed using a system

originaly developed

by Alphatronic SA to measure the chromatic digperson in optica fiber

links and later adapted to the characterization of polarization mode disperson (PMD) by the
Group of Applied Physics (GAP) of the universty of Geneva [1,2]. The FORMOS (Fiber
Optic aRray for the Monitoring Of Structures) [3]was a minor evolution of the PMD system.
The main novelty consgsted in an extended measurement range. Figure 6.2 give a schematic
representation of this system and Table 6.2 give an overview of the different subsystems.

Subsystem

Description

Source

Analyzer

Detection

Signal
processing

Pigtailed LED @1300 nm (or 1550 nm.)

Michelson interferometer. The coupler and the reference arm are fiber
optic components, while the varidble dday line is bulk. The mirror is
scanned by a stepper motor where each step is initidized by the externa
PC. The scanning process is therefore very dow and the fringe
frequency is typicdly 150 Hz. The maximd displacement of the mirror is
25 mm for the PMD system and 50 mm for FORMOS. The delay line
uses a reflection off the fiber ferrule to obtain a sdf-dabilized setup
resgtant to misdignments.

Since the fringe frequency is low, the detection stage is not criticd. A
multimode pigtailed photodiode is used.

The fringes are demodulated by an asynchronous lock-in amplifier
acting, in fact, as a band pass filter. The amplitude output giving the
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Data processing

Additional
elements

fringe envelope is then digitized by a A/D PC card. The reaults are
displayed and the path unbalance DL, is measured manudly by moving

two cursors on the screen.
None.

The source, the andyzer, the lock-in amplifier and the PC are housad in
four different casings which are not ruggedized nor weaterproof. It would
have been possible to squeeze the firgt three in a Sngle case. The tota

weight of the system exceeds 30kg and an AC power supply is

NEcessay.

Table 6.2. Subsystem description of the PMD / FORMOS system.

Although the existence of a ready-made system was invaugble in testing the feasibility of low-
coherence interferometric sensors, it became rapidly clear that this system was not adapted for
full scde, in-fidld applications. Table 6.3 analyzes the performances of this system. Parameters
in brackets do not meet to the requirements stated in paragraph 6.2.

Par ameter Analysis

(Resolution) About 10 nm, limited by the manua peek andyss.

Stability Tested successfully over more than one year.

M easur ement The FORMOS sysem meets the requirements having a 50 mm
range displacement table.

Sensor length This parameter does not depend on the reading unit characterigtics.

Remote sensing

range

Dynamic range

(Speed)

(Dimensions)

(Case)

(Power supply)

(Environment)

(User interface

and
stor age)

data

Never tested, but probably sufficient. In the case of noisy interferogram
the resolution islimited by the manud pesk andyss.

About 30 dB. The dow scanning speed is an advantage from this point
of view.

The reading unit is very dow. A single measurement can teke up to
60 minutes for along scan.

The system exceeds both in weight and sze the requirements for a
trangportable reading unit.

The case is not waterproof nor rugged enough for an in-field use.
Only 220 VAC power supply.

The system probably meets the temperature requirements, but can not
withgtand the humid condition found on some building stes. Because of
the low fringe frequency the system is sensitive to externd vibrations and
shocks during the measurement.

The user interface is clumsy and was developed to measure the PMD.
The software is written in turbo Pascd and runs under MS-DOS. The
pesks can be andyzed only manudly and the results have to be
transferred to another system for further interpretation.

6-10



Figure 6.3 The FORMOS system.

Table 6.3. Performance of the PMD / FORMOS system.

The main drawbacks of this sygem redde in its downess in its unsuitability for fidd
gpplications and in its clumsy user interface. The two last problems could have been solved,
but the dramatic speed increase needed to meet the specifications cadls for a complete
redesign of the reading unit.

Figure 6.3 shows the FORMOS system including the control PC, the reading unit and the
lock-in amplifier.

6.4.2 SOFO

Because the FORMOS system did not fulfill the needs for civil engineering applications and

Mirrors

Structure under test

Reference fiber

Coupleur
[ h
- Measurement zone -
- > P
Measurement fiber
Portable reading unit H A
4 )
Coupleur
<«
External PC
AD  Filter FTe
Am

Mobile mirror p
m n—<—4q |4
Control electronics Photo- LED

Diode  1300nm

Figure 6.4 Diagram of the SOFO system
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major changes would have been necessary to adapt it, it was decided to redesign a IMAC a
completely new reading unit especidly adgpted to civil structurd monitoring. The design
process of this new system is described in detall in this section. This paragraph should give the
reeder afirst overview on the system and alow a comparison with the FORMOS system. The
SOFO reading unit went through different evolution phases that will be described later. In this
first introduction we concentrate on the basic design concept that are common to most
generation of the SOFO family.

The SOFO system H] was entirdly developed in the framework of this work. The first
prototype was redized at the beginning of 1995 after sx month of frantic work. The other
generaions followed with a Sx month gestation period. Until now four SOFO generations
have been fabricated for internal use and for sdlling to externa users.

Figure 6.4 give a schematic representation of this syssem and Table 6.4 gives an overview of
the different subsystems.

Subsystem Description
Source Pigtailed LED @1300 nm
Analyzer Michelson interferometer. The coupler and the reference arm are fiber

optic components, while the variable dday line is bulk. The mirror is
scanned by a DC motor controlled by an ad-hoc microprocessor. The
motor can scan with speeds exceeding 10 mmvs. The frequency is
typicaly 35 kHz giving a speed gain of a factor 200 compared to
FORMOS. The maxima displacement of the mirror is 51 mm. The
delay line uses a reflection on the fiber ferrule to obtain a sdf-gabilized
Setup resistant to misdignments. The mechanica setup holding the ferrule
and the microscope objective is compact and mounted on the
displacement table itsdlf in order to reduce vibrations induced relative
displacements.

Detection A new detection has been developed to obtain both a good senstivity
and the sufficient bandwidth required by the higher fringe frequency. The
photodiode has an integrated fiber connector port without multimode

fiber pigtall.
Signal The fringes are demodulated by a high-pass filter plus, in some setups,
processing an integrator (to extract the envelope) The amplitude is then digitized by

a A/D converter and andyzed to retain only the peak information. The
results are displayed on the externa computer and the pesk position is
andyzed automaticaly and saved for further andyss.

Data processing Different modules have been redized to interpret autométically, the deta
produced by the SOFO system. The smpler package plots separately
the evolution of the displacements for the different fibers ingdled in a
given gructure. More eaborated agorithms combine the results from
different fibers and return more globa behavior trends for the structure
such as curvatures or vertical displacementsin a bridge. These packages

6-12



Additional
elements

can be used to represent the results in away familiar to cvil enginears

The source, the analyzer, and the control eectronics are housed in a
ruggedized and waterproof casng. An externa laptop PC dso acts as
the user interface The total weight of the system is about 15-20 kg and
the system works on an AC or DC power supply or on its internd
rechargesble battery.

Table 6.4. Subsystem description of the SOFO system.

Table 6.3 analyzes the performances of this sysem. A more detailled discusson of the
performances of SOFO will follow in chapter 6.12.

Parameter

Analysis

Resolution

Stability

M easur ement
range

Sensor length

Remote sensing
range

Dynamic range
Speed

Dimensions

Case
Power supply

Environment

User interface
and data storage

The reading unit resolution is about 1 micron, thanks to the autometic
peek andyss dgorithm. This resolution is reduced to about 10 microns
in the case of sensors with externad couplers because of reconnection
errors.

Tested successfully over more than one year. The stability is given by the
precision of the displacement table which is guaranteed to better than 2
microns.

The SOFO sysem meets the requirements having a 50 mm
displacement table.

This parameter does not depend on the reading unit characterigtics.

Tested up to 5 km. In the case of noisy interferograms the resolution
decreases dowly thanks to automatic peak analysis.

About 30 dB.

10 seconds are required to perform a measurement, andyze it, save the
results on the disk and having the reading unit ready for the next scan.

The sysem meets both in weight and sze the requirements for a
transportable reading unit. The comfort is not optima when the reading
unit has to be transported manually over large distances. In thiscaseit is
possible to ingal the reading unit in a backpack.

The case is waterproof, rugged and adapted to in-fidd use.
AC/DC externd power supply or interna rechargeable battery.

The sysem meets the temperature and humidity conditions found on
most building stes. Thanks to high fringe frequency sendng the sysem is
particularly insengtive to externd vibrations and shocks during the
measurements.

The user interface runs under Windows and is adapted to both
laboratory and field conditions. The software records and manages
multiple measurements on many fibers and can manage large project

6-13



involving complicated measurement scheduling. The results can be
exported for deeper investigation to ad-hoc external anadyss packages.
The software was written in Visud Basic and dlows for essy
reconfiguration and additions.

Table 6.5. Performance of the SOFO system.

Figure 6.3 shows the SOFO system including the laptop PC, and the reading unit.

............
..................
-----------------

\\/

~a
Figure 6.5 The SOFO system.

6.4.3 Indudtrial version of SOFO

The SOFO system is now (end 1996) evolving in an indudtriad product. The indugtria version
of the reading unit will be very smilar in its setup to the SOFO systems presented in this
chapter. The main innovations will reside in the 10 mm groke of the mirror as well asin the
possihility to connect multiple reading units and optical switching units to a sngle control PC
using aserid bus. It dso compliesto internationd standards.
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6.5 Light source

From Detection

subsystem
Feedback _ > Current _ > Light
loop generator source

To Sensor
subsystem

Figure 6.6 The Light source subsystem.

The light source subsystem is the first dement of a low coherence measuring system. It
includes te optica source itsdlf, the eectronics needed to drive it (the current source and
possibly the temperature controller) and the optics needed to inject the radiation in the optical
fiber. In some cases it is interesting to vary the emitted power to adjust it to the detector
sengitivity. In this case a feedback loop from the detection subsystem to the source subsystem
should be added.

6.5.1 Requirements

In alow coherence interferometric system the source has to meet the following requirements:

- Central wavelength: The emisson of the source should be centered around a
transmission window of opticd fibers. Even if for the short distances typicaly found in a
sensing system, the attenuation does not play a prominent role, it is interesting to work at a
standard telecommunication wavelengthsin order to take advantage of the large number of
components available and their lower price. The three most used wavelengths are 820,
1300 and 1550 nm. The 1300 nm window is the most interesting because of the zero
chromatic dispersion characteristic of optical fibers a this wavelength.

Emisson power: A more powerful source is an advantage since it dlows the
measurement of sensors with low reflectivity without increesing the detection gain and
therefore reducing the noise and increasing the bandwidth of the detector. To compare the
power of different sources, one should aways consider the power coupled into the fiber.
Some sources can have an high power but, because of the poor directivity of ther
emisson, mogt of the light will not be coupled into the optical fiber.

Optical bandwidth: Low-coherence interferometry requires a broadband source. We
have seen that source with a large spectrawill produce a narrow coherence peak and vice
versa It is therefore interesting to have a wide spectra in order to achieve a better
precison in the determination of the peak center. Sources with a very wide emisson band
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will, on the other hand, produce such narrow coherence peeks, that the detection and
andysis will become problematic. Inthis case the digpersion phenomena can no longer be
neglected. An ided source should produce a coherence pesk one to two order of
magnitude larger than the desired measurement resolution. In our case this gives:

12 (13mim)° (1)

= =———»50nm
L 30 nrm

Spectrum: We have seen that the form of the coherence pesks is given by the Fourier
trandformation of the source spectra In order to obtain a narrow and well defined
coherence pesk with the smallest possible side-pesks, it is therefore interesting to have a
source with a near-Gaussan emisson spectra. Lorenzian spectra are dso interesting.

Irregular, rectangular and multiple monochromatic spectra have to be avoided.

Sze: The source should possbly be smdl and light snce it will be integrated in the
portable reading unit.

Power requirements: A source requiring high dectrica power to function will reduce the
autonomy of the reading unit. Since high dectrical power usudly means important hegting,
an high power source requires cooling, which is amajor drawback.

Price: The price to emissonpower rétio is of course an important factor in the choice of a
source.

6.5.1.1 Choice of the optical source

The three following broad-band sources can be considered for alow-coherence system [5]:
Thermal sources: This type of source can deliver high power with a Gaussan spectra.
The emisson is not directive and mogt of the initid power is logt in the coupling into the
optical fiber.

Light Emitting Diodes (L ED): Surface emitting diodes are dso difficult to coupleinto a
snglemode fiber without important losses.

Superluminescent Light Emitting Diodes (SLED): This type of diode has a structure
smilar to the one of semiconductor lasers but the cavity effect is reduced so that the

wavelength sdection is much lower. The spontaneous emisson produced by the
recombination of an eectron-hole pairs is coherently amplified while the photons trave to
the device surface. The emisson is therefore directive and it is possible to couple the
radiation into a snglemode fiber with a good efficiency. These devices can be compact

and chegp, while offering an interesting optica power output. The spectrais usudly nearly
Gaussian with minor ripples (ripple increases with emitted power).

Erbium doped fiber: Thistype of source isamilar to a SLED but the amplification of the
spontaneous emisson occurs in an optica fiber which is doped with erbium ions and

opticaly pumped. The emisson occurs in the 1550 nm window and the spectrais usudly

smooth but not symmetric nor Gaussian. The coherence length tends to be longer than for
SLEDs. The required optica pump increases the complexity of the setup and their cost is
high. The main advantage of this type of source resdes in the high optical power that they

can deliver.

Laser diodes: Multimode laser diodes can be used alone or combined to produce low-

coherence-like interference patterns [6,7]. These sources can present a very eesly
recognizeble centra fringe but tend to have Sde-pesks extending over large path
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unbaances. This can be aproblem if multiple sensors have to be multiplexed or even if the
lateral peaks come to close to the centra one.

Two SLED and one Erbium doped fiber source were retained as possible candidates for the
SOFO system and are compared in Table 6.2.

Manufacturer MRV Superlum Photonetics
M odel MREDSP015/M SLD-561 FiberWhite
REDSP5003

Sour ce type SLED SLED Erbium doped
fiber

Central wavelength [nm] 1300/ 1550 1300 1550

Emitted power (in thefiber) [mw] 250/ 40 500 10000

Optical bandwidth [nm] 40 42 25

Spectrum Gaussan Gaussan near Gaussian

Polarization state of the emission  partialy polarized patidly depolarized

polarized
Sze 1 cn? 1 cn? Bulk stand-
done unit

Power requirements [mA at rated 80 300

power]

Price[SFr ] 300 2000

Table 6.6. Comparison between three optical sour ces.

The Photonetics Erbium doped fiber source is ddivered as a stland-done tabletop unit and is
not adapted for an integration in an instrument. A subsystem version is probably avallable, but
the price exceeds, for the time being, the available budget. The spectrum is furthermore inferior
to the one obtained by SLED sources. This type of source seems very promising for the future
but at the technology does not seem mature for field application at thistime,

The Superlum SLED (from Superlum LTD, Moscow) has a very high optical power output
but requires high currents and is quite expensive.

The MRV sources a 1300 nm (form MRV, Chatsworth, Cdifornia) offer the best
price/performance ratio and were therefore selected for the SOFO system. They are available
in elther cooled or uncooled packages and are very rdiable and stable. During more than three
years, we have used about ten of these sources without any failure. The emitted power of the
uncooled SLEDs tends to decrease during the first minutes after turn-on because of hesting.
The optica output is a standard nylon buffered singlemode fiber.
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Figure 6.7 shows a typicd interferogram obtained with and MRV source. The envelope is
amogt Gaussan and the coherence length can be estimated to about 40 mm.

o nUHLr% WN | rl IHI | Iy NWMj

)

Figure 6.7 Typical interferogram obtained with an MRV source at 1300 nm
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6.6 Sensors
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Figure 6.8 The Sensor subsystem

The sensor subsystem is for many reasons a special case among the other subsystems and
could have judtified a section for itself. We have decided to present it in this section Snceit is
an important part in the sgna processing chain.

The sensor is the part of the measuring system that is ingaled in or on the structure and
transforms digplacements into a change in the path unbaance between to fibers.

Since different type of structures and different materials need specific sensors, this subsystem
is the one that has to be adapted to most to the particular application. Mot efforts have been
directed towards the development of a reliable sensor for new concrete structures, but some
tests were aso conducted on metdlic and timber structures, as well as on existing structures
where only surface indtdlation was possible.

6.6.1 Requirements

The sensor must respond to different requirement both from the optical point of view as onits

mechanica solidity and transmission of the displacements from the structure to the fiber.
Optical requirements: The sensor has to encode a displacement of the structure into a
change of the path unbaance between the two fiber arms of a Michelson interferometer.
The easest was to achieve that is to use one of the fibers as a measurement fiber following
the structure displacement and a reference fiber independent of it. Obvioudy, the fibers
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have to be intact and microbending must be reduced to minimize the losses and avoid the
appearance of parasitic peaks.

Mechanical requirements: The measurement fiber has to be in mechanica contact with
the host structure. All axia displacements have to be transferred from the host Structure to
the fiber. Creeping effects have to be avoided since the find am of the system are long-
term measurements. The reference fiber, on the other hand, has to be completely free and
independent of the deformations of the dtructure. The long term solidity of the fibers have
to be guaranteed by avoiding any induced brittleness of the fibers due to superficia micro-
cracks. The fiber coating has to be removed only when gtrictly necessary and only on fiber
sections that are not under tenson in the sensor.

Environmental requirements. The sensor has to survive the condruction and, if
possble, the whole life-gpan of the structure. During the construction phases the sensor is
exposed to an hogtile environment and has therefore to be rugged enough to protect the
fibers from externd agent. Chemical aggresson has to be taken into account since
concrete can be particularly aggressive because of its high akdinity. These requirements
are often contrasting with the ones of the previous point. To protect the fiber one tends to
isolate if from the environment by using thicker or multiple layers of coating. This has the
gde effect to impede the drain transmisson from the Structure to the fiber. Findly, the
sensor must be easy to use by inexperienced persons and has to be ingalled rapidly
without mgor disturbance to the building yard schedule.

Economical requirements: Since the number of sensors required to monitor a large
structure such as a bridge can be counted in the tens, or even in the hundreds, the price of
each sensor should be kept as low as possble. It is clear that in the development phase
the main cogt will be given by the manpower required to fabricate the sensors in small

quantities. It isinteresting to develop a sensor that could be eadly indudtridized for alarge
series production a reasonable prices. The price of the fibers themsalves can usualy be
neglected when compared to the one of connectors, pipes, mechanica pieces and so on.

6.6.2 Fiber and coating types

We have seen tha our choice will be limited to snglemode fused silica fibers. The different
index profiles will not be discussed in this section since they usudly do not affect the
mechanica properties of the fibers and standard profiles are ided for most gpplication ad
optica set-ups. The only freedom of choice will be on the fiber coating.

The coatings have the function of protecting the fiber from externd agents and are usudly
goplied on the fiber directly on the drawing tower. Additiona coating can be gpplied later and
the fibers can findly be assembled in cables. The main fiber coatings that can be considered
are the standard acrylate micro-codting, the polyimide micro-coating (primary coeatings), the
nylon tight buffer coating and the micro tube coating (secondary coating). The micro tube is
not grictly speeking a coating since the fiber isdlowed to dip inddeit.
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Property Acrylate Polyimide Nylon buffer Micro tube

coating coating coating
External diameter [mm] 250 145 900 900
Coating sequence (from  soft acrylate polyimide  soft acrylate  soft acrylate
inside to outside) hard acrylate hard acrylate hard acrylate

nylon aror gd
plagtic

Stripping Mechanicad or chemicd or  therma or mechanicd

chemicdl therma mechanical
Transmisson of drain goodfor short  excdlent poor Very poor
across coating times, low

tensons and

T<35°C
M echanical protection Very poor Very poor moderate moderate
Chemical protection moderate moderate good moderate
Price low (about 0.1 high(about3  moderate moderate

SFr/m) SFr/m) (@bout 0.5

SFr/m)

Table 6.7. Comparison between different fiber coatings

None of these coatings is sufficient to protect the fiber from direct concrete poring. In most
case the fiber has to be protected with an additiona packaging.

Extendve daa is avalable on the long-term durability of opticd fibers inddled in
telecommunication cables under smal tensons [8]. If the strain of the fiber does not exceed
1%, the fiber should have atypicd life of more than 40 years before afalureislikely to occur.
Therma and mechanicd faigue can dso decrease the life-span of the fibers. We have
successfully fatigue tested SOFO sensors for more than 18 millions cycles (corresponding to
40 yearsin ahighway bridge) and with amplitudes typica for concrete structures.

6.6.3 Referencefiber

The reference fiber condtitutes the second arm of the sensing interferometer, the other being

the measurement fiber. The reference fiber is supposed to be unaffected by the structure
displacements and change its opticd length only under the influence of temperature variations.
Furthermore it is important that the measurement fiber and the reference fiber dways have the
same temperature locally. This will reduce the paradite sengtivities in the temperature. These
requirements are satisfied by ingaling the reference fredy indde a pipe sSde by sde with the
measurement fiber. If the measurement fiber setup is based on the loca coupling principle (see
below), it is even possible to ingal both fibers in the same pipe. The reference fiber will in this
case have an extra length and will therefore remain unstressed when pre-stressing is gpplied to
the measurement fiber. For measurement bases longer than a few meters it was, however,

found that the independence of the two fibers could not be guaranteed since the fibers tend to
wrap one around the other.

In order to obtain an independent reference fiber, two approaches can be imagined:
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Figure 6.9 M echanically independent reference fiber

Mechanical independence: The reference fiber isin this case ingtdled indde a pipe and
is supposed to move fredly ingde it and not to change its proper length when the host
dructure expands or contracts. This is easder achieved by usng multiple layers of
concentric pipes with no mechanica contact between one another (except for friction).
One example would be a fiber with its acrylate micro-coating ingaled ingde a micro-tube
which isfindly contained insde alarger pipe. Thistype of setup has proved its efficiency in
laboratory conditions, but seem less interesting for in-fidd agpplications where loca
bending of the pipes can not be avoided. This will increase the friction between the

Figure 6.10 Reference fiber with fiber surplus. Even if thereferencefiber islocally in
mechanical contact with the structure (vertical arrows) a deformation (horizontal arrow) will
not changethereferencefiber length.
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different layers and ultimately trandfer some externa deformation to the fiber.
Fiber surplus: In this case the reference fiber is ingaled in a pipe having an internd
diameter much larger than its Sze and an spare fiber length is stored in the empty space. In
this case, even it the reference fiber and the structure are localy in mechanical contact, a
displacement of the hogt structure will not result in a variation of the reference fiber length.
If asurplus Sis as stored insde the pipe, the structure can expand of the same length S
without putting the reference fiber in tenson as shown in Figure 6.10.
It was found that for short sensors (up to 6 m) the surplus approach was sufficient. For longer
sensors or large displacements it was found that the best results would be obtained by first
putting the fiber in a micro-tube and than inddling this one into a large tube dlowing a
consgent surplus. By this means, it was typicdly possible to pull the externd pipe up to 2%
without having the fiber stretched more than 0.01%.

6.6.4 Local vs. distributed coupling

Since the measuring system responds to variations of the tota opticd length of the sensing
fibers, two ingtalation approaches can be followed to couple the fiber to the Structure: local

and digributed (or full-length) coupling. In the first case the measurement fiber is fixed to the
host dructure a two points and free indde a pipe in-between. In order to follow both
elongation and shortening, the fiber must be pre-drained. The two attachment points will

define the limits of the measurement zone. In this case the qudity of the coupling between the
fiber and the Structure a the two attachment points will play an important role in the response
of the sensor to the structure deformations.

