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Abstract: Problem statement: Monitoring the health of transportation infrastwres is currently
reliant on transportation maintenance teams. Sdébéeédand periodic inspections on most of the
infrastructures are performed by manual and viepatations, which are generally time consuming and
costly procedures. The use of the fiber optic setesthnology makes it possible to realize contirglou
real time and automatic health monitoring for tfensportation infrastructurépproach: This article
provided a tutorial introduction to transportatiovirastructural health monitoring using fiber optic
sensors. Since the topic spans many disciplinasgoal was limited to providing a basic conceptual
framework. We began by reviewing the prerequisifgds from structural health monitoring and fiber
optic sensors, including a brief review of pointlatistributed fiber optic sensor technologies. Went
provided a comprehensive review of key fiber ogtnsors which may be used in the transportation
infrastructure monitoringResults: Point fiber optic sensors were first discussed e distributed
fiber optic sensors. Performances of each senser discussed based on the transportation
infrastructure monitoring applicatiorConclusion: We concluded the tutorial with a number of
observations on the current directions of the me$edield of the fiber optic sensor for the
transportation infrastructure health monitoring.
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INTRODUCTION Southern California proposed an approach for bridge
structural health monitoring based on variable
The collapse of the Minneapolis Bridge has raisedstiffness and damping devices. This approach offers
a public safety issue on the nation’s 73,784 bsdgethe potential to provide more accurate parametric
rated “structurally deficient” by the Department of changes required for bridge health monitoring.
Transportation (Arnoldy, 2007). The improvement of The use of the fiber optic sensor technology makes
the bridge and overpass safety has become a stroiity possible to realize continuous, real-time and
motivating factor, in particular, after the accit/dn automatic health monitoring for the transportation
collapse of the Minneapolis Bridge. Knowing the infrastructure. The technology offers several ativges
integrity of in-service transportation infrastrues ona such as: Minimized downtime, avoidance of
continuous, real-time basis is a very importaneotiye  catastrophic failure and reduction in maintenaat®f.
for transportation maintenance teams. The economitn addition, any new design of the infrastructuraym
motivation is another essential factor to consifter encompass fiber optic sensors to make smart stasctu
adapting viable technology to achieve ultimate mubl With  well-developed fiber optic networking
safety need. A cost-effective and innovative tedbgy  technology, a remote laser source may be used as a
is imperative for effectively monitoring and managi  signal source to accurately detect parametric cbsag
health of bridges and overpasses without increaaing different locations of the structure. The detectizda
substantial tax burden to all tax payers. may be recorded and analyzed in order to obtaicigge
Monitoring the health of transportation structural information on the infrastructure. In
infrastructures is currently reliant on transpdalat summary, the realization of fiber optic sensor
maintenance teams. Scheduled and periodionitoring system for the transportation infrastoue
inspections on most of the infrastructures aremay greatly improve public safety with low operatio
performed by manual and visual operations, whieh ar costs.
generally time consuming and costly procedures. Given the current interest in health monitoringl an
Recently, Johnson (2003) of the University of management for the transportation infrastructure
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systems utilizing fiber optic sensor technologyseéems  previously. Recently, fiber optic sensors have begu
both appropriate and timely to provide a tutorialenter into the SHM system. Fiber optic sensor
introduction to this topic. Our objective is to i@$s technology offers enormous advantages and capedbilit
others in transportation infrastructural healthcompared to its counterparts in the SHM application
monitoring and management systems based on fibéMot mention its economic impact, its ability to pide
optic sensors by providing a consistent terminolaggt  real-time, continuous structural parameter measeném
nomenclature and an appreciation of possiblés already beyond that of the conventional senghe
applications. fiber optic sensors are electrical passive and lban
To assist newcomers to the field we will structureeasily networked together to form a passive sensor
the paper as follows. We first review the relevantnetwork system for SHM applications. Taking the
fundamentals of health monitoring and management ohdvantage of the widely deployed fiber optic
transportation infrastructures. A comprehensivaesgv communication networks, remote structural mentoring
of key fiber optic sensor technology will be themegn  and management systems may be readily implemented
with emphasis of infrastructural parameter monitgri  for almost all transportation infrastructures ine th
Finally, we present a number of deployments ofrfibe nation. Therefore, the public safety will be ensuaad
sensing systems for transportation infrastructures. the maintenance cost for the transportation
infrastructure will be significantly reduced.
Background: Structural Health Monitoring (SHM) is a
process to measure key physical and chemical MATERIALSAND METHODS
parameters relevant to the structure condition.
Engineers use the measured data to detect damdge dfiber optic sensors. The research and development of
determine the location, type and extent of the dgma the fiber optic technology has inspired revolutigna
The damage detection enables a maintenance team ¢banges to our lives today. The technological adesn
implement preventive plan to correct the structuralin fiber optics have paved the way for the widely
deficiency and thus enhance public safety and avoideployed fiber optic communication networks, well
catastrophic disaster. They may also estimate thknown asthe information super highway. Today, we
lifetime span of the structure based on the medsureheavily rely on fiber optic networks to transmitdan
data from the SHM system. On the other hand, asna n receive data, voice and video signals via the mter
infrastructure is under the construction, engineeay  (Brackett, 1989; Barry, 1989).
employ the SHM system to gather structural data for The fiber optic sensor technology may be
design verification, quality control and infrasttue  considered as an extension of the fiber optic
rating and risk assessment. communication technology. It has been commonly used
A typical SHM system, as illustrated in Fig. 1, is in various applications including industrial autdioa,
composed of a network of sensors that measure theealth care, aerospace and aviations. Compareheto t
parameters related to the state of the structudeitsn  conventional sensor technology, the fiber opticssen
environment. For transportation infrastructureshsas  ffers numerous advantages such as high sensitality

