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Abgtract : Strructurd healthmonitoringinvolvestimey
detection of distressin civil engineering structuresand
implementation of suitablecorrective proceduresto pre-
vent itsfallureand extend itsservicelife. Embedded sted
bar corrosionisoneof theseriousdamageoccurringin
aRCC structuressubjected to chlorideattack duringits
service. Corrosion of embedded stedl barsleadstoin-
creaseinvolume, whichin-turn causebulgingandin-

INTRODUCTION

Damage occurringin concrete structuresdueto cor-
rosive environment isamajor concern, especialyin
structures adjacent to the sea. Corrosion and cracking
of concretestructureswill lead to distress’damage. The
detection of corrosionat theinitia stageisanimportant
factor instructural health monitoring/condition assess-
ment. Therearemany traditional methodsavailablein
corrosion detection such ashalf-cell potential method,
linear polarization resistance method etc”. Thesetech-
nigques of corrosion detection are el ectro-chemical in
mechanism. But thesemethods have certain disadvan-
tageswhichlimitstheir gpplicationinthefied.

Themost recent and feasi bl etechnol ogy of corro-

ducesthrust to the cover concreteleading to spalling of
concrete. This paper reportsthe experimenta studies
conducted on theidentification of corrosonwiththede-
velopment of anew methodol ogy to identify corrosion
usngFBGsensors  © Global Scientificlnc.

K eywor ds: FBG sensor; Reinforcement corrosion
monitoring; Strain, Accelerated corrosion test.

sion detectionin concrete structuresisby using Fiber
Bragg Grating (FBG) sensors. Among thedifferent fi-
ber optic sensors available, FBG sensors have been
reported to be most effectiveinmonitoring of reinforced
concrete structures. This paper givesthedetailsof the
experimenta study carried out inthedevel opment of a
methodol ogy for corrosion detectionin reinforced con-
cretestructuresusing FBG sensors.

FIBER BRAGG GRATING (FBG) SENSOR
TECHNOLOGY

Inany fiber optic sensor, the principleisthat when
light is sent through the optical fiber the properties of
light such aswaveength, intengity etc. arechangedin
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responseto aphysca phenomenon. Fiber Bragg Grat-
ing sensor isbasi cally awave ength dependent spectra
filter that reflects particular wavelengths of light near
Bragg resonancewavel ength whiletherest of the opti-
ca spectrumistransmitted (Figure 1). Thesignal that
getsreflected will benarrow and will bewithintherange
of Braggwavelength. Thefiber gratingsareformed by
introducing aperiodic changein therefractiveindex of
thefiber coreinthedirection of propagation of the op-
ticd light by subjectingit to ultraviol et radiations.

The center wave ength of thereflected optica spec-
trumisdefined by the Bragg condition as:

Ay =2 A (@]
where /., - Bragg resonant wavelength; 7.~ effective
refractiveindex; A - grating period

When any changeoccursinthestrain, itinducesa
changeinthegrating pitch of thefiber whichinturn
causesashiftinthe Bragg wavelength. Thisproperty of
the FBGisusedinsensing applications.

Fiber Bragg Grating sensorsfind usagein various
sensing gpplications. They are used inthemonitoring of
variouscivil structures such as highways, buildings,
bridges, damsetc. FBG aso finds applicationinre-
mote sensing, mainly used in pipelines, bridge struc-
turesetc. They area so used in smart structureslike
arcraft wingsand ship hullsin sensing changesin vari-
ousfactorssuch aspressure, strain and temperature.

Fiber Bragg Grating sensor can most favorably used
in corrosion sensing applications due to anumber of
positive aspects. Some of themain factorsinfluencing
the sl ection of the FBG sensor in corrosion monitoring
arelightness, micron sizetransducersanditsimmunity
to corrosion and dectromagneticinterference. Also they
can be easily embedded or surface mounted and are

ableto withstand harsh environmental and structura
conditions. Another influencing factor istheability to
distribute multiple sensorson asinglefiber.