In the case of didtributed coupling the measurement fiber is attached to the Structure dong the
whole active region. In this case the characterigtics of the fiber coatings will have a strong
influence on the sengtivity of the sensor.

6.6.5 Distributed coupling sensors

This type of coupling offer the advantage of an apparent smplicity, snce the measurement
fiber is identical over the whole active region and no specid atachment points are needed.
Furthermore, in most cases the fiber will respond to both elongation and shortening without the
need of pre-stressng. The contact between the host materid and the fiber over its whole
length, introduces two potential problems that should not be neglected: transversa strains and
microbending.

Since the fiber is surrounded by the host materid o by the glue used to attach it to the
dructure, it is possble that it will be subject to transversa strain components perpendicular to
the fiber axis. These components will dter the refractive index and the core diameter of the
fiber and therefore induce a optica path variaion. This variation will be incorrectly interpreted
as adisplacement in the fiber direction. The transmission of transversd strain from the structure
to the fiber core depends strongly on the characteristics of the fiber coating. Soft coating
reduce these effects but aso increase the possibility of creeping effects in the axia direction.
Different opticd arrangements have been proposed in order to separate the axid and
transversa components but in al cases the axid sengtivity and resolution are reduced. In the
case of civil structura monitoring it is eader, in most cases to isolate the fiber in a pipe so that
no transversal strain will reach the fiber (loca coupling). Thisis not the case in other fidds such
as composite materia monitoring, where a pipe would dter Sgnificantly the structura behavior.
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Figure 6.11 Distributed coupling sensorsfor concrete embedding.

The loca coupling gpproach is nevertheless interesting in some cases since the extended
coupling length alows good measurements even if the mechanical contact between the fiber
and the structure is rather week. It is furthermore possible to reduce the size of the sensor to
the one of a coated fiber (the reference fiber has to be ingtdled in a pipe in any case). This
type of coupling is interesting in the case of metdlic Structures, where the measurement fiber
can be smply glued on the surface or mortars where a nylon coated fiber can be embedded
directly. It was dso attempted to glue optica fibers directly on the re-bars. The surviva rate
was low because the fibers tended to be damaged at the re-bar crossings. Furthermore, it was
difficult to prove that the presence of the fiber and of the glue on at least one eight of the re-
bar perimeter would not dter the adhesion between the re-bar and the surrounding concrete.
Other tests were directed to the design of a sensor based on distributed coupling for direct
embedding into concrete.

Figure 6.11 shows two possible sensor design based on this concept. The first sensor consists
in arigid pipe containing the reference fiber and with the measurement fiber attached to its
surface with an adhesive tape. The rigid pipe protects the nylon coated measurement fiber
from excessve bending and it was found that an high surviva rate could be obtained with this
type of sensor. It gppears that an excdlent coupling between the fiber and the structure could
be achieved by this mean. The second sensor showed in Figure 6.11 condsts in a cusom
designed cable containing the reference fiber in a empty or g filled cavity and the
measurement fiber directly surrounded by nylon. Although Cabloptic (in Cortaillod,
Switzerland) would be able to manufacture such a sensor, an experimenta redization was
never attempted, mainly for financia reasons.

Another interesting example (see Figure 6.12) of digtributed coupling was attempted with
shotcrete (used mainly for tunnd casing). In this test, we have inddled opticd fibers with
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Figure 6.12 Example of distributed coupling: nylon coated fibersingtalled in shotcrete.

0.9 mm nylon coating in a1 m long sample projected in red tunndling conditions. A 5 cm layer
of concrete was firg laid, the fibers were than placed on this soft surface. Some fibers were
unprotected, while others were covered by a plagtic haf-pipe, a plagtic profile, wood or a
andl re-bar. All of the 10 fiber (protected or not) survived the projection of a second 4cm
layer of concrete. The increase in the scattering losses was smdl and the microbending
induced back-ggnd was at least -15 dB from the transmitted sgnd. By providing externa
reference fibers of the same length measurements could be performed normally.

In al these cases the perpendicular strain component seems not to play an important role and
measurements could be performed without the need of specid correction. This type of
coupling presents some other drawbacks that have lead us to concentrate on loca coupling.
The firg resdes in the difficulty to separate the active from the passive region inside the
Sructure. The measurement fiber should become free at the interface between these two
regions. This meansthat it should enter a pipe at this point and this increases the complexity of
the setup. Mogt designs, even if they appear smple a firs, turned out to be of difficult
gpplication in red structure and the fabrication of the sensors often proved tricky and tedious.
Furthermore, the posshility of creeping between the fiber and the dructure in the axid
direction has not been addressed in the case of long-term measurements.

6.6.6 Local Coupling sensors

In this type of setup, the measurement fiber is attached to the structure &t the extremities of the
active region and pre-stressed between these two points. The fiber is contained in a pipe over
its whole length, free in the passive regions and stressed in the active region. In this case the
main problem to be solved is the redization of areliable mechanica coupling between the fiber
and the mechanica piece used to anchor it to the structure.

Since dl the efforts are transmitted from the structure to the fiber at the two anchorage points,
the fiber has to be bond to the anchorage points in a very rigid way. Besides the strains due
the structure deformations, these points have to react to the forces produced by the necessary
pre-dressng of the measurement fiber.

It was found that epoxy glues were well suited to obtain the necessary rigidity and immunity
from cregping effects Gluing on the acrylate micro-coating was sufficient for short term
measurements with fiber ongation under 0.5% and for temperatures below 30°C during the
whole experiment. For long-term measurements, high tensons or temperatures above 30°C
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(such as the one found during the setting process in concrete) it is necessary to remove locdly
the acrylate micro-coating in order to glue directly on the glass and avoid cregping problems.
The mechanicd dripping of the micro-coating induces a fragilization of the fiber itsdf and this
increases the chances of sensor failure after a short period. Two solutions are possible to
avoid this problem: chemicd remova of the coating or use of polyimide coating. In the first
case the acrylate coating is removed by attacking it with an acid (sulfuric acid) or a solvent
(dichloromethane). A fiber stripped chemicdly maintains dmost the same strength as a coated
fiber. However, any contact of the unprotected fiber region with a sharp edge would increase
the falure probability in a dramatic way. This makes the chemicd dripping particularly
unéitractive for large-scale gpplications, since very complicated procedures should be
developed in order to conserve the mechanica strength of the uncoated fiber during the whole
sensor assembly process. The use of polyimide coated fibers makes the stripping process
unnecessary, since the drains are easly tranamitted through this thin and hard coating. No
creeping is expected for this type of coating even at temperature up to 300°C. The main
drawbacks of this type of coating resdes in its high price and in the necessity to gtrip the fiber
mechanicaly to mount a splice or a chemica mirror. These components are inddled in fiber
regions that are not under permanent tenson. This reduces the possibility of afalure dueto a
fragilization of the fiber during its manipulation.

The following chapters present the evolution of the loca coupling sensors for the SOFO
system from their first gpplication to itsindustrid production.

6.6.6.1 Surface coupling

The firgt gpplication of the low-coherence interferometer to the monitoring of civil structures,
was the measurement of the free shrinkage of 220 mx 5m x 0.5 m concrete dab [9,10]. The
vaiaion of its length were monitored over a period of more than one year. In this case most
sensors were indalled a few days after concrete pouring, insde different pipes that had been
indaled empty in the re-bar cage. The measurement fibers were nylon coated. The buffer
codting was removed thermaly with hot ar, while the acrylate micro-coating was removed
chemicdly with dichloromethane. The fibers were thereafter glued to a metallic plate screwed
on the surface at the two ends of the concrete dab (see Figure 6.13). A pre stress of about
0.5% was given to the measurement fibers.

Epoxy glue

Measurement fiber
Plastic pipe

Metallic
plate

Concrete

Figure 6.13 Surface coupling sensor. The same system isinstalled
on the other end of the structure.
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Figure 6.14 An example of surface coupling sensor.

From the point of view of the measurements this setup poved very effective and it was
possible to obtain reliable measurements over two years without any noticeable creeping
effect. This setup presents different drawbacks form the point of view of the ingdlation
procedure. Firgt, since the fibers can be ingdled only after remova to the formwork, it is
impossible to measure the displacements occurring during the first days after concreting.
Furthermore, the inddlation is very time-consuming and a large-scade application of this
technique would be impossble. Findly, the sysem was very fragile and many fibers broke
outside the structure because of careless manipulation. This problem could have been solved
by protecting the fiber outputs insde a box. The main drawback of this setup is that only the
whole gructure length can be monitored. In red sructures this would be an intolerable
limitation.

Figure 6.14 shows an example of surface coupling. The free reference fiber isdso visble,

6.6.6.2 Needle coupling

After the firg feashility tests usng the surface coupling setup, it became clear thet it was
necessary to develop a stand-alone sensor that could be easly ingaled in the re-bar cage
before concreting. The firg redization of this new concept was tested in a mixed timber-
concrete structure and the fibers were ingdled in both materias with an anadlogous setup [11].
The measurement fiber is protected aong its whole length by a plastic pipe. The fixation points
are redized by piercing the pipe with sed nalls at the location of the anchorage points (see
Figure 6.15). Epoxy glue is then injected around the nail through the pipe wal. Once
hardened, the glue redlizes (with the nail) the desired mechanica contact between the fiber and
the structure. The necessary pre-stressing of the fiber is gpplied while ingdling the sensor in
re-bar cage by pulling on the two nalls. This type of sensor is very smple in its manufacture
and the ingalation needs only afew minutes for each sensor. The only delicate operation isthe
pre-gressing of the sensor in the re-bar cage.
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Epoxy glue

Measurement fiber
Plastic pipe

Concrete

Figure 6.15 Needle coupling sensor for concrete and timber structures.

The main problem with this sensor is that the efforts have to be transferred to the fiber through
the acrylate micro-coating. This his not a concern for short-term measurements, but leads to
problems for long-term measurements or when the structure temperature rises above 35°C.

At this temperature, the viscosity of the inner acrylate coding is dragticaly reduced and
cregping occurs & an high rate. 1t would be possible to remove the coating at the fixation
points before putting the fiber in the pipe, but this would increase the complexity of the sensor
fabrication. The use of a polyimide coated fiber solves this problem and was later tested
experimentaly on atimber beam.

Figure 6.16 shows an example of needle coupling for ingalation in concrete. The reference
fiber would be contained in a separate pipe.

6.6.6.3 Junction piece coupling (VSL, IBAP, EDF)

Two main problems were addressed in the design of this new generation of sensors. On one
hand it was wished to obtain a better mechanica coupling than the one redized with the sted

Figure 6.16 An example of needle coupling.
Two of these anchor age points are necessary for each sensor
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Measurementfiber
Plastic pipe

Concrete Concrete

Figure 6.17 Junction piece coupling sensor. Two possible setups.

nail and gain access to the fiber in order to grip the coating easier. On the other hand it
seemed important to pre-stress the measurement fiber a the manufacturing stage and not at
ingallation. These problems were solved designing custom mechanic pieces that act as fixation
points for the fiber and at the same time as junctions between two pipes [12]. Examples of
such pieces are given in Figure 6.17 and Figure 6.19.

At firg it was attempted to strip the micro-coating mechanically & the location of the two
fixation points. This rendered fragile the fibers that failed after afew days under tenson. This
problem could have been solved with chemica dripping at the expense of a increased
complication in the fabrication procedure. At that time it was decided to direct the research in
towards polyimide coated fibers.

In asuccessve variation on the same theme, both fibers were ingdled in the same pipe and
glued onto a haf-moon shaped mechanica piece. This dlowed gluing the polyimide coated
fibers from the side. The sensor was then completed by closing the mechanica pieces with a
second haf-moon piece and pre-tensoning the sensor by |etting the pipe dip indde one of the
junction pieces and then blocking it with aring. This sensor has been successfully tested on a
number of gpplications and proved very easy to instdl into a new Structure (without delay to
the building yard schedule) or on the surface of an exigting structure.

Figure 6.19 shows a detail of the junction pieces used in this setup.

6.6.6.4 Industrialization of the sensor

Figure 6.18 Example of junction piece coupling.
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Figure 6.19 Junction piece sensor .

After fabricating a few tens of junction piece sensors it became clear that they were indeed
well adapted to the needs of civil engineering monitoring. Fabrication required about Sx hours
for abatch of six sensors. This process proved to be rather tedious and attempts were made
to teach nornrengineers to build the sensor. In order to ingal hundred of these sensorsin a
Structure without needing months to assemble them, it was necessary to find an indudtrid

partner interested and capable of re-engineering the sensors to bring supplies to large quantity
production. The connector manufacturer DIAMOND SA in Losone (Switzerland) was the
ided partner for this task. After a few months of intense collaboration, it was possble to
transfer the knowledge accumulated a IMAC over more than three years indtaling sensorsin
concrete to DIAMOND and combine it with the industrid experience of this company in the
domain of connector production.

Figure6.20 The IMAC-DIAMOND sensor.
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The result is the sensor shown in Figure 6.20. This sensor has now been used in many different
applications both embedded in concrete or mounted on the surface of existing structures [13],
and is now commercidized by SMARTEC SA..

6.6.7 Mirrors

The light has to be reflected back & the ends of both the measurement and the reference
fibers. This required the ingtallation of reflectors at the end of both fibers. This can be obtained
by one of the following ways:

6.6.7.1 Fresnd mirrors

If the fiber is cleaved, a reflection of about 4% is obtained because of the refractive index
change between glass and air. This reflection is sufficient to perform a measurement. The
reflection will drop dmogt to zero if a dust particle deposits or humidity condenses on the end-
facet. This type of reflection is therefore useful only when the end facet is accessble and
sarvicegble, i.e. only in laboratory conditions.

6.6.7.2 Mechanical mirrors

If aferrule or a connector is ingdled at the fiber end and a polished ferrule is positioned in
physica contact in front of it, a good reflection of up to 100% can be achieved. This reflector
is bulky, expensive and possibly subject to corroson. An improvement consist in adhering a
gold lesf to the polished end-facet of the ferule. Reflection up to -1 dB can be obtained that
way. Thistype of reflector has been used in early versions of the DIAMOND sensors.

6.6.7.3 Chemical mirrors

The easest way to produce an highly reflective mirror on the end of afiber isto depost slver
on its cleaved end-facet. The following procedure will produce such amirror:
Cleave the fiber a theright length.
Add one part of solution A to one part of solution B in a clean pot.
Mix the two until the solutions becomes clear.
Immerse the fibers and add one part of solution C.
Wait about 30 min or until the back-reflected Ssgna ceases to increase.
6. Lettheslver coating dry and protect it.
The composition of the solutions is the following:
Solution A: 1 dl HO (distilled water) + 3 g AgNO;s (Slver nitrate).
Solution B: 0.25 dl NH; (ammonia: 24%) + 0.75 dl H,O + 4 g KOH (potassium
hydroxide).
Solution C: 1dl H,O + 15 g Glucose.
The mirrors produced in this way have proved to be stable of many years. Furthermore the
Size of the fiber end is not increased (except for the mirror protection) and the cost of this type
of mirror isnegligible.

ok~ owDdNE

6.6.8 External optical coupler

The external optica coupler divides the optica power produced by the source and directs it
towards the measurement and reference fiber. Once the light reflected at the two fiber ends,
this coupler recombines the beams and directs them towards the analyzer (hdf of the reflected
light is, in fact, sent back to the source and therefore lost). The path unbalance that will be
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Figure 6.21 External coupler configurations. stand-alone coupler
and integrated coupler.

measured by the analyzer corresponds to the difference of opticd length between the two
interferometer arms, i.e. the optica length difference between the coupler and the two mirrors.
Thisis an important point to be considered when connectors are present between the coupler
and the sensor. In this case if another coupler is used, the measurements will be affected. It is
possible to characterize the delay introduced by each coupler and compensate for it in at the
data processing stage.

The packaging of the coupler can be redized in different ways. In some caseit is interesting to
use the same externa coupler for different sensors. This results in a reduction of the sensor
cost, since a coupler costs about 50-100 SFr. When an higher precision is required or when

Figure 6.22 Stand-alone couplers. Box and cable versions.

6-32




the sensor is very digant from the andyzer, it is useful to ingal an externd coupler in each
Sensor, as close as possible to the sensing region.

6.6.8.1 Stand-alone coupler

The stand-aone coupler is either contained in a smal box or integrated into the optica duplex
cable coming form the reading unit. The measurement and reference arms have to be dearly
identified in order to avoid any possible inverson that will lead to incorrect measurements. The
box verson is used when the sensors are terminated in a connector bundle. The cable version
is more useful when the sensors are terminated by mating adapters mounted in a connection
box.

6.6.8.2 Integrated coupler

In this case the coupler is integrated into the sensor package. This avoids any connection and
disconnection in the active region and therefore improves the accuracy of the measurement.
The main drawback of this configuration is in the increased sensor price. When a coupler is
inddled in the sensor it is possible to connect the sensor to the reading unit via a single fiber.
This produces aloss of 6 dB but haves the cost of al connectors, mating adapters and fiber
cables, which offsets the increased cost of the sensor. By using an optical circulator it would
even be possble to obtain the same power efficiency as with the two fibers. Digplacement
precison down to a micron were obtained in field conditions with such sensors. Another
problem resdes in the fact that it becomes impossible to determine the sgn of the path
unbaance by inverson of the coupler connection (see paragraph 5.6). This problem is solved
if one of the fibers, usudly the reference fiber, is clearly longer than the other and no sgn
inversion is possible even for the maximal expected displacement of the host Structure.

6.6.9 Optical connectors

Since multiple sensors can be measured by the same reading unit, optical connectors are
required in order to plug the sensors one after the other. Most singlemode connectors used in
the tdlecom industry are opticdly well suited for this gpplication. However these connectors
will be used in the very dusty and demanding environment of a building yard. After usng 3M's
FC/PC connectors for about two years, it became evident that these connectors, athough well
suited for |aboratory conditions, were too sengtive to dust for in-field applications. At that
time, DIAMOND wes ddivering its first E2000 connectors (Figure 6.23) that seemed better
suited for this type of application. These connectors feature an integrated dust cap that closes

Figure 6.23 DIAM OND E2000 connector with integrated dust cap.
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automaticaly when removing the connector form its mating adapter. Furthermore, the
mechanica connection is rapid and unlike the 3M system requires no time consuming screwing
and unscrewing. These connectors are factory mounted and present excellent optica
properties, including low insertion losses (<0.3dB) and good repesatability.

6.6.10 Optical cables

In many cases the sensor is placed in an inaccessible region of the structure and the optical
fibers have to be routed to a common access point where the reading unit can be easly
connected. In these case it is necessary to ingtdl optical cables between the sensor and the
reading unit.According to the two configurations presented in Figure 6.21, the cable can be
ingtdled either between the active region and the coupler (i.e. in the active region) or between
the coupler and the reading unit (i.e. in the passive region). In the second case, an externd
coupler is necessary for each sensor.

As a genad rule, if the optical cable is indaled in the active region, the fibers must be
contained in micro-tubes ingde the cables and the tight buffered fibers have to be avoided.
Furthermore, the cable should not be moved, unrolled or displaced between the measurements
or adramatic decrease in the accuracy will result. In the case of structures that are constructed
in different phases, where the indalation of the optica fiber wiring has to precede in parald
with the construction progress two dternatives are possible. Either each sensor is provided
with its own coupler and the cable is inddled in the passve region, or a measurement is
peformed immediatey before and after each cable displacement and the errors are then
corrected at the data processng stage. If the cable is indtdled in the passve region no
correction or specid procedures are needed and nylon buffered cables can be used. These
congderations point to the fact that for most field applications the use of integrated couplersis
preferable. We will see in the following section on multiplexing that partid reflectors can
overcome some of these limitations. Where connection between different cables are
necessary, a smal plagtic or metdlic box will protect the connectors and the mating adapters
(see Figure 6.24).

g .r--':‘ .:'T_,'r.:‘. = ‘j
Figure 6.24 Connection box with mating adapters.
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6.7 Analyzer
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Figure 6.25. The Analyzer subsystem

The function of andyzer subsystem isto introduce awell controlled path unbaance between its
two arms in order to compensate the unknown path unbaance between the two arms of the
sensor. In this sense the andyzer is the optica equivaent of aresstive Whetstone's bridge. In
the spectra gpproach the anadyzer is seen as a Michdson interferometer performing a Fourier
andysds of the incoming spectra.

The andyzer subsystem conssts in a beam splitter, one fixed-length arm and a varigble delay
line on its second arm. The mechanica and dectricd components necessary to operate the
delay line are dso part of this subsystem.

6.7.1 Optical setup
Many redizations of the dday line are possble with different combinations of bulk and fiber
components. In dl casesit is required that the delay line is able to introduce path unbalances
up to at least 200 mm (one way).

6.7.1.1 Bulk opticssetups

The ddlay line can be redlized fully with bulk optics. In this case the light is uncoupled from the
incoming fiber and split by hand of a cube beam-plitter. The two resulting beams are reflected
by two mirrors and recombined by the beam-splitter. The detector (possibly with additional
focusing optics) is placed a the second output of this interferometer. In a first possble
configuration one of mirror is fixed and the other mobile, while in a second one both mirrors
move in a pudhpull fashion. Corner-cubes can be used instead of the mirrors to achieve a
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Figure 6.26. A bulk opticsanalyzer.

better insengtivity to misdignments. Figure 6.26 shows an example of this type of setup. Since
the index of refraction of air is only weskly temperature dependent, it is possible to control the
exact amount of path unbalance introduced in this interferometer by mechanically measuring or
controlling the mirror displacements.

Other bulk optics setups without moving parts have been proposed. Most are based on
wedges that compensate for the path unbaance and linear CCD dements as detectors
[14,15]. These setups can be brought to dynamic systems since the measurement time is only

limited by the read-out time of the CCD. These setups can unfortunately not introduce large
path unbalances as the one required for the SOFO system. Even if this were possible it would
require a linear CCD with more than 50'000 eements in order to guarantee the necessary

resolution. Furthermore, since the incoming light is spread over the whole CCD length, only a
smdl fraction of it will be used in the regions were interference actually takes place. This points
to avery inefficient use of the dready smdl intensty available.

6.7.1.2 All fiber setups

In an dl-fiber setup both interferometer arms are congtituted by optica fibers. One of these
fibers is dretched to introduce the desired path unbalance. If one wants to introduce an
equivaent path unbalance in ar of 20 mm (one way) it will have to stretch the fiber by about 9
mm (two ways). If we want to limit the stress in this fiber to 1% this means that the fiber needs
to be about 10 m long. This means that the fiber will have to be wrapped around appropriate
supports and be pulled by a piezodectric element (see Figure 6.28). Since the index of
refraction of the fiber, its dagtic coefficient as well as the response function of the piezodectric
element are temperature dependent and non-linear, it will be necessary to measure the
introduced path unbaance by another mean. This can be done by injecting, by means of a
wavelength sdective coupler, an highly coherent beam at a different and well defined
wavelength and count its interference fringes. To obtain the necessary wavelength stability it
would be necessary to use a bulky gas laser diminating the size advantage of this setup.
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Figure 6.28. An all-fiber analyzer.

6.7.1.3 Bulk - fiber setups

In this mixed setup the beam-gplitter and the reference arm are redlized with fiber components
and only the ddlay line uses bulk optics. This reduces the sze and weight of the setup while
conserving the interesting properties of an in-air dday line. Figure 6.27 shows a typicd bulk-
fiber andyzer.

This setup was retained for the SOFO system because it can introduce large path unbaances
without the need of an optical measurement of the path unbaance.

