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ABSTRACT: From many points of view, fiber optic sensors are the idedl transducers for civil sructural monitoring.
Being durable, gable and insengtive to externad perturbations, they are particularly interesting for the long-term hedlth
assessment of civil structures. Many different fiber optic sensor technologies exist and offer a wide range of perform-
ances and suitability for different applications. Europe has been on the forefront of fiber optic sensor development and
a number of systems have matured to full commercid exploitation and routine gpplication in structura heath monitor-
ing. This contribution reviews some of these systems and technologies and briefly presents some significant gpplication

examples.

1 INTRODUCTION

The congruction and maintenance of the civil infrastruc-
ture represents between 10% and 20% of the public in-
vestment in most European countries. In the last decade
we have however withessed an increasing shift from in-
vestments in the construction of new gructures to the
maintenance and the lifetime extenson of the existing
ones. With the exception of the high-gpeed train lines,
most d the trangportation network, including highways
and railway, is completed and in service. However, the
steady increase of the passengers and goods circulating
in the continent, amplified by the free circulation policy
introduced by the European Community, is putting the
civil infrastructure under a rude test. Many bridges and
tunnels built a few tens of years ago need repair and in
many case an extenson of their bearing @pacity and
lifetime that exceed the origind plans. Besides the direct
costs associated with these interventions, the disruption
to the normd use of the structures causes additiond in-
convenience including traffic jams and accidents that
carry additiond hidden costs.

The authorities managing the avil infrastructures face
the challenge of maintaining the trangportation network in
a satidactory state usng a limited budget and with little
perturbation to its norma use. This task is far more
complex than that of building new structures and e
quires new management ingruments.

Structural hedth monitoring is certainly one of the
most powerful management tools and is therefore gaining
in importance in the avil engineering community. Mon-
toring is often and mistakenly presented as a security
tool. Thisis however only the case for the few Structures
that present a high potentiad danger such as nuclear
power plants and dams. For most other structures the

security risks are very limited and fortunately we rarely
witness casudties due to a structura collapse. For dll
other structures, monitoring should be seen as a man-
agement tool delivering information on the Sate of asn-
gle structure or on a network of sructures. In what we
cdl the infformation age, dructurd hedth monitoring
closes the gap between the ssemingly inert world of
structures and the frenetic one of information technology.
A typica hedth monitoring system is composed of a

network of sensors that measure the parameters relevant
to the gate of the structure and its environment. For civil
structures such as bridges, tunnds, dams, geostructures,
power plants, high-rise buildings and higtoricad monu-
ments, the most relevant parameters are:

Physical quantities: podition, deformations, ndina-

tions, strains, forces, pressures, accelerations, and

vibrations.

Temperatures.

Chemicd quantities humidity, pH, and chlorine

concentration.

Environmenta parameters. air temperature, wind

speed and direction, irradiation, precipitation, snow

accumulation, water levels and flow, pollutant con

centretion.

Conventional sensors based on mechanical and/or
electrical transducers are able to measure most of these
parameters. In the last few years, fiber optic sensors
have made a dow but significant entrance in the sensor
panorama. After an initid euphoric phase when opticd
fiber sensors seemed on the verge of invading the whole
world of sengng, it now appears that this technology is
only attractive in the cases where it offers superior per-
formance compared to the more proven conventiona
sensors. The additiond vaue can include an improved



quality of the measurements, a better religbility, the pos-
ghility of replacing manua readings and operator judg
ment with automatic measurements, an easer inddlation
and maintenance or a lower lifetime cogt. The firgt suc-
cessful indudtrid gpplications of fiber optic sensors to
cavil sructura monitoring demondrate that this technol-
ogy is now sufficiently mature for aroutine use and that it
can compete as a peer with conventiona insrumenta-
tion.

2 FIBER OPTIC SENSOR TYPES

Europe offers a grest variety of fiber optic sensors (Udd
1991, Udd 1995, Inaudi 1997a) for structural monitor-
ing in both the academic and the industrid areas. Unlike
the USA, where most efforts seem concentrated to
drain sensng, Europe is developing and producing a
great variety of sensors for the most disparate types of
measurement and gpplication. In this overview we will
concentrate on sensors for civil hedth monitoring that
have reached an industrid level or are a least a the
stage of advanced fidd trids.