bridges, overpasses and tunnels, the most importaghiq state, no moving parts and a long lifetime.
parameters are: Positions, deformations, strains,

parameters of interest are temperature, wind spedd
direction, solar irradiation, precipitation, snow
accumulation, water level and flow. The SHM system
might be additionally equipped with a wireless rate
for remote monitoring, control and alarm for effeet
system operations.

Conventional sensors based on electro-mechanical
transducers are currently used for measuring mbst d-ig. 1: Schematic of structural health monitoringda
the physical and environmental parameters mentioned management system
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Here, we will explore several key fiber optic
sensors which are essential to the SHM applicatilons
addition to the advantages mentioned previousbgrfi
optic sensors are capable of performing continuous,
real-time structural parameter measurement which is
impractical if we adapt the conventional sensors
(Frangopol et al., 2008). All fiber optic sensors Optical Fiber
considered for the transportation infrastructurailth Coupler
monitoring are passive devices; thus no power sysie
required at the location of the structure. In a SHM
system, optical fiber may also be used as transwniss Photo-detector
medium to transport measured signals form optical
fiber sensor networks which are deployed in thegjy o Fiber optic Michelson interferometer
infrastructure; hence remote monitoring is feasible

In larger perspective, applications of fiber optic
sensors in the infrastructure health monitoring andSen
management may be classified into two categorigs: (def
structural performance monitoring and (ii) sunasiite
applications. Sensitivity requirement for perforroan

m;rglr?r?gtg? ?negssgfe;rsnttyp\;\?ﬁllg Z]l?r(\j/gi{rar:(c)elosﬁr:gcr) sensitivity and accuracy for those parameters. Heee
P : (il provide a review for several major fiber optic

require ultra high sensitivity tq t.he measurementsensorsto be used in the SHM applications.
parameter. Performance monitoring sensors are

typically used for: (i) monitoring the strain prefiof Michelson interferometer sensors: The fiber optic
large structures (e.g., bridge or a ship hull)) (ii X

monitorina and tracking  crucial parameters (e Michelson interferometer consists of a single-mode
9 9 par ( ‘9-fiber directional coupler with reflection mirrorsrined
temperature, - pressure,  or acceleratlo_r_l_) at crucial, e cleaved ends of both fibers on the sameafide
Ioca’qon_s of a given system a_nd (iii) “vibration the coupler (Kashyap and Nayar, 1983) as depiated i
monitoring for system identification and damageFig 2 As a sensor. one of the fibers is used as a
location.  Since a majority of fiber sensors for reference fiber and the other is used to sensetstal
performance monitoring re_Iles on measur|ng.the_|rstra parameter. Any deformation in a transportation
in the fiber, either directly in the case of stragmsing infrastructure will result in a change in the lemgt