6.7.2 Beam Collimator

If we now restrict our choice to the hybrid bulk-fiber combination it will be necessary to define
the best setup for the bulk delay line. The first part that need to be designed is the beam

collimator that extracts and re-couples the light from and to the fiber. This can be obtained
usng agrin lens[16], amicro lens or amicroscope objective. Since the light will travel in some
cases more than 300 mm before being coupled back into the fiber, it is necessary to have a
particularly well collimated and aberration-free beam. This is difficult to obtain with a grin- or
micro-lens particularly for broadband spectra like the ones used in this setup. As a microscope
objective we have sdected a component manufactured by EALING with a focd length of

16 mm a numericd aperture of 0.4 and a working distance of 9mm. The large working

digtance greatly smplifies the dignment of the setup. The numera gperture is much larger then
the one of the fiber so that only the central part of the lens gperture will be used (except in the
case of the double-path setup, see below). This objective dso possesses antireflective
coatings optimized for IR operation.

Reference arm

Input Fiber
Coupler

Detector

Moving Mirror
Lens - >

Figure 6.27. A bulk-fiber analyzer.
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Figure 6.29. A corner cube delay line.

6.7.3 Reflector

The light has to be reflected back to the objective by a movable reflector. This can either bea
mirror or an hollow corner-cube. Three configurations are possible:
Single-pass mirror: In the smplest configuration, amirror reflects the light back pardle to
the incoming light, so thet it will be recouped directly into the fiber core after passing once
again through the objective. This setup is very sengtive to the misdignments that can occur
between the fiber, the objective and the mirror. This aso place high requirements on the
graightness and wobble of the trandation stage. It seems therefore impossble to design a
portable system based on this setup.
Corner-cube: In this case the mirror is replaced by a corner-cube that reflects the light
back in the same direction as the incident light. It is even possible to fold the setup in order
to double the maximum path unbaance obtainable with a given trandation range. This type
of setup offers good stability and was adopted in the coherence-domain reflectometer
produced by Hewlett- Packard and Photonetics.
Mirror with double-pass. This amazingly smple setup adlows the dability typicd of

Ferule ;

Displacement table

Lens - >

Figure 6.30. A double-pass delay line.
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corner-cube reflectors with the amplicity of the sngle mirror setup. The light is collimated
as usud by the objective but the mirror is now st to be dightly misdigned. The light is
therefore reflected and focused to a point on the same plane as the fiber surface but at a
certain distance from the fiber core. If the fiber is mounted insde a polished reflecting
ferule, the light will be reflected back again to the objective and will travel one moretimeto
the mirror and back. Since the fiber core and the focal point after one round-trip are
conjugated points with respect to the objective, it is relatively easy to see that after two
round-tips the light will aways be focused back to the fiber core. Thiswill happen for each
mirror angle, each fiber-objective dignment and each mirror pogtion, provided that the
focus point fals on the reflective ferule and dl rays stay insde the pupil of the objective.
The fact that the light is entirely focused back to the fiber core does not mean that the
efficiency of this system is 100%. In fact, the light will arrive on the fiber core with an angle
respect to the normd to the fiber surface. This will produce a loss Snce some of the light
will be coupled into cladding modes and lost. The next paragraph will give a more detailed
description of this setup. All SOFO setups have used the double- pass setup.

6.7.3.1 Double-passdelay line

In order to explain rigoroudy the functiond principle of the double-pass dday line we will
follow the path of alight ray exiting the fiber through the two round-trips. We will gpproximate
the system paraxidly and caculate a each interface the position and angle of the beam respect
to the objective axis (defining the opticd axis of the whole system). We will aso suppose that
al beams remain in the same plane as shown in Figure 6.30. Findly, the objective will be
gpproximated by athin lens.
To follow the path of the light ray through the system we will use the matrix method. The
laterd position and angle to the optica axis are expressed in vector form:
éau (2
r= gx G
oU

where a isthe angle (in radiant) and y the laterd position.
The action of athin lensis taken into account by multiplying the input vector with the refraction

Mrix:
é - Y (3)
Af)=@ % v
O 14
wheref isthefocd length of the lens
A free pathin air isrepresented by the transfer matrix:

él Ou
T(L) = 8— 18

where d isthe distance traveled in air.
Thetilted mirror changes the angle of propagation and can be taken into account by adding the
vector:

(4)

_ &b (5)
g0y
where b isthe angle between the optica axis and the mirror normal.

After one round-trip, the vector r will be transformed into a vector r¢. Thisis obtained by
multiplication of the refraction and transfer matrices and addition of the mirror vector:

M(b)

6-39



ra=T( )l £) () {[ 7(d) A £) <7 £) ] + M ()] (6

or:
€ 2% ] 20X, ) 2dbu (7
(o= g . +2b-a+—5— 2 . 3
é 2bf - x, 1]

The focd point after one round-trip will therefore be located at a distance from the fiber center
of:

y =2bf - 2x, (8)
If this distance is inferior to the fiber radius, the light will be coupled into the fiber dadding.
Otherwise it will reflect on the fiber ferule and start a new round-trip.
If theferule hasafocd length f, , the vector will transform in avector r @:

QZL+2b_ 2dx0_2db_2bf +_Ou (9
r(n:— f f? f f, f 3
é 2bf - x, 0

We can now use this vector as a new input vector and subgtitute it into ( 7) and therefore
propagate it once again through the opticd system. After this second round-trip we findly
obtain:
é 4b+4x0 _ Adx, +4db_|_2bf ) x_
rdg= g f f? f f, f,
e Xo
Where we have assumed a =0 , i.e. the fiber surface perpendicular to the optical axis.
Equation ( 10) shows that the beam is indeed focused back to the fiber core. The incidence
angle will vary depending on the pogition and angle of the mirror, the relaive postion of the
fiber and the objective and the foca length of the objective and the ferule.
To obtain the coupling efficiency of the sysem we now have to cdculate the overlapping
integra between the admission cone of the fiber and the tilted cone of the back-focused light.
Both (Gaussan) cones will have the same center (the fiber core) and aperture (the numerica
aperture of the fiber) but will be a an angle as expressad by the first term in equation ( 10).
The overlgpoping function will be a Gaussan function of the raio between the numericd
gperture of the fiber and the angle between the two cones.

(10)

C)CCC
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Figure 6.31. Theoretical back-coupling efficiency asa function of mirror and fiber postion.
Flat ferule and un-tilted mirror. Objectivefocal: 16 mm. Numerical aperture of thefiber:
0.1

In Figure 6.31 we represent the back-coupled power as a function of the objective to mirror
distance and the latera displacement of the fiber core to the objective axis. The focd length of
the objective is set to 16 mm and the numerica aperture of the fiber to 0.1. The ferrule is
assumed as flat and the mirror tilt is zero. The vertica zone with zero coupling (blind region) is
the result of focusing on the fiber after one round-trip instead than on the ferule. It isinteresting
to notice that for a mirror distance equa to the foca length of the objective (in this case
16 mm) the coupling is perfect for dl laterd displacements.
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Figure 6.32. Theor etical back-coupling efficiency as a function of mirror and fiber postion.
Flat feruleand mirror tilted by 0.02 rad. Objective focal: 16 mm. Numerical aperture of the
fiber: 0.1.

Figure 6.32 shows the same Stuation but with the mirror tilted by 0.02 radiant. The blind
region is now displaced lateradly by a distance equa to the product of the tilt with the foca
length of the objective. Inthiscase: 0.02X16mm= 0.32mm.
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Figure 6.33. Theoretical back-coupling efficiency asa function of mirror and fiber postion.
Ferulewith -15 focal length and mirror tilted by 0.02 rad. Objective focal: 16 mm.
Numerical aperture of thefiber: 0.1.

Figure 6.33 shows the same Stuation but with a ferule focd length of -15 mm typica of a
polished ferule. The picture is now radicdly different in the sense that the maxima coupling for
agiven mirror pogtion is no longer placed in the blind region. This dlows for adjustment of the
fiber pogtion just dightly to the side of the blind region and then obtain dmaost perfect coupling
over an extended mirror distance range. In the example of Figure 6.33, if thefiber isdigned &
-0.25 mm from the optica axis, it is possble to obtain a coupling efficiency above 90% over
mirror distances between 10 mm and 70 mm. This covers more than the required range of
50 mm.

This behavior was verified experimentaly. Coupling up to more than 50% have been redized
with this setup. Taking into account the losses due to two reflections on the mirror, one on the
ferule, four passes through the objective and the two Fresnd reflections at the fiber-air and air-
fiber interface, this result is remarkably consigtent.

All these results are based on the assumption that the fiber surface is placed exactly at the
focd plane of the objective. The ferule to objective distance is indeed critical and has to be
controlled precisdaly in order to obtain a good coupling.

All FORMOS and SOFO systems used this setup. The importance of the curvature of the
ferule was redized only recently®. All systems needed to be digned after fabrication but no
further manipulation was required for the rest of their life, even in the case of long trangport by

® The intuitive approach used at the time of the FORMOS and early SOFO systems pointed to the redlization of a
ferule asflat as possiblel

6-43



car or rough manipulation. Of course dl the degrees of freedom of the ferule respect to the
objective have to be blocked after the idedl aignment isfound.

During the dignment procedure, the ferule has to be moved in both laterd directions and
longitudinally with respect to the objective. In the FORMOS system and in the first SOFO
system, the three degrees of freedom were distributed between the objective (the two laterd
trandations) and the ferule (the longitudind trandation). The find SOFO sysem and its
industrial verson relied on a miniaturized XYZ trandation stage” supporting the ferule and a
fixed objective.

6.7.4 Trandation stage

The trandation stage carries the mirror and moves it in order to obtain the desred path
unbaance. The trandation stage is a0 used to measure this path unbalance and therefore
influences directly the measurement precison. To obtain the required resolution and precison
of about one micron, the trandation stage dso has to move and measure its position with this
resolution. Furthermore, it is interesting to keep a congtant mirror angle (b) during the whole

scan S0 thet the light beam will dways be focused at the same spot on the ferule. This dlows
the choice of a good reflecting spot during the aignment procedures. This means that the
trandation stage has to move wobble free. Since the optical setup is auto dtabilized, most
precison trandation stages will fulfill these basic requirements. In the different versons of the
SOFO we used trandation stages from Microcontrole, Aerotech and Anorad. All had a
maximal displacement of a least 50 mm but varied largdy in Sze and weight.

A motor drive is used to move the trandation stage back and forth. Two basic types of motor
are avallable: step and DC. The stepper motor turns at a given angle for each impulse received
from its controller. By counting the impulses and knowing the gear de-multiplication and
screw-pitch it is easy to caculate the displacement of the table. The FORMOS system used a
stepper motor with a displacement of 0.1 microns per impulse. The main drawback of this
motor isin its relative downess compared to the DC motor and in the speed variations of the
mirror at each step. This last problem can be overcome using sSnusoidal impulses instead of
square-waves normaly produced by basic controllers. This complicates consderably the
control electronics.

A DC motor is driven directly by a continuous voltage and moves a a speed roughly
proportiond to it. The speed and angular position of the motor are measured by an optica

encoder attached to the motor axis. The encoder signals are treated by an appropriate

controller that adjusts the motor voltage to obtain the desired speed and/or position. Thistype
of motor was used on al SOFO systems and resulted in a speed gain of about 200 times
compared to the FORMOS system.

In some laboratory experiments a trandation stage from Physics Instruments with DC drive
was a0 used. The following table resumes the characteristics of the different trandation stages
used in the different systems.

® About the size of acouple of sugar cubes.
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PMD / FORMOS SOFO I-111 SOFO IV

Manufacturer Microcontrole Aerotech Anorad
Motor type step DC DC
Scan range [mm] 30/50 50 100
Scan speed [mn/s) 0.05 12 12
Mechanica resolution 0.1 1 0.5
[microng]

Sze[mm”~ mm”~ mm] 300 x 100 x 65 360 x 100 x 57 34x6x45
Weight [kg] ca 3 2.5 2

Table 6.8. Comparison between different trandation stages.

6.7.5 Coupler

A 50:50 wavelength flattened coupler for 1300 nm and 1550 nm was used in most systems.
Although most measurements are performed a 1300 nm it isinteresting to keep the possbility
of using the other wavelength for particular experiments.

All fibers are either with the acrylate primary coating or with an additiona micro-tube
protection.

6.7.6 Referencearm

The reference arm is Smply one of the coupler arms ended by a slver mirror (see 6.6.7). The
length of the reference arm is caculated so that the interferometer is balanced at about 1/5 of
the displacement table range. Since it is difficult to caculate exactly the opticd path length
indde the objective, the find cut position was obtained by cutting at alonger position and then
observing the pogition of the centrd fringes (this can be dore using just the Fresnd reflection at
the reference fiber end facet). Knowing the index of refraction of ar and glass and
remembering that the light passes twice through the ddlay ling, it is easy to obtain the required
correction length and cleave the fiber once again.
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6.8 Detection
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Figure 6.34. The Detection subsystem

The detection subsystem transforms the optica signd into a proportiond eectrica sgnd. It is
usualy composed of a photodiode and a trans-impedance preamplifier. The photodiode
transforms the incoming photon flux into a current. The preamplifier converts this current into a
voltage and amplifiesit to a convenient value. Since the optica power at the sourceis low and
only a smal fraction of it contributes to the interference fringes, it is important to sdect a
detection stage that introduces the smalest possible noise. The ultimate noise limit is given by
the Shot noise that accounts for the Satistical particle nature of light (only an integer number of
photons can be detected). There is a trade-off between the speed of a detector and its
sengtivity.

In the FORMOS system it was relatively easy to obtain low-noise operation, since the fringe
frequency was only about 150 Hz. In the SOFO system this frequency was increased to
30 kHz and, when using partid reflectors, the avalable light intensity was further reduced.
After attempting to build a suitable recelver from a photodiode and a operational amplifier, it
was decided to rely on a commercia component produced by New Focus (model 2011).
This lowered the noise floor by amost an order of magnitude, down to 1pW/CHz. This unit
can work at different gains and even includes low- and high-pass filters with variable cutting
frequency. The price of this element (about 1200 SFr.) isjudtified by the important increasein
detector sengtivity.
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6.9 Signal processing
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Figure 6.35. The signal processing subsystem

The dgnd processng subsystem andyzes the analog sgnd and extracts the pesk information.
It first acts as a demodulator a the fringe frequency and extracts the fringe envelope. This
corresponds to measuring the fringe vishility as a function of the mirror pogtion. It then
caculates the pesk position and trandfers it to the data processing subsystem.

These operations can be subdivided in a number of ways between andog and digital sgnd

processing with an A/D converter in-between. The Analog to digita converter will be triggered
by the sync sgna coming from the trandation stage. If thissgnd is not at the right frequency, it
is possible to multiply and/or divide it with a phase-locked-1oop (PLL) circuit.

A few different demodulation schemes have been tested in the different versions of the SOFO
sysem:

6.9.1 Lock-in amplifier

The FORMOS system relied to a lock-in amplifier to extract the fringe contrast. The lock-in
reference signa was generated syntheticaly at a frequency equd to the expected frequency of
the fringes. The two-channd lock-in was set up to give the phase and the modulus of the sgnd
and this later was digitized synchronoudy to the step motor sgnd. Although thisis not the way
alock-in is supposed to work (the reference should have a congtant phase relationship to the
sgna) this setup acts in fact as a narrow-band filter and alows the detection of very wesk
sgnds. Againg this solution spesks the price of this device and the fact that it can work only at
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low sgnd frequencies (up to 10 kHz) and with dowly varying envelopes. The lock-inusadin
the FORMOS system was a Stanford Research model SR530.

6.9.2 Analog envelope extraction

In the firg SOFO systems it was attempted to emulate the lock-in function with asmpler and
fagter dectronic circuit conggting in an high-pass filter (6 dB/Oct at 10 kHz) followed by a
crest-holding circuit. This firgt cut the negative part of the sgnd and then charged a capacity
with the ingtantaneous voltage. The capacity was then discharged through a resstance that
determined the time-congtant of the system. This smple system works remarkably well for
low-noise sgnds. Having no frequency discrimination, it tends to integrate the noise with the
sgnd and make fringes with low contrast disgppear into the noise floor. It would have been
possible to improve the performances to this system by using a narrow-band filter centered
around the fringe frequency indead of the smple high-pass filter. This last solution was never
attempted experimentaly. The andog envelope extraction circuit was used in SOFO | and 1.

6.9.3 All digital processng

Ingtead of extracting the envelope with an andog circuit, it is possble to perform the same
operation numericaly after the A/D converson of the modulated fringe sgnd. In order to
represent the sgnd unambiguoudy, the Shannon theorem requires the sampling frequency to
be at least double the highest frequency component of the sgnd. The limit frequency of the
dgnd for a given sampling rate is cdled the Nynquist frequency. If a Sgnd a a frequency
higher than the Nynquist frequency is present, under-sampling will produce an diasing of this
sgna. We will see that under certain conditions the diased Sgnd contains the same envelope
information asthe origind signdl.

6.9.3.1 Nynquist sampling

The Shannon theorem requires the converson of at least two samples for each interference
fringe. Three samples per fringe alow a comfortable detection of the fringe contrast for each
relaive phase between the sgnd and the sampling. The signd has three unknowns (mean
intengity, contrast and phase). With three measurement per fringe it is possible to extract all
three unknown and particularly the contrast thet is interesting in our case. This method is
known as a three sample phase stlepping agorithm. Each sample will have a phase difference
of 120° from the precedent and successive one. Four sample agorithms are dso popular snce
the mathematical transformation take asmpler form. In this case the phase-step will be 90°.

In the double-pass delay-line configuration, a fringe will correspond to a displacement of

i

STnm = 0.325nm. If the mirror scans over 50 mm and three samples are required for each
. 50000 : , .

fringe, a totd of 4@ @620'000 samples will be required to represent the sgnd

conveniently. The transmission and analys's such alarge amount of data is time-consuming and
it would be interesting to reduce the sampling rate by at least an order of magnitude.
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6.9.3.2 Sub-Nynquist sampling

Si-l S S1+1 §+2

Figure 6.36. Sub-Nynquist Sampling

If the 9gnd is under-sampled it will gppear has having a frequency much lower than the red
one [17]. Since in our case we have an apriori knowledge of the Sgnd frequency, diasng is
not a problem. The phase-step will in this case be larger than 180°. It is easy to see that when
the resdua phase, obtained by subtracting the maxima possible number of p’s, corresponds
to - %or +D/2, the sgnd can be treated by the same four-sample agorithm. Figure 6.36

shows an example of under-sampling with a resdua phase of - % Provided that the

contrast varies dowly compared to the fringe period, the cdculation of the contrast will give
the same result as for the Nynquist-sampled signdl.

Figure 6.37 shows the resdual phase at 1300 and 1550 nm as a function of the mirror
displacement between successve samples. At 0.9 microns we obtain aresdua phase of about
270° at 1300 nm and about 90° at 1550 nm. This step was therefore retained for the SOFO
system. For a scan range of 50 mm it will be necessary to acquire about 55000 samples. This
isgan of an order of magnitude compared to the Nynquist case.

For this step, four successive samples will give the intengties:
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Figure 6.37. Residual phase as a function of the acquisition step. The solid line corresponds
to a wavelength of 1300 nm while the dashed line correspond to 1550 nm.
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Figure 6.38. Sampled noisy signal intensity asa function of the mirror position [mm].

I, =1(Vcodj ,)) (11)
l, =1 Vcos(j 0+2npi%p)): I(Vcos(j oi%p))
sy :I(Vcos(j O+4npip)) = I(Vcos(i o ip))
s =1 (V cos(j , +6np i%p)) = (V cos(j o i%p))
with the minus sgn for 1300 nm and the plus sgn for 1550 nm and n=2 in both cases. The
contrast V can beeasly caquIated (for 1300 and 1550 nm) as:

V \/ I|||2+||1||3 (12)

In the case of anoisy sgnd it is possble that the expresson under the square root will be
negative. In this case we will assume a zero contrast:

l\/ "2+|11||3 If(||2+||1||3)<0 (13)
0 if (1,1,,+ 14l,.5) >0

i+17i+3

Figure 6.38 shows asampled sgnd with asigna to noise retio of about 5.
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Figure 6.39. Contrast of thesignal in Figure 6.38 as a function of the mirror postion [mm].

Figure 6.39 shows the same data after calculating the contrast with equation ( 13). The peak
at the center of the graph is clearly retrieved. After an adequate smoothing and thresholding it
is possible to caculate the center of gravity of this pesk with a precison of better than one
sample or an equivaent deformation of about 1 micron. Once the sgnd is thresholded and one
peak isolated the center of gravity X. isgiven by:

A xix (14)

T anm

6-51



cep
3
0.03 f= 1
) 3
=, B ¢
>
= . 2
S 0.02
® 4
>
(<] =
(=)
<
£ )
[N
0.01 f= 6 L
5
p 5
L 6
M N |" | | A
Lol | |
v I v I v I v I v I v |
2000 3000 4000 5000 6000 7000 8000

Mirror Position [fm ]
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A typica experimental scan with 6 pesks from 6 partid reflector pairs (see the section on
multiplexing) is shown in Figure 6.40.
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6.10 Data processing and interface
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Figure 6.41. The Data processing subsystem

Inatypica structure, tens of sensors are ingtalled and measured many times, either manualy or
automaticaly. For each measurement the signal processing subsystem returns a series of
peeks. The data processing subsystem has to andyze, store and represent graphicaly this
data. This subsystem is implemented at the software level and is physicaly located in the PC
that controls the reading unit. The software performs two basic functions. data acquisition and
data analyss. In the acquisition phase the measurements are performed on different sensors
and gtored for further andysis by specidized data analysis packets. The acquisition softwareis
therefore universal, while the analysis software depends on the application. There would be,
for example, different software for data analysis on bridges and dams.

6.10.1 Acquistion software

This software is used has interface between the user and the reading unit during the
measurement sessions. It should connect the appropriate sensor or ask the operator to do so,
perform a measurement, store and display the results. It should aso store additional data that
could be useful at the data andysis stage such as the date and time, the DC intensity detected
on the photodiode or any other user defined parameter (load level, temperature, ...). The
acquistion software has evolved with the reading unit. The development of these software
packages took a lot of time and it is unfortunatdy difficult to do judtice of this work and
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describe their functioning on a written page. The interested reader is encouraged to test these
software packages. These are the main acquisition software programs that have been written
or used:

6.10.1.1 FORMOS

The FORMOS system used a software written by Rogerio Passy a GAP (University of
Geneva) in Turbo Pascal under MS-DOS and oriented to the measurement of the polarization
mode dispersion. It can display the fringe vishbility as afunction of the mirror position. The user
had then to recognize the peaks and manualy move a cursor to measure their distance. This
was inaccurate and time consuming. Furthermore, the results had to be recorded separately,
usudly in hand-written form.

6.10.1.2 SOFO/SOFO 95

The SOFO software was written in Visua Basic under Windows 3.11 and later ported to
Windows95 (SOF095). This software was a great improvement over the clumsy FORMOS
software. It would semi-automeaticaly recognize the pesks and calculate their center of gravity.
The results were gored in individud files and collected in a history file that could be reed by
Excd or another data andysis software. The user could define a sequence of measurements
and the program would prompt for the sensor connection when needed. The main drawback
of this software was the lack of a coherent data storage. The information about the
deformation evolution was scattered in many files that sometimes went out of synchronization.
Furthermore, it was impossble to see the evolution of the displacements right after a
measurement. Thisis useful to verify the correct functioning of a sensor.