Table 1 resumes the sensor technologies that will be
discussed in the next paragraphs.

2.1 SOFO Displacement Sensors

The SOFO system (Figure 1) is a fiber optic displace-
ment sensor with a resolution in the micrometer range
and an excdlent long-term stability. It was developed at
the Swiss Federd Inditute of Technology in Lausanne
(EPFL) and is now commercidized by SMARTEC in
Switzerland (Inaudi et a. 1994, Inaudi 1997b, Inaudi et
al. 1997).
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F|gure 1 SOFO system read| ng un|t

The measurement setup uses |ow-coherence interfer-
ometry to measure the length difference between two
optical fibers indaled on the structure to be monitored
(Figure 2). The measurement fiber is pre-tensoned and
mechanicaly coupled to the Structure at two anchorage
points in order to follow its deformations, while the ref-
erence fiber is free and acts as temperature reference.
Both fibers are indalled nsde the same pipe and the
measurement basis can be chosen between 200mm and
10m. The resolution of the system is of 2 nm independ-
ently from the measurement basis and its precision of
0.2% of the measured deformation even over years of
operation.

The SOFO system has been successfully used to
monitor more than 150 structures, including bridges,
tunnels, piles, anchored walls, dams, historica monu-
ments, nuclear power plants as well as laboratory mod-
és.

Table 1 Fiber optic sensorsfor civil structura monitoring in Europe.

Measured Parameters = Maturity Active companies and research groups
in Europe (Seetext for details)
SOFO Displacement Commercid SMARTEC, IMAC-EPFL
Microbending Displacement Commercid OSMOS
Bragg gratings  Strain, temperature, (diss Commercid ID-FOS, AOS, LETI, EMPA
placement)
Fabry-Perot Stran FHedtrids BAM
Raman Didributed temperature Commercid  Sensa, GESO
Brillouin Didributed temperature Commercid  SMARTEC, Omnisens, MET-EPFL

and srain




2.2 Microbending Displacement Sensors

An dternative fiber optic sensor useful for the measure-
ment of length variations is based on the principle of mi-
crobending. In that setup, an opticd fiber is twisted with
one ore more other fibers or with metdlic wires (Faco
& Parriaux 1992) dong its sensng length. When this fi-
ber optic twisted pair is elongated, the fibers will induce
bending in one-another and cause part of the light to es-
cgpe the fiber. By measuring the intengity of the tranamit-
ted light it is therefore possible to reconstruct the defor-
meation undergone by the structure on which the sensor is
mounted.

A system based on this principle has been marketed
for some years through Scom and more ecently by
OSMOS. This system was one of the earliest commer-
cia gpplications of fiber optic sensors for the monitoring
of avil structures and was inddled in different bridges,
tunnds and high-rise structures. Typicaly obtainable ac-
curacy is of 2 nm for short periods (below one day) and
2% for the long-term. Arrangements measuring the re-
flected light intengty with an optica time reflectometer
(OTDR) have aso been proposed. These setups potern+
tidly dlow for distributed deformation measurements.

Microbending sensors are conceptudly smple, how-
ever temperature compensation, intendty drifts, system
cdibraion and the inherently nortlinear relationship be-
tween intensity and eongation present some challenges.
This type of sensor is particularly gppropriate for short-
term and dynamic monitoring as wel as for issuing
dams

2.3 Bragg Grating Strain Sensors

Bragg gratings are periodic dterations in the index of re-
fraction of the fiber core that can be produced by ade-

quately exposing the fiber to intense UV light. The pro-
duced gratings typicaly have length of the order of 10
mm. If white light is injected in the fiber containing the
grating, the wavelength corresponding to the graing
pitch will be reflected while dl other wavelengths will