or indirectly in the case of fiber optic transdigewe . difference of the two fibers. The interference bedw

will ad_dress sensor requirements in terms of Stra'@he two reflected light beams produces interference
resolution. Resolution requirements for performancgcringes The shift of the fringe is an indirect

strain monitoring range from a fewe o tens of m, measurement of the deformation strain.

gepznd(ljn% upon the details Off the 5_‘Pp"[§g“°”- To obtain accurate and reliable measurement of the
an V\fnktH requirement can vary from static (DC) 10 joformation strain, a second mechanically scanning
tensSo _Z”' the other hand. arMichelson interferometer will be applied at the
urveriance Sensors, on the ~other nand, arg,, uoutput port of the first fiber-optic interfemeter
exploited for measuring very faint signals and U " o0y measure the length difference insteaithe
sensors with strain resolution in the order'3Q0 sfhift of the fringe pattemn. The scanning Michelson
EIT; a;rqulg%r:jcy gfg%%?:e (l;:con;ter?izhof Sezrfé?nfgzieqnterferometer is to create an optical path length
. difference such that it is equal to the lengthatiéhce

surveillance sensor is the fiber optic hydropharsed : )
for underwater surveillance (Dawis al., 1997). Strain of the two fibers. Furthermore, a broadband lighiree

resolution of the order of I8 is difficult to achieve ©OF White light source having a low coherent lengés
with fiber Bragg grating and until recently surl@fice O be used for the robust measurement. The scanning
sensors have been the exclusive realm of fibeMichelson interferometer can accurately measure the
interferometric sensors. However, fiber Bragg Gmati optical path length difference by balancing thenge
Laser Sensors (FBGLs) have recently demonstratedf the length difference of the two fibers and renc
strain resolution of 10* (Koo and Kersey, 1995), thus Yields the direct measurement deformation strain.
opening up the possibility of marking novel The fiber optic sensor based upon Michelson
surveillance sensors. interferometer is a long-gauge sensor for defomnati
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system based on the fiber optic sensor network may
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strain measurement with a resolution in the ranfe o \7\\
micrometers. It has excellent long term stabilind ds R e
insensitive to the temperature. The schematic ef th /\E{; \ .
sensor for measuring structural deformation stiain Glass T
cladding Periodic refraction index

illustrated in Fig. 3. Plastic jacket changs (graking)
Fiber Bragg grating sensors. Since the discovery of Fig. 4: Schematic of a fiber Bragg grating
photosensitivity in optical fibers in 1978 by Hét al.
(1978) and the subsequent demonstration oAS the input light propagates through the gratiagimg
holographically-written gratings in fibers by Mekizal. a period ofA and the optical wavelengbhsatisfies the
(1989), significant progress has been made towtels Bragg condition; the maximum reflection occurs. The
realization of various types of gratings in optiiaers.  Bragg condition may be expressed as:
Advances in grating fabrication methods and fiber
photosensitivity enhancement techniques have made A = 2nxA\ (1)
possible to fabricate a variety of index-modulated
structures within the core of an optical fiber imdihg  where, Ry is the effective index of refraction of the
Bragg grating (Lopez-Higuera, 2002), long periodoptical fiber. The reflection and transmission $feare
gratings (Vengsarkaet al., 1996), Tephase shifted shown in Fig. 5. Sincegpnis determined by the refractive
grating (Canning and Seats, 1994), blazed or tiltedndex profit of the fiber; thus, it changes as theations
gratings (Erdogan and Sipe, 1995) and various tgpes of ambient temperature and external mechanicassstre
chirped gratings (Byrost al., 1993). As the result, the center frequencies of the refeand
Fiber grating devices have seen a wide variety ofransmitted spectra will shift accordingly. Therefothe
applications in both telecommunication and sensofmeasured frequency shift is an indication of the
fields. Fiber Bragg Gratings (FBGs) have beentemperature and strain changes. FB.Gs can accurately
routinely used with semiconductor lasers for praogc Measure local temperature and strain in a smatmexf
stable single frequency light signal with whichrexae ~ the infrastructure with very high sensitivity.
broadband communication link may be realized. They A Summary of potential sensing applications of
also play an important role in reconfigurable ogitic various types of fiber gratings Is provided in Te_alil.
networks in the future optical network systems, leviti The chart is not necessarily meant to be compréfens