I SOFO 95 by IMAC / EPFL v1.0 _ (O] x]
File Edit Measurements Curve Display Setup  Help

Nl &2l&«le| P 2B D:e|El C:le = H: & Al:| =

428.40 [ps] 87.247 [ps] Redrawing...done
Redrawing...done
’F'.E_B?? [S mm] |L|1_5|]4 [S mm] Redrawing...done

Figure 6.42. The SOFO95 Acquisition Software
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6.10.1.3 SOFO DB

The SOFO DB software is the natural evolution of SOFO 95. It was aso written in Visud
Basic for Windows 95 and Windows NT. It main characteridtic resides in that dl the data
concerning asingle project and structure, are stored in a Sngle database file. The information is
organized in anumber of tables. The most important tebles are:

- Project table: Contains a single record holding generd information about the project such
as the project name and description, its creation date and the numerical vaue of the fiber
constants.

Sensor table: Stores information about each sensor (or sensor chain). This includes the
sensor name and description, its tota length and indication on how to connect the sensor
(manualy, or viaan optica switch) and about the presence of an integrated coupler.
Campaign table: Holds information about every measurement campaign. A campaignisa
st of measurements that are performed on the dtructure at the same time, load,
temperature and so on. This comprises the campaign name and description, the date and
time the campaign was darted, the name of the operator, and a description on the A/D
sgnds™ and user data™.

M easurement table: Stores single measurements on one sensor (or sensor chain). The
gored fidds include the measurement name and description, the date and time, the
acquisition step and the serid number of the reading unit, the number of data points after
thresholding, the position of the central pesk, the voltages measured on the A/D channdls,
the DC component of the photodiode voltage, the voltage of the interna battery, the
internd temperature of the reading unit and a Boolean field indicating weether the result of
this measurement should be disregarded during data analysis'™.

Peak definition table: This table contains a description of each pesak that appears for a
given sensor. It the sensor is a single sensor, only one peak definition is used. If the sensor
is a patid reflector chain or any other multiplexing setup that gives rise to multiple pesks,
one pesk definition will be provided for each sensor in the chain. Stored information include
the peak name, the active length of the sensor producing the peek, the sensor’s serid
number and two Boolean fidds indicating if the reference fiber is longer then the
measurement one and weether the pesk is a parasite peak and holds no information.

Peak table: Contains the position and area of a pesk for a given measurement and pesk
definition. Also stores a flag indicating that the measurement should be disregarded.

The software dso stores so caled agendas that contain ingtruction on the sequence and timing
of measurement. An agenda can either execute automaticaly using optica switches or semi-
automaticaly by asking the operator for manua connection of each sensor or sensor chain.
After a measurement, the software tries to identify the peaks that were present in the previous
measurements and shows the results of the scan to the user so that they can be compared to
the previous ones. It can adso show the evolution of the position of every pesk to alow an
easy check of the good functioning of the sensor.

1% These signdls are used to measure externa parameters such as the load of an hydraulic jack. Any apparatus that
gives avoltage as output can be measured.

" This data is entered manualy by the operator when a direct measurement is not possible. Examples are the load
date of the structure or the e ongation imposed with amanual trandation stage.

21t is useful to also store “bad” measurements. Sometimes they hold precious information that becomes interesting
later.
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Figure 6.43. The SOFO DB Acquisition Software

This software can work with al generations of the SOFO system (but not with the FORMOS
system). It can even address multiple reading units connected to asingle PC.

The user interface (see Figure 6.43. The SOFO DB Acquisition Software) alows for an easy
and quick navigation between sensors, measurements and sessions. It is adapted for both
laboratory and field use and dlows a good overview of the results before further analysis is
conducted with advanced software packages.

6.10.2 Dataanalysis Software

The data analyss packages interpret the data stored by the acquisition software in the
database™. Some of these packages are of genera use and can be used with each type of
dructure, while others are aimed to a precise structure of structure type™®. Examples of such
tools are:
Displacement evolution analysis: This general purpose package extracts the results
concerning a sngle sensor and displays them as a function of time or load. The data can
than be exported to other software packages, like spreadsheets or other graphical tools for
adequate representation.
Curvature: In beams, dabs, vaults and domes, it is possible to measure the locd curvature
and the podtion of the neutra axis by measuring the deformations on the tendle and

3 Samud Vurpillot isworking on his Ph.D. developing such andysistools.
* For example bridges, dams and tunnels require different analysis packages
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compressve ddes of a given dement. In many cases, the evolution of the curvature can
give interesting indication on the state of the structure. For example, abeam which islocaly
cracked will tend to concentrate its curvature at the location of the cracks. Furthermore, by
double integration of the curvature function, it is possble to retrieve the displacements
perpendicular to the fibers direction. This is particularly interesting Snce in many cases the
engineers are interested in deformation that are a a right angle to the naturd direction in
which the fiber sensors are installed™.

Feedback to finite element programs: Nowadays most structures are modeled by FE
software. It would be interesting to feed the data measured on the Structure once
congtructed back to these programs. By doing o it will be possible to gain further ingght
into the properties of a given type of dructure and eventualy improve its design. This
method known as “design by testing” is expected to generate more efficient structures, thus
reducing their cost and improving their rdigbility and safety.

6.10.3 OQutlook: Smart Civil Structures

We have dready analyzed the first two building block of a smart Sructure: sensors and data
processing. The missing link to close the loop is an array of actuators that, driven by the data
processing stage, act back on the structure. The sensors would then measure the result of this
action, feed the data to the processor and so on. Smart structure are aready used in other
engineering fidds induding aerospace and nava gructures. They dlow vibration and noise
control in rotor-blades and hopefully flap-free arplane wings that change their shape usng
integrated piezoe ectric actuators.

Some smart civil Structures dready exist. A few skyscrapers are actively damped againgt wind
and seigmic loads with heavy weights inddled on rails on high levels and moved by hydraulic
jacks. Other civil sructures could benefit from such active damping: think of a suspenson

bridge with variable stiffness that could avoid resonance conditions. Besides dynamic control

which is for the time being out of reach for the SOFO system, other structures could benefit
from a dower response. For example, the post-stressing cables of a concrete bridge could be
re-tensioned to compensate for concrete creep, the water flow could be atered to change the
shape of adam or cold water could be circulated in the beams supporting an high-rise building
to compensate for deformation induced by differential heating (due to direct sunshine or fire).
Other more traditional ways of acting on a structure, like a congtruction team makings repairs
can aso be consdered, in abroader definition, as actuators.

> For example: in a bridge fibers are ingtalled horizontally, but vertical displacement are more interesting. In atunnel
the fibers are placed tangentialy to the vault, but messurement of radia deformation is required. In a dam the fibers
areingdled in the plane of the wall but displacements perpendicular to it have to be measured.
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6.11 Additional elements

Outgde the information path, other elements play an important role in the proper functioning of
the SOFO system.

6.11.1 Internal processor

The reading unit needs some internd processing power to perform its tasks like scanning the
mirror and converting Signas'®.
Embedded PC: The firg SOFO systems rdies on an internal PC card. The electronics
cards controlling the mirror movements and data acquisition were housed on separate
cards on the same PC bus. This dlows a greet flexibility and modularity of the system but
increases consderably its Size and power consumption.
Acquigtion Card: SOFO Il is based on a Nationa Instruments acquisition board linked
to the PC via a pardld link and disposing an embedded processor controlling both
acquisition and communication with the PC.
Micro-controller: The indugtrid verson of SOFO relies on a micro-controller for dl its
functions. The communication link digposes its independent processor.

6.11.2 Communication links

The reading unit has to communicate with the externad PC this can be redlized in a number of
ways.
Serial RS232, R485: Serid links offer rdaively smdl bandwidth but offer long distance
links with unshielded cables. The first SOFO system communicates with the externd PC by
an RS232 link. R85 is used in the indudtrid verson of SOFO and offers higher speeds
and the posshility of connecting multiple devices on abuslink.
Par allel: The Nationd instrument card communicates with the PC viathe pardld port. This
gpeeds the connection considerably by reduces the maxima distance between the reading
unit and the PC to only one meter.
|IEEE488 - GPIB: Thisis the sandard of communication between |aboratory devices. It
offers a good speed, rdatively short link distances and the possibility to connect many
devices. Thistype of link was never used in a SOFO system.
Network: A direct network connection (for example Ethernet) would alow both high
peed, long distance and multiple units communication. A network connection will be
available as an option on the indugtrid version of SOFO.

The following table compares these communication links.

1® The FORMOS system relied entirely on the external PC for it processing power. This was one of the main causes
of its exagperating Sowness.
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Serid |EEEA88 Pardld Network

RS232/485 GPIB Centronics Ethernet
Bandwidth [Kbytes's] 10/20 upto 1’000 500 up to 10'000
Maximum link distance [m] >100 10 1 50
unlimited with
repesters
Number of devices 1/32 32 1 unlimited

Table 6.9. Comparison between different communication links.

6.11.3 Power supplies

The reading unit need its power supply. Since it is designed to work on building yard
conditions or on existing structures where power supply is ether unavailable or unreliable, the
reading unit has to dispose of its own power source, for example a battery. The FORMOS
system was only powered with 220 VAC and thus not adapted to field operation. All SOFO
systems can be powered with an interna rechargesble battery, an externa 12 VDC supply
(for example a car battery) or a 220/110 VAC supply that aso recharges the batteries. The
autonomy of the battery should be at least one work-day, or 8 hours plus 500 measurements.
Recharging should take a most one night.

6.11.4 Case and connectors

The casing of the system should be rugged, waterproof and easly visble. It should at least be
trangportable over short distances by a single person. For the SOFO system we have selected
avery rugged plagtic case orange in color (see Figure 6.44). All internd eements are fixed to
abase plate and can be removed rapidly from the case for ingpection or subgtitution. This case

Figure 6.44. The SOFO casing.
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performed well in adverse condition, for example being lad in mud or under heavy rain and
showfal.

Electricd and opticd connectors should offer a good protection against water and shocks.
While waterproof eectrical connectors are easy to find, no fiber optic connector offers perfect
protection against water and dust. DIAMOND E2000 connectors offer adequate protection
againd the agents found on atypica building yard, even if regular cleaning remains necessary.
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6.12 Performances

The following paragraphs andyze the performances of SOFO I, the last system build at
IMAC under my design, under laboratory conditions. The performances of the indudtria
verson (SOFO V) build, lso under my design, by SMARTEC SA are practically equivaent.
The behavior of such asystem is better understood by Iooking athe performancesit is capable
of in red fidd applications as shown in section 8.

6.12.1 Reading unit precision

To quantify the precison of the reading unit done we used an externd Fabry-Perot
interferometer with the far mirror supported by a piezoelectric dement controlled by a strain
gage with arated resolution of 0.1 microns. The setup is shown in Figure 6.45. The reflections
on the fiber surface and on the mirror give rise to two peek in the coherence diagram. The
distance between the two peaks was monitored as a function of the piezo movements.

SOFO Reading Unit Clived

— end-face

#

Miror

. Miror
Clived

end-facet

o)

Figure 6.45. Setup for the analysis of the reading unit precision.
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Figure 6.46. Analysis of the reading unit precision. The standard deviation of the peak
position isof 1.2 microns.

The result shown in shows a good linearity with a andard deviation of only 1.2 microns. This
is a remarkable result since the equivaent resolution of the encoder is only 2 microns and the
center of gravity of the peaks was calculated with this precision. This points to the fact that it
would be possble to increase the resolution even further with a more precise encoder. This
experiment tests only the resolution over short deformations. The precison for longer path

unbalances will be limited by the linearity of the trandation stage. In the units we have used this
is guaranteed to better than 4 microns.

6.12.2 Sensor accuracy

The sensor accuracy depends on many parameters like the variations of temperature, the
integration or not of the coupler into the sensor and on weather the passive region is
manipulated between measurements (for example to connect the sensor). Finally the accuracy
for large displacements is limited by the precison in the determination of the easto-optic
coeffident K, .- IN laboratory tests it was possible to obtain an accuracy of about 0. 1% for
deformations up to 8 cm. The resolution in field tests was found to be about 20 microns if the
coupler was disconnected from the sensor between the measurements and about 2 microns for
sensors with integrated coupler.

6.12.3 Stability

The long-term sability of the sysem is limited by the stability of the trandation stage. The
manufacturer guarantees a stability of about 4 microns. During long term measurements on
gable or well known dructures, it was found that a stability of the order of 10-20 microns
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over periods as long as one year could be deduced from the measurements. Sensors with
integrated coupler should reach a tability of the order of 5 microns over the same period.

6.12.4 Remote sensing capability

The system was tested with a passve region of up to 5 kmin length. The light travels therefore
for more than 10 km between the source and the detector. No degradation of the sgnals was
observed for this length of fiber. Since the measurement are performed a 1300 nm, the
chromatic digperson is negligible. For longer length (unusud for most civil structures) the
polarization mode disperson could become observable and graduadly degrade the
measurement precison by introducing a spreading or even splitting of the peeks.

6.13 Outlook

With itsindudtridization, the SOFO system has reached its forth generation and a considerable
maturity. The technology behind the reading unit and the sensors if now well known and
mestered. The system has been used successfully in a variety of fiedd and laboratory
goplications. The system has proved its rdiability and is well adapted to civil gpplications.
Further developments of the system include the automatic multiplexing of the sensors (as
discussed in the next section) and the remote monitoring of the structures. In this case the
system would be ingtalled permanently insde or near the structure. The SOFO system would
permanently gather information about the structurd behavior, issue warnings if problems are
detected and respond to remote cals alowing the downloading of the relevant parametersto a
remote and centraized Ste.
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7. Multiplexing

In a typical civil structure such as a bridge, tens or even
hundreds of sensors have to be installed and measured. In the
previous sections we have seen how to measure a single
sensor and obtain information about the deformations at a
particular point in the structure. In order to measure a larger
number of sensors it is possible to manually connect each
sensor one after the other. This is made possible by the
absolute nature of lowcoherence interferometry: no
permanent connection is necessary between the sensor and
the reading unit. This ‘manual multiplexing' is especially
adapted for the long-term monitoring of structuresthat require
only occasional measurements (for example once a month or
once a year). When measurements are required more often,
manual multiplexing becomes a tedious task and an automatic
procedure hasto be established.

Another major drawback in the manual multiplexing scheme, is
the need of one or two lead-out fibers for each sensor. For a
large number of sensorsthiscan result in an important number
of cables running from the sensorsto the reading unit that can
sometimes be placed at a lar ge distance from one another. If a
larger number of sensors could be connected to the reading
unit by a reduced number of fibers, this would smplify the
sensor network and itsinstallation and reduce the costs of the
passive fibers and therelative connectors.

In this section we will explor e different multiplexing techniques
that address both automatic measurement of a large number of
sensor s and thereduction of the lead-out wires.



7.1 Introduction

The god of any multiplexing architecture, is to connect a number of sensorsto a single reading
unit. These sensor can be addressed either smultaneoudy or sequentidly. No manua

intervention should be necessary.

In the case of low-coherence interferometry, the multiplexing schemes can be subdivided into
two broad categories. laerd (pardle) and longitudina (serid) multiplexing. In the laterd
multiplexing configuration, the sensors remain identicd to the ones used in the Sngle sensor
configuration, but the passive regions are organized into a Sar or tree configuration that
converges to the reading unit. In the case of longitudind multiplexing, the sensors are chained
one after the other and provided with partid reflectors that act as semi-reflective mirrors and
dlow the discrimination of the deformations occurring in each of the so obtained sensor
sections. In many cases, the optimum performance will be obtained by mixing these two

approaches.

Figure 7.1 presents the different techniques that will be discussed in this section.

Multiplexing
Lateral L ongitudinal
Multiplexing Multiplexing
(7.2) (7.3)
Coherence Peak
Multiplexing I dentification
(7.3.1)
Peak Form Peak
and Position I dentification
(7.3.2) (7.3.3)
Intensity Phase
M odulation M odulation
Optica Switching Coherence Fiber Bragg Gratings Phase Shifting Phase Pulsss
(7.2.1) multiplexing (7.3.2.1) (7.3.3.1) (7.3.3.2)
(7.3.1)
Electrica switching Etdons Pseudo-random phase
(7.2.2) (7.3.2.2) steps
(7.3.3.3)
Multi-channd dday Intensity Sngle-pass
coils (7.3.2.3) (7.3.3.4)
(7.2.3)
Coherence Dispersion Double-pass
multiplexing (7.3.2.4) (7.3.3.5)
(7.2.4)
Wavdength Chirped modulation
multiplexing (7.3.3.6)
(7.2.5)

Figure 7.1. Multiplexing techniques. The corresponding par agr aph number s are indicated
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7.2 Lateral multiplexing

Laterd multiplexing congds in aranging a number of dngle sensors in a  dar or tree
configuration. The sensors are then addressed either smultaneoudy or sequentidly. Some
means has to be provided in order to discriminate between the measurements from different
SeNnsors.

7.2.1 Optical switching

Optical switching is the most obvious way to address the latera multiplexing problem. The
optical switch smply replaces the human operator and connects the different sensors
sequentialy or according to a pre-established program. Optical switches can be used either in
the 2 x N configuration or in the 1 x N configuration if each sensor is provided with an
integrated coupler. Both configurations are schematized in Figure 7.2. Optica switching isa
form of time divison multiplexing (TDM) and a separate scan is required for each of the
switch's channds.

Optical switches are avallable commercidly in both configurations and with up to 100
channels. The price per channd presently exceeds the cost of a sensor, making optica
switching interesting only in two specid cases Fird, when automaic and unattended
measurements are necessary over alimited amount of time. In this case the investment for the

I—I
Source / —1 . Sensor 1
= — .

Detector

= t \: [ (a)
| 1
I | |
Sensor N
Switch
i
Anayzer
— () |~
I i
/ > Sesor 1
°
L= . (b)
= ~N 1 [
i
3( Sensor N
Switch
i
Anayzer
= ) |=—

Figure 7.2. Optical switches. (a) 2 x N configuration. (b) 1 x N configuration with integrated

couplers.
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Figure 7.3. A 2 x20 Optical switch.

optical switch can be divided by reusing it on other structures. The second case include
sructures with a long distance between the sensor and the andyzer. By placing the optica
switch near the sensors and operating it remotely it is possible to greetly reduce the number of
expendve optica cables and connections. The price of these components is however destined
to drop, optical switches being a key component of multimedia services like video-on-
demand® and more generdly fiber-to-the-home.

A portable, rugged, and battery powered optical switch was redized in the 2 x 20
configuration by usng a commercid mechanica switch from JDS (Canada). This switch
presents typical losses in the order of 0.4 dB. The round-trip losses are therefore of about 0.8
dB plus an additiond 6 dB loss if the switch is used in the 1 x 20 configuration with a coupler
in each sensor and a single lead-out wire. Figure 7.3 shows the redlization of this switch.

! Each TV viewer can choose from alarge palette of films available on aremote server and can browse through them
like on aconventiond VCR.
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7.2.2 Electrical switching

Electrica switching can be implemented by using a number of sources or detectors that are
addressed in sequence. The light from the different sensors is then combined by a passive 1 x
N coupler and sent toward the andyzer (see Figure 7.4). This solution is presently chegper
than opticd switching. However the power budget is inferior due to the presence of the lossy 1
X N coupler. Furthermore the multiple sources or detectors have ether to St near the sensors
or additiona cabling is required. Electricd switching is dso aform of time divison multiplexing
(TDM), amirror scan is required for each source/sensor. If, instead, the sources are frequency
modulated at different frequencies well above the fringe frequency, it is possible to demodul ate
them separatdy with a single scan. This would be aform of frequency divison multiplexing
(FDM).

7.2.3 Multi-channel delay cails.

An extreme form of laterd multiplexing condsts in redizing N completely independent tandem
interferometers. This configuration adlows the smultaneous measurement of al channd but
increases the cost Sgnificantly. Furthermore, this configuration does not reduce the number of
optical connection between the sensors and the reading units. Since the most expensive
components are those found in the delay line and in particular the microscope objective and
the trandation stage, it would be interesting to create N independent channels using the same
optics and mirror scanner. This might be possible by combining a number of fibersinto asingle
ferrule (see Figure 7.5). Since the double-pass delay line couples the light back to the fiber
independently from the relative postion of the fiber and the objective, the light from each of the
fibers will be coupled back to the same fiber. However, as we have seen in the previous
section, the coupling efficiency decreases rapidly when the fiber is moved from its ided
position. This is due to the mismatch between the acceptance cone of the fiber and the light
cone coming back from the delay line after the two round-trips.

Source 1 I
Sensor 1
1xN Coupler ]
{l
Sensor N
Source N I
{l
Analyzer
— ) |=—

Detector

Figure 7.4. Electrical switching.
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Figure 7.5. M ulti-channel delay linewith three fibersin the sameferule. Thelight from
each fiber iscoupled back to itself.

The theoretical model shows that it is possible to obtain arelatively good back-coupling for up
to 7 fibers aranged in a sngle ferrule. Experimenta tests with a ferrule with three fibers
showed disappointing results because the fibers core where not pardld nor perpendicular to
the fiber surface. A more careful assembly of the ferule should give better results. All the fibers
would then be measured with asingle mirror scan.
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7.2.4 Coherence multiplexing

Coherence multiplexing is a very ample and effective way to multiplex a reduced number of
sensor laterdly. This setup uses additional couplers between the reading unit and the sensors.
Additiona dday coils should be added to avoid cross-interference between fibers in different
sensors as shown in Figure 7.6. If N sensors are connected to asingle 2 x 2N coupler or to a
cascaded coupler structure (as in the example of Figure 7.6), the signd will be N2 times
weaker than the one returned from a single sensor (2N wesker in the bus configuration). Three
sensors will therefore return a signa about 10 dB weeker than the best possible sgnd. This
can easly by accommodated by the dynamic range of the reading unit. All sensors will be
measured Smultaneoudy with asingle scan.

Sensor 1 T

Source

90:10 Coupler 80:20 Coupler 70:30 Coupler

Sensor 1

@ sz,
B L T

[ |
Analyzer O I

Source 3x3 Coupler

Q

Delay coils

Detector

Figure 7.6. Lateral coherence multiplexing of 3 sensors.

7-7



3500

3000 1

Fringe visibility [a.u.
= N N
(o (=) [
8 8 8

-
o
o
o

500 1 ‘

I Il
-150 -100 -50 0 50 100 150

Delay [ps]

Figure7.7. Lateral coherence multiplexing with a 3x3 coupler asshown in Figure 7.1
(bottom). Experimental results. The central peak and thethreelateral peaksfrom thethree
sensorsarevisible.

Figure 7.7 shows a sample scan obtained by this technique. The advantage of usng sensors
with integrated couplers resides in the fact that the peaks will gppear in the coherence diagram
in the same position as when the sensors are measured separatdy. This greatly smplifies the
peek recognition. It is possble to manufacture the sensors so that their peaks will appear
evenly spaced in the coherence diagram. In order to avoid pesk crossings the spacing should
be greater than the maximal expected deformation.
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Figure 7.8. Wavelength multiplexing of two sensorsat 1300 nm and 1550 nm.

7.2.5 Wavedength multiplexing

Different sensors can be illuminated with different wavelengths that can be separated optically
before the detection stage or digitdly after sampling of the interferogram. Since the
measurement principle requires the use of a broad-band source, it is not possible to pack a
large number of wavelength into the optical windows of slicafibers. It is however possble to
mix 1300 nm and 1550 nm emissions from two sources and separate them with a wavelength
divison coupler as shown in Figure 7.8. With current WDM components it would probably
permit 4 or 6 waveengths. If another wavelength divison multiplexer is used as mixer after the
Sensors, no significant decrease of the Sgna compared to the one from a single sensor should
result. The sensorswill be measured Smultaneoudly.
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Figure 7.9. Wavelength multiplexing of two sensors. Intensity at 1300 nm (channd 1) and
1550 nm (channe 2) asa function of the mirror postion. Thelateral peaksfrom the two

sensors appear at different positions. A small crosstalk isalso visible.

7.3

Figure 7.9 shows an experimenta result using this technique to multiplex two sensors. The little
cross-talk is due to the imperfect wavel ength separation of the WD coupler.

Longitudinal multiplexing

In the previous paragraphs we have seen that laterd multiplexing offers only a limited potentid
and implies, in mogt passive forms, an important power loss. The only setup with a good
power performanceis optica switching that requires expendve components.

Many applications in civil engineering monitoring require the measurement of successive
sections dong the same line. Examples include the monitoring of geostructures like tunnels,
piles, anchorage and dam foundetions, as well as bridges by using the curvature monitoring
dgorithms. In these cases it is interesting to subdivide the active length of the sensor into a
number of sub-sections that can be measured separately. This is achieved by introducing
partid reflector pairs on both the reference and the measurement fibers, as shown in Figure
7.10. Each partid reflector will act as a semi-trangparent mirror and will reflect asmal amount
of light back to the analyzer. Each of the reflector pairs will therefore produce a pesk in the
coherence diagram. The movements of each peak will be proportiona to the deformation
undergone by the whole sensor between the coupler and the corresponding partid reflector
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Figure7.10. Partial reflector pairsinstalled on thereference and measurement fibers.

pair. By monitoring the distance between two pesks corresponding to two successive reflector
pairs, it is possible to retrieve the deformation undergone by the particular section delimited by
the two partid reflector pairs. We will seein 7.5.1 that the use of partia reflectors dlows an
optima use of the available power. Furthermore, multiple sensors chains can be multiplexed as
described in the previous paragraphs and produce mixed configuration as described in 7.4.
The main problem with this configuration conggs in the fact that an ambiguity exists between
the physicad order of the reflectors in the sensor chain and the order of the corresponding
peeks in the coherence diagram. The following paragraphs will present different techniques
that can be used to resolve this ambiguity. These fal into three main categories. In the first
case, coherence multiplexing, the peak order is established during the fabrication of the sensor
chains and the peaks are not alowed to cross. This means that the distance between the pesks
is chosen to be large enough to accommodate the largest expected deformation of the
Sructure sections. In the second case the pesks are recognized by their form. The form of the
peeks can be dtered by changing the spectrd reflectivity of the partid reflectors, by using
multiple reflectors or using the natural disperson of the fibers. In the third case the reflector
pars are identified by their physica location in the chain. All the techniquesin this category rely
on a direct or indirect measurement of the time of flight required to reach a given partid
reflector and come back to the andyzer.

7.3.1 Coherence multiplexing

This is the Implest form of longitudind multiplexing [1,2]. It uses exactly the same analyzer as
in the case of single sensors, but the sensor is now provided with partid reflectors. Since the
reflectivity of these reflectorsis typically one to two orders of magnitude lower than the one of
a perfect mirror, the detection stage of the analyzer has to be adapted in order to increase its
dynamic range.
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Since no other mean of identification is available the relation between the spatid position of the
reflectors and the order in which they appear in the coherence diagram has to be established
once and for dl. The most obvious way to achieve this congsts in ensuring that ether the
reference or the measurement fiber are dways longer then the other in each sensor section.
Thiswill ensure that the peaks will appear in the coherence diagram in the same order asin the
sensor chain. This can be redlized easly at the fabrication stage. It is furthermore necessary to
ensure that one of the fibers remains longer than the other even for the maxima expected
deformation. Findly, the maxima length difference between two partia reflectors (which
occurs for the last pair) should not exceed the scanning range of the mirror in the andyzer. If,
for example, the mirror is able to compensate deformations up to 50 mm, each of 5 section
could be dlowed to measure a deformation of £5 mm without peak crossing. If the Sructureis
expected to undergo deformations of 1 mm/m the length of each section will be limited to 5 m.
Figure 7.11 shows an example of the coherence diagram obtained from a chain with 6 partid
reflector pairs. This measurement was obtained with a stlandard SOFO |11 andyzer and using
DIAMOND air-gap connectors as partid reflectors.

This configuration offers the evident advantage of requiring a minimum number of components
and can therefore be seen asthe naturd evolution of the Sngle-sensor configuration. The main
drawback resides in the necessity to subdivide the scanning range of the anadlyzer’s mirror into
Sseparate sections for each sensor in the chain. Thisis due to the fact that peak crossngs can
not be alowed and limits ether the length or the number of sections or the maxima alowed
deformation.

7.3.2 Peak recognition: peak form
If we want to dlocate the whole scanning range to each of the partid reflectors, it becomes
necessary to identify each pesk in a unique way and corrdate it unambiguoudy to a given
partid reflector pair. A first possbility to achieve thisis by changing the form of each pegk. It
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Figure 7.11. Coherence diagram of chain with 6 partial reflector pairs.
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will then be possible to distinguish the peaks even after peak crossings. In the next paragraphs
we will explore a few methods to change the pesk’s form. In al cases it will be possible to
diginguish between the pesks, even after pesk crossngs, by cdculating the correaion
function between two successive measurements. Depending on the method chosen it will even

be possible to recognize partialy or totally superposed pesks.

7.3.2.1 Broadband fiber Bragg gratings

Fiber Bragg gratings are loca and periodic ateration of the refraction index of the fiber core
produced by sde exposure with UV light. Conventiond fiber Bragg gratings are able to reflect
a a specific wavelength corresponding to the grating periodicity and tranamit the rest of the
incoming spectrum [3,4,5]. The typica coherence length of the light reflected by a fiber Bragg
graing is of the order of afew mm to 1cm. If used as partid reflectors in a chain this would
produce pesks of this width (see Figure 7.12). Furthermore the two gratings in each par
should have matching spectral characteristics or no interference will be possible and no laterad
peak will gppear. These two redtrictions are intolerable for most practica gpplications.

It is possible to obtain fiber Bragg grating pairs that reflect a broader spectrum and have
therefore a shorter coherence length and better spectral overlgpping. This can be done by
ether reducing the physcd length of the grating (the coherence length of the reflected light
being roughly proportiond to the physicd length of the grating) or by using chirped gratings
with avariable periodicity. The first method produces gratings with low reflectivity wheress the
chirped gratings can reflect a sgnificant amount of light over a broad wavdength range.
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Figure 7.12. Interferogram of two fiber Bragg Grating written successively on the same
fiber. Only the beating between the two interferogramsisvisible, while the individual

fringes aretoo narrow to be seen at this magnification. The coherence length of the

reflected light isof a few mm.
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Figure 7.13. Coherence diagram of threefiber Bragg Gratings with different spectral width.

If the grating pairs in a sensor chain dl have different spectrd characteridtics, i.e. different
spectral width and/or different center wavelength, whey will gppear in the coherence diagram
with different width (inversdy proportiond to the spectral width as schematized in Figure 7.13)
and with different fringe periodicity. This will dlow an identification of the reflectors. By
combining appropriate chirping and grating modulation depth, a procedure caled apodization
[6], it is possible to obtain peaks of amost any wished form. It is however to be noticed that
the narrowest possible peak will dways be determined by the source spectrd width. All pesks
obtained with fiber Bragg gratings will therefore be brighter than the pesks obtained by a
conventiona broadband reflector. Any strain gradient induced to the Bragg grating region will
adter its spectra response. The reflectors should therefore be screened from such effects, for
example by ingaling them in ungtrained regions between adjacent sensors. A mgjor drawback
of this technique resdes in the currently high price of commercid fiber Bragg gratings.
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7.3.2.2 Etalons
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Figure 7.14. Coherence diagram different fiber etalons.

If ingead of using a single reflector, we use two or more closdy spaced reflectors, two or
more peaks will gppear in the coherence diagram. Since these peaks will move together it will
be easy to recognize them. The encoding of the peaks can be achieved ether by changing the
distance or the number or reflectors. The distance between the reflectors should be a least of
the order of magnitude of the coherence length, so that the form of the pegks is dtered
ggnificantly. An example of such setup is shown in Figure 7.14. Each of the reflectors can be
fabricated by any of the procedures described in paragraph 7.5. Extringc Fabry-Perot etaons
usudly present rdaively high losses and it is therefore difficult to multiplex a large number of

these devices on the sameline.

7.3.2.3 Intengty
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Figure 7.15. Coherence diagram of reflectorswith different reflectivity.
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If the reflectors have different reflectivity (taking into account the losses due to dl reflectors
gppearing before in the chain) the peaks will have different heights in the coherence diagram.
Thiswould alow an identification of the peaks by their height. Unfortunately, other parameters
influence the pesk height, including the birefringence state of the fibers and the connector
losses. This means of identification is therefore less robust than the precedent ones and would
require large reflectivity differences between the reflector pars (limiting the number of
reflectors) or require birefringence compensation (complicating the setup). A setup based on
intengty discrimintion is shown in Figure 7.15.

7.3.2.4 Disperson: peak broadening or splitting

With increasing distance from the source, the peaks have anatura tendency to broaden dueto
dispersve phenomena including chromatic digperson, polarization digperson (especidly in hi-
bi fibers) [7] and modd disperson (in multimode fibers). These effects can be usad to
indirectly measure the distance between the reflector that produces a given pesk and the
andyzer. In order to make the broadening visble even for the short fiber length typicaly
involved in these kind of sensors, specid fibers with particular index profiles should be used.
Hi-bi fibers will produce splitted pesks where the splitting will be proportiond to the fiber
length [8]. Both cases are depicted in Figure 7.16.
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Figure 7.16. Coherence diagram of fiberswith imcreased dispersion (a) and with hi-bi fibers
Figure 7.17. Experimental cfiberence diagram of hi-bi fiber.
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Figure 7.18. Experimental coherence diagram of hi-bi fiber.

An experimenta test of this setup was redized usng a 3M polarization maintaning fiber a
1300 nm with a best-length of 1.6 mm. One of the arms of the sensor’s interferometers was
made of the hi-bi fiber while a standard fiber was used in the other arm. For a 1.87 mlong
fiber pair it was indeed found a pesk splitting of 6.4 ps as shown in Figure 7.17. In generd,
the pesk splitting will be given by:

Dt:2LI (1)
Lg C

Were:
L isthefiber length,
I isthe center source wavelength,
L, isthefiber beat length and

c isthe vacuum speed of light.

If both fibers are subject to the same temperature variations (as in the case of a sensor using
the hi-bi as a reference fiber and a standard fiber as the measurement fiber) a paradtic
dependence in the temperature could result from the different therma expansion coefficients
and the different temperature dependencies of the refractive indexes between the two fibers.
Furthermore the peak splitting will aso be temperature dependent alowing the independent
measurement of deformation and integrated temperature usng only two fibers[9].

Figure 7.18 Shows the temperature dependence of the peak position (mean position of the
two peaks) and peak Folitting as afunction of the temperature. A linear regression on the two

PS PS> for the peak

°Cm °Cm
splitting. It istherefore possible to retrieve the deformation and the temperature varigtions from
the measurement of the peak mean podtion DM (strain and temperature dependent) and the

CUNVes gives k,,; =-00089 for the mean postion and kg = -0.0020
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Figure 7.19. Phase stepping setup to retrieve the spatial reflector position.

golitting DS (only temperature dependent since the hi-bi fiber is undrained). This can be
expressed in the form of the following matrix:

LY Myes - Kyr0aDMO (2

STz € 0 kg 28DSp
where k. isthe usud stress coefficient as defined in paragraph 4.3.2. This matrix is farly
well conditioned and smdl errors in the measurements and in the matrix coefficients will not
lead to mgor errors in the measurement of the length and (to a lesser extent) of the
temperature.
With the current resolution of the SOFO reading unit of about 0.01 psit is possible to retrieve
the temperature variations with a resolution of 4.8°C.m. The eror in the temperature
compensation of the deformation measurement (due to the uncertainty in the temperature
measurement) will be of 5.47mm. For comparison, the temperature dependence of the
deformation measurement in a sensor with two identicd fibers is of about 0.5 nm/(°C.m) (see
paragraph 4.3.5). For integrated temperature variaions of more than 10°C.m, usng hi-bi
fibers will result in a better integrated strain accuracy. Sensors of this type could be chained
like usual SOFO sensors using appropriate partid reflectors. It should be noted that al fibers
in the reference arm should be of hi-bi type with the fast and dow axis digned. Otherwise,
additional peaks from cross-coupled modes will appesar.

7.3.3 Réflector recognition: spatial position
All solutions proposed in the previous paragraphs in order to identify the peeks require the
patid reflectors to be different from one another. To keep the manufacturing of the partid
reflectors smple, it would be interesting to have a series of identical reflectors and discriminate
them from their spatid position. This can be done by measuring, ether directly or indirectly,
the time required by the light to reach the reflector and come back to the coupler. The next
paragraphs will explore some possible setups to redize such around-trip time measurement.

7.3.3.1 Intensty pulseswith phase shifting
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If ingtead of being continuous, the source is modulated in short intendty pulses, the detector
will also recelve a series of pulses: one for each source pulse and each reflector. If the pulses
are shorter than the distance between the reflectors but longer than the path imbaance
between each reflector pair, interference will be possible between pulses reflected by a pair
but the pulses from different reflector pairs in the chain will not overlgp. This corresponds to
subgtituting the source and the detector with an OTDR (opticad time domain reflectometer)

with a broadband source and a resolution of better than the distance between the reflectors
(see Figure 7.19).

If we observe the OTDR trace as a function of the path imbaance in the andyzer, it will

remain identica for al mirror postions that do not correspond to a peek in the coherence
diagram. However, when the mirror is postioned at a location that compensates for the path
imbalance of a given reflector pair, the pesk in the OTDR trace corresponding to the physical

pogition of this reflector will show large intengty variaions for smal mirror displacements. This
is the result of the interference made possible by the path compensation operated by the
mirror. If the mirror is moved in such a way to produce evenly spaced phase steps (for

example at 2o/3 for the three samples phase stepping dgorithm) it is possble to retrieve the
fringe vighility as a function of the OTDR dday. This dlows the unambiguous corrdation

between the reflector position and its associated peak in the coherence diagram. To achieve
the desred resolution and sengtivity, long integration times are necessary. Since the process
has to be repeated for each mirror postion, the time required to read the whole sensor chain

might become discouraging.
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7.3.3.2 Phase pulses

The main drawback in sending intensity pulses as proposed in the previous paragraph, resides
in the fact that an intengity pulse is returned from each reflector and a phase stepping agorithm
is required in order to establish which pesk is modulating. If a phase modulator is instead
added in one of the senang arms (see Figure 7.21), it is possible to send * phase pulses' to the
sensor chain. Only when the andyzer compensates exactly the path imbaance of one of the
reflector pair and interference can take place, the phase pulse will be transformed into a
detectable intengty pulse returned only by the tuned reflector. If, for example, the phase is
risen from O to p and the andyzer is tuned to a reflector positioned 1 m from the phase
modulator, two successive intengity changes will be detected with an interva of 10 ns. Thefirst
variation corresponds to the introduction of a total phase of p: the light would have traveled
through the modulator in its low-gtate on its way to the reflector and in its high-state on its way
back. The second variation takes the intensity back to its origind vaue since the light would
have traveled twice through the modulator in its high-state and have accumulated a total phase
of 2p=0. The two intendty variations will be spaced by 2nL/c, where n is the index of
refraction, ¢ the vacuum speed of light and L the distance between the phase modulator and
the reflector.

Another posshility to implement this nove setup is by sending true phase pulses composed of
closely spaced rises and fals of the phase. If this phase pulse is shorter than the distance
between the phase modulator and the reflector, two intensty pulses will be observed on the
photodiode. An example of this type of measurement is given in Figure 7.22. In this case the
fiber length was 58 m. This setup should be able to separate successive reflectors separated
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Figure 7.22. Peak recognition by sending phase pulses. Experimental result with a58 m
long fiber.
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by afew meters.

7.3.3.3 Pseudo random phase steps

The results obtained with phase pulses seem promising, however this technique makes a very
poor use of the dready reduced avalable power. The information about the reflector's
position is contained only in a smal fraction of the tota time, during the rises and fals of the
phase modulator. Mogt of the time is spent waiting for a pesk to return from the most distant
reflector. It would be interesting to superpose the send and receive processes, so that the
available power can be usad in a more efficient way. This is possble by using, ingead of the
pulse modulation, a so caled pseudo-random-hit-stream or PRBS [10] to modulate the
phase. PRBS are composed by a stream of binary vaues (in our case O'sand p’s) that have
a nontvanishing auto-correation function only in zero. If this sgnd is applied to the phase
modulator, the returned signa will present an auto-correlation function with peeks in zero and
+2nL/c. Thistype of signal processing can increase the duty-cycle to 100% from amere 0.1%
typicaly found for a pulsed modulation. The optica setup remains the same asin Figure 7.21.
This technique has often been used to improve the performances of OTDR where the PRBS is
used to modulate the source amplitude. To our best knowledge this technique has never been
applied to phase modulation for sensing applications.

7.3.3.4 Single-pass phase modulation

Chirped Signal Generator
Source Phase Modulator

Analyzer Q
] el D

I
Partial Reflector Pairs Mirrors
|-| n n D
’ U U L

» Dj
Detector

Figure 7.23. Single-pass phase modulation.

If light is firgt let trough the andyzer with one of its ams provided with a phase modulator
driven by a saw-tooth sgna and then through the sensor chain (see Figure 7.23), the detector
will recaive an intengity of the type:
| =1,+vcog (t) (3)
JO)= oty
_ n|2DL, - 2DL,|
J 0 = 2p I
. 2nLo
Jw=2p fgf- 5
The phase difference Dj between the modulation signd and the detector signa can be
measured precisdy with alock-in amplifier or a phase-meter and gives:

2DL, - 2D (4)
o =2p P2 2] gy 2L
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By taking the derivative of D with respect to the modulation frequency f we can diminae

theinfluenceof j ,:
d(bj ) _ . 2nL (5)
df =P C

and therefore find:
_ ¢ d(oj) (6)
Tapn df

This gives a mean of measuring the distance L to the reflector pair thet is tuned to the andlyzer.
The main advantage of this setup consdts in the passive nature of the sensor chain, while the
phase modulator is confined ingde the reading unit. The main drawback consgs in the fact
that the phase j , has to remain constant during the whole messurement. This might prove

difficult in fied applications where temperature drift changes this phase rdatively fadt.

7.3.3.5 Double-pass phase modulation

In the previous paragraphs we have seen that phase pulses work thanks to the fact that some
photons find a different Sate of the phase modulator on their way to or from the reflector
array. This phenomena can be used in another interesting way by usng a periodic phase
modulation in which the phase respects the condition:

i u(t+T4)=-1 00 (7

Where T isthe period of the modulation Sgnd.

It can be seen that if the round-trip time from the modulator to the reflector is an odd multiple
of the ggnd’s hdf period the light will experience a zero total phase shift at any time and have
therefore no modulation. If however the round-trip time corresponds to an even multiple of the
sgnd’shadf period, the intensity will be modulated according to:

cos(2j (1)) (8)
where the continuous component and the vishility of the interference pattern have been
ignored.
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Figure 7.24. Peak recognition by double-pass phase modulation.

By changing the sgnd frequency it will therefore be possble to find a successon of vaues
where the intendty modulation reaches a maximum or vanishes. This novd sgtup is
schematized in Figure 7.24. The configuration has the advantage of transforming a difficult
time or phase measurement into a smpler amplitude measurement. Furthermore we will show
thet the resdua phase j , in the balanced interferometers has only a minor influence in the

modulation amplitude.
We will now andyze in more detail two interesting cases sinusoidd and squared phase
modulation.
Sinusoidal modulation.
The phase modulation is st to:

. a 9
iw(t) :Ecos(wt) (9)
With:
w=2p1 =22 (19
The totdl phase seen by a photon during one round-trip will be:
: _a a _ (11)
j..@)= Ecos\(:\/(vt) +§)cos(w(t - D)) =
2t- D wD
= aCOSTCOST =
= acosﬂsi nM
B 272

Where:
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te=t- 2. 2 (12)
2 2w
and:
and L is the distance between the phase modulator and the partia reflector pair to which the
andyzer istuned.
The modulated component of the detector’s signa will be given by:
F=cosfj , +i ... (t)) (14)

Where j , is the phase in the un-perturbed tandem interferometer. To quantify the modulation
we calculate its RMS value:

L2 (15)
— — — 5 Q
A= ((F- (F)) =J(F?)- (F)? —Jf Q%det- & ({f F dt2
Furthermore:
(F):f(‘{fcos(i o +zsint) dt (16)
where:
') (17)
z= acos7
Separating the cosine of the sum into a sum of products gives:
(18)

(Fy=f c‘f/f cosj , cos(zsinwt) dt - f c‘f/f sinj , sin(zsinwt) dt
The second integra vanishes because its argument is an odd function of the integrand and we
integrate over one period.
So findly we obtain:

(F)zi(‘j:cosj ,cos(zsing) dg = cosj ,J,(2) (19)
Where J,(2) isthe Bessd function of zero order of z.
Smilaly:

(F?)= f(jfvfcosz(j o +zsinwt) dt (20)

<F2>=1+i6vfcos(2j o +2zsinwt) dt = (21)

1 f . .
=St "cosZj ,cos(2zsinwt) dt +0 =

1 cos?
ot
And findly:
. 1 cosZ ) 2
Az )=+ 88)y (22): (cod )3, 2)

It has to be reminded that zisafunction of a and D(see equation ( 17)).
Since the interesting parameter to be studied is the quotient between the round-trip time and
the phase periodicity we define:

(22)
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Figure 7.25. Modulation as a function of x and theinitial phasej ,. Snusoidal modulation,
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Figure 7.26. Modulation as a function of x and theinitial phasej ,. Snusoidal modulation,
a=p.

Wefirst consder A asafunctionof x and j . Figure 7.25 shows the result for a = % .
Figure 7.26 showsthe samefor a=p.
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Figure 7.27. Modulation as a function of x and theinitial phasej ,. Sinusoidal modulation,
a=2p.

Figure 7.25 showsthe samefor a = 2p.

In al cases the modulation A vanishes, as expected, for a round-trip time corresponding to
one haf period of the phase modulation function (i.e. for x=0.5). The modulation A is
obvioudy periodicinx and j ,, so only thefirst period is shown.
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Since the initid phase j , is not known and fluctuates with time, it is interesting to integrate
over dl vauesof j . This can not be done andyticaly, but Figure 7.28 shows the numerical

result of this integration. It is evident that the notch a x=0.5 becomesincreasingly narrow with
increasing phase modulation amplitude.

An experimentd redization of this novel technique was redized with a United Technologies
phase modulator, a 50MHz HP signa generator, a 100 MHz New Focus photodiode and
usng an dectricd spectrum andyzer and a digitd dorage oscilloscope to andyze the
photodiode sgnal at the modulation frequency.

Firgt, a 60 m long fiber with totad mirrors was tested. Figure 7.29 shows the measured
modul&tion (in logarithmic scae) as a function of the modulator's frequency. A modulation
amplitude of a=p/ 2 was used. The signd at each frequency was integrated over a few
seconds and j , was intentionally perturbed (by touching the sensor fibers) to obtain a fair
integration over dl its possble vaues. As expected, minima are found a 0.83 MHz and dll
odd multiples of this frequency.