pass through the grating undisturbed. Since the grating
period is strain and temperature dependent, it becomes
possible to measure these two parameters by anadyzing
the spectrum of the reflected light (Kersey 1997). Thisis
typicaly done using a tunable filter (such as a Fabry-
Perot cavity) or a spectrometer. Resolutions of the order
of 1 me and 0.1 °C can be achieved with the best de-
modulators. If strain and temperature variations are ex-
pected Smultaneoudly, it is necessary to use a free refer-
ence grating that measures the temperature alone and
use its reading to correct the strain values. Setups alow-
ing the smultaneous measurement of strain and tempera-
ture have been proposed, but have yet to prove their re-
lighility in fiedd conditions. The main interes in usng
Bragg graings resides in their multiplexing potentid.
Many gratings can be written in the same fiber a differ-
ent locations and tuned to reflect a different wave-
lengths. This alows the measurement of drain a differ-
ent places along a fiber usng asingle cable. Typicdly, 4
to 16 gratings can be measured on a single fiber line. It
has to be noticed that since the gratings have to share
the spectrum of the source used to illuminate them, there
is a trade- off between the number of grating and the dy-
namic range of the measurements on each of them.

Because of thar length, fiber Bragg gratings can be
used as replacement of conventiona strain gages and in-
ddled by gluing them on metads and other smooth sur-
faces (Vohra et a. 1998). With adequate packaging
they can dso be used to measure drains in concrete
over basis length of typicaly 100 mm.

A large number of research and development pro-
jects for this type of sensors are underway worldwide
and Europe is by m mean an exception to this trend
(Ferdinand et a. 1997). Two European projects -
STABILOS (Ferdinand et a. 1995) and COSMUS-
focused on the application of this technology to the
measurement of movements in tunnels, mines and other
geodructures. In paticular, an array of Bragg grating
has been inddled in the Mont Terri tunne in Switzer-
land. The LETI group in France has also used this tech-
nology to monitored lock gates (Bugaud et a. 1998)
and isintroducing the system in the nuclear power indus-
try (Ferdinand 2002), while EMPA (Swiss Federd
Laboratories for Materias Testing and Research) hasin-
ddled them in the Luzzone Dam (Bronnimann et d.
1998) and in a cable-stayed bridge.

2.4 Fabry-Perot strain sensors

Extringc Fabry-Perot Interferometers (EFPIs) are con
dituted by a capillary slica tube containing two cleaved
optical fibers facing each other’s, but leaving an ar gap
of a few microns or tens of microns between them.
When light is launched into one of the fibers, a back-
reflected interference dgna is dotained. This is due to



the reflection of the incoming light on the glass-to-air and
on ar-to-glass interfaces. This interference can be de-
modulated using coherent or low-coherence techniques
to recongtruct the changes in the fiber spacing. Since the
two fibers are attached to the capillary tube near its two
extremities (with a typicd pacing of 10 mm), the gap
change will correspond to the average strain variation
between the two attachment points.

Contrary to the rest of the world, Europe seems to
pay relativey little atention to this interesting sensor
technique. A notable exception is the group at BAM in
Belin (Germany), which is usng these sensors to moni-
tor the early-age deformations of mortars (Habd et d
1998) and has gpplied them to the monitoring of a con
crete bridge in Charlottenbourg (Habel et a. 1994).

2.5 Raman Distributed Temperature Sensors

Raman scattering is the result of a non-linear interaction
between the light traveling in a fiber and sllica When an
intense light agnd is shined into the fiber, two frequency-
shifted components caled respectivedly Raman Stokes
and Raman anti-Stokes will appear in the back-
scattered spectrum. The rdative intensty of these two
components depends on the loca temperature of the fi-
ber. If the light Sgnd is pulsed and the back-scattered
intengity is recorded as a function of the round-trip time,
it becomes possible to obtain atemperature profile dong
the fiber (Dakin et d. 1986). A system based on Raman
scettering is commercidized by Sensa in the UK and
GESO in Germany. Typicdly a temperature resolution
of the order of 1°C and a spatiad resolution of less than
1m over a measurement range up to 10 km are obtained
for multi-mode fibers. A new system based on the use of
snglemode fibers should extend the range to about
30km with a spatid resolution of 8 m and a temperature
resolution of 2°C.