LITERATURE REVIEW

Jungi Gao? devel oped a Fiber Optic Corrosion
Sensor (FOCS) for reinforcement corros on detection.
This sensor was devised from one FBG sensor and
twin stedl rebar elements packaged up with concrete.
Five such FOCSswere subjected to constant current
accel erated corrosion test. A Fiber Optic Temperature
Sensor (FOTS) was al so proposed to compensate for
thetemperature effect. An optical spectrum analyser
was used to monitor the outputs of FOCSand FOTS.
Here arelationship is obtai ned between the refl ected
wavelength change from the grating and the rate of
weight loss of the rebar, by gravimetric weight loss
method. Thus, theexperiment showed thet itisfeasible
to use FOCSin monitoring the degree of corrosion of
steel inreinforced concrete structures. Wenbin Hu®!
devel oped asted corrosion sensor basedon FBG This
sensor was devised by electroplating aFe-C coating
onametalised FBG Themain principleinvolvedisthat
therusting reaction inducesalongitudina changeinthe
sensingfilm. ThisinturnresultsinaBragg wavel ength
shift whichisdetected using aspectrometer. Optical
microscopy and SEM imaging are used to eva uate the
micro structura changes. To diminatetheeffect of tem-
perature, FBG sensor without Fe-C coating was used
asthereferencesensor andisawaysinstalled closeto
thetest sensor to minimizethetemperaturedifference.
Thetesting of sensorswas conducted in accel erated
corrosi on cabinets contai ning sodium chloride solution.
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Figurel: Light spectraof aFiber Bragg Grating sensor
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Changes occurring in the spectraand structure of sen-
sor areanayzed. Multiple peaksareobserved in the
spectrawhen the sensing film cracks, it indicates se-
vere corrosion. When the corrosion occurs, thedense
structure of the coating film turnsinto aporous struc-
tureloosely packed onthe FBG. Asthe corrosion pro-
ceeds, the coating cracks and pedls off fromthe FBG
Thusby thisstudy, it isshown that thissensor issensi-
tiveto corrosion of themetallic coating film. Grattan®!
made use of fiber optic sensorsin monitoring the pro-
duction of corrosion by products. Thispaper provides
anevauation onthesuitability of usngfiber optic sen-
sorsin corrosion monitoring and it comparesthe output
resultsof the strain FOS and astandard El ectrical Re-
sistance Strain (ERS) gauge, attached to astee! rein-
forcement bar embedded in concrete. Theaim of this
experimental work wasto determinethe possibility of
measuring or monitoring any localized straininduced
dueto the corrosion process. Leung et al.1® devel oped
alow cost sensor for monitoring corrosion based ona
very smplephysica principle. Inthistechnique, theflat
end of acut optical fibreiscoated with athinironfilm.
Thefibreisthen embedded in concrete. Thesignd that
getsreflected whenlight issent through thefibreismoni-
tored. Initidly most of thelight signa getsreflected. But
later on as corrosion of theiron layer occurs, there-
flected signal will get reduced. Hence, thisprinciplecan
beeffectively utilized in corrosion monitoring of stedl.

FIBER BRAGG GRATING SENSOR
METHODOLOGY FOR CORROSION
MONITORING

Zheng™ devel oped acorrosion monitoring tech-
niquefor reinforced concretestructuresusing FBG sen-
sors. Thismethodology is based on the fact that the
diameter and hence the volume of therebar increases
dueto corrosion, whichinturninducesstraninaFBG
sensor firmly wound on thereinforcement dongitscir-
cumference. Thisinduced strainissensed by theshiftin
wavelength of the FBG sensor. Based onthisacorro-
sion sensing methodol ogy isdesigned using FBG sen-
sorsto detect the process of corrosion such asinitia-
tion and propagation of corrosion in reinforcements
embedded in concrete structures.