is clear that grating-based devices are seeingt gregnd to cover all conceivable application areasherf

commercial success in the SHM applications grating sensors. Of course, there is no one ‘magic’

Transducers using FBGs such as pressure angger optic sensor which covers the full range of

lerati Iso h _ licatiod nsing requirements for all applications. In faper
acceleration sensors also have various applicaiods o ony priefly discuss FBG applications and

now become commercially available. Requirements and, o mpjes from various field tests involving suchsses.
designs of several reported grating-based transsluce

used in SHM applications will be discussed. Table 1: Summary of potential sensing applicatiohsarious types
A fiber grating is made by periodically changing of fiber gratings

the refractive index in the glass core of the fibEme  CGratingtype Applications

refractive index changes are achieved by exposiag t nggBragg Grating Ps"a'” and temperature sensors

. . . . S ressure sensors

fiber to the U_V-Ilght_ with a _flx_ed pattern. The ( ) Acceleration sensors

schematic of a fiber optic grating is illustratedHig. 4. Ultrasound sensors

Mechanical load sensors

) Gas detection sensors
Sensing fiber

Extensometer
Light signal Electromagnetic field sensors
input Reflection elements in interferometric

-

sensor arrays
Fiber Bragg Grating Laser Novel, compact hydroplsone

sensors (FBGLSs) Acoustic emission sensor for NDE
[ Reference Long Period Gratings Bend sensors
Mirror end facets Fiber — Fiber optical coupler (LPGs) Chemical sensors
Broadband source filters
. ) ) _ Pi Phase shifted gratings Transverse load sensing
Fig. 3: A long-gauge deformation sensor using fiberchirp gratings Strain sensing
optic Michelson interferometer FBG demodulation
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- Transmitted | infrastructures (Frangopat al., 2008). Based on the
i 22 i ! \/ light scattering in the optical fiber, the distribd fiber-
Reflected ! optic sensor is capable of continuously monitoring
Reflection spectrum A Transmission spectrum major structural parameters and has high spatial

resolution, in the order of a few centimeters; lent
allows structure engineers to measure structural
) ) o parameters in an entire infrastructure system é&sigh
Fig. 5: Reflection and transmission spectra of &FB  \sgrification and damage and reliability assessments

— | '
T (refraction index difference)

Quasi-distributed

SENsor ;Ll 12 N
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—

N P
Multiple sensor There are several methods available for extracting
distributed strain and temperature information from
Fig. 6: Quasi-distributed sensor using an arraf®€  optical fiber. These include techniques based on
sSensors Rayleigh, Raman and Brillouin scattering. Rayleigh

scattering is the elastic scattering of light byticées

Particular emphasis will be given to multiplexed much smaller than the wavelength of the light. &ym
networks based on FBGs for quasi-distributedoccur when light wave travels in optical fiber tier
measurements of parameters such as load, straifiie refractive index along the fiber fluctuatesyleah
temperature, and vibration. Observation has inditat light is scattered in all directions from the sphti
that in certain cases the technology is fairly wellVariation of refractive index along the opticaleib The
developed and ready for widespread commercializatio intensity of the scattered light at each locatitomg the