2.6 Brillouin Distributed Temperature sensors

Brillouin scattering sensors show an interesting potentia
for digtributed strain and temperature monitoring (Kara-
shima et d. 1990). Systems able to measure strain or
temperature variaions of fibers with length up to 50 km
with spatid resolution down in the meter range are now
demondrating thelr potentid in fidd applications. For
temperature measurements, the Brillouin sensor is a
strong competitor to systems based on Raman scatter-
ing, while for srain measurements it has practicaly no ri-
vas

Brillouin scattering is the result of the interaction be-
tween opticd and sound waves in optica fibers. Ther-
mally excited acoustic waves (phonons) produce a peri-
odic modulaion of the refractive index. Brillouin
scattering occurs when light propagating in the fiber is
diffracted backward by this moving grating, giving riseto
a frequency- shifted component by a phenomenon similar
to the Doppler shift. This process is called spontaneous
Brillouin scattering.

Acoustic waves can aso be generated by injectingin
the fiber two counter-propagating waves with a fre-
quency difference equd to the Brillouin shift. Through
eectrogriction, these two waves will give rise to atrav-
eling acoudtic wave that reinforces the phonon popula-
tion. This processis cdled simulated Brillouin amplifica-
tion. If the probe sgna conggsin ashort light pulse and
its reflected intendity is plotted againg its time of flight
and frequency shift, it will be possible to obtain a profile
of the Brillouin shift dong the fiber length.

The mogt interesting aspect of Brillouin scattering for
sensing gpplications resdes in the temperature and strain
dependence of the Brillouin shift (Nikles et d. 1997).
This is the result of the change the acoudtic veocity ec-
cording to varidion in the slica dengty. The messure-
ment of the Brillouin shift can be gpproached usng
spontaneous or stimulated scattering. The main chalenge
in using spontaneous Brillouin scattering for sensng gp-
plications resdes in the extremdy low leve of the e
tected Sgnd. This requires sophisticated signa process-
ing and rdatively long integration times. A commercid
system based on spontaneous Brillouin scattering is
available from ANDO (Japan).

Figure 3: DiTeSt Reading Unit

Systems based on the stimulated Brillouin amplifica-
tion have the advantage of working with a relativey
stronger signa but face another chalenge. To produce a
meaningful dgnd the two counter-propagating waves
must maintain an extremdy sable frequency difference.
This usudly requires the synchronization of two laser
sources that must inject the two sgnds a the opposite
ends of the fiber under test. The MET (Metrology labo-
ratory) group at Swiss Federd Ingtitute of Technology in
Lausanne (EPFL) proposed a more elegant approach
(Niklés et d. 1994). It consgts in generating both waves
from a sngle laser source using an integrated optics
modulator. This arrangement offers the advantage of
eiminating the need for two lasars and intrindcaly i+
aures that the frequency difference remains stable inde-
pendently from the laser drift. SMARTEC and Om-
nisens (Switzerland) commercidize a system based on
this setup and named DiTeSt (Figure 3). It fegtures a
measurement range of 10 km with a spatid resolution of
1 m or arange of 25 km with a resolution of 2 m. The
drain resolution is 2 e and the temperature resolution



0.1°C. The system is portable and can be used for field
gpplications.

Since the Brillouin frequency shift depends on both
the loca gtrain and temperature of the fiber, the sensor
setup will determine the actud sengtivity of the system.
For measuring temperatures it is sufficient to use a stan+
dard telecommunication cable. These cables are de-
sgned to shidd the opticd fibers from an dongation of
the cable. The fiber will therefore remain in its undrained
gate and the frequency shifts can be unambiguoudy as-
signed to temperature variations. If the frequency shift of
the fiber is known at a reference temperature it will be
possible to caculate the absolute temperature a any
point dong the fiber. Measuring didributed strains re-
quires a specidly designed sensor. A mechanical couw-
pling between the sensor and the host structure along the
whole length of the fiber has to be guaranteed. To re-
solve the cross-sengtivity to temperature variations, it is
aso necessary to indtdl areference fiber dong the rain
sensor. Similarly to the temperature case, knowing the
frequency shift of the ungtrained fiber will dlow an abso-
lute strain messurement.

3 SELECTED PROJECTS

This section will introduce afew projects showing an &f-
fective use of fiber optic technology for the hedth moni-
toring of different types of structures, with different ams
and during different phases of the structure' s lifetime.