Thevalues obtained from the sensor are detected
andandyzed usnganinterrogator. Aninterrogator records

ORIGINAL ARTICLE

thevariationsin wavel ength of thelight passingthrough
the sensor. Thismeasured value of wavelength can be
usedtordaethedrain usingthefollowing reationship:

A A
A (2)
- ».)
wheree-strain; Ad-changein Bragg wavelength; 4 -
initial wavelength; p_—photo elastic coefficient of thefi-
ber

Therelation between the geometry of the bar and
thestrainin FBG sensor isgiven by thefoll owing equa-
tion:

& =

Adg/
g

=22 x 105(ue) ©

£ =
(1-pg) o

Hence,
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where D —diameter of thereinforcement; AD —incresse
indiameter of thereinforcement
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where p - percentageincreasein steel volume
The corrosionintensity can be obtained from Egn.
6.

LABORATORY STUDIES

Laboratory studieswere carried out to evaluatethe
devel oped methodol ogy for corrosion monitoring. The
reinforcement bar choseninthisstudy ismild stedl rods
of 20mm diameter and 200mm length. Onehalf of the
reinforcement iscleaned and prepared for bonding the
sensor. The FBG sensor wasfixed onthested rod dong
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thecircumferentid direction. Itisto beensured that the
sensor isbonded firmly to the surface of thereinforce-
ment. The sensor isthen protected with alayer of ep-
OXy coating to prevent any undesirable damage that
might occur during pouring of concrete. The cross sec-
tional view of theinstrumented reinforcement bar isas
shownin Figure 2. The sensor chosen hereisof gage
length 10mm and wavel ength 1540nm. Figure 3 shows
theinstrumented rod. After bonding thesensor, therod
wasverticaly embedded inthemiddleof the concrete
cylinder specimen. During casting, pouring of concrete
wasdonecarefully to ensurethat the FBG sensor does
not get damaged asshown in Figure4. Two cylindrical
specimenswere cast for the study.

M40 grade concrete with the mix ratio of
1:2.25:2.35 (cement: fineaggregate: coarse aggregete)
was used to cast the cylinders. The cement used isOr-
dinary Portland Cement (OPC) of grade 53. Thefine
aggregate used is medium sand and the coarse aggre-
gateisof 10mm size. Thewater/cement ratio adopted
isQ.5. After curing, theinstrumented cylindrical speci-
mens were subjected to polarization test under con-
stant voltage’®. Thistest was doneby first placingthe
specimensinawater basin containing salt saturated

FBG sensor of
10mm gauge length

M S Rod of
20mmd

Figure?2: Crosssectional view of theinstrumented rebar

e — - |

Figure4

3 S

: Embedding of FBG instr umented r ebar

Figure5: Accelerated corrosion test set up
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Concrete cylinder

Corrosion accelerating cathode

Water basin

3.5% Nacl,
Water Solution

Figure6: Schematicillustration of accelerated corrosion test set up

water, i.e. 3.5% NaCl solution (Figure5).

The specimens areleft in this state for another 7
daystill the specimen becomesfully saturated in the
NaCl solution. After the specimensarefully saturated,
therod exposed in each cylinder was connected to an
electrica circuit which acting asthe anode and asteel
metal plate acting asthe cathode. A constant supply of
10V was applied. This set up was used to accelerate
the corrosion process. The schematic diagram of ac-
celerated corrosiontest set upisshownin Figure6.

Thewavd engthvauesmeasured fromthe FBG sen-
sorsineach cylinder at regular intervalsusingan FBG
interrogator. Any deviation in thewavel ength from the
Bragg wavelength rangeisdetected astheinitiation of
corrosion in thereinforcement bar. When the sensor
stopsgiving any reading, it iscons dered that the FBG
sensor hasbroken dueto theexcessivetenslestresses.

Figure7: Concretespecimen after cracking

Atthislevel crackswill appear on the surface of the
concrete specimen dueto theincreasein diameter of
thereinforcement asshowninFigure 7. Thestrainde-
veloped intheeach concrete specimen, measured from
the FBG sensor can be used to identify the corrosion
Process.