An array of FBGs has great potential for providingfiber is sensitive to both local strain and tempee
high performance structural sensing systems. SucRY measuring the back scattered light with coherent
measurements provide useful information regardingignal detection method, one can readily extraet th
verification of novel construction approaches, average strain and temperature information within a
infrastructure load rating systems and historyasje ~ Small segment of the fiber. Fiber optic strain sens
loading events. Figure 6 depicts the schematic of &aving a gauge length of less than 0.5 m and #nstra
distributed sensor array used for SHM systemsaét, f ~ sensitivity of less thanne/v/Hz at 2 kHz based on
the distributed array of FBG sensors is a quasiRayleigh backscatter using a Time Division
distributed sensor array, since the FBG sensopiird  Multiplexing (TDM) scheme has been demonstrated
sensor. This quasi-distributed senor array may bé¢Poseyet al., 2000). Sanget al. (2008) present a
deployed over the entire transportation infrastiteto  technique based on measuring the spectral shiffief
monitor strains and temperature at various locatié&s  intrinsic Rayleigh backscatter signal along theiagbt
previously discussed, this type of senor has végh h fiber and converting the spectral shift to tempaet
resolution and accuracy of strain measurement; lIneay Using Optical Frequency Domain Reflectometry
in the order of a. (OFDR) to record the coherent Rayleigh scatterepadtt

Although the quasi-distributed FBG sensor hagresults in spatial resolution of around 1 cm arakjoles
very good performance in strain measurement, ihgn temperature measurement with an accuracy of 0.6% of
distinguish strain and temperature as the effedtisex  full scale temperature up to 850°C. Although a
Nt iIs dependent of both strain and temperature. Hencédlistributed stain and/or temperature sensor witlllsm
a separated distributed temperature sensor is déade gauge length and high measurement accuracy may be
order to extract the strain information for theteys. obtained based on Rayleigh scattering, it requaes

separate sensor to either calibrate temperature for
Distributed fiber sensors. Distributed fiber optic measuring strain at a particular location or vieesa.
sensors are important sensor technologies which may Raman- and Brillouin-scattering phenomena have
be used in the infrastructure health monitoringlfoge  been used for distributed sensing applications dver
and long structures such as bridges, beams arphst few years. Raman scattering was first propésed
clamping ropes, from hundreds of meters to more thasensing applications in the 1980s, whereas Brifloui
ten kilometers of length. Conventional sensorscattering was introduced for strain and/or temipeea
technology is often not feasible for the real-timed  monitoring applications very recently. Both Raman-
continuous structural parameters monitoring in ¢hesand Brillouin-scattering effects are associatedhwit
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different dynamic inhomogeneities in the silica and for pipeline buckling and concrete/FRP column
therefore, have completely different spectralmonitoring (Baoet al., 2006).Using coherent detection
characteristics. scheme, the SBS-based sensor offers several
Raman scattered light is caused by thermallyadvantages of long measured length, high resolution
activated molecular vibrations. Because the seadter and accuracy and stability. The most importantuieat
light is generated by thermal agitation, one mayeexs  of the SBS-based Brillouin distributed sensor s it
a frequency shift from the incident light wave. ke  ability to measure strain and temperature separatel
incident light slightly losses its energy to theleoular, simultaneously with high spatial resolution and
this process, referred to Stokes scattering, léadhe  accuracy.
scattered light with lower optical frequency. On Figure 8 (Nikle's et al., 1997) shows the
contrary, the light wave gaining energy from theexperiment results of the temperature charactesisif
molecular produces the scattered light with a glygh the SBS distributed sensor. The Brillouin frequeskift
higher frequency is referred to as anti-Stokestedayy.  in an order of tens of GHz exhibits a fairly lineafation
It is found that the amplitude of the anti-Stokeswith the measure temperature as in Fig. 8a. On
component is strongly temperature dependent, whereacontrary, as can be shown in Fig. 8b, the Brillouin
that of the Stokes component is not. Hence, opticdinewidth decreases when the measured temperature
signal processing technique utilizing Stokes antd- an increases. The experimental results in Fig. 9a sheuv
Stokes components is needed to realize distributethe Brillouin frequency shift also linearly depenais
temperature sensors. The magnitude of the antieStok the fiber elongation which is the indication of tfoeal
Raman scattering light is about one thousand timestrain; however, the linewidth is independent oé th
smaller (-30 dB) than that of the Rayleigh scattere elongation, as shown in Fig. 9b. These measurements
light; multimode optical fiber is commonly explaitén  conclude that the temperature and strain may be
the sensing system for improved scattered lightwsap measured separately base on Brillouin frequencft shi
However, the attenuation coefficient of the multteo and linewidth variation.
fiber is high; therefore, this technique Ilimits the
maximum measurement range up to 8 km only. Vprab Untrained Strained Voump
Brillouin scattering results from the scatterinf o ~—
light by sound waves. Thermally excited acoustic
waves (acoustic phonons) produce a periodic
modulation of the refractive index. Brillouin saaihg
occurs when light is diffracted backward on this
moving grating, giving rise to frequency shiftedI&ts
and anti-Stokes components. For intense beams (e.g.
laser light) travelling in an optical fiber, theriations
in the electric field of the beam itself may produc
acoustic vibrations in the medium via electrosioitt
The beam may undergo Brillouin scattering from ¢hes
vibrations, usually in opposite direction to theaming
beam, a phenomenon known as Stimulated Brillouin
Scattering (SBS). The working principle of SBS nhay
schematically illustrated in Fig. 7. The Brillouin
frequency shift attributed to the strain and terapae
may be express as:

Anti-stokes

scattering
—

SBE gain

Vg Vg v

Fig. 7: Stimulated Brillouin Scattering in singleode
optical fiber

Brillouin linewidth (WHz)
T

VB:VBO+BT(T_T0)+BS(€_£U) (2)

Erillouin frequency shift (3Hz)

where,vg, andvg is the peak frequency of the SBS for B VA P I
unstrained and strained fibers, respectively. InZEdr 40 20 0 20 40 €0 80 100 40 20 0 2 4 0 8010
and B are Brillouin thermal and strain co efficiencies. Temperature (°C) Ternperature (°C)
The distributed sensor based on SBS is most suited
for SHM applications. The distributed optical fiber Fig. 8: Temperature characteristic of SBS distedut
Brillouin sensor based on the SBS has been inastig sensor
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1329 & requirement; (i) a GPS does not work well for
T 70 monitoring the displacement of piers beneath thegbr
g 1 T s deck (caused by ships colliding, settlement) aiiyl i
£ 1310 § GPS is not capable to accurately measure the tefidn
7 1305 g0 . the foggy environment. A long gauge deformatiorseen
§ 13,00 Boaofe e el using the fiber optic Michelson interferometer dissed
£ 1295 S a0 ) ) previously becomes an ideal choice for the apjdinat
£ 1290 ;f because of its long term stability and capability o
E 1285 & % measuring the absolute displacement.
1280 10 Fiber optic sensors such as FBG and SBS sensors
1275 . — 0 are only applied to the measurement of strain and
02 04 0.6 038 0 0.2 04 06 08 . . e .
Elongation () Elongstion %) temperature with high sensitivity and accuracy; oray

used to implement a quasi-distributed sensor nétwor
— and the other is a distributed sensor. Fiber oggitsors
of SBS OIIStrIbUtedhave additional advantages of low bias drift anghhi
frequency response in addition to those mentiorely.e

S Electrical gauges for strain and vibration monitgri
The Brillouin distributed sensor technology allows normally encounter technical problems in eithersbia

fast. measurement of strain and temperature to bgtability and/or dynamic response where fiber optic
achieved within a few seconds owing to the use Ofgngors may be the solutions.

straight forward optical signal processing techeiqu Fiber optic sensor technology for the SHM
Furthermore, the monitoring system may incorporatgpplication is still not widely accepted for the
optical amplifier to booth up the optical power to transportation infrastructure monitoring. The resba

extend the measurement range; this makes the @rillo and development in the fiber optic sensor seems to
distributed sensor a practical choice for thefocus on measurements in strain, deformation and

Fig. 9: Spectrum characteristic
sensor

transportation infrastructure monitoring system. temperature; other key structural parameter manior
is still lack of research and development effartotder
CONCLUSION to take full advantage of the technology, reseanct

development effort has to be directed into other
Majority of structural monitoring sensors used in parameter monitoring applications.
long span bridge health monitoring systems aré stil
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