3.1 Expo.02 Piazza Pinocchio

Once every generation, Switzerland treets itsdlf to a Na-
tional Exhibition commissoned by the Swiss Confedera-
tion. Expo 02 was spread out in five “Arteplage’ over a
whole region: the land of the three lakes, on the shores
of the lakes of Bid, Murten and Neuchée, which are
located in the northwest of Switzerland. Each “Arte-
plage’ relates to a theme, which is reflected in its archi-
tectures and exhibitions. The “Arteplage’ of Neuchétd
was related to “Nature and Artificidity”; a big sed-
wood whde edting a village represents the fary tde
named “Pinocchio” from the Itdian writer Collodi. The
“Piazza Pinocchio” was built together with other expos-
tion buildings on one large artificid peninsula

Figure 4: Piazza Pinocchio and the big wooden whale

The belly of the whae (Figure 4) holds the expostion
dedicated to robaotic and atificid intelligence, while the
rest of the village was devel oped on two floors with sted
piles/ beams and wood walls and floors.
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F|gure 5: Piazza Pmocch|o control center with load indicators

To guarantee that the life loads generated by the visi-
tors accessing the platform would never exceed the de-
sgn loads, it was decided to ingal a red-time monitor-
ing sysem that would guide the exhibition personnd in
granting or not the access to additiond vistors. The
SOFO system based on low coherence fiber optic de-
formation sensors was selected for this project. 31
SOFO sensors and 31 thermocouples were instaled on
ged piles to monitor red time visitor's live loads. The
main requirements were: red-time computer results dis-
play of the live loads during 18 hours a day (Figure 5),
automatic therma-induced strain compensation, red-
time warnings and pre-warnings for each sngle pile,
automatic phone cdls produced when reaching warning
thresholds and remote monitoring for complete man
agement of the monitoring system. The system operated
flawlesdy during 6 months and generated a few pre-
warning, no warning and no false derts. Thisprojectisa
nice example of red-time monitoring with integration in a
fadlity management system. If the selective access of the
vigitors can be considered a form of actuation, we can



even describe the Piazza Pinocchio as a true “Smart
Structure”.

3.2 Colle Isarco Bridge

The development of a life extenson and/or replacement
drategy for highway structuresisacrucid point in an &-
fective bridge management sysem. An example of a
globa monitoring approach in establishing a bridge man-
agement system is represented by the project of the
Colle d'Isarco viaduct on the Italian Brenner-Highway
A22. The section of the highway that is subject to moni-
toring activities includes four columns, each of them sup-
porting asymmetrica cantilevers in the north and south
direction as can bee seenin Figure 6.
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Figure 6: Vlew of the CoIIe I%\rco Bndge on the Brennero High-

way in Italy

The overdl length of this section is 378 m. The height
of the girders near the supports number 8 and 9is 11 m,
at the supports 7 and 10 the height is 4.50 m. The gird-
ers have a uniform width of 6 m, the arangement for
each road bed is approximately 11 m wide. A wide set
of sensors have been ingtalled, induding both traditiona
and SOFO fiber optic sensors and, due to the large d-
mensions of the section, a data acquisition sysem gble
to collect widdy distributed sensing units was adso n+
ddled (Figure 7). Wireless serid communication is used
to transfer the measured data from the almost inaccess-
ble locations on the bridge to the location of the persona
computer used to evauate the measured data.
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Figure 7: Layout of the Colle Isarco Bridge Instrumentation
(courtesy of K. Bergmeister)
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Data evaduation is performed by a combination of
andyticd modding and fine-tuning of the sysem @&
rameters. The system aims to the cregation of the appro-
priate match between the non-linear smulation and the
measured data. Since the measurement processes usu-
aly introduce a certain amount of variability and uncer-
tainty into the results due to the limited number of mess-
urement points and the partid knowledge on the actions,
this randomness can dfect the conclusons drawn from
measurements. Randomness in measured variables can
however be accounted for by their probability dengty
functions. Once amodel and its calibration has gained a
certain level of completeness, andyticd prediction pro-
vides a quantitative knowledge and hence it becomes a
useful tool to support structural evauation, decison
making, and maintenance drategies. This ambitious pro-
ject ams to a full integration of instrumentation into the
decisionsupport system for structurd maintenance.