RESULTSAND DISCUSSIONS

Thewavel ength values obtained from theinterro-
gator were converted into strain by using Eq. 2 and
thevariationin strain vstimewasplotted for both the
specimensasshownin Figure 8. It was seenthat there
wasno considerablevariationinthestrainin the sen-
sor till the 50" hour for both the specimens. After the
50" hour, the stain value showed aconstant increase
up to 170" hour for both the specimens. After 170"
hour thereisasteep increasein strain valuetill 213"
hour for specimen 1 and 198" hour for specimen 2
when the interrogator stopped recording strain val -
ues, i.e. the FBG sensor has becomeinactive. At this
stage, thecylindershave compl etely cracked. Itisseen
that, the point of initiation of corrosion for both the
specimenswereidentical. Theinitiation of cracking
was aso seento beidentical.

Verification of methodology

Inorder to verify that the strain sensed by the FBG
sensor isonly dueto theoccurrence of corrosioninthe
rebar, an experimental study wascarried out. Two FBG
sensorswereinstrumented on 20mm diamild stedl rod,
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Figure9: Instrumentation detailsof M Srod for verification of methodology

one of the sensors (FBG-t) wasbonded on therod and
covered with alayer of epoxy coating to prevent the
occurrenceof corrosionin that portion of therebar and
the other FBG sensor (FBG-b) wasbonded at thelo-
cation of occurrence of corrosion (Figure 9). Three
specimenswere cast by instrumenting mild steel rod
embedded in concretecylinder. Theinstrumented cyl-

inderswere subjected to accel erated corrosion by us-
ing 3.5% NaCl solution and supplying constant volt-
age. Thewave ength va ues obtained from boththe FBG
sensors (FBG-t and FBG-b) wererecorded at regular
intervals. Thevariation in strain response with respect
totimefor both the sensorswasobtained (Figure 10).
It was seen that the sensor coated with epoxy (FBG —
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Figure10: Typical strain vstimegraph from verification test

t) devel ops much lower response (almost negligible)
which showsthat no corrosion has occurred whereas
the sensor FBG-b shows continuousvariationinthe
strainvalue. Thevariationinstrainvaluesin FBG-b
showsthat corrosion can be sensed by the FBG sensor
at that region of therebar. Hence FBG sensor isavi-
abletechniquefor monitoring corrosoninreinforced
concretestructures.

CONCLUSION

Thefollowing salient conclusonsaredrawnfrom
thelimited studiescarried out:

» A novel methodol ogy wasdevel oped for monitor-
ing of corroson of reinforced concreteby usng FBG
SENsors.

> Experimentd studies showsthat the suitability of
FBG sensorsto identify corrosion activity inrein-
forcement in RCC structures.

» Corrosion monitoring has successfully been con-
ducted onthe concrete speci mensingrumented with
rod using FBG sensor and thefeasibility of themeth-
odology wasverified.

» Thiscorrosion sensing methodol ogy can begpplied
infield measurementsfor structurd health monitor-

ing asit givesuseful datafor health assessment of
RCC structures.

» Thistechniqueof corrason monitoring, wasfound
to be easy to identify the point of initiation and
propagation of corrosionin areinforced concrete
sructureand thiswill be useful in minimizefurther
damagetothestructure.

» Thiscorrosion monitoring method aso verified by
conducting experimentsand it is concluded that,
thecontinuousvariationinstranvauesin FBG sen-
sor showsthat corrosion has occurred at that re-
gion of therebar and isbeing sensed duethevol u-
metric change of therebar only

» Itisasonoted that the point of initiation of corro-
sion andthe point of starting of corrosion propage:
tion in both the specimensaread most coinciding.

» Monitoring of corrosonisan essentid part of struc-
tural hedlth monitoring and necessitatesthe proper
instrumented facilitiesfor identifying the corrosion
at theearliestin RCC structures
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