In generd the minimawill gopeer &

(24)

Fu -HN NT{1357,..}

At frequencies above 15 MHz the signa decreases because of bandwidth limitations in the
electronics used to drive the experiment.
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Figure 7.28. Modulation as a function of x, after numerical integration over theinitial phase

j o - Sinusoidal modulation, a=F5,p, 2p.
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Figure 7.30. Modulation as a function of the applied frequency modulation of a 10.2 m and
9.6 m long fiber pairs. Snusoidal modulation.

In another experiment 60 cm were cut from both the reference and the measurement fibers
that wereinitidly 10.2 mlong. In Figure 7.30, aclear shift towards higher frequenciesis clearly
visble. It was possble to detect cuts down to a few centimeters. In genera and with the
smple experimenta setup used, we can conclude that the length precison of this method is of
about 2-4% of the fiber length for fibers longer than 5m. For shorter fibers, the current
bandwidth limitation makes it impossible to observe even the firs minima.

Multiplexing.

To tedt the feaghility of this method to implement in-line multiplexing an experiment with two
sensors was conducted. On both the reference and the measurement arm, a coupler was
ingaled with a short and long arm terminated by a mirror. This corresponds to two in-line
reflectors with about 25% reflectivity. Since the path imbaance between the two long and the
two short fibers is not the same it was possible to tune the analyzer on each of the two sde-
pesks in the coherence diagram and measure the associated fiber length.

Figure 7.32 shows the result for a length difference of 0.5 m between the two fiber pairs. It

Source

| |
" Mirrors

[ |
Analyzer O I
<>

Figure 7.31. Setup for testing double-pass phase modulation on multiplexed sensors. The
two multiplexed interferometers ar e constituted by the two short and the two long ar ms of
the two couplers, respectively.
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Figure 7.32. Resultsfor two multiplex sensors has shown in Figure 7.31 .

has to be noted that contrary to the results shownin Figure 7.30, in this case the two curves
are obtained on the same sensor chain by smply moving the andyzer’s mirror to compensate
the path imbalance of one or the other reflector pair. However, an extenson of this method to
in-line coherence multiplexing requires a five to tenfold increase in the source powe.

Rectangular modulation.

We consider now a rectangular modulation of the type’:

()= 10 if T1[0,7/4 (25)

I = i 71 {1727
During one period of the phase modulation the photons will experience a phase modulation of
either O, aor 2a depending on the time and on the relation between the round-trip time and the
modulation period. We indicate these states as 1, 2 and 3. The normdized probability R of
phase being in the Satei isgiven by:

1/2-x ifi=0 (26)
P=f 2x ifi=1
Ly2-x ifi=2
Theintengty found on the photodi ode (again excluding the continuous component) will be:
I codj,) ifi= (27)

F.—% coijo+a) if i=1
|COS(j0+2a) ifi=2
Furthermore:

? This does not strictly satisfy equation ( 7) but is equivalent to amodulation of +a/2 and an increase of | obya?2
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Figure 7.33. Modulation asafunction of x and j ,. Rectangular modulation, a = % .

(F=4RF (29)
<F2>:é_ P F|2

Whichgives
(F)=(y2- x)(cog , +coslj , +2a)) +2xcoj , +2) (29)

<F2>=(J/2- x)(cos"‘j o +00s2(j +2a))+2xcosz(j o +a)
Asusud the modulation is given by:

A= J{(F- F)) = (F3)- FY (30

We spare the reader® the tedious generd agebraic caculation of the modulation A. For the
smplest case a = p we obtain:

A=,(8x- 16x) cos’(j ,) (31)

We firgt consder A as a function of x and j ,. Figure 7.33 shows the result for a= %

Error! Reference source not found. shows the samefor a=p. Thecase a=2p hasnho
interest Snce no modulation would result. Higher amplitudes can be mapped to the [0,2p[
interval.

In dl the cases, the modulation A vanishes as expected for a round-trip time corresponding to
haf period of the phase modulation function (i.e. for x=0.5) just as in the case of snusoida
modulation. Interestingly, for a modulation amplitude of a=p other minima are found a the

% And the writer...
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Figure 7.34. Modulation asa function of x and j ,. Rectangular modulation, a=p .

even multiples of the sgnd period. At these points the light undergoes a phase modulation of
two times the amplitude of the modulation signd.

However two times p equas zero in terms of phase modulation. An undesired fegture
obtained for a =p isthe vanishing of the Sgna modulationfor j , =p/2.

Figure 7.35. Modulation asa function of x, after numerical integration over theinitial phase
j , - Rectangular modulation, a:ly,pz,p.
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Once again, it isinteresting to integrate over dl vauesof j . Thisisshownin Figure 7.35. Itis
evident that the notch at x=0.5 becomes increasingly narrow with increasing phase modulation

<A>

—s— Sine modulation

- -& - Rectangular modulation

4 5 6 7 8 9
FREQUENCY [Mhz]

Figure 7.36. Modulation as a function of the frequency of a 60 m long fiber. Comparison of
the snusoidal and rectangular modulation.

amplitude. Thisfigure shows again the period doubling for a=p .

With the same experimenta setup as in the case of the snusoidal moduletion, we tested the
rectangular sgnads. Figure 7.36 compares the results obtained with the sinusoidd and the
rectangular modulation for the same 60 m long fiber and confirm the expected period doubling
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7.3.3.6 Chirped phase modulation

Chirped Signal Generator
Phase Modulator /I

01— i

n 0
Partial Reflector Pairs Mirrors
I I I
Besat Signa

n

3

Detector

Deay Beat Period

Figure 7.37. Chirped modulation to detect the postion of the interfering partial reflector.

One last method is available to measure the time of flight of the light through the interferometer.
If the phase is modulated in a single pass, for example the reference arm of the andyzer, see
(Figure 7.37) with a chirped saw-tooth sgnd of 2p amplitude, the sgnad on the photo-
detector will have a chirped snusoidal modulation. The two chirps will however have a dday
proportiond to the round-trip time to the partia reflector pair to which the andyzer istuned. If
the sgnd generator that produces the saw-tooth sgna can dso produce a snusoidd sgnd
with the same ingantaneous frequency and phasg, it is possble to let this sgnd and the
detected one beat by multiplying the two.
The besat frequency is given by:

fo= 2L dfye (32

Beat C dt

The best frequency is therefore proportiond to the distance L between the modulator and the
reflectors and to the chirp rate. The main advantage of this setup conssts in the passve nature

of the sensor chain.

7.4 Mixed multiplexing

To increase even further the number of sensors that can be multiplexed or to dlow a better
flexibility in the sensor’s layout, it is possble to combine laterd and longitudind multiplexing
into mixed setups.
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Figure 7.38. Example of mixed longitudinal and lateral multiplexing.

The mogt obvious way to combine the two architectures is by laterdly multiplexing
longitudinaly multiplexed sensor chains. Figure 7.38 shows a combination of optica switching
with longitudind coherence multiplexing. Other possble combinaions include laterd
wavelength divison multiplexing with longitudind coherence multiplexing or laterd muilti-
channd dday lineswith longitudinaly multiplexed broadband fiber Bragg gratings.

Longitudind multiplexing techniques can ds0 be used to implement laterd multiplexing
architectures. By adding appropriate delay coils it is possble to let parale sensors appear to
the reading unit asif arranged in a sngle chain. An example of such a setup using, for example,
chirped modulation is shown in Figure 7.39. Many other combinations are possible and could
present an interest for a particular gpplication.

7.5 Partial reflector manufacturing
Many of the techniques presented in the previous paragraphs require the ingalation of partiad

Phase
Source Modulator
C  H
Analyzer O I
L e
Sensor Chain 1
“ E u :
Partial Reflector Pairs
I { I i
B
hain N
Detector Sensor Chan N~ ] |

u

u u
Partial}l Reflector Pairns
u u

Figure 7.39. Example of using longitudinal multiplexing techniques with delay coilsto
implement lateral multiplexing..
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reflectors on both the reference and the measurement fibers. In the next paragraphs we will
explore some dternatives to manufacture these reflectors and caculate the optimum reflectivity
for achain with agiven length.

7.5.1 Reflector’soptimization

The light intengity injected by the source in the fiber line should be distributed homogeneoudy
among the different sensors. Since the available power will decrease towards the end of the
chain it is interesting to adapt the reflection and transmission properties of the sensors to their
position in the chain. On the other hand, the use of different reflectors increases the complexity
and reduces the flexibility of the system. Reflectors with constant characteristics are therefore
much more interesting. These sensors can aso be addressed from both Sdes of the chain
introducing an interesting redundancy factor in the case of failures.

7.5.1.1 Identical reflectors

If dl reflectors have the same power reflection R and tranamission T coefficients (with R+T£1)
the intengity returned by the i" reflector will be given by:
I, =TOYR (33

The intengty will therefore decrease with increesing i. If the T is sufficiently high (which means
alow R) the difference between these intensities can however be reduced and kept insde the
dynamic range of the reading unit. It is easy to see that even if the measurements are
performed in reflection, it is the transmission coefficient that mostly influences the find Sgnas.
The losses, given by 1-R-T have obvioudy to be reduced to a minimum. Figure 7.40
compares the returned intengty as a function of the reflector’s order for different reflection
coefficients. The chains with high reflectivity show much larger differences between the power
returned by the different reflectors in the chain. A reflectivity of about 4% seems a good

0.16

0.14 T

012 T

01 T

Y o08+

0.06 T

0.04 T

0.02 T

t t t t t t t
0 2 4 6 8 10 12 14 16
[

Figure 7.40. Power received from thei™ reflector for different reflection coefficients.
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compromise between the returned power and the homogeneity of the sgnds for chains of
about ten reflectors. Losses up to 5% do not dter this picture sgnificantly.

7.5.1.2 Non-identical reflectors

If we have the possibility to control the reflection and transmission coefficient of each reflector,
it becomes possible to obtain the same intensity from esch reflector pair. For a syslem with N
reflectors with constant losses L, the transmisson coefficient T; will be given by:
Ty =0 (34)
Ry =1
-1+ 17 4R, (- 1)

| 2R.,
R=1-T

If the losses are instead proportiond to the reflection coefficient:
L =kR (35)
Theided transmission and reflection coefficients become:
Ty =0 (36)
Ry =1
- -1 [TraR [

' 2R,(1+K)
R=1-T

This shows that the reflection coefficients have to be tailored to the pogtion of the reflectorsin
the chain. In this case the reading unit does not need to have an extended dynamic range since

09 T

0.8 T
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—+—R
=T
- Used Power

N -i

Figure 7.41. Optimal transmission and reflection coefficientsto build a chain that returns

the same power from each reflector.
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Figure 7.42. Two examples of interfering multiplereflections.

the Sgnds from the different sensors will have a comparable intensity. The sgnd returned by
each sensor will however decrease with increasing N, so an high detection sengtivity is il
interesting. Figure 7.41 shows the optima transmission and reflection coefficients for a chain
terminated by a perfect reflector and no losses. The used power corresponds to the total
power returned by the reflectors with a single reflection. For a large number of reflectors,
about haf of the power isreturned after multiple reflections.

7.5.1.3 Multiplereflections

Besides the interesting reflections produced by each partid reflector, other parasite sgnals will
reach the reading unit. These are produced by the multiple reflections between the different
reflectors. For example, a photon could be reflected by the 4" reflector then by the 1% and
findly by the 2. It iswished that the intensity of these parasite reflections is far lower than the
one of the useful reflections.

In the case of identica reflectors, the intengity of the first-order multiply reflected sgnds will
contain aterm in R . Since we have seen that R will be in genera quite low (typicaly afew
percent) this term will be negligible. If the reflectors are non identicd this term can however
become important, since for the last reflectors in the chain R will gpproach 1. A possible
solution would be given by the overdl reduction of the R's by a factor K. Thiswill reduce the
interesting intensities by afactor K and the first-order parasite reflections by afactor K2,

7.5.2 Air-gap connectors

X < g:/l%r%mic
( J <<— FHber

X
- )
<«

Figure 7.43. Example of air-gap connector.
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By using connectors with an air gap of a few microns between the two fiber surfaces it is
possible to obtain areflection of afew percents. The exact amount of this reflection can not be
controlled and can change with time. This type of reflector has a certain wavelength sdectivity
, because of the interference between the reflection from the two glass-air interfaces. However
because the source is broadband, this effects partidly cancd and the range of reflectivity that
can be obtained is narrower than for a coherent source. Furthermore, because the two
reflection have a path difference far amdler than the coherence length of the source (typically
30 microns) the reflector can be seen as locdized in a sngle point. Typicd reflection are of
about 5% and the transmisson of 85%. The losses are therefore rdatively low. The main
advantage of this type of reflectors resdes in the flexibility it offers. It is possble to add each
displacement sensor one a a time and observe the gppearance of the new coherence peak. It
aso alows a modular design of the sensor. It is possible to add new sections at successive
times. Thisis especidly useful in the case of gructures that are congtructed in phases, typicaly
concrete structures like long span bridges.

In dl experiments we usad air-gap connectors manufactured by DIAMOND SA. We have
found an average reflectivity of 5% and a power transmission coefficient of 85% a 1300 nm.
Table 7.1 summarizes the received power from a number of reflectors between 1 and 10 as

Number of Reflectivity Reflectivity [%4] Required sensitivity [dB]
reflectors

1 R 0.0500 -13.0

2 T°R 0.0361 -14.4

3 T'R 0.0261 -15.8

4 T°R 0.0189 -17.2

5 T°R 0.0136 -18.7

6 TR 0.0098 -20.1

7 TR 0.0071 -21.5

8 TR 0.0051 -22.9

9 T°R 0.0037 -24.3

10 TR 0.0027 -25.7

Table 7.1. Reflectivity as a function of thereflector order for DIAMOND air-gap
connectors.

well as the necessary reading unit sengtivity. With a sengtivity of -20 dB typica of a standard
SOFO reading unit, it should be possible to read 6 reflectors. If the sengtivity is pushed down
to -25 dB, 10 reflectors should be visble.
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7.5.3 Etalons

Capillary tub
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Figure 7.44. Examples of extrinsic Fabry-Perot interferometer (EFPI). The second version
hasthe same external diameter asthe fibersthemselves and isknown hasin-lineextrinsic
Fabry-Perot interferometer (IEFPI).

Etaons are smilar to air-gap connectors but have the two fibers permanently assembled a a
fixed digtance. Etdons can be redized in dimensons dightly larger than the fiber or even of the
same Sze as the fiber itsdf [11] as shown in Figure 7.44. Etalons can aso be made chesper
than ar-gap connectors and are more adapted to gpplications with space congtrains. They
lack the flexihility of ar-gap connectors that alow the separate characterization of each sensor
section.

7.5.4 Bubblereflectors, bad splices

Bad mechanicd or fuson splices offer another opportunity to obtain partia reflectors. In this
caseit is partidly possble to control the reflection by adjusting the cleave angle of one or both
fibers. These reflectors tend however to have higher losses and are therefore suited only for
chains with only a few reflectors. Furthermore, it is necessary to add extra connectors to
expand the sensor chain.

A few bubble reflectors manufactured by Ericsson (Sweden) were tested. Theses specimens
showed areflectivity between -17 and -25 dB. The losses were of afew dB. Even for asingle
bubble pair the resulting signad was much wesker than from a Fresnd reflection or an ar-gap
connector. Because of the high losses it was impossble to chan more that two partia
reflection pars. The only advantage of this type of reflector resdes in its Sze which is not
larger than the fiber diameter. This can be useful for applicationsin composite materids. In this
case, broad-band Bragg gratings seem however to offer a better solution.

7.5.5 Broadband fiber Bragg gratings

By using short or chirped fiber Bragg gratings it is possible to obtain a broadband reflector.
Short gratings usudly have alower reflectivity but are easier to fabricate and can be writtenin
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the fiber directly on the drawing tower. Chirped grating can reach higher reflectivity but are
more difficult to produce. Since these grating can be a few millimeters long, it should be
investigated how the phase (i.e. the virtud podtion of the reflection within the grating) changes
when a drain or atemperature variation occurs. Losses are usudly very low. These reflectors
offer a good latitude in the choice of the vaues for the reflectivity and could be used to
produce chains with equivalent reflectivity from al sensors. The Sze of the reflector is reduced
to the one of the fiber itsdf, an advantage in gpplications with Sze congrants like composte
pand monitoring. They lack however the flexibility of air-gap connectors.

7.5.6 Photo-induced Fresnd reflectors

By exposing the fiber core to UV radiation over a short length, it is possible to obtain alocad
index variation and therefore a partid reflector. This technique offers low reflection coefficients
and the losses are usudly high [12].

7.5.7 Modal reflectors, index profiles mismatch

A last posshility to obtain a partia reflector is to splice together fibers with different moddl
characteridtics, eg. with different core diameter and/or index. Short section of multimode fiber
can aso be used without introducing amoda dispersion since only the fundamental mode will
be excited. This kind of reflector usudly has very low reflectivity snce the index mismatches
involved are smdl. If the losses can be kept low and a highly sengtive reading unit isavailable,
these reflectors could be used to multiplex tens of sensors.

7.6 Conclusions

In this section we have examined many posshbilities to multiplex low-coherence sensors. No
sngle solution can be considered the best for al types of gpplications and budgets. When

laterd multiplexing between alarge number of sensorsis required, optica switching appears to
be the only solution despite the currently high price per channd. For a reduced number of

sensors, other techniques and in particular the use of passive couplers and delay coils are
smpler and chegper. When longitudinad multiplexing is required, the expected deformations are
sndl and the sensors reaively short (as for example in a concrete structure), smple
coherence multiplexing is by far the best solution. It requires only minor modifications to both
the sensors and the reading unit compared to the single sensor setup. In the case of long

sensors and large deformations (typical of geomechanics) pesk crossings have to be alowed
and more complex demodulation schemes are required. The solutions that recognize the peaks
by their form do not require mgor modification to the reading unit but need talored partia

reflectors. This reduces the flexibility of the sysem (different sections of a chain cannot be
exchanged) and could lead to precison losses due to the inevitable pesk broadening. On the
other end, methods based on the direct or indirect measurement of the time of flight, can use
identica reflectors but require high-speed dectronics. Besdes increasing the complexity and
the cost of the reading unit, high-speed dectronics dso bring a sendble increase in the noise,
especidly at the level of the photodiode and preamplifier. This reduces dragticaly the number
of reflectors that can be multiplexed dong the same line for a give source power. High-power
sources are available but their price and power consumption discourages their use in a
portable reading unit. The ided solution to multiplex sensors in-line and dlowing pesk crossng
has dill to be found. For the time being a smple solution could congst in extending the stroke
of the mirror in the variable delay line of the andyzer.
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8. Applications

Practical tests were necessary to check the theoretical
development. So during this work many applications were
realized usng the SOFO system. These applications have
always been the center of the SOFO project and have given
invaluable feed-back to the design of the sensors, reading unit
and software. Many interesting, but sometimes frustrating,
properties of optical fibers and their interaction with coatings
and glues, would never have been discovered in laboratory
conditions. The reading unit was improved according to the
needs of the end-users. The software has gone through an
evolution driven by the need of a more convivial interface,
both during the measurement sessions as back in the office
wheretheraw data is analyzed.

At some points, the field applications were so numerous that
they monopolized the activity of the whole SOFO team and the
results were sometime analyzed only much later. This
sometimes led to the repetition of the same errorsin different
experiments, that could have been avoided by analyzing more
carefully the results after each test. As the team expanded, |
was allowed to take a certain distance from the applications
and concentrate more on the reading unit and software.
Nevertheless, the field applications have remained the part of
this project that gives me the biggest satisfactions, more than
compensating the small occasonal disappointments. By
wor king with many passionate people, | have learned a lot on
civil engineering and congtruction materials. | would like to
thank all these persons, that will be cited with each application,
for bearing with me and with occasional childhood problems of
the SOFO system.

This section isintended to give an overview of the applications
in which the SOFO system was applied and tested. The main
results are only briefly reminded with emphass on their
consequences on the evolution of the SOFO system. The
reader interested in a deeper analysis of the results from the
point of view of civil engineering or material science, will
consult the cited literature.
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8.1 Holographlc table

o

Figure 8.1. The holographic table befor e concreting. The orange pipes would later contain

Date: beginning of 1993.

L ocation: IMM, Lugano-Grancia

Peopleinvolved: Danide Inaudi, Adil Elamari, Samud Vurpillot

Sponsors: CERYCTI?, IMM?, Passera + Pedretti, CABLOPTIC

Short description of the experiment: Measurement of the deformationsof a20 mx 5m
x 0.5 m concrete dab concreted indoors (see Figure 8.1). This dab would later be
supported on air cushions and became one of the largest holographic tables in the world.

the optical fibers.

The sensors were placed parale to the longer side of the dab and ingtdled with the surface
coupling approach. Some other sensors relied on distributed coupling approach, being
mounted on the outside of plagtic pipes. The measurements were conducted daily during
the firg month and during pre-stressing and about monthly for the next two years. This
table is il measured with the SOFO system annualy.

Main results for the SOFO system: First application of the FORMOS systent’. The
feaghility of such measurements was proved. The gtability of the system was tested over
more then two years. It was learned that nylon coated fibers introduce a parasite sengtivity
in the temperature, that could be accounted for thanks to the 250 dectrical temperature
sensors that were also placed in the dab. It was demonstrated that chemically stripped
fibers could survive under tenson and without cregping effects for may years.

! Commission pour I’Encouragement de la Recherche Scientifique, now renamed CT1: Commission pour la Technique
et I'Innovation.

% dtituto di Meccanicadei Materidi. Institute for Materials Mechanics

% At that time it was not yet called like this.
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Main results: Measurement of the dab deformation over two years. It was possible to
fira follow the drinkage of the dab and than its seasond length varigtions due to
temperature change. The results were compared with numericd smulations. It was verified

Shrinkage [mm]
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w
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0 50 100 150 200 250 300 350

Days after concrete pouring

Figure 8.2. Shrinkage measurement of the holographic table during thefirst year.

that painting a concrete structure reduces sgnificantly its shrinkage rate.

Bibliography:
"Condruction of a 100-tonns holographic table", L. Pflug, M. Pedretti, Practica
holography VII: Imaging and materials, San Jose 1993, SPIE Volume 1914, 50-
54
"Low-coherence deformation sensors for the monitoring of civil-enginearing
sructures’, D. Inaudi, A. Elamari, L. Pflug, N. Gisin, J. Breguet, S. Vurpillot,
Sensor and Actuators A, 44 (1994), 125-130.
"Low Coherence Fiber Optic Sensors for Structural Monitoring”, A. Elamari, D.
Inaudi, J. Breguet, L. Pflug, N. Gisn, S. Vurpillot, Structurd Engineering
International, Volume 5, Number 1, 43-47
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8.2 High performance concrete tendon

Date: end of 1993.

L ocation: Hall ISS, EPFL, Lausanne

People involved: Daniele Inaudi, Samud Vurpillot, Fierre Mivedaz (IBAP-EPFL).
Sponsors: CERS/CTI, CABLOPTIC, EDF*, Bouygues, Sika

Short description of the experiment: Measurement of the deformationsof a5x 1 x 0,5
m concrete tendon subject to pure traction loading (see Figure 8.3). This experiment was
designed to test the waterproofing characteristics of different types of concrete. The SOFO

Figure 8.3. High performance concrete dab during pulling test.

system measured the shrinkage of the three central meters of the eements during the first
month after pouring and during the traction test. The sensors were of the needle coupling
type and a few of the externd pipe distributed coupling type. Fifteen centimeter long
sensors with junction piece coupling dso measured the crack’s width evolution inside the
element.

* Electricité De France
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Main results for the SOFO system: This test dlowed for the firgt time the comparison
between the results obtained by the SOFO system with those of standard measuring
systems. During the first month the reference were did gages mounted on the outside of the

Schrikage

0.4

03T

0.2+

0.1

A

10 15 20 25

—+— SOFO Sensors
= Dial Gages

Figure 8.4. Shrinkage (in %0) measurement of the concrete tendon during one month.

Days after concrete pouring

beam. During the traction tests, the deformation were monitored with externd inductive
sensors and the crack openings with omega strain gauges. It was found that the needle
sensors suffered from creeping during concrete setting. This pointed to the fact that
creeping was initiated at temperatures above 35°C. The results during the traction tests
proved the good precision and resolution of the SOFO system. For the firg time, sdf-
contained sensors were used. The necessary pre-draining was given during indalaion in
the rebar cage. A good surviva rate was found.
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Main results: The shrinkage results proved interesting, especidly in the thermd expangon
region that could not be measured with the dia gages. A delay was found between the
surface and the inner shrinkage (see Figure 8.4). During the pulling test it was possible to
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follow the crack propagation through the eement. These was probably the first reported
measurement of crack openings ingde a concrete e ement.

Bibliography:

"Low-coherence interferometry for the monitoring of concrete Structures', S.
Vurpillot, D. Inaudi, P. Miveaz, European Symposum on Ogptics for
Environmenta and Public Safety, Munich June 1995, SPIE Volume 2507, 35-44




8.3 Timber-concrete slab

Date: beginning of 19%4

L ocation: Hall IBOIS, EPFL, Lausanne

People involved: Daniele Inaudi, Samud Vurpillot, Reto Emery (IBOIS-EPFL).
Sponsors: CERS/CTI, CABLOPTIC, Hilti

Short description of the experiment: Measurement of the interna deformations of a 13 x
1 x 04 m mixed timber-concrete dab subject to four-point bending (see Figure 8.6). This
experiment was designed to test the cohesion between timber and concrete. The SOFO

Figure 8.6. Mixed timber-concrete sab.

system measured the deformations on the four centrd meters of the dab at 6 different
height (3 in timber and 3 in concrete) during the load test. The sensors were of the needle
coupling type. The sensors for the wood parts were ingtaled into machined grooves before
assembly of the four timber beams.

Main results for the SOFO system: This test used sensors very smilar to those of the
high performance concrete tendon. Being a short term test, the creep effect were not a
concern. After the find test, some of the needles coupling in concrete were exposed and
the cregping of the acrylate coating confirmed visudly. The sensors ingdled into the timber
part proved the feashility of internd deformation measurements in this materia by fiber
sensors. These sensors did not suffer from any creep because they were not subject to
temperature above 30°C.
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Main results: It was possble to retrieve the vertical interna distribution of strains and
confirm the good cohesion between timber and concrete®. The typica Z shaped strain
diagram (see Figure 8.7) can be observed a high loads, indicating that the two materids

0.8 —

~ Timber

P - - >4 Concrete ->

o
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|
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|
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Figure8.7. Internal displacements as a function of the fiber postion in the height of the
mixed dab for different charges.

are garting to dip mutudly. This type of mixed construction is supposed to bring important

cost benefits over al-concrete dabs of the same load-bearing capabilities.

Bibliography:
"L ow-coherence interferometry for the monitoring of civil engineering sructures’,
D. Inaudi, A. Elamari, S. Vurpillot, Second European Conference on Smart
Structures and Materials, Glasgow October 1994, SPIE Volume 2361, 216-219.
“SOFO Surveillance d' ouvrages par senseurs a fibres optiques’, D. Inaudi, S.
Vurpillot, IAS Ingénieurs et Architectes Suisses, No. 26, Décembre 1995

® Thanks to vertical metallic connectors between the two materials and large transversal's grooves into timber.
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8.4 Steel-concrete slab

Date: mid 1994

L ocation: Hall ISS, EPFL, Lausanne

People involved Samud Vurpillot, Daniele Inaudi, Cristophe Meister (ICOM), Nicola
Dassetto (ICOM)

Sponsors: CERS/CTI, CABLOPTIC

Short description of the experiment: Measurement of the deformations of a14 x 2 m
mixed sted-concrete dab on three supports subject to distributed loading (see Figure 8.8).
The SOFO system measured the internal deformations of the concrete part at different

Figure 8.8. Mixed steel-concrete dab. Thefiber sensors exiting concrete are visiblein the
foreground. The usefulness of the SOFO sensor s outside the elastic domain of the
structureisclearly demonstrated by thispicture.

locations during shrinkage and load test. The sensors were of the needle coupling type and
presented important cregp during the shrinkage phase but gave useful results during the
load tests. Other sensors were glued directly on the upper and lower flange of the |-beams
supporting the deck. These sensors were glued adong their whole length redizing a
distributed coupling sensor. Attempts were made to glue nylon coated fibers directly on the
rebars. Although preiminary results in a loading machine gave excdllent results®, three out
of four such sensors didn’t survive the ingtdlation into the rebar cage and concrete pouring.
It is probable that the workman walking on the rebars during concrete pour, did ether

® We even discovered a flaw in the calibration procedure of this press, after the initia results seemed to indicate a
malfunctioning of the fiber sensors.
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damage the fibers directly or make the rebars turn and thus brake the fiber at the crossings
with others rebar.
Main results for the SOFO system: This test used for the concrete part sensors very
gmilar to those of the high performance concrete tendon and the timber-concrete dab.
These sensors did suffer from shrinkage because they were subject to temperature above
30°C during concrete setting. Unfortunately, this creep was attributed incorrectly to the
glue rather than the fiber coating and the same error was than repeated on the partidly
retained wall experiment (see below). The sensors indaled directly on the I-beams proved
very relidble. However the long measurement basisis in this case unnecessary since ded is
an homogeneous materiel and loca sensors (like strain gages) give more precise data about
the materid’s behavior. This type of sensors would be interesting for geometrica
measurements, were a more global messurement is required. The ingdlation of fibers
directly on the rebars proved tedious and the survival rate was low. Futhermore, the
results of the only surviving sensors were practicaly identica to those of the closdy placed
concrete sensor, indicating that either the rebar- concrete connection remained perfect even
after severe cracking or that the fiber sensors resulted to be better connected to concrete
than to sted. During the load test, the inadequate measuring speed to the FORMOS
system became evident. It was impossible to measure dl indaled sensors a a convenient
rate.
Bibliography:

“Etude expérimentde du comportement d'une poutre mixte fléchie’, G.

Couchmon, N. Dassetto, C. Meister, rapport d' essai ICOM 332, May 1996.
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8.5 Partially retained concrete walls

Date: end of 1994

L ocation: IMM, Lugano-Grancia

People involved: Danide Inaudi, Samud Vurpillot, Nicoletta Casanova, Smone Bass
(IMM).

Sponsors: CERS/CTI, IMM, Passera + Pedretti, CABLOPTIC.

Short description of the experiment: Measurement of the interna deformations of four 3
x 1 x 0.25 m reinforced-concrete walls concreted on massive concrete bases in order to
impede shrinkage a the bottom of the wals (see Figure 8.9). The SOFO system was

| ; - . L A

Figure 8.9. Formwork and rebars of thereinforced concrete walls. The white sensor
bundlesare also visible.

supposed to measure the internal deformations of the concrete part at different heights in
the wdl during shrinkage.

Main results for the SOFO system: The sensors were of the needle coupling type and
presented important creep during the shrinkage phase. Thistime, the problem was correctly
recognized to be & the level of the fiber coating. The needle coupling sensor using acrylae
coated fibers was abandoned after this experiment and re-introduced later using polyimide
coatings. In this experiment we learned the hard way that it is unwise to ingdl a large
number of identica sensors in a structures (at least while in the development phase). A
smdl flaw in the desgn can lead to fallure of most sensors. This experiment showed
however the possihility and necessity to fabricate the sensors routingly in a batch process
and by people with low training. This lead to the collaboration with DIAMOND on the
indudtridization of the sensors.

Main results: The optica fiber sensors gave dmost no ussful results because of the
creeping problem. Some interesting curves were obtained with fiber optic temperature
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sensors based on differential measurements between two free fibers, one acrylate coated,
the other nylon coated. These results should save been compared with data recorded by
eectricd temperature sensors dso inddled in the walls. The rdlevant data from these
sensors was however lost due to an hard-drive failure’. IMM was able to obtain useful

information on the behavior of the different concrete mixes used in this experiment, thank to
superficid measurements by mechanica dia gages.

"1t redlly looks like the guardian angel who helped our project in other situations before and after this experiment, was
taking a couple of daysoff...

8-12



8.6 Tendons

Date: 1994-1995

L ocation: Va Rovana(TI)

People involved: Daniele Inaudi, Samud Vurpillot, Nicoletta Casanova

Sponsors: CERS/CTI, IMM, Passera + Pedretti, VSL, Injectosond, CABLOPTIC.
Short description of the experiment: Measurement of the rock movement in an ungtable
dope. Feashility of the ingtalation of fiber optic sensors into anchorage cables (see Figure

-

Figure 8.10. Tendons before and after installation in the concrete pillars. The optical fiber
sensor and itsanchorage point isvisiblein thefirst picture.

8.10). The optica fibers were ingdled dong the sted tendons and exited through an
unused hole in the tendon head. The sensors were manufactured with the junction piece
approach and were up to 30 m long.

Main resultsfor the SOFO system: This interesting experiment showed the possibility of
ingaling fiber optic sensors in the demanding environment of a tendon. More than haf of
the fibers survived the assembly of the cable, its indalation and grouting as well as its
tensoning. Mos fallures were due to ddiberate cutting of the fibers after cable injection
due to insufficient ingtruction to the workmen. The measurement fibers were put into tenson
after the cables usng mechanica pieces smilar to those retaining the stedl tendons. Due to
the long sensor length, the mechanica independence of the reference fiber from the
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measurement fiber could not be guaranteed since the two (and sometimes four) fibers
indaled in the same pipe tended to wrap around one another. Although no meaningful
displacement measurement was possible, this experiment is consdered a success and
shows that tendon monitoring is feasible using the SOFO system.
Bibliography:
"Low-coherence interferometry for the monitoring of underground works', D.
Inaudi, L. Vulliet, L. Pflug, S. Vurpillot, A. Wyser, 1995 North American
Conference on Smart Structures and Materids, San Diego February 1995,
Volume 2444, 171-178
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8.7 Vertical displacement measurements: Timber beam

Date: 1994-1996

L ocation: Hall IMAC - EPFL

People involved: Samud Vurpillot, Daniele Inaudi, Antonio Scano, Pascad Kronenberg.
Sponsors: CERS/CTI, DIAMOND, CABLOPTIC.

Short description of the experiment: Measurement of the vertica displacement of a6 m
long timber beam on two or three supports by double integration of the mean locd

Figure 8.11. Timber beam subdivided in six measurement cells each equipped with two fiber
optic sensors. One near the top of the beam and the other near the bottom .

curvatures. The curvatures were measured by inddling twelve 1 m long optica fiber

sensors above and below the neutrd axis of the beam (see Figure 8.11). If for example the
beam is loaded from the top, the fibers above the neurd axis will measure a shortening
while the one below will get longer. This dlows the cdculation of the mean curvature of
each of the Six beam sections in which the beam is subdivided. By double integration of the
curvature function and proper definition of the border conditions, it is possible to retrieve
the vertica digplacement function and compare it with the measurements of severd did

gages placed under the beam. Sensors were ingtaled on both sides of the beam. On one
sde classicd sensors (with needle coupling and acrylate coated fibers), on the other with
partid reflectors (dso with needle coupling, but with polyimide coating).

Main results for the SOFO system: First gpplication of the double integration of the
curvature to retrieve the verticd displacements. This dgorithm is now part of the daa
treatment software package. First application on a structure of a partia reflector sensor
chan.
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Main results: Different load cases were tried including concentrated and distributed loads
on two and three supports. The first case shown in Figure 8.12, the beam is on two
supports and the load is gpplied locdly at the center of the beam. In this case the vertical

N
%
o

Vertical displacment [mm]
[I\"
o
o

R
o
o

-30.0

-35.0

i

AN
1

1 Measured mean curvatures

-3 ®m Measured vertical displacement
(dial gauges)
Calculated curvature

Vertical displacement [mm]

— Calculated vertical displacement

Horizontal position [m]

Figure 8.12. Comparison between the measured and the calculated vertical displacements
for two load cases. The measur ed mean curvature and the calculated curvatur e functions
are also shown.

displacement is retrieved with high accuracy and compares well with the did gages. The
curvature is triangle shaped as expected from the theory. In the second example, the beam
is on three supports and loaded uniformly on the left span, only. As expected, the curvature
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of the loaded Sde is parabolic shaped while the one of the unloaded side is linear. The
double integration gives a vertica displacement which fairly well corresponds to the red
one. Note that the maxima displacement is much lower than in the first case. Furthermore,
the agorithm finds the central support and even predicts a snking a this point. This effect
was later related to alocal compression of the wood.
Bibliography:
"Mathematicd modd for the determination of the verticd displacement from
internal horizontal measurements of a bridge" S. Vurpillot, D. Inaudi, A. Scano,
Smart Structures and materids, San Diego February 1996, SPIE Volume 2719-
05.
"Coherence multiplexing of in-line displacement and temperature sensors', D.
Inaudi, Opt. Eng., Vol. 34, No. 7, July 1995
“Inline coherence multiplexing of digplacement sensors a fiber  optic
extensometer”, D. Inaudi, S. Vurpillot , S. Lloret, Smart Structures and materids,
San Diego February 1996, SPIE Volume 2718-28.
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8.8 Vertical displacement measurements: Concrete beam

Date: 1996

L ocation: Hadl IMM, Lugano

People involved: Nicoletta Casanova, Samue Vurpillot, Daniele Inaudi, Antonio Scano,
Pascal Kronenberg, Claudio Rigo (IMM).

Sponsors: CERS/CTI, DIAMOND, CABLOPTIC.

Short description of the experiment: Measurement of the verticd displacement of a6 m
long BPR Béton a Poudres Réeactives. very high performance concrete) beam on two

Figure 8.13. BPR concrete beam subdivided in six measurement cells each equipped with
two fiber optic sensors. One near thetop of the beam and the other near the bottom .

supports by double integration of the mean local curvatures. The curvatures were measured
by ingalling 18 one meter long optical fiber sensors above, on and below the neutrd axis of
the beam (see Figure 8.13). The measurements were performed as in the timber beam
described above.

Main resultsfor the SOFO system: First “fidld” gpplication of partid reflection chains.
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Figure 8.14. BPR Beam: Vertical displacement measured by dial gages and calculatedfrom
the SOFO sensos for three different charges.

Main results: The sensors were connected in chains and the whole beam could be
monitored with just afew measurements. The mean curvature was analyzed in each of the
gx 1 m long sections by measuring the deformation near the top and near the bottom of the
beam. The variations in the shape of the curvature function and in the position of the neutra
axis, dlowed the early detection of cracks at charge levels much lower then those
producing visble cracks. By double integration of the curvature function and taking into
account the boundary conditions, it was possible to retrieve the vertica displacement of the
beam. Figure 8.14 shows a comparison between the displacements caculated from the
SOFO data and those obtained by dia gauges placed under the beam. Excellent agreement
isfound even for loads far exceeding the elastic domain.
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8.9 Venoge bridge

Date: 1995

L ocation: Near Lausanne on the Lausanne- Geneva Highway

People involved Samud Vurpillot, JeanrMarc Ducret (ICOM-EPFL), Daniele Inaudi,
Simone Bass (IMM).

Sponsors: Etat de Vaud, CERS/CTI, CABLOPTIC.

Short description of the experiment: Measurement of the shrinkage of the concrete
deck of a mixed sted-concrete highway bridge. The Venoge highway bridge near

Figure 8.15. The Venoge highway bridge near L ausanne. General view.

Lausanne (see Figure 8.15) is a four-spans bridge conssting in two pardle sted girders of
1.0 + 1.9 min height and supporting a 23 cm thick concrete deck. To widen the bridge,
two identicad bridges were built on each dde cregting a third traffic lane and a new
emergence lane in each direction. The Venoge bridge widening and the different phases of
its condruction alowed the observation of different interesting phenomena. The monitoring
of the red behavior of this sted-concrete bridge under direct and indirect loads was the
generd am of this experiment, which can be divided in three main objectives

Monitoring of the dhrinkage effects, especidly during the firsg hours after

concreting. It is very interesting to control the therma expanson phases to

understand the real behavior of the stedl-concrete interaction.

Verification of the bridge behavior under static forces.

Measurement of the bridge behavior under the traffic loads.
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More than 30 fiber optic sensors (of the find junction type design), afew wire strain gauges
and about 24 thermoelectric couples were ingtdled in the deck and on the sted girders.
Forty eight strain gauges where fitted on the sted girders, while four instrumented bearings
were indaled on the 2 extremities of the first span.

Main results for the SOFO system: Firg agpplication of the SOFO system in red
building-site conditions. The problems of the ingdlation rapidity, the protection of the
connectors and mating adapters (see Figure 8.16) as well as the use of the SOFO reading

i

Ll

2

- )

Figure 8.16. The Venoge highway bridge near L ausanne. Typical measur ement session.

unit in adverse conditions had to be addressed. About 95% of the sensors survived

ingalation and concrete pouring and alowed measurements to be performed for a few

days or weeks. However, more than haf of the sensors failed after some time. This
problem was traced back to the mechanicad removal of the acrylate fiber coating a the
locations of the anchorage points. This operation, while having diminated the problem of

creep than was never observed in this experiment, made the fiber fragile and led to failure.
After this experiment al sensors were build with polyimide coated fibers that solved both
problems. For the first time, a coupler was integrated in some of the sensors. This solution
proved effective and the precison of the sensors was ncreased by amost an order of

magnitude. The SOFO reading unit performed well in the field conditions encountered on
this bridge (including mud, wind, rain and snow).
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Main results: Thanks to the measurements obtained with the SOFO system, it was
possible to observe the apparition d transversa cracks a few days after concreting. This
effect was predicted by atheoretical mode and is the consequence of the partidly hindered
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Figure 8.17. Deformations measur ed in the concrete deck during one month. The thermal
expansion region isvisible in thefirst graph, while the apparition of cracksis observablein
the second one.

thermal dhrinkage. Being the SOFO system unaffected by the temperature effects it was
possible to measure the apparition of the cracks and the associated redigtribution of the
deformations in a quantitative way . Measurements were dso performed during the
charging tests where heavy trucks were placed at specific locations on the bridge and the
associated deformations were observed.
Bibliography:
"Bridge monitoring by fiber optic deformation sensors: design, emplacement and
results’, S. Vurpillot, D. Inaudi, J-M. Ducret, Smart Structures and materias,
San Diego February 1996, SPIE Volume 2719-16.
"Modding and testing of the behavior of a composite bridge”, JM. Ducret, }P
Lebet, Structural Assessment, The role of large and full Scae teding, City
University, London, July 1-3, 1996.
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8.10 Moesa bridge

Date: beginning 1996

L ocation: Near Bellinzona on the Gotthard railway line.

People involved: Nicoletta Casanova, Smone Bass (IMM), Daniele Inaudi, DIAMOND
R&D team, Pascdl Kronenberg.

Sponsors: DIAMOND, IMM, Passera + Pedretti, Swiss Rallways, CERS/CTI

Short description of the experiment: Measurement of the shrinkage of the concrete
deck of a mixed sted-concrete railway bridge. The Moesa raillway bridge near Bellinzona

Figure 8.18. The Moesarailway bridge near Bellinzona.

(see Figure 8.18) is a three-gpans bridge conggting in two pardle sted girders with their
lower part supporting a 50 cm thick concrete deck. This new bridge was build parald to
the old stedl bridge. After dismantling this later, the new bridge was then pushed on the old
and refurbished pillars. This was the first gpplication of the SOFO system to a railway

bridge and the first field application of the DIAMOND sensor.

Main resultsfor the SOFO system: The bridge was concreted in Sx sections with about
two weeks pace. This dlowed IMAC, DIAMOND and IMM to andyze the results of

each section and improve on the sensors design. A particularly fine and abrasve dust was
encountered on this bridge and alowed the test of adequate connector protection. Some
sensors were affected by a flaw in the fabrication procedure that resulted in a path
unbalance between the sensors larger than the one measurable with the SOFO system. A

few broke during installation because of excessve fiber surplusin the passve region, others
were fabricated with nylon coated fibers and became more temperature than deformation
sengitive. During the push phase, additiona sensors were attached under the concrete dab
and measured the curvature of the bridge due to uneven push. Although not a complete
success from the measurement side, this experiment greetly contributed to the technology
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transfer between IMAC and DIAMOND. Many improvements on the DIAMOND sensor
were redized during this experiment.

Main results: The sensors that were usable after ingtdlation gave nice shrinkage curves
smilar to those encountered at Venoge. A discontinuity due to the hesting produced by the
concrete setting in the successve section was d o visble. During the push phase, additiond
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Figure 8.19. Longitudinal and bending defor mations of the Moesa bridge during bridge
push. The elongation is obtained by averaging the values obtained by two sensor s placed
paralld to the bridge axis on thetwo sides of the bridge. Bending is obtained by subtracting
the two values. The different push phases are clearly recognizable.

sensors were attached under the concrete dab and measured the curvature of the bridge

due to uneven push (see Figure 8.19)

Bibliography:
“Bridge Monitoring by interferometric deformation sensors’, D. Inaudi, S.
Vurpillot, N. Casanova, SPIE Photonics China, Beijing, 4-7 November 1996
“Structura monitoring by curvature andyss usng interferometric fiber optic
sensors’, D. Inaudi, S. Vurpillot, N. Casanova, P. Kronenberg, submitted to
“Smart Materias and Structures’.
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8.11 Versoix bridge

Date: end 1996

L ocation: Versoix near Geneva.

Peopleinvolved: Samue Vurpillot, Pasca Kronenberg, Daniele Inaudi, Raymond Delez.
Sponsors: State of Geneva, DIAMOND, Passerat+Pedretti.

Short description of the experiment: Curvature messurement on an enlarged and
refurbished concrete highway bridge. Measurement of the interface behavior between hold

Flgure8 20. The Versoix highway bridge.

and new concrete.

Main results for the SOFO system: Firs large-scale gpplication of the SOFO system.
More than 100 sensors are ingtalled inside the new concrete and on the old concrete. Most
sensors are of DIAMOND type, a few IMAC sensors are added for comparison
purposes. All sensors are routed to a central connection box using optical cables. The
inddlation is reedy for remote and automatic monitoring with optica switches. The
curvaiure are andyzed in the horizontal and vertica planes. At the time of writing, dl
sensors have been ingtdled, only 5 of which did not survive concreting.
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Figure 8.21. Shrinkage of a cracked and un-cracked sections of the Versoix bridge. The
cracked section was concr eted 9 days after the un-cracked one.

Main results: After concreting the first 6 sections it was possble to observe different
ghrinkage patterns characteristic of zones with or without cracks as shown in Figure 8.21.
Further research is necessary to interpreter these patterns in a quantitative way and
characterize the cracking state.
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8.12 LuIIy viaduct

Date: 1996

L ocation: Lully, Fr.

People involved: JeanrMac Ducret, Samud Vurpillot, Danide Inaudi, Pascd
Kronenberg.

Sponsors: State of Fribourg, CERS/CTI

Short description of the experiment: Measurement of the deformation of the concrete
dab of a stedl-concrete during concrete setting, pre-stressing and one yeer life.

Main results for the SOFO system: First gpplication of the DIAMOND sensors on a
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Figure 8.22. The Lully viaduct

full-scale red structure.
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Main results: Determination of the setting properties of concrete and of the real amount of
pre-sressing. Measurement of the pre-stressing transfer from the concrete dab to the
metdlic truss (see Figure 8.23).
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Figure 8.23. The L ully viaduct: shrinkage and pre-stressing. The initial shorteningisdueto
a cooling of concrete befor e the setting reaction starts.
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8.13 Lutrive bridge

Date: 1996

L ocation: Bemont, VD

People involved: Samud Vurpillot, Gaston Kriger, David Benouaich, Dénis Clément,
Daniele Inaudi.

Short description of the experiment: Measurement of the vertica displacement under
thermd loading of an existing box girder concrete highway bridge by double integration of
the curvatures. Ten meters long sensors were attached insde the box girder. Three cells

Figure8.24. The Lutrive Bridge

with two sensors each have been ingtalled.

Main results for the SOFO system: FHg in-gtu goplication of the curvature dgorithm.
Inclinometer measurements were used to improve the border conditions for the integration
of the curvatures.
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Figure8.25. The Lutrive Bridge: Comparison between the vertical displacements
calculated from thefiber optic sensors and those measured with the hydrostatic leveling
system (HLYS).

Main results: Retrieva of the verticad digplacement of the bridge over one day. Good
agreement was found with measurements performed with water leveling systems.
Bibliography:
“Verticd displacement of a pre-stressed concrete bridge deducted from
deformation sensors and inclinometer measurements’, S. Vurpillot, G. Kriger, D.
Benouaich, D. Clément, D. Inaudi, submitted to “American Concrete
Internationd”.
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8.14 Emosson Dam

Date: 1996
L ocation: Emosson VS.

Figure 8.26. The Emosson dam.

People involved: Danide Inaudi, Raymond Déez, Pasca Kronenberg, Samud Vurpillat.

Sponsor s: Emosson Dam (see Figure 8.26).

Short description of the experiment: Replace two mechanica extensometers
(rockmeter) with fiber optic sensors of the SOFO type. Monitoring of the rock
deformations during one year with measurements every month. Continuous measurements
during one month.
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Main results for the SOFO system: Design, fabrication and ingdlation of a30 mand a
39m long sensors (see Figure 8.27). The sensor presents a few interesting features
uncommon in the shorter sensors used for concrete embedding:

Figure8.27. A 30 m long SOFO sensor for ingtallation in the Emosson Dam.

The sensor replaces the existing rockmeter and can be ingtalled and removed like
its mechanicd counterpart. Specid fixation points for the top and bottom
anchorage points have been designed. The sensor is pre-stressed after ingtalation.
The whole sensor fits ingde the 15mm diameter bore-hole.
The sensor is contained ingde a PV C pipe. The reference fiber is contained insgde
a polyethylene pipe placed insde the PVC pipe. The measurement fiber Stsin a
micro-tube installed between the polyethylene and the PV C pipes.
Main results: At the time of writing both sensors had been ingaled successfully in the
dam.
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8.15 Other applications

Besides the gpplications presented in the previous paragraphs, many other smaler experiments
were conducted during this work. Here are some of the more interesting ones.

8.15.1 Rails

Date: 1993

L ocation: IMAC - EPFL.

Peopleinvolved: Adil Elamari, Danide Inaudi.

Short description of the experiment: Measurement of the deformation under therma
loading of a1 mlong rail sample with fibers glued directly into grooves machined in therail.
Main results for the SOFO system: This experiment dlowed the measurement of the
therma expansion coefficient of sted and therefore showed that the SOFO system was
insengitive to temperature variations.

8.15.2 Pilesin Morges

Date: 1995
L ocation: Morges.
People involved: Annette Osa=Wyser (LMS-EPFL), Xavier Rodicio (LMS-EPFL),
Samue Vurpillot, Daniele Inaudi.
Short description of the experiment: Measurement of the verticd deformations in a
pour-in-place concrete pile. The 15 m long sensors were based on the needle coupling
design. The experiment was mainly afeashility test and a certain number of sensors indeed
survived the concrete pour.
Main results for the SOFO system: This experiment proved once and for dl the
unsuitability of the FORMOS system for field applications. It dso confronted us with the
problem of ingdling fibers in piles. The connectors have to be accessble during Al
congtruction phases (after pile concreting, after foundation pouring and so on). Sometimes
piles are even cut, the question on how to ingtdl fibers in them remains open.
Bibliography:
"Devdopment of inteferometric fiber optic extensometers to monitor
geodructures’, L. Vulliet, D. Inaudi, A. Wyser, S. Vurpillot, L. Pflug, Fied
Measurements in Geomechanics 4th Internationd Symposum, Bergamo April
1995.

8.15.3 VignesTunnd

Date: 1995

L ocation: Tunnd des Vignes, near Fribourg.

People involved: Annette OsasWyser (LMS-EPFL), Xavier Rodicio (LMS-EPFL),
Samue Vurpillot, Daniele Inaudi.

Short description of the experiment: Measurement of the deformations in a prefab
concrete vault ingdled in a highway tunnd. It was planned to perform convergence
measurements by ingtdling 25 cm long sensors near the insde and the outside of the vaullts.
The sensors used were early versons of the find junction-piece sensor and most failed for
the same reason as those in the Venoge bridge. The measurement performed on the

8-33



remaning ones gave inconsstent results because of the use of uncharacterized and nylon
coated (and therefore temperature and creep sensitive) patch cords.

Main results for the SOFO system: This project confronted us with the problems
typicd of the indrumentation of a tunnd. When successve layers of waterproofing are
added insde the tunnel, patch cords have to be added or displaced. The protection of the
connectors and their accesshility is dso a concern. This experiment, athough not
particularly successful will prove invauable for further gpplication of the SOFO sysem in
other tunndls.

8.15.4 High temperature sensorsfor a nuclear power plant mock-up

Date: 1995

L ocation: IMAC - EPFL.

Peopleinvolved: Samud Vurpillot, Ange Pontier (Freyssinet), Daniele Inaudi.

Short description of the experiment: Development of deformation sensors for
ingalation in the 1 m thick concrete wall of a nuclear power plant mock-up to be loaded
with high pressure vagpor to smulate a magor accident. The sensors have to perform
according to the norma specifications at temperatures up to 180°C.

Main results for the SOFO system: This project dlowed to gain alot of experience in
the fabrication of sensors and in the properties of the different coatings and glues used to
attach the fibers to the junction pieces. The find SOFO sensor and the DIAMOND
indugtrid verson, are evolution of the sensor developed for this peculiar gpplication.

Main results: The mock-up was dill waiting for completion at the time of writing.

8.15.5 Fatiguetests

Date: 1995-1996

L ocation: Hall 1SS, EPFL

People involved: Pascd Kronenberg, Samue Vurpillot, Max Schiéfli (MSC-EPFL),
Daniele Inaudi.

Short description of the experiment: Measurement of the deformations in concrete dab
submitted to fatigue tests. The measurement fibers were ingaled on the surface by gluing
them on smdl metdlic blocs adhered to concrete. In a successive experiment, DIAMOND
sensors were embedded in the dab.

Main results for the SOFO system: This test proved that opticd fiber sensors are
unaffected by fatigue. Measurements were performed after a given number of cycles. No
angle fiber fallure or cregping problems was encountered for up to ten million cycles.

Main results: Messurement of the crack-induced deformations. The measurements
compared wdl to those peformed with dectricd foil dran gauges and direct
measurements of crack openings with amagnifier.

8.16 Conclusions

These experiments show that the SOFO system is indeed applicable in useful experiments and
red building-yard conditions. They dso show how the evolution of the system as a whole
(sensors, reading unit, software) followed and was driven by red needs and problems found
outsde the lab. The issues of sensor indalation in civil structures were addressed in and
origind way by our multidisciplinary team including specidists from both optics and civil
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engineering. These practical problems that are sometimes ether underestimated or judged
uninteresting have become for us a chalenge and brought some of the biggest satisfactions on
the local and internationd leve.
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9. Conclusions

This final section resumes the main achievements of this
dissertation and presents an outlook about interesting
extensions of the SOFO system as well as possible spin-
offs of some of the technologies developed during this
work.
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9.1 Summary

The man result of this work is the desgn and redizaion of a complete deformation
monitoring system based on lowcoherence interferometry in optica fiber sensors and
adapted to civil engineering gpplications. The SOFO sysem comprises.

A series of sensors for direct concrete embedding and surface mounting on metalic
and exidting tructures (see paragraph 6.6).

- A reading unit adapted to field-gpplications (see section 6).
- A number of multiplexing schemes dlowing the measurement of multiple sensors with

asngle reading unit (see section 7).

Software packages dlowing the organization of the measurements in a rediond
database sysdem, as well as the retrievd, visudization and andyss of dl the gathered
data (see paragraph 6.10).

The SOFO system has been applied successfully to the monitoring of a number of cvil
dructures (see section 8).

9.2 Main accomplishments

The next paragraphs resume the main origind contributions of this work. Being SOFO a
multidisciplinary project involving many researchers from different domains, some of the
achievements cited beow are not the fruit of only my persond work.

9.2.1 Sensors
Fiber-coating-structur e inter action (see paragraph 6.6).

It was found that polyimide coaings tranamit srain well and are adapted for
loca-coupling sensors. Nylon coated fibers are best suited for full-length
didributed coupling. Acrylae coated fibers trangmit dran wdl only a
temperatures below 35°C and tensons below 0.5%, they present cregping
problems for long-term gpplications. Two different epoxy glues were salected to
cement the coated optica fibers to the anchorage pieces for low- and high-
temperature gpplications.

Fiber-coating-structur e temper atur e senstivity (see paragraph 4.3).

Experiments and theoreticad modds showed that polyimide and acrylate coatings
do not dter sgnificantly the low thermd expangon coefficient of slicafibers and
are therefore wdl suited for reference fibers. Nylon coated reference fibers
introduce an important parastic sendtivity to temperature. Coatings do not
influence the temperature properties of the measurement fibers.

Sensorsfor concrete embedding and surface mounting (see paragraph 6.6).

A sensor for direct concrete embedding (including in mortars and grout) was
desgned and redlized in different successve versons. The same sensor can be
surface-mounted on exiging structures and on materias thet do not dlow direct
embedding (eg. metds). In other cases the sensors can be inddled into
mechined grooves (eg. wood and concrete). Sensors of this type and with



lengths of up to 6 m are now produced indudridly by DIAMOND SA and
digtributed by SMARTEC SA.
Long sensors (see paragraph 8.14).
Sensors with length up to 40 m were designed and produced for anchorage
monitoring and as rockmeter replacements for dam instrumentation.
Small sensors (see paragraph 6.6.5).
Sensors with smdl diameter based on full-length digtributed coupling and
adapted to mortar and glue embedding were o developed and tested.
Chained sensors (see paragraphs 8.7 and 8.8).
Sensor chains using ar-gap connectors as partid reflector were designed and
tested. The sensors are Smilar to those for concrete but digpose of connectors
on both ends.

9.2.2 Reading unit

Realization of a portable reading unit for field applications (see section 6).
A portable and battery powered reading unit was redized. This unit is adapted
to building-sze gpplications being rugged and waterproof. An indudrid verson
isbeing developed by SMARTEC SA.

Optimization of the delay line (see paragraph 6.7.3.1).
A mathematicd modd was proposad to help in the optimization of the double-
pass dday line The influence of the ferule curvaure was dso sudied and
optimized to obtain a good and relatively congtant back-coupled power for dl
mirror pogtions.

Demodulation techniques (see paragraph 6.9).
Different andog and digitd demodulation techniques were compared. Digitd
demodulaion on the under-sampled fringe 9gnd was retained as the solution
that offers the best compromise between noise resstance and deata processing
performance.

9.2.3 Measurement and analysis software

SOFO16 and SOFQO95 (see paragraph 6.10.1.2)
These are the firgt software packages developed for use with the SOFO system.
They dlow automatic pesk andyss as wdl as primitive project and sensor
higory management.

Definition of a database ructure (see paragraph 6.10.1.3).
A relationd database dructure was designed to ore dl the data relative to a
given project into a Sngle file. This database contains dl the messurements and
other related data useful for the successve andyss of the results. This database
is ds0 an important tool for the gpplication of totd quality management to
projects based on the SOFO system.

SOFO DB (see paragraph 6.10.1.3).
This software package implements the database sructure, stores, retrieves and
displays the data obtained with the SOFO reading unit. It is desgned to work
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with dl types of SOFO sensors (induding sensor chains) and reading units. It
adso comprises advanced scripting functions and dlows the use of opticd
switches for unattended measurements.

9.2.4 Multiplexing

- Analyssof possble multiplexing solutions (see section 7).
A complete sudy on the possble multiplexing solutions for low-coherence
sensors has been redized. Many solutions were tested experimentdly and
compared for thair power and cogt-efficdency. A few of these solutions can be
conddered as novel setups

I n-line coher ence multiplexing (see paragraph 7.4.1).

By using patid reflector parsit is possble to multiplex many sensorsin-line (i.e.
in a chain). This type of multiplexing offers a very good power efficiency.
Solutions for the unambiguous correlaion of the interference pesks with the
reflector pairs have aso been proposed.

Phase pulses (see paragraph 7.4.3.2).

Phase pulses can be used to identify the partid reflectors by ther physicd
pasition in the sensor chain.

Double-pass phase modulation (see paragraph 7.4.3.5).

This sgtup is an evolution of the phase pulses and dlows a spatid resolution
down to afew centimeters. The ddicate time measurement istrandformed into a
much smpler anplitude messurement.

Hi-bi fibers (see paragraph 7.4.2.4).

A s=up udng hi-birefringence fibers as reference fibers in a sensor or sensor
chan has been presented. This configuration dlows the identification of the
different pesks by a Imple measurement of the pesk Folitting between the two
polarizetions This setup dso dlows the smultaneous messurement of
deformations and integrated temperature.

Resalization and char acterization of partial reflectors (see paragraph 7.6).
Different types of partid reflectors were tested induding ar-gap connectors,
bubble reflectors and fiber Bragg gratings. Air-gap connectors offer the most
flexible solution for civil enginesring gpplications.

9.2.5 Applications

Deformation monitoring of concrete during setting  (see paragraphs 8.2, 8.9,
8.10, 8.11 and 8.12).
With the SOFO sygem it is possble to measure the concrete deformation
during the setting reection and garting right after concrete pouring. Thank to the
temperature insengitivity of the setup, the heting due to the setting reaction does
not influence the measurements.
Evaluation of interface behavior in mixed structures (see paragraphs 8.3, 8.4,
8.5, 8.9, 8.11 and 8.12).



The SOFO system was used to study the interface behavior of mixed sructures
induding ded-concrete, old-new concrete and timber-concrete dabs and
beams. It was possble to andyze how the efforts are transmitted between the
two maerids and how differentid srinkage dafects the properties of the
dructures.

Geometrical analysis of beams, bridges and plates (see paragraphs 8.7, 8.8,

8.11 and 8.13).
Using deformation sensors it was possible to andlyze the behavior of a structure
with a purdy geometricd andyss i.e. through the measurement of the digance
variations between points in the sructure. It was found that curvature monitoring
offers a powerful tool to andyze a sructure with a reduced number of sensors.

Bridgemonitoring .
The SOFO system has been used to monitor the Venoge (VD, see section 8.9),
Versoix (GE, see paragraph 8.11), Lully (FR, see paragraph 8.12), Lutrive (VD
see paragraph 8.13) and OA402 (GE) highway bridges and viaducts, the
Moesa (TI, see paragraph 8.10) ralway bridge, and the Bissone (TI) road
bridge.

Dam monitoring (see paragraph 8.14).
The Emoson dam (VS) was indrumented with two long SOFO sensors
replacing two sted rockmeters.

Tunnd monitoring (see paragraph 8.15.3).
The Vignes highway tunnd (FR) and a tunnd near the Luzzone Dam (TI) were
ingtrumented with SOFO sensors for the monitoring of the tunnd’ s ovaing.

9.3 Outlook

This paragraph discusses desirable extensons of the SOFO system and possible spin-offs
of the technologies developed in this project that could be gpplied in other domains.
Some gpplications in sructurd engineering that could benefit from the SOFO system are
d cited

9.3.1 Extensionsof the SOFO system

- Automatic and remote monitoring
The automatic and remote messurement of dructures is an important and
rdivdy smple extenson of the present SOFO sysem. A project in this
direction has been lunched.

- Automatic analyss of the SOFO measurements
Conventiond and automatic measurements on a large number of sensors
inddled in a dructure generate a huge amount of data that is impossible to
andyze manudly. Only autométic tools dlowing the andyss of this data can
extract the rdevant information rdigbly, rgpidly and cod-effidently. The data
obtained with the SOFO system should be integrated with other measurements
(e.g. @S, inclinometers, thermometers, force sensors,...) in order to obtain a
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complete understanding of the dructureés behavior. Samud Vurpillot is
preparing adissartaion on thisinteresting and important topic.

M easur ement of temperature, pressure, humidity, pH, salt,...

The SOFO system can be extended to measure other quantities than a
disolacement. We have seen that it is possible to obtain a temperature sensor,
but many other quantities can be converted into a deformation and could
therefore be measured by SOFO. Examples indude pressures, humidity, pH,
st penetration and rud. A joint project with the University of Strathdyde ams
to the development of chemicd sensors for civil engineering gpplications based
on the SOFO system and on the use of hydrogels.

. Very long sensors

Sensors with active lengths of 100 m and more could be interesting for the
monitoring of large structures including suspension and cable stayed bridges,
dams, off-shore plaiforms, pipeines tunnds and power lines The man
problems to be solved indlude the design of atruly free reference fiber and of the
sensor to structure bonding.

Short strain gages

On the opposite end, sensors with only a few centimeters in length could offer
and interesting dtendive to reddive dran gages in goplications were
electromagnetic disturbances are present. To obtain a good resolution it will

probably be necessary to fold the sensor to increase the measured deformetion.
For this gpplication, fiber Bragg grating will probably offer a better dternaive
oncether price getslower.

Demodulation of fiber Bragg gratings

The SOFO system can be used to demodulate multiple fiber Bragg gratings by
Fourier tranform gpectroscopy. Prdiminary tests were encouraging, but
showed that the resolution of the trandaion stage supporting the maobile mirror
should be increased in order to obtain a useful strain and temperature resolution.

9.3.2 Possble spin-offs
Use of SOFO sensorswith other techniques. FBG, EFPI, ILFPI, Brillouin,...

The SOFO sensors can be adapted to other fiber optic messurement
techniques. Fiber Bragg Gratings (FBG), Extringc Fabry-Perot Interferometers
(EPP!), In-Line Fabry-Perat Interferometers (ILEPY) and other ‘point’ sensors
can be trandformed into deformations sensors by inddling them indde a SOFO
sensor. The srained measurement fiber will  turn any deformation into avariaion
of itstension that can be measured by the ‘point’ sensor. Another sensor can be
manufactured on the reference fiber to compensate for paraditic temperature
dependencies. Other systems measuring directly the srain date of the fiber and
in paticular gimulated Brillouin amplification can adso be used to read
multiplexed SOFO sensors A collaboration with the Nava Research
Laboratory in Washington has been established to explore on SOFO sensors
containing fiber Bragg graings and other gpplications of FBG to awil



engineering. Applications to avil ructures of the Brillouin system developed a
the Metrology laboratory (MET) a EPFL are dso foreseen.
Dynamic measurement of SOFO sensors.
It would be interedting if it was possble to measure SOFO sensors & much
higher rates to obtain information about the dynamic properties of bridges and
other gtructures. A large paette of methods based on coherent, low coherence
and incoherent (e.g. microwave modulation) is avallable and should be explored.
The same sensors could than be used for materid testing during congtruction,
datic and dynamic testing and long term Static and dynamic monitoring.
Extenson of SOFO DB to other measurement methods
The database dructure of SOFODB can be easly extended to record
measurements obtained with other measuring systems, both optica fiber-based
as conventiond. Integrated andyd's tools would than combine the data from
different types of sensors to give a complete undersanding of the Sructure's
behavior.

9.3.3 Other possble applications of the SOFO system

Mortarsand shotcrete
Short and small sensors can be used to characterize mortars, shotcrete and glues
during sdtting and in the long-term. This is especidly useful in the case of
refurbishing, in order to guarantee a good coheson between the added materids
and the underlying ones.

Suspended and cable-strayed bridges
Long sensors could be used to monitor long bridges. Dynamic messurements
under traffic and wind loads would be important in this case.

Domes, roofs, space trusses
Large domes and other extended roofs could benefit from the geometrica
monitoring possble with the SOFO system. Highly nonHlinear sructures like the
‘tensegrity’ system proposed by Passera + Pedretti Engineering for the Swiss
expo2001 roofs are examples of dructures that could benefit from a
deformation monitoring system. It would even be possible to introduce active
eementslike hydraulic jacks to actively damp these structures.

Road pavements
The high-temperature sensors developed for the monitoring of EDF' s nudlear
power plant mockup could be used to monitor road pavement deformations.

Off-shore structures
Off-shore dructures like drilling platforms are subject to extreme stresses and
certainly require a continuous monitoring. In particular the long cables anchoring
the platforms to the seabed could benefit from a fiber optic monitoring sysem.

Higtorical monumentsand heritage structures
Old buildings and gtructures with particular higtorical vaue or precarious ddic
conditions should be monitored regularly or continuoudy to guarantee their
security and dlow early interventions to avoid irrecoverable damages.
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Pipe-lines
Fipdines joints should be monitored to avoid spillage and the associated
ecological and economical conssquences.

Containers
Large containers for liquids gases and cryogenic fluids can undergo large
deformations when filled and emptied. An adequate monitoring sysem could
monitor these deformations. Containers for nudear wastes should be monitored.

9.4 Epilogue

| hope thiswork has brought a contribution towards a more generdized monitoring of avil
engineering dructures and a better understanding of the red dructurd and maerid
behaviors. The SOFO project was (and is) not only a scientific and indudtrid adventure.
It was for me a great experience in human interaction. Throughout the project, | had the
opportunity to work with passonate peoples with whom | have shared the satisfactions
and the inevitable disgppointments associated with every project. | have learned that the
best results are obtained by seeking the help and advice from the specidids. Everyone
has however to adgpt himsdlf to the needs of the others and a common language hasto be
found to communicate and build a true team spirit. Through this interaction | have found
out how fascingting civil enginearing can be. All the buildings, bridges and tunnds that
surround me are now seen under anew light (and sometimes with alittle more concernt).
It was ds0 a satisfaction to tranamit my passon for optics and metrology my colleagues.
In our project, it is not rare to hear a civil engineer reason about “the influence of
birefringence on the vighility of interference fringes’ or on the definition of “coherence’,
while a physcs argues about “dress diagrams’ and “pH changes due to concrete
degradation”. | believe that this degree of osmosis is only possible when people from
different domains physicdly work together towards a common goa and vison. A weekly
meeting will never replace the complicity thet can be crested by sharing the same offices
and laboratories. This is probably the true essence of the IMAC spirit and Prof. Plug's
philosophy: bring together researchers from civil engineering, optics and other domains,
give them freedom, support and a pleasant working environment and wait for the spark to
ignite...

Lugano, May 1997 Danidelnaudi
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