3.3 Alptransit Tunnel

Switzerland is currently building a new ralway line
across the Alps. The Alptrangt project is intended to
make goods transport more economical and passenger
transport faster (up to 250 kmv/h). The mogt impressive
works of this new line will be the Gotthard base tunnel
with its two tubes of 57 km each. The congtruction of
these tunnd's presents unpardld chalenges due to ther
exceptiond length and the difficult geologicd conditions
found in some areas along the route. The Gotthard base
tunnel must pass through a vast range of layers, from the
very hard Gotthard granite, through the high-stress pen
nine gneiss of the Leventing, to the butter-soft rock of
the Tavetsch Intermediate Massf. One of the difficult
aress is the south portd in Bodio. Due to condraints in
the layout of the tunnd and the necessity to cope with
the exiding railway line, highway and roads, it is neces-



sary to build the portd and the first 300m of tunnd in a
loose stone formation. In order to optimize the support
and confining gtructures in this area, SMARTEC SA
was asked to ingal SOFO sensors to monitor the but-
tresses at the tunnd entrance and the concrete lining in-
sde the tunnd (Figure 8). The sensors give quantitative
information on the red loads that are carried by these
dructures in the short and long term. An automatic
monitoring system lecords deformations and tempera-
tures continuoudy and enables a correlation with the dif-
ferent congtruction phases.
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Figure 8: Support Buttresses at the south portal of the new Alp-
transit Gotthard tunnel

In this case, monitoring concentrated mainly during
congtruction, as it is often the case for geotechnical pro-
jects. Once the measurement systems are removed, the
ingdled sensors reman however available for future
manua measurements or to restore permanent monitor-
ing if new unforeseen events occur.

3.4 Luzzone Dam

Didributed temperature measurements are highly nter-
eding for the monitoring of large structures. In the pre-
sented gpplication, SMARTEC and the MET-EPFL
group used the DiTeSt system to monitor the tempera-
ture development of the concrete used to build a dam
(Thévenaz et d. 1998).

The Luzzone dam was recently raised by 17 meters
to increase the capacity of the reservoir (Figure 9). The
rasing was reaized by successvely concreting 3m thick
blocks. The tests concentrated on the largest block to
be poured, the one resting againgt the rock foundation
on one end of the dam. An amored telecom cable in-
ddled in serpentine during concrete pouring congtituted
the Brillouin sensor.

Figure 10: Temperature measurements in the Luzzone Dam 15
and 55 days after concrete pouring (courtesy of L. Thévenaz)

The temperature measurements started immediately
after pouring and extended over 6 months. The mess-
urement system proved reliable even in the demanding
environment present at the dam (dust, snow, and tem-
perature excursions). The temperature distributions after
15 and 55 days from concrete pouring are shown in
Figure 10. Comparative measurements obtained localy
with conventional thermocouples showed agreement
within the error of both systems.

This example shows how it is possble to obtain a
large number of measurement points with relatively sm-
ple sensors. The digtributed nature of Brillouin sensing
make it particularly adapted to the monitoring of large
Sructures were the use of more conventiona sensors
would require extensve cabling.



4 CONCLUSIONS

The monitoring of new and exiging sructures is one of
the essentid tools for a modern and efficient manage-
ment of the infrastructure network. Sensors are the first
building block in the monitoring chain and are responsi-
ble for the accuracy and reliability of the data. Progress
in the sensing technology can therefore be produced by
more accurate measurements, but also from systems that
ae emder to inddl, use and mantain. In the recent
years, fiber optic sensors have moved the firs steps in
gructurd monitoring and in particular in civil engineering.
Different sensing technologies have emerged and quite a
few have evolved into commercid products.

It is difficult to find a common reason for the success
of S0 diverse types of sensors, each one seems to have
found a niche where it can offer performance that sur-
pass or complement the ones of the more traditiona
sensors. If three characterigtics of fiber optic sensors
should be highlighted as the probable reason of their
present and future success, | would cite the stability of
the measurements, the potential long-term rdiability of
the fibers and the possihility of performing distributed
and remote measurements. Furthermore, the much larger
market of fiber optic telecommunication offers an inter-
esting potentia for cost reduction in most components
used for sensing gpplications.

In the near future it is therefore to expect that fiber
optic sensors will consolidate their presence in the struc-
turd senang indudtry